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Abstract: Samples of buckypaper were obtained by the method of filtering
suspension of carbon nanotubes Taunit-4 through a non-woven polypropylene material.
Taunit-4 is few-walled carbon nanotubes with specific surface area of 600...700 m%/g.
Individual nanotubes are of 6...8 nm in diameter and are aggregated in bundles up to
several tenths of a millimeter. Processing of the initial suspension of nanotubes, which
improves the wetting of the surface (oxidation, addition of surfactant Triton X-100,
n-butanol), and an increase in the duration of ultrasonic treatment results in splitting
bundles of nanotubes into individual nanotubes. Apparent density of the buckypaper
from Taunit-4 increases with oxidation of the nanotubes, addition of surfactant or
wetting agent, increasing the duration of ultrasonic treatment.

Introduction

Buckypaper made from carbon nanotubes is a promising material [1-32], which
can be used in composite materials [12, 15, 20, 22, 25], as electrode material in
chemical power sources [17, 24] catalysts carrier [3], sensors [31], for shielding of
electromagnetic radiation [8] and conversion of electrical energy into mechanical
energy [5], as a flame retardant layer [10, 27], and in other areas. The most common
method of producing buckypaper is treating of CNTs with ultrasound and filtering
suspension of treated carbon nanotubes (in presence of surfactants or without them)
through a microfilter. Also there is known method of buckypaper production by
electrophoresis of CNTs [1, 26].

Buckypaper with the best electrical and mechanical characteristics was obtained
from singlewalled (SWNTs) and doublewalled carbon nanotubes (DWNTSs), due to
their higher surface energy, and, as a consequence, the best binding of individual
nanotubes by Van der Waals forces. SWNTs and DWNTs produced by CVD method
usually are agglomerated in bundles, consisting of a number of individual nanotubes. In
the process of buckypaper preparation the bundles of CNTs in the initial dispersion of
nanotubes may split to a more or less extent, depending on presence of surfactants,
nature of solvent and mode of ultrasonic treatment of the initial suspension.
Accordingly, the properties of the resulting buckpaper vary. These issues remain poorly
understood.

In the present work we have investigated the properties of buckypaper, obtained by
filtration of aqueous suspension of carbon nanotubes Taunit-4, treated in different
conditions.

ISSN 0136-5835. Bectauk TI'TY. 2013. Tom 19. Ne 2. Transactions TSTU 325



Experimental

The starting material used for buckypaper preparation, was few-walled CNTs
Taunit-4 with specific surface area of 600...700 m’/ g, average number of carbon layers
of 2-4 and an average outer diameter of 6 nm. The length of the nanotubes (estimated
from the length of the bundles formed by them) was up to 0.1 mm and more (Fig. 1).
The Taunit-4 CNTs were obtained by CVD method on the catalyst (Fe, Co, Mo)/MgO-
AlpO3 using acetone or propylene as a carbon source. The yield of nanotubes was
1.5-2 wt. parts from 1 wt. part of the catalyst. Purifying of nanotubes from mineral
impurities (catalyst) was carried out by treatment with hydrochloric acid. The resulting
aqueous suspension with CNTs mass content of 0.5 % was treated with ultrasound
(1.5 1 of the suspension for 1 h) using ultrasonic apparatus IL-10. This suspension was
used as starting for preparation of buckypaper by filtration through a polypropylene
nonwoven fabric on a Buchner funnel. After forming of the precipitate layer on the filter
excess water was sucked off under vacuum, the wet layer was set between
polypropylene filter material, in its turn placed between the discs of porous ceramics.
The package was dried in an oven at 110 °C under pressure.

In some experiments non-ionic surfactant Triton X-100 or n-butanol as a wetting
agent were added to the suspension of nanotubes and it was additionally treated with
ultrasound for different times. The sample prepared with addition of Triton X-100 was
thoroughly washed with water on filter and after drying at 110 °C was additionally kept
in a ventilated oven at 200 °C to constant weight (12 h) to remove Triton. It turned out
that the sample dried at 110 °C, contained about 22 % of the adsorbed Triton, despite
the thorough washing of the starting material on filter.

It was studied also influence of oxidation of nanotubes with potassium
permanganate on the properties of buckypaper obtained. As is known oxidation of
CNTs results in appearance of phenolic, quinoid and carboxyl groups on surface of
nanotubes. The oxidized nanotubes much better wetted by water. Oxidation of the
surface of CNTs can be accomplished by different reagents (nitric acid, ammonium
persulfate, hydrogen peroxide, sodium hypochlorite, and others). In laboratory
experiments it is convenient using potassium permanganate as an oxidizing agent for
CNTs in acidic medium, as the reaction proceeds rapidly and the completion of the
reaction is well distinguished visually by disappearance of the permanganate color. In a
typical experiment, to 150 ml of 0.5 % suspension of CNTs solution of 1 g of potassium
permanganate in 150 ml of 1M sulfuric acid was added, after which the mixture was
heated under stirring until disappearance of permanganate color. Then 5 g of citric acid
was added and the mixture was heated to boiling for reduction of manganese dioxide,
which could be produced in the system.
The suspension was filtered, washed with
water until neutral pH, adjusted to total
volume of 300 ml, treated with ultrasound
for 10 min, and then samples of
buckypaper were molded on filter.

In the Table, the duration of
additional treatment with ultrasound
(where it took place) is assigned to the
volume of suspension. That is, it was
roughly assumed that at constant power of
the ultrasonic emitter 100-min treatment
of 1 liter of a suspension was equivalent
to 5-min treatment of 50 ml

Fig. 1. SEM image of CNTs Taunit-4
as is from CVD reactor without
any additional treatment
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The molding conditions and properties
of the buckypaper samples obtained from CNTs Taunit-4

The molding conditions Diameter of
addition of sdditional tge disk.af})/ef .,
Sample surfactant, treatment with S h, mm w3
wetting agent, ultrasound fr()fmhdlgm§t€1:r g/em
additional Sy of the Initia
treatment o, wet sample
1 No No 100 0.68 0.18
2 | Tton  X-100, 40 94 066 | 034
1 % in water
3 n-butanol, 48 97 0.27 0.25
4 |3 vol % in water 140 95 023 | 029
5 280 94 0.22 0.30
6 CNTs oxidized 33 Nearly 80 %,
with  potassium the sample 0.14 0.41
permanganate cracked
7 33 78 0.31 0.56
The initial 0.5 % No 100 0.39 0.12
9 | suspension  of 20 100 029 | 018
1—0 CNTs was
diluted — with 60 100 024 | 020
water 1:1
Note: & — thickness of a sample (average from measurements in

10 points); d — apparent density of a sample.

of the suspension and was referred as 100 min/l. Of course, this assumption was
approximate, but it could be bigger mistake to not take into account the volume of the
treated suspensions.

Images of the samples were recorded using two beam scanning electron
microscopy complex Neon 40, Carl Zeiss.

The thickness of samples (disks) was measured by mechanical micrometer
M-0-25-0.01 in 10 points and the average was calculated.

Results and discussion

The Table shows the molding conditions and properties of the buckypaper samples
obtained from CNTs Taunit-4.

From the data presented in the Table it is seen that addition of the surfactant Triton
X-100 to the initial suspension of CNTs (sample 2) leads to significant increase in the
apparent density of the molded paper compared to the sample 1 without surfactant.
Addition to the initial suspension of CNTs n-butanol as a wetting agent (samples 3-5)
also increases the density of the buckypaper, although to less extent than with the
Triton. The greatest increase in density was achieved by oxidation of the initial CNTs
with potassium permanganate (sample 6). Linear shrinkage along the plane of the
samples after drying was the greater the greater the greater the density of a sample. All
these facts can be explained if we take into account that the presence of surfactants,
wetting agents or grafting of polar groups to the surface of carbon nanotubes by
oxidation facilitates sliding of the nanotubes and their bundles while molding an
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aqueous slurry on the filter, resulting in more dense packing of nanotubes. The same
effect was caused by increase of treatment time of nanotubes suspension by ultrasound.
High density and very large shrinkage during drying of buckypaper samples obtained
from oxidized nanotubes most likely was caused by contraction of nanotubes by
capillary forces.

To determine the extent to which bundles of nanotubes present in the original
nanotubes Taunit-4, remain while molding of buckypaper, we have studied the samples
of buckypaper using scanning electron microscope.

As can be seen from Fig. 2, buckypaper, obtained from the initial suspension of the
CNTs Taunit-4 (sample 1), consists of long intertwined bundles of nanotubes. Each
bundle consists of many individual nanotubes. Thus, treatment of the initial suspension
of CNTs with ultrasound did not lead to a significant splitting of the bundles into
individual nanotubes.

As can be seen from Fig. 2, the length of fragments of some bundles emerging to
the surface and entering into the field of view is greater than 100 microns. If we assume
that nanotubes have the same length as the bundles, their length can be several tenths of
millimeter, i.e., macroscopic. One can also see from Fig. 2 that individual nanotubes in
bundles have spiral shape to different extent. It can be assumed that such shape of
nanotubes arises because of inhomogeneity of catalyst surface and different rate of
growth of individual nanotubes. Those nanotubes, which grow more slowly, are
stretched and define the length of the bundle. However, some of the nanotubes grow
faster and thus form a spiral shape. Probably the entire bundle is an elastic formation, as
is evidenced by characteristic folds on the bend fragments (Fig. 1, top left corner).

Macroscopic length of the nanotubes Taunit-4 is proved also by behavior of their
agglomerates in aqueous dispersion. If you attempt to loosen them by glass rod the
agglomerates behave like wet cotton wads.

Additional treatment of the suspension by ultrasound (sample 10) led to partial
dissagregation of the nanotube bundles (Fig. 3).

Fig. 4 shows SEM images of buckypaper, molded from nanotubes, oxidized with
potassium permanganate (sample 6). It is evident that oxidation in conjunction with
action of ultrasound in aqueous suspension leads to disaggregation of bundles into
individual nanotubes, due to better wettability of oxidized nanotubes with water. After
drying of the wet buckypaper layer molded on filter structure with much greater
apparent density formed compared to untreated nanotubes, because of contraction of
nanotubes by capillary forces. The nanotubes in the resulting buckypaper are arranged
predominantly chaotically.

For the sample 2 of buckypaper obtained with treating the suspension of Taunit-4
by ultrasound in presence of surfactant (Triton X-100), most of bundles are randomized
(Fig. 5), possibly in a little less extent than for the sample oxidized with permanganate.

Fig. 2. Images (SEM) of buckypaper molded from aqueous suspension of Taunit-4
without any additional processing
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Fig. 3. Images (SEM) of buckypaper from CNTs Taunit-4 molded with additional
processing of the initial suspension by ultrasound

Fig. 4. Images (SEM) of buckypaper, molded from aqueous suspension of nanotubes
Taunit-4, oxidized with potassium permanganate in acidic medium

Fig. 5. Images (SEM) of buckypaper, molded from aqueous suspension of nanotubes
Taunit-4 treated with ultrasound in presence of surfactant Triton X-100

Almost the same result was achieved by treatment of the suspension of Taunit-4
with ultrasound in presence of n-butanol, which in this case improves the wetting of
nanotube surface with water (Fig. 6).

Thus, treatment of the initial suspension of nanotubes, which improves the wetting
of the surface of nanotubes (oxidation, addition of surfactant, n-butanol), and increasing
the duration of ultrasound treatment allows breaking bundles of nanotubes into
individual nanotubes. This provides more dense packing of nanotubes in the final
buckypaper. However, one should note that in this paper the initial suspensions of
nanotubes, which were used for molding buckypaper, were sufficiently concentrated
(0.25-0.5 %). At such concentration in any case nanotubes are agglomerated. In order to
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Fig. 6. Images (SEM) of buckypaper, molded from aqueous suspension of nanotubes
Taunit-4, with addition of n-butanol and treatment with ultrasound

obtain the “true” solutions of nanotubes (not agglomerated) in water, even in presence
of surfactants, the mass concentration of nanotubes should not exceed a few hundredths
and even thousandths of %. It is obvious that buckypaper with regular structure with
best mechanical properties can be obtained from the “true” solution of nanotubes by
molding a layer of buckypaper on micro-filter or by method of electrophoresis.
However, the buckypaper obtained by methods described above, the structure of which
is formed by bundles of nanotubes or their agglomerates, can be useful for applications
where rapid diffusion of the reagents or ions in a layer of buckypaper is desirable. In
fact, the samples of buckypaper from Taunit-4 are materials with bimodal porosity,
where there are nanometer-sized pores (between individual nanotubes in bundles or
agglomerates), and macropores between the agglomerates or bundles. Such materials
can be effective for creation chemical power sources, catalysts, sensors, and for other
similar applications.

Conclusion

1. Samples of buckypaper from carbon nanotubes Taunit-4 were obtained by
method of filtering aqueous suspension of nanotubes through a non-woven
polypropylene material.

2. Apparent density of the buckypaper made from CNTs Taunit-4 increases with
oxidation of nanotubes, addition of surfactant or wetting agent, increasing the
processing time of the suspension by ultrasound.

3. Processing of the initial suspension of nanotubes, which improves wetting of the
surface of nanotubes (oxidation, addition of surfactant, n-butanol), and increase of
duration of treatment with ultrasound facilitates breaking the bundles of nanotubes into
individual nanotubes.
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HccnenoBanue yriaepoanoi 6ymaru u3s HanoTpyoox Taynur-4
A.B. Menemmc], A.B. ].HyK.JI](IHOBZ, O.H. Bbl'-IKOB], AT. Tkaues'

Kageopa «Texnuxa u mexnonozuu npou3go0cmea HAaHONPOOYKMOo8y,
@I'BOY BIIO «TI'TY» (1); @I'BEOY BIIO « Tambosckuti 2ocyoapcmeentbiti
yhugepcumem umenu I'.P. /lepocasunay (2); nanocarbon@rambler.ru

KuroueBblie ciioBa u ¢Gpasbl: MOBEpPXHOCTHO-aKTHBHOE BEIIECTBO; TayHHUT-4;
yrieposHas Oymara; yrilepoiHble HaHOTPYOKH; YJIbTPa3ByK.

AHHOTaUMsA: MerogoM GUIBTPOBAHUS CYCIICH3UH HAHOTPYOOK Yepe3 HETKAHBIHN
MOJUIIPONMIICHOBBIN MaTepHai MOJy4eHbl 00pa3ipl OyMaru u3 yriaepoIHbIX HAaHOTPY-
6ok TayHurt-4, npeiacTaBiIIOMIMX COO0H MaJOCIONHbIE HAHOTPYOKH C Y/AENBHOH I0-
BepxHOCTBIO 600...700 M*/r. UHAMBHIyanbHbIE HAHOTPYOKH AHAMETPOM 6...8 HM cOO-
paHbl B MyYKH JUIMHOM 0 HECKOJBbKHX AECATHIX Aosiell muuuMerpa. O6paborka wnc-
XOIHOW CyCIIeH3MM HaHOTPYOOK, YIIy4Ilalolasi CMaulBaHUE UX IIOBEPXHOCTH (OKHCIIE-
Hue, nobaska [TAB Tpuron X-100, #-OyraHona), U yBeJInYeHHE NPOJOIDKUTEILHOCTH
00paboTKM YJIBTPa3ByKOM ITO3BOJISIOT PACHICNIUTh MYYKH HAaHOTPYOOK Ha MHAWBHUIY-
anpHble HaHOTPYOKM. Kakymasicst mimotHocTe Oymaru u3 TayHuTa-4 yBenwduBaeTcs
IIPU OKHCIICHWH HaHOTPYyOOK, nobaBke ITAB mim cMaumBarens, yBelnn4eHHH BPEMEHU
00pabOTKH CYCIICH3UH YIBTPA3BYKOM.

Forschung des Kohlenstoffpapiers aus den Nanorohren Taunit-4

Zusammenfassung: Von der Methode der Filterung der Suspension der
Nanoréhren durch das nichtgewebte Polypropylenmaterial sind die Muster des Papiers
aus den Kohlenstoffnanorohren Taunit-4, die die schichtarmen Nanordhre mit der
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spezifischen Oberfliche 600...700 m%g darstellen, erhalten. Die individuellen
Nanordhre mit dem Durchmesser 6...8 nm sind in die Biindel von der Linge bis zu
einigen zehnten Anteil des Millimeters gesammelt. Die Bearbeitung der
Ausgangssuspension der Nanordhre, die das Anfeuchten ihrer Oberfldche verbessert
(die Oxydierung, der Zusatz von Tenside Triton X-100, n-Butanol), und die
VergrofBerung der Dauer der Bearbeitung vom Ultralaut lassen die Biindel der
Nanorohre auf die individuellen Nanoréhre zu spalten. Die scheinende Dichte des
Papiers aus Taunit-4 vergrossert sich bei der Oxydierung der Nanordhre, bei dem
Zusatz von Tenside oder vom Befeuchter, bei der VergroBerung der Zeit der
Bearbeitung der Suspension durch den Ultraschall.

Etude du papier carbonique a partir des nanotubes Taunit-4

Résumé: Par la méthode du filtrage de la matié¢re en suspension des nanotubes a
partir un matériel polypropyléne non-tissé sont regus les exemples du papier carbonique
a partir des nanotubes Taunit-4 présentant les nanotubes de peu de couches avec une
surface spécifique de 600...700 m*/g. Les nanotubes individuels du diamétre de
6...8 nm sont ramassés en faisceau de la longeur de quelques dixiémes du millimétre.
Le traitement de la suspension initiale des nanotubes améliorant 1’arrosage de la surface
(oxydation, addition du surfactant Triton X-100, n-butanol) et 1’augmentation de
longévité du traitement par 1’ultrason permettent de désagréger les faisceaux des
nanotubes sur ceux individuels. La densité apparente du papier augmente lors de
I’oxydation des nanotubes, 1’addition du surfactant ou du mouillanté, ’augmentation du
temps du traitement de la suspension par 1’ultrason.

ABToOpbI: Menesxcuk Anexcandp Bacunvesuu — KaHaugar XMMUYECKUX HayK,
nmoueHT kKadenpel «TexHWKa M TEXHOJIOTHH MPOU3BOJCTBA HAHOMPOAYyKTOB», PI'BOY
BIIO «TT'TY»; Illyknunoe Anekceit Bacunvesuu — xanmunaT (U3NKO-MaTeMaTH-
YEeCKHX HayK, BEIyLIMH HaydHbIH cOTpyAHUK TaMOOBCKOTO roCyIapCTBEHHOTO YHUBED-
curera umenu [.P. JlepxaBuna; boiukoe Onec Hukonaesuu — maructpant xadeaps
«TexHuka ¥ TEXHOJIOTUU MPOU3BOICTBA HAHONIPOAYKTOBY; Tkauee Anekceii I puzopve-
6uy — JIOKTOpP TEXHUYECKHX HaykK, mpodeccop, 3aBeayrommii kapenpoit «TexHuka u
TEXHOJIOTUH IIPOU3BOACTBAa HaHONIPOAYKTOB», DI'BOY BIIO «TT'TY».

Peunensenr: Jleonmvesa Anvouna Heanosna — 10KTOp TEXHUYECKUX HAYK, MPO-
(eccop, 3aBeayromas kadeapoi « XMMUUECKHE TEXHOJIOTHA OPTaHUYECKUX BEILECTBY,
®OI'BOY BIIO «TT'TY».
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