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A B S T R A C T 

Conductive submicronic coatings of carbon black (CB)/silica composites have been pre
pared by a sol-gel process and deposited by spray-coating on glazed porcelain tiles. Stable 
CB dispersions with surfactant were rheologically characterized to determine the optimum 
CB-surfactant ratio. The composites were analyzed by Differential Thermal and Thermo-
gravimetric Analysis and Hg-Porosimetry. Thin coatings were thermally treated in the tem
perature range of 300-500 °C in air atmosphere. The microstructure of the coatings was 
determined by scanning electron microscopy and the structure evaluated by confocal 
Raman spectroscopy. The electrical characterization of the samples was carried out using 
dc intensity-voltage curves. The coatings exhibit good adhesion, high density and homoge
neous distribution of the conductive filler (CB) in the insulate matrix (silica) that protects 
against the thermal degradation of the CB nanoparticles during the sintering process. As 
consequence, the composite coatings show the lowest resistivity values for CB-based films 
reported in the literature, with values of ~7 x 10~5 fim. 

1. Introduction 

Conductive coatings have been widely investigated to achieve 
new applications as transparent electrodes [1], as enhance
ment of the corrosion resistance, or as conductive paints for 
static charge dissipation [2]. Carbon black (CB) is of great 
interest due to its variety of applications. CB is produced by 
incomplete combustion of gaseous and liquids hydrocarbons 
[3], and it typically possesses a wide particle size distribution, 
from 10 nm to 100 |xm [4,5]. Its main use is as rubber filler or 
reinforcement in paints, polymers or gums. It is also used 
as pigment in polymer materials, to improve physical and 
mechanical properties of composites (hardness, tear strength, 
fatigue) and as UV protection material [5,6]. The addition of 
CB to polymer or epoxy based composites allows obtaining 
different ranges of resistivity, 10_1 -10~3 Om [4,7]. Conductive 
composites are used to dissipate static electricity, in elec
tronic devices, as electromagnetic interference shielding, or 

as electrodes [8,9]. The main drawback of CB is its strong 
agglomeration state due to its hydrophobicity. The CB disper
sion in the composite strongly affects its conduction response 
that is determined by the percolation limit [8,10]. There are 
several processes to homogeneously disperse CB nanoparti
cles in an insulating matrix [4,11], as surfactant addition 
[5,12-14], or high speed disperser equipments (cowles dis-
perser) or attrition milling. A silica matrix is an appropriate 
environment to carry out a homogenous distribution of CB 
particles. Silica inorganic matrix is easily obtained by the 
sol-gel (SG) process [15]. SG silica matrix is widely used to 
form glass insulating coatings due to its advantageous prop
erties: chemically inert and physically resistant, tunable 
porosity and low temperature processing. In addition, the 
sol-gel method provides coatings with controlled thickness 
[16,17]. 

The preparation of dense thin coatings by the sol-gel 
method, with conductive properties (low resistivity) at the 



nanoscale, is not obvious. The homogeneous incorporation 
and the chemical and thermal stability of CB in the silica ma
trix depend on different parameters as coating thickness, par
ticle size, deposition method and thermal treatment. 
Conductive coatings have been previously used to improve 
the electrical response of glassy carbon electrodes [18,19], 
but there is an absence of references related to the obtaining 
of conductive thin coatings of CB/silica composites by the sol-
gel method. Therefore, the carbon based conductive submi-
cronic coatings present great difficulties to be developed [20]. 

The aim of this work is to afford a complete experimental 
study of rheological, structural and thermal behavior of CB 
powders to obtain conductive thin films by the sol gel meth
od. An adequate dispersion state of the CB is required to 
achieve appropriate CB percolation and efficient encapsula
tion within the silica matrix. Therefore, the vitreous inorganic 
material contributes to consolidate the CB thin coating with 
conductive properties, improving its adhesion to the glazed 
substrate. 

2. Experimental procedure 

2.1. Materials 

Carbon black (CB) PUREX® HS 55 (powder, Degussa), density 
0.335 g/cm3, having an agglomerate size of 1.4-1.7 |xm and a 
high specific surface area, of 40 m2/g, was used as starting 
materials. The reagents used to prepare the sol were tetra-
ethyl orthosilicate 99% (TEOS, Sigma Aldrich) as silica precur
sor, ethanol absolute 99.9% (MERCK) as solvent and deionized 
water and hydrochloric acid 37% (MERCK) as catalysts. The 
surfactant used to disperse CB nanoparticles in water was Tri
ton X-100 (T) (Sigma-Aldrich) which is a non-ionic surfactant 
with a hydrophilic polyethylene oxide group, -(OCH2CH2)nOH, 
a phenyl group and a hydrocarbon hydrophobic group (CH3-
C3H6-CH2-C3H6) (C8H17). Triton X-100 has an "average of 
n = 9.5" ethylene oxide units per molecule. 

2.2. Sample preparation 

Samples consisted on silica/CB composites coatings depos
ited on glaze porcelain tiles substrates using the spray meth
od and sintered in air atmosphere. The substrates were 
provided by the company Roca Sanitarios SA and they are 
composed of a part of sanitaryware porcelain which composi
tion is widely known, and a glazed coating having ~400 |xm in 
thickness, based mainly on Si02, Zr02, Al203, CaO and low 
content of K20 and Na20 [21]. This glaze coating has closed 
porosity and a thermal expansion coefficient of 6.1 x 10~6 °C 
_ 1 (300-500 °C). Both glaze coating and sol-gel coating are sil
ica-based, favoring their physical and chemical compatibility. 

Prior to coating deposition, the substrates were cleaned 
with soapy water and ethanol, and further drying at room 
temperature. The sol was prepared with the following re
agents proportion: lTEOS:8EtOH:3H2O:0.01HCl:xCB, where 
x = 0, 10, 20, 40, 50, 60 and 70 wt.% of CB. In order to obtain 
an adequated dispersion of CB nanoparticles to achieve 
highly homogenous coatings and therefore, better electrical 
response, it was required to add a surfactant [22,23], Triton 
X-100. Hence, CB nanoparticles were previously dispersed in 

water (20 wt.% solid content) to study the appropriate amount 
of Triton X-100 from 0-10 wt.%, in a high shear disperser (SL-1 
ADF Disperser Lleal) that works at 50 Hz, 220 V and 5,5A. The 
dried dispersed CB powders were added to the solvent and 
homogenized using a high shear disperser during 10 min. 
Then, silica precursor, water and catalyst were added to the 
solvent to form the sol solution. The sol was stirred at room 
temperature during 1 h, time in which the heat generated in 
the solution by the hydrolysis reaction dissipates. Coatings 
were deposited on tiles by spray. The samples were thermally 
treated in air at 300 °C during 5 h or at 400 and 500 °C during 
l h . 

2.3. Characterization 

Viscosity measurements of dispersed CB powders in water 
were carried out by means of a Haafee Viscosimeter System Rot-
ouisco RV 2076 with Controller RC 20 and M5 head that uses 
computer-controlled coaxial cylinder ZA30. The temperature 
of the sample was controlled with a Haake F3 thermostat at 
25 °C. Differential Thermal and Thermogravimetric Analysis 
(DTA-TG) of CB raw powders, dried silica and CB/silica pow
ders obtained by sol-gel (SG), were performed using a Netzsch 
STA 409/C equipment, in the range of 30-1000 °C with a heat
ing rate of 10°/min in air atmosphere. Fourier Transform 
Infrared spectroscopy (FT-IR) of samples was carried out by 
a FT-IR spectrometer, Perkin Elmer, Spectrum 100. Microstruc-
tural characterization was studied by means of Field Emission 
Scanning Electron Microscopy (FE-SEM) using a Hitachi TM-
1000. Microstructure was attempted by Confocal Raman spec
troscopy using a Witec Micro-Raman Confocal coupled with 
an AFM (ALPHA 300RA) with a Nd:YAG laser excitation at 
532 nm and an oil immersion lOOx objective (NA = 0.9). The la
ser power used for the measurements was as low as 0.7 mW 
in order to minimize as much as possible the heating effect 
over the coating due the high absorption of CB powders. 
The optical resolution of the confocal microscope was limited 
to 200 nm in lateral direction and to 500 nm in vertical direc
tion. Raman spectral resolution of the system is down to 
0.02 cm - 1 . The samples were mounted in a piezo-driven scan 
platform having a positioning accuracy of 4 nm in lateral and 
0.5 nm in vertical. The piezoelectric scanning table allows 
three-dimensional displacements in steps of 3 nm, giving a 
very high spatial resolution for both the AFM and the Confo
cal Raman microscopy. The microscope base was also 
equipped with an active vibration isolation system, active in 
the range 0.7-1000 Hz. The acquired spectrum were processed 
and analyzed using the WITec Project 2.02 program, which 
allows a specific, sensitive, immune to interferences and 
non-intrusive analysis of crystals and provides a method for 
characterizing chemical properties of heterogeneous sam
ples, with great resolution and rapid data collection. High res
olution images of Raman depth profile mapping were carried 
out to determine the coating thickness. In addition, the coat
ing thickness was also determined by Field Emission Scan
ning Electron Microscopy in the cross section of the sample. 
Porosimetry of the hybrid sol gel dried powders were obtained 
by using an automatic PoreMaster® mercury intrusion poros-
imeter (Quantachrome instruments) for high-resolution pore 
size measurements in the range from 7 nm to 250 |xm pore 



diameter. The resistivity measurements of submicronic coat
ings were carried out with a multimeter Keithley 2410-1100 V, 
in voltage and current ranges of 0-100 V and 0-21 mA, respec
tively. The electrodes used were conductive copper tapes, 
AT526 35 Micron Copper Foil Shielding tape from Advance 
Tapes, with conductive acrylic adhesive and good high and 
low temperature resistance. 

3. Results and discussion 

Fig. lb shows the viscosity of CB suspensions for different 
surfactant contents at selected shear speeds. It can be ob
served that, independently of the shear speed, the viscosity in
creases from 1 wt.% of Triton X-100 and reaches a maximum 
for ~2.75 wt.%. Above this surfactant content, the viscosity be
gins to decrease until it reaches a minimum for ~5 wt.%. These 
differences are more pronounced for lower shear speed. 

3.2. Thermal and infrared analysis 

3.1. Rheological properties 

Rheological behavior of suspensions with different Triton X-
100, T, content is shown in Fig. 1. Selected suspensions corre
spond to the highest and lowest viscosity samples (2.75 and 
5 wt.% T, respectively), were compared with a CB suspension 
without surfactant (Fig. la). The rest of suspensions have sim
ilar or intermediate behavior to these ones, so, they are not 
represented for the sake of clarity. 

At shear speeds below 60 s_ 1 CB suspensions with <5 wt% 
of surfactant has an incipient gel structure formation due to 
the interaction between CB agglomerates. The inset of 
Fig. la, wich represents viscosity versus shear speed, shows 
the typical curve of a shear thinning fluid or pseudoplastic 
behavior. At this step we assumed that CB suspension con
sisted of small size CB agglomerates because a primary parti
cle is almost impossible to be attained in water [5,6,11,24,25]. 
Moreover, the structure of Triton X-100 (Fig. 2a) can interact 
with CB by means of two possible processes [26]: (a) the 
hydrophobic (C-H) and/or phenyl groups of surfactant inter
act with the C-C and C=C bonds of the CB particles by Van 
der Waals interactions; (b) oxyethylene groups of surfactant 
interact with CB by means of hydrogen bonds. When the 
agglomerates are partially coated by the surfactant (Fig. 2b), 
its functional groups allow to form polymeric type structures. 
Therefore, higher shear stress is required to break down this 
polymeric type structure resulting in a high viscosity suspen
sion at low shear speed (Fig. la). When increasing the surfac
tant content, CB agglomerates are fully coated and therefore 
the steric effect avoids inter-agglomerate interactions 
(Fig. 2c), the suspension behaves almost as a pure Newtonian 
fluid and as a consequence viscosity is reduced [27]. High 
surfactant content is therefore favorable to increase the car
bon content in the suspensions. 

Fig. 3 shows the DTA-TG of pure CB (CB powder), sol gel of silica 
(SG Si02) and sol gel of CB/silica having 5 wt.% of Triton X-100 
(SG CB-Si02-5%T). The SG CB-Si02-5%T sample has 50 wt.% of 
CB. The CB powders degradation onset due to oxidation takes 
place at ~430 °C and this process is completed at 647 °C 
(Fig. 3b). The SG Si02 begins to lose mass gradually at ~50 °C 
which corresponds both to the dehydration and alcohol evap
oration. The onset of the silica polycondensation (Si-O-Si) 
[28,29], takes place at ~320 °C and shows a weak exothermic 
peak at ~370 °C. The CB degradation onset takes place at 
>430 °C, being complete at 621 °C. According to that, the onset 
and complete degradation temperatures of CB are shifted to 
higher temperatures (~60 and 40 °C, respectively) when CB is 
introduced into the SG based silica matrix. CB nanoparticles 
were encapsulated and protected against oxidation by the 
inorganic silica matrix. Despite the silica matrix encapsulation 
of the CB, the appearance of the Si-C interaction between CB 
powder and the silica matrix is not evidenced from the DTA-
TG. In addition, the SG CB-Si02-5%T composition lost 
~50 wt.% at temperatures >650 °C consequence of the com
plete oxidation of CB powder. The composite sample without 
surfactant shows very similar behavior than the one with sur
factant so the DTA-TG curves are omitted. 

To clarify the CB encapsulation mechanisms of the SG sil
ica, FTIR-ATR analysis of samples with different thermal 
treatments were carried out. Fig. 4a shows the FTIR-ATR spec
tra of a SG Si02 coating sintered at 500 °C/1 h and SG CB-Si02 

coatings sintered at 300 °C/5 h and 500 °C/1 h. The inset 
shows the same spectra in an extended wavenumber range. 
The different absorption peaks observed are associated with 
vibration modes of Si-O-Si bonds: stretching LO mode, 
1045 cm -1 , TO mode, 1155 cm -1 , and bending mode, 795 cm 
~\ in agreement with previous data [30,31]. The FTIR-ATR 
spectra confirm that the weak exothermic peak found at 
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Fig. 1 - Rheological properties for CB suspensions with different concentrations of surfactant: (a) shear speed versus shear 
stress for selected suspensions. The inset shows viscosity versus shear stress of the same samples; (b) viscosity as a function 
of surfactant concentration for different shear speeds. 



Fig. 2 - (a) Triton X-100 molecule; (b) and (c) show schematically the interactions between Triton X-100 and CB agglomerates, 
where the blue circles represent an interaction between one of the three chemical groups of the Triton X-100 and the CB, 
producing: (b) partially-coated CB agglomerates that show attracting behavior; (c) fully coated agglomerates with steric 
repulsion behavior (For interpretation of the references to color in this ñgure legend, the reader is referred to the web version 
of this article). 
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Fig. 3 - DTA-TG analysis of dried powders: CB, silica sol gel (SG SiOJ and sol gel composite containing 50 wt.% of CB with 
5 wt.% of surfactant (SG CB-SiOz 5% T), (a) DTA; (b) TG. 
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Fig. 4 - FTIR-ATR spectra of (a) SG Si02 sample sintered at 500 °C/1 h and SG CB-Si02 samples treated at 300 °C/5 h and 500 °C/ 
1 h, and an inset showing the spectra in an extended wavenumber range; (b) the deconvolution of the peak around 795 cm 1. 

370 °C in the DTA curve (Fig. 3a) corresponds to the Si-O-Si 
polycondensation process. The densification degree of the 
samples can be analyzed in these spectra by comparing both 
the band shift of Si-O-Si bonds and the intensity of the peaks 
at different temperatures. The Si-O-Si peaks shift to higher 

wavenumbers when the sintering temperature increases, 
which indicates higher bond energies, that is, greater densifi
cation. In addition, it is clearly observed an intensity increase 
of the main peak, ca. 1045 cm -1 , with the temperature 
treatment. This increase is greater for the silica sample be-



cause the composition is purely Si02. Therefore, SG CB-Si02 

coatings require too high sintering temperatures to improve 
the densification. In Fig. 4a it can also be observed a peak, 
ca. 945 cm - 1 , attributed to the stretching mode of Si-OH. 
Moreover, organic residues due to an incomplete hydrolysis 
of TEOS at the followed thermal treatment have been not 
found in the silica coating, as evidenced by the absence of de
fined peaks corresponding to C-H vibrations in -OEt groups, 
located at ca. 3000 cm - 1 and ca. 1300-1500 cm -1 , inset of 
Fig. 4a, in agreement with previous results [30]. The presence 
of a broad band ca. 1350 cm - 1 can be attributed to these or
ganic residuals retained by the CB powders, but the absence 
of a band at ca. 3000 cm - 1 indicates low or negligible presence 
compared to other compounds. 

According to the literature the Si-O-C vibration modes ap
pear at 780 cm - 1 and 1220 cm -1 , and the Si-C stretching mode 
at 802 cm - 1 [32-38]. Therefore, a peak deconvolution is at
tempted to resolve the broad peak around 780-800 cm - 1 

(Fig. 4b). The SG Si02 coating band could be deconvoluted in 
a single Gaussian that strictly corresponds to the Si-O-Si 
bonds. In the other samples three different peaks were re
solved: (a) 780 cm -1 , attributed to C-0 bonds; (b) 795 cm -1 , 
corresponding to Si-O-Si bonds which shifted to higher wave-
number with increasing temperature; (c) 802 cm - 1 associated 
to the stretching mode of Si-C. The Si-O-Si bands shift to 
higher wavenumbers at higher sintering temperatures indi
cating that the densification process occurs. The Si-C band 
was more clearly resolved at higher thermal treatment tem
peratures, >300 °C. In addition a broad peak that could corre
spond to the asymmetric stretching modes of Si-O-C, ca. 
1100-1200 cm - 1 can be observed (Fig. 4a). As expected, FTIR-
ATR results corroborate the presence of Si-O-Si bonds. There
fore, FTIR-ATR results suggest the appearance of CB-Silica 
interactions by means of Si-C and Si-O-C bonds. 

In summary, according to DTA-TG and FTIR analysis, the 
appropriate range for the thermal treatments of the SG CB-sil-
ica composites should be 370 °C < T < 620 °C, and so, the ther
mal treatments at 300-600 °C were pursuit. At temperatures 
<370 °C, to improve the densification of the silica matrix, the 
sintering temperature was extended during 5 h, 300 °C/5 h. At 
higher temperatures, the thermal treatments were carried 
out during 1 h, 400 °C/1 h and 500 °C/1 h. Heating and cooling 
rates of 1 °C/min and 3 °C/min respectively, were used in all 
thermal treatments. 

3.3. Carbon black concentration 

Fig. 5a presents the dependence of electrical properties with 
the CB concentration in composite coatings prepared by the 
sol-gel process. The samples were densified at 300 °C/5 h. 
The thickness of these coatings is ~500 nm as observed from 
FE-SEM transversal image in the SG 50 wt.% CB-Si02 fractured 
sample (Fig. 6). A good adhesion interface between the SG CB-
Si02 coating and the surface of the glazed tile appears. The 
thickness of the other analyzed samples is similar to this one. 

Resistance was determined using a digital multimeter at 
room temperature, and resistivity, p, was calculated by means 
ofEq. (1). 

R = pi/A (1) 

where L is the sample length, A is the cross-sectional area, p is 
the resistivity, and R the resistance. Then, conductivity can be 
calculated since it is the reverse of resistivity {a = 1/p). In 
Fig. 5a it is easy to observe that, as expected, the concentra
tion of CB powders and resistivity are inversely related. At 
low CB concentrations (^10 wt.%) resistivity is quite high, 
and significantly decreases above 40 wt.%. Between 10 and 
20 wt.% of CB a sharp reduction of the resistivity occurs, how
ever, the resistivity is still high. At 50 wt.% of CB the resistivity 
reaches the lowest value, since the dispersed conductive par
ticles/agglomerates interconnect each other to give rise to a 
conductive path, achievement the percolation limit. This 

Fig. 6 - SEM image of the transversal section of a silica 
coating containing 50 wt.% CB sintered at 300C/5 h. 
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Fig. 5 - Dependence of DC resistivities of samples prepared with different (a) CB and (b) surfactant concentrations, thermally 
treated at 300 °C/5 h. 
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Fig. 7 - FESEM micrographs of SG CB-Si02 coatings with (a) 10 wt.% CB, (b) 50 wt.% CB without surfactant, (c) 50 wt.% CB with 
2.75 wt.% Triton X-100, (d) 5 wt.% CB with Triton X-100. All coatings sintered in air at 300 °C/5 h. 

interconnection can be produced by nanoparticle contacts or 
by tunnel effect [4]. Higher CB contents, over the percolation 
limit, failed to further decrease the resistivity values. It is 
worth to note that resistivity measurements were attempted 
in large coating areas, typically 3 x 2 cm2. Therefore, the resis
tivity measurements are a macroscopic evidence of the func
tional performance of the coating. In addition, high 
reproducibility of SG based coatings was stated, based on 
resistivity values consistence in different samples. The range 
of CB concentration where the percolation limit takes place is 
the same for samples sintered at 400 °C/1 h and 500 °C/1 h, so 
it can be concluded that the percolation limit is independent 
of the followed thermal treatment, as expected. 

The above results are supported by the micrographs pre
sented in Fig. 7a and b that show the FE-SEM micrographs 
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Fig. 8 - Mercury intrusion porosimetry of room temperature 
dried powder of SG CB-Si02 with 50 wt.% CB and different 
Triton X-100 contents. 

of coatings with 10 and 50 wt.% of CB respectively, sintered 
at 300 °C/5 h. In both samples CB agglomerates are observed. 
In the 50 wt.% CB sample, these agglomerates show a great 
packaging that allow the formation of conductive paths. How
ever, in the sample with 10 wt.% CB, the CB agglomerates are 
isolated in the silica matrix, so the interconnection is very un
likely and the conduction is not favored. Moreover, in this 
sample, the silica matrix shows microcracks related to differ
ences in the thermal stresses coefficient of thermal expan
sion between the matrix and the CB agglomerates. As 
expected, coating with high CB content allows reaching the 
conduction percolation limit. Porous of ~500 nm in equiva
lent diameter are clearly observed in SG CB-Si02 coating with 
Triton. The interconnection between CB agglomerates in coat
ings having surfactant seem to resemble a foamed type struc
ture originated by the interaction of CB agglomerated for low 
surfactant additions. The porosity of the coating is not ob
served in the coating bulk and it is correlated with surface 
heterogeneities during drying of the coating. 

In addition, the resistivity of samples with 50 wt.% CB, 
with different surfactant concentrations (Fig. 5b) was mea
sured. It can be seen that resistivity decreases with the Triton 
X-100 concentration, and remains approximately constant for 
surfactant addition above 2.75 wt.%. Resistivity values as low 
of 7 x 10~5 Om are obtained. These values are, to our knowl
edge, the lowest ones reported in sol gel based coatings. 

Besides the electrical properties, it is necessary to consider 
the coating adhesion on the substrates because there must be 
an equilibrium between good electrical response and appro
priated mechanical properties. The samples with high CB 
concentration, 60-70 wt.%, present poor adhesion as the CB 
nanoparticles/agglomerated detached from the coating. The 
coatings with lower resistivity values are those with 50 wt.% 
CB and 2.75-5 wt.% Triton X-100 since the silica matrix is able 
to encapsulate the CB. 



3.4. Mercury intrusion porosimetry 

The Mercury intrusion porosimetry provides a porosity distri
bution of the dried powder, Fig. 8. Porosity can be consider as 
defects in the coating even the percolation still exists. The 
data obtained by this technique can be compared with the 
microstructural information from FE-SEM. Generally speaking 
in a pore formed between spherical particles, the porous vol
ume is approximately 1/3 of the particle volume. The powders 
without surfactant showed a porosity distribution maximum 
located at ~90 nm, then, the agglomerate size that produces 
this porosity can be calculated as ~130 nm. The 90 nm peak 
could be attributed to pores between agglomerates of CB par
ticles. In samples processed with Triton X-100, an additional 
broad contribution at ~500 nm appeared. The broad 500 nm 
peak was also formed by similar size CB agglomerates, but 
the surfactant presence caused a connection between 
agglomerates that produced a foamed type structured. 

3.5. Raman spectroscopy 

Fig. 9 shows the Raman spectra of SG CB-Si02 with 50 wt.% CB 
without surfactant at different sintering temperature (Fig. 9a) 
and with different surfactant concentration thermally treated 
at 300 °C 5 h (Fig. 9b). In both graphs, we observe two Raman 
peaks belonging to CB. The first one, ~1357 cm -1 , corresponds 
to a disorder state of carbon (D), specifically to sp3-bonded 
(tetrahedral) carbons, and the second one, ~1590 cm -1 , corre
sponds to the graphitic carbon (ordered state, G), sp2-bonded 
(trigonal) carbons, where the C-C bonds vibrate in the gra
phitic plane [39^3]. The amorphous carbon is due to bond 
dislocations. The position, half width and intensity of the Ra
man peaks depend on the graphitization index of C in the 
oxycarbide structure, the crystal size and the defects on the 
microstructure of carbon coating [44,45]. 

Fig. 9a shows a relevant blue shift of the Raman crystalline 
mode (G) (~12 cm-1) when the sintering temperature in
creases. This behavior indicates an increase of the bonding 
force constant, that is, the covalent C-C bond in the graphitic 
plane increases in strength. This could be associated to the 
matrix densification with the thermal treatment that creates 
a compression effect on the CB nanoparticles. In addition, 
increasing the temperature of the thermal treatment 
enhanced the interaction between silica matrix and CB 
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nanoparticles, with the appearance of Si-C and Si-O-C bonds 
that could effectively contribute to the compression effect. 
However, it is necessary to remark that the blue shift is only 
observed in the ordered G Raman mode but not in the disor
dered D Raman mode. A crystalline structure is more favor
able to be compressed than an amorphous one because the 
existence of different bond distances and angles and struc
tural defects, allow the absorption of the compression forces. 
The broadening of the Raman mode D and the low bonding 
force constant of this peak, account for this effect. Moderate 
annealing of amorphous carbon films has been used to mod
ify the ordered state G, independently of the D mode [46]. 

Fig. 9b shows the Raman spectra of samples with 50 wt.% 
CB, treated at the same temperature (300 °C/5 h) with differ
ent concentrations of surfactant. It is also observed a relevant 
shift (11 cm-1) in the ordered state peak for sample with 
5 wt.% Triton X-100, and a small shift (3.6 cm-1) for sample 
with 2.75 wt.%. The Triton X-100 addition results in greater 
homogeneity in the coating, due to a better dispersion and 
encapsulation of CB particles in the matrix. Therefore, a high
er concentration of surfactant produces better interconnec
tion between nanoparticles, giving place to a more 
homogeneous lattice stress distribution that contributes to 
CB nanoparticles compression during the densification, and 
also results in a Raman blue shift. These results are consis
tent with those obtained in mercury intrusion porosimetry, 
and reinforced the explanation of the dependence of resistiv
ity with CB microstructural parameters. 

Intensity of G peak (IG) strongly depends on polarizability 
of 7i states in the sp2-bonded of carbon and intensity of D peak 
(ID) raises with the increase of disorder or with the decrease of 
crystal sizes in the carbon structure [43^5,47]. For amor
phous carbon the intensity ratio is ID/IGRÍ1. In addition, it 
can decrease, ID/IG < 1, when the defects are reduced or car
bon atoms are ordered. When the ratio increases, ID/IG > 1, 
the carbon structure is nanoporous. In our case, the intensity 
ratio of Raman spectra was ID/IGRÍ1, SO the carbon coatings 
were mainly amorphous. However, in Fig. 9a it can be ob
served a slight change in the IG that decreases respect to ID 

with the sintering temperature, so there is a tendency to 
reach a ratio ID/IG > 1. This tendency can also be observed as 
the surfactant concentration increases, Fig. 9b. 

Depth profile Raman image having high spectral and spa
tial Raman resolution of the coating is obtained based on the 
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Fig. 9 - Raman spectra of SG CB-Si02 with 50 wt.% CB: (a) without surfactant at different sintering temperature and (b) with 
different surfactant concentration thermally treated at 300 °C 5 h. 
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Fig. 10 - High resolution depth proñle Raman images: (a) G Raman intensity and (b) G Raman shift of the SG CB-Si02 with 
50 wt.% CB, thermally treated at 300 °C 5 h. 

optical resolution diffraction of the confocal microscope and 
the piezo-driven scan platform 3D displacements in steps of 
50 nm. Fig. 10a shows the CB Raman signal where the bright
est areas correspond to the highest CB Raman intensity. 
According to the image the coating thickness is ~600 nm that 
it is in good agreement with the previous one obtained by FE-
SEM. The depth profile of the G Raman peak is shown in 
Fig. 10b. The green-blue areas show a blue shift due to a high
er lattice compression. This effect occurs in both the surface 
of the coating and the interface with the substrate. The CB 
agglomerates were the solid phase meanwhile the silica sol-
gel was a viscous liquid upon coating deposition. During the 
drying of the coating the solvent removed silica surrounded 
the CB agglomerates due to the existence of capillary forces. 
Thus, the CB agglomerates were compressed by the silica ma
trix. The G peak Raman shift gradient could be associated to 
the interface with the silica matrix and thereof the presence 
of Si-C or Si-O-C bonds. However, heating effects owing to 
the laser power could not be discarded in the centre of the 
agglomerates where the highest intensity of Raman signal 
was observed [47]. Heating effects produced Raman red shift. 
The laser spot should heat homogeneously the coating and, 
as explained, the laser power was selected to avoid thermal 
runaway. Then, the existence of different heating zones 
means that there are structural differences inside the SG 
CB-Si02 coating. The G peak Raman red shift evidences the 
presence of carbon agglomerates at the coating interior with 
a reduced presence of silica that causes a worse densification 
and protection of this zone. Therefore, this Raman image 
gives a qualitative idea of the structure inside the submi-
cronic coating. Meanwhile, the coating showed better densifi
cation at the surface and higher CB content was presented at 
the coating interior. 

4. Conclusions 

We have successfully obtained submicronic conductive com
posite coatings by the sol-gel technique. The coatings preserve 
the carbon black (CB) properties and are characterized by 
their low resistivity and high mechanical adhesion to the 
substrate. In concordance with the structural and electrical 

characterization the best composition for these conductive 
SG CB-Si02 composites is obtained with 50 wt.% CB, 5 wt.% 
surfactant Triton X-100, and thermally treated at low temper
atures, 300^00 °C. The inorganic dielectric silica matrix 
allows a homogeneous and efficient encapsulation of CB 
nanoparticles, avoiding their thermal degradation during the 
thermal treatment for the densification of the coating. The 
percolated CB particles provide the electrical character to the 
coating. To our best knowledge, it is the first time that highly 
conductive sol gel CB-silica composite coatings have been ob
tained. The resistivity is as low as ~7 x 10~5 Om. These results 
are very interesting for applications in electronic circuits, such 
as electrodes, and in dissipation of electrostatic charge. 
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