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Abstract

Montmorillonite was found to be useful matrix for the direct preparation of graphene sheets from conducting
polyaniline in the interlayer space of montmorillonite. Oxidative polymerization of the solution of anilinium
sulfate by ammonium peroxydisulfate in the presence of montmorillonite particles led to the formation of
polyaniline chains both on the surface (revealed by SEM analysis) and in the interlayer space of
montmorillonite (proved by a combination of X-ray diffraction analysis and molecular modeling). SEM
analysis also showed that superfluous polyaniline created an independent cluster between montmorillonite
particles. Such prepared powder material was pressed into tablets using pressure 400 MPa and these
tablets were calcined in dynamic argon atmosphere at temperature 1400°C for 1 hour. X-ray diffraction
analysis revealed that calcination induced phase transformation of montmorillonite into cristobalite and
mullite preserving the layered structure and thus creating good conditions for formation of graphene from
polyaniline chains between the silicate layers.
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1. INTRODUCTION

Composite materials based on graphene form an interesting group of materials which have great application
significance [1]. In literature, attention is given to composites of graphene/polymers [2,3] or graphene/metal
oxides [4,5] type. Composites of graphene/non-oxide inorganic matrix type are less common, although they
offer a variety of preparation options. One example how to use the structure and composition of the inorganic
matrices for the formation of graphene sheets is the thermal decomposition of SiC [6,7]. The main problem in
the preparation of graphene-containing nanocomposites is not the actual production of the graphene sheets,
but the even distribution of graphene sheets in different matrices. In present work, this problem was solved
by intercalation of polyaniline (PANI) into the interlayer space of phyllosilicate. Montmorillonite (MMT), an
easy expandable layered silicate, has been chosen as the most convenient silicate matrix for the preparation
of PANI/MMT intercalate, i.e. the precursor for the preparation of graphene/silicate nanocomposite. The
PANI/MMT intercalate has been subsequently transformed (via high pressure and high temperature
treatment) to graphene/aluminosilicate nanocomposite containing graphene sheets adherent to
aluminosilicate layers. Hitherto, in the literature has not been published a method for the preparation of
graphene/silicate composite based on phyllosilicates. The main advantage of this technology is the low price
of input materials.



2015
?&ANOCONQ Oct 14t — 16t 2015, Brno, Czech Republic, EU

2. MATERIALS AND METHODS
2.1. Materials and preparation of samples

Na-montmorillonite (MMT) with basal spacing ~ 1.24 nm and structural formula (Al2.ssMgo.71Tio.02Fe3*0.42) Sis
O20 (OH)4 with layer charge ~ 0.7 el. per unit cell was purchased from Ankerpoort NV, Netherland. Aniline,
ammonium peroxydisulfate and sulfuric acid were used as received from Lach-Ner, Czech Republic. The
aniline solution in sulfuric acid and ammonium peroxydisulfate were added into aqueous suspension of
montmorillonite (MMT) particles (size fraction < 40 um) at room temperature. Although the polymerization of
aniline was completed within 40 minutes (blue colour of suspension turned into dark emeraldine green —
conduction form of PANI), the suspension was stirred for 6 hours. The green solid was collected on a filter by
rinsing with distilled water. Resulting powder was dried for 48 hours at 40 °C in a kiln and denoted as
PANI/MMT. Pure PANI was prepared in a similar way. The aniline solution in sulfuric acid was mixed with
ammonium peroxydisulfate, then the reaction mixture was stirred for 1 hour and the green solid was
collected on a filter by rinsing with distilled water. Resulting powder was dried for 48 hours at 40 °C in a kiln
and denoted as PANI. Prepared samples were pressed into square tablets using ZWICK 1494 press at room
temperature, without any lubrication and binder. Applied pressure was 400 MPa. Controlled pressing (i.e
controlled speed of compaction, time, increase and decrease of pressure) was used. Size of each tablet was
28x28 mm and the thickness was 2.708 mm (PANI) and 2.039 mm (PANI/MMT), respectively. Tablets
pressed from PANI and PANI/MMT powder were calcined in the furnace of the DIL 402 C/7 dilatometer
(Netzsch GmbH, Germany) under the following conditions. The heating and cooling rate was 15 K-min~! with
1 hour long delay at the maximum temperature 1400 °C; protective 99.999% Ar atmosphere with the
constant flow rate 20 ml-min~' was used. Non-calcined samples remained denoted as PANI and PANI/MMT
and calcined samples were denoted PANI_1400 and PANI/MMT_1400.

2.2. Characterization of structure

Morphology of samples was observed by scanning electron microscope PhilipsXL30 (SEM) equipped with
energy dispersive X-ray spectroscope (EDS) and transmission electron microscope Jeol JEM-2010 (TEM).
For SEM analysis, samples were coated with an Au/Pd film and the images were obtained using a
secondary electron detector. For TEM analysis, samples were dispersed in water. LaBs crystal was used as
a source of electrons. Accelerating voltages applied to obtain the images from SEM and TEM were 25 kV
and 160 kV, respectively. In order to investigate the texture, MMT and PANI/MMT samples were analyzed
using combination of X-ray powder diffraction (XRPD) analysis and molecular modeling. X-ray diffraction
analysis was carried out in reflection mode using Bruker D8 Advance diffractometer equipped with Co tube
(Koo = 0.17889 nm) and fast position detector VANTEC 1. For the force field calculations using Universal
force field [8] as implemented in Materials Studio modeling environment (MS), the model of MMT crystal
structure was built according to data published by Tsipursky [9] and Méring [10]. The model was built under
the periodic boundary conditions as a 6a x 3b x 1c supercell. Layer charge of the MMT structure arising from
the octahedral substitutions was compensated by Na* cations and/or PANI chains prepared as dimers of
protonated emeraldine salt with charge +4 el. Various space arrangements of the interlayer content (i.e.
PANI chains, Na* cations, H20 molecules) were prepared and optimized and basal spacings of the models
optimized in MS/Forcite module were calculated in MS/Reflex module. Calculated and experimentally
obtained values were compared in order to find the most probable arrangement of molecules in the interlayer
space. Presence of graphene was confirmed using Raman microscope HORIBA XploRATM equipped with
532 nm excitation laser source, with 50x objective and using 1200 mm grating.

2.3. Conductivity measurements

For DC conductivity measurement we constructed special measuring apparatus using DC POWER SUPPLY
HY 3003 D-2, Programmable DC POWER SUPPLY BK PRECISION 9120, pA-meter KEITHLEY 6487.
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Precision of DC voltage source was 2 = 102 V. DC conductivity has been measured in two perpendicular
directions, in the tablet plane (o-; Fig. 1a) and in orthogonal direction to tablet plane (oy; Fig. 1a), because
due to anticipated orientation of flat MMT particles (as a consequence of pressure; Fig. 1b) higher
conductivity in the in-plane direction was expected. Flat Cu electrodes were used for the measurements. The
electrodes were polished before each measurement using a special paste.

Fig. 1 Schematic illustration: (a) conductivity measurements in two perpendicular directions, (b) ordering of
MMT patrticles in tablet during the pressure.

3. RESULTS AND DISCUSSION

SEM observation revealed the formation of PANI chains on the surface of MMT patrticles (compare Figs. 2a
and 2b) and showed clusters of superfluous PANI between MMT particles (Fig.2b). EDS analysis confirmed
presence of PANI in PANI/MMT sample (40.2 wt.% of carbon and 15.44 wt.% of nitrogen). TEM observation
of PANI/MMT sample (Fig. 2¢) showed that MMT patrticles are fully covered by PANI but the resolution is not
sufficient for direct observation of PANI in the interlayer space of MMT and only weak exfoliation of MMT can
be recognized by the naked eye. Nevertheless, changes in basal spacing of MMT were confirmed by XRPD
analysis (Fig. 3). Elongated grains of pure PANI can be seen in Fig. 4d and knowing their shape helped us to
understand the reason of anisotropy in conductivity observed for tablets pressed from pure PANI (see the
discussion of results listed in Table 1).

Fig. 2 SEM images of (a) pure MMT and (b) PANI/MMT composite. TEM images of (c) PANI/MMT composite
and (d) pure PANI.

Comparison of XRPD patterns of MMT and PANI/MMT samples (Fig. 3) showed that intercalation of PANI
and high pressure applied during preparation of tablets resulted in good ordering of MMT particles. The fact
that the PANI/MMT structure is homogeneously intercalated was proven by much narrower profile of basal
reflection while the the strong texture (caused by high degree of preferred orientation of MMT particles
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parallel with the surface of tablet; see Fig. 1b) was proven by the 00l/hk-band intensity ratio. XRPD pattern of
pressed PANI/MMT tablet showed the basal spacing dooz = 1.285 nm. Calculated value door = 1.281 nm
obtained from the model agreed well with experimental results and revealed parallel arrangement of PANI
chains in the MMT interlayer space (Fig. 4). XRPD pattern of PANI/MMT _1400 showed to the destruction of
silicate layers and revealed high-temperature phases (mullite, cristoballite) developed during calcination at
1400 °C. Moreover, graphite was also observed in this sample (Fig. 3). Cristobalite phase exhibited strong
texture, i.e. cristobalite(101) planes were preferentially oriented perpendicular to the direction of pressure as
same as MMT(001) planes before calcination (see Fig. 1b). Type of texture in PANI/MMT_1400 sample was
close to PANI/MMT sample because the MMT(001) planes are transformed into cristoballite(101) planes.
Top and side views on these two planes (Fig. 3) shows their similarity. Therefore, layers of PANI chains
adherent to the silicate sheets were not destroyed and the formation of graphene sheets can occure. Wide
and little intense “reflection” located around ~ 15° 26 suggested the presence of amorphous carbon.
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Fig. 3 XRPD patterns of pure MMT (red), dried PANI/MMT (green), and PANI/MMT _1400 (blue). 1 — MMT, 2
—illite, 3 — a-quartz, 4 — mullite, 5 — cristobalite, 6 — graphite 3R-polytype. Top and side views on (a)
MMT(001), and (b) cristobalite(101) planes are on the right.
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Fig. 4 Optimized model of PANI/MMT structure having doo1 = 1.281 nm and monolayer arrangement of PANI
chains. Water molecules and Na* cations attracted by OH groups in octahedral sheets of MMT structure are
located close to hexagonal cavities in MMT tetrahedral sheets.

Raman spectra of PANI_1400 and PANI/MMT_1400 samples are shown in Fig. 5. Both spectra showed the
disorder band (defects in the samples; ~1350 cm™) and the graphitic band (orderliness of carbon structure;
~1600 cm™). More intensive disorder bands revealed the predominance of defects in carbon structure
[11,12]. Characteristic bands of PANI chains were not observed in these calcined samples which is
understandable. Presence of amorphous carbon (in agreement with XRPD analysis) was revealed by the
broadness of bands. The most interesting finding was made in Raman spectrum of the PANI/MMT_1400 -
new intensive band with maxima centered at 2701 cm~" (see Fig. 5b). This band is generally ascribed to 2D
overtone of graphite but its high intensity is typical for graphene [12-15].
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Fig. 5 Raman spectra of (a) PANI_1400, and (b) PANI/MMT_1400 samples.

Conductivities measured in two perpendicular directions (see Fig. 1) and anisotropy factor a (i.e. the ratio o
/ o)) are listed in Table 1. In case of uncalcined samples, PANI exhibited higher conductivity in both
directions than PANI/MMT but the a value is higher for PANI/MMT suggesting higher anisotropy of this
sample due to the arrengement of MMT particles serving as an insulator in the direction of pressing (Fig. 1).
Lower but still distinct anisotropy in case of PANI can be explained by the shape of PANI grains as formed in
pure state (Fig. 2d). Similarly to MMT particles, these elongated grains also tend to preferential orientation
under external pressure during the preparation of tablets. Table 1 also showed strong influence of calcination
on conductivity. While PANI_1400 became isotropic, a dramatic increase in conductivity was observed in
case of PANI/MMT_1400. The in-plane conductivity o.. reached 693.41 S - m! suggesting the formation of
graphene sheets between the aluminosilicate layers. Decrease in anisotropy (a is low, but not negligible) can
be explained by phase transition of MMT into mullite and cristobalite as proven by XRPD analysis (Fig. 3).

Table 1 Electrical conductivities in two perpendicular directions (o|,0<) and anisotropy factor (a = o0« / g})
for uncalcined and calcined tablets pressed from PANI and PANI/MMT powder samples.

sample calcination o o IR o

T (°C) (S'm?Y) | (8'mY) | ()

PANI uncalcined 0.102 3.50 34

PANI_1400 1400 1.76 1.81 1

PANI/MMT uncalcined 0.0007 0.03 43

PANI/MMT _1400 1400 78.67 693.41 9
4. CONCLUSIONS

New material with high electrical conductivity has been prepared by the intercalation of layered silicate MMT
with PANI, subsequent pressing the powder intercalate into tablets using high pressure 400 MPa and
calcination of these tablets at 1400 °C in an inert dynamic atmosphere. Three different types of carbon were
found by XRPD analysis and Raman spectroscopy in this material: amorphous carbon, graphite and
graphene. We assume that clusters of superflouos PANI chains located between MMT particles were
transformed into amorphous carbon while PANI chains forming layers on the MMT surface turned into
graphite, and PANI chains in the interlayer space of MMT were transformed into graphene. No graphene
was found in calcined tablet prepared from pure PANI. This suggests an important role of the MMT interlayer
space where PANI chains can form the monolayers which are during the calcination transformed into
graphene sheets. Conductivity measurements showed that while calcined PANI tablet loses the conductivity,
PANI/MMT tablet become much more conductive and in the direction parallel to silicate layers the
conductivity reached the value 693 S - m™. This unique method of preparation has one very important
advantage which is the low cost of all materials used. However, further research is necessary and
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dependence of various calcination conditions, different clays, and PANI / clay ratios on the resulting
conductivity will be studied.
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