Qualitative assessment of the purity of multi-walled carbon
nanotube samples using krypton adsor ption
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Abstract

Krypton is a subcritical vapour at the nitrogenlingi temperature. As such, its adsorption on
crystalline surfaces leads to condensation stggpssal of type VI isotherms according to
IUPAC, while its adsorption on rough surfaces isTHKke. Based on this property of krypton
adsorption at 77 K, a methodology is proposed terdene the purity of carbon nanotubes
samples. The method is tested on model samplegebttay mixing mechanically purified
multi-walled carbon nanotubes with various amouwftshe same catalyst as used for their
synthesis.

1. INTRODUCTION

Since their discovery by ljima in the early ninstias a byproduct of fullerene
synthesis [1], carbon nanotubes have receivedwigganterest. A huge number of synthesis
routes have been proposed, ranging from laseriablat carbon target, catalytic chemical
vapour deposition (CCVD), liquid phase synthesiasmma methods, and so forth [2]. Also, a
large variety of application niches have been ifiedt that render nanotubes a promising
material [3].

In order to meet the expected industrial needst@ich materials, a large scale CCVD
production facility has been developed in Nanocyl.Swith a production capacity of the
order of one kg of multi-walled carbon nanotubesA(RINTs) per hour. In a typical CCVD
reactor g.g. 4], the contact between a gaseous hydrocarboramarappropriate solid catalyst
at high temperature results in the deposition ob@a nanotubes on the catalyst. The raw
product that exits the reactor is therefore exgkettecontain carbon nanotubes, a catalyst
residue and possibly amorphous carbon. The latterpgroducts are usually referred to as
impurities. A general method to assess the amoumhjpurities in a MWNT sample is not
available yet. The present work reports on the afskrypton adsorption to determine the
amount of nanotubes actually present in as-syreédsample.

Krypton at 77 K is a subcritical vapour, the adsiorpof which on crystalline surfaces
is known to give rise to stepped isotherms, classifs type VI by IUPAC [5]. For such
vapours, when a given pressure is reached theminotecular forces between adsorbed
molecules overwhelms their thermal energy, by wlagbhase transition occurs between and
adsorbed gas-like and adsorbed dense phases [Bhig]phenomenon leads to a riser in the
isotherms that corresponds to the complete coveedge given pressure, of the surface by a
2D dense phase. Such isotherms have been reportditef adsorption of several subcritical
vapours carbon nanotubes [8, 9]. Since the monplagadensation phenomenon is not
expected for the adsorption on amorphous surfadgs e propose to exploit this
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Figure 1. Example of transmission electron micrppeaof the purified multi-walled nanotubes
sample at various magnifications.

phenomenon to discriminate between the crystalbneface of the MWNTs and the
amorphous surface of the impurities. The proposethadology is tested on model samples
obtained by mixing purified MWNTSs with various anmis of the same catalyst as used for
their synthesis.

2. EXPERIMENTAL SECTION

2.1. Preparation and characterization of the samples

The MWNTSs are synthesized in a fixed bed CCVD t@aat 700°C. A quartz boat
containing about 1 g of catalyst is placed in teete of the reactor fed with a 1-2 I(STP)/min
flow of a 50-50% mixture of nitrogen and ethyledetypical reaction time is 20 min. The
used catalyst is keCo, supported on alumina, prepared by impregnationdescribed
elsewhere [10]. The purification of the MWNTs peeds in two steps: (i) the sample is
leached with concentrated fluoric acid in orderdissolve the catalyst support and the
metallic particles; (ii) an acidic KMn{solution is used to selectively oxidize the amorsh
carbon. After these treatments, the sample isrddteand washed with distilled water, and
dried for 48 h in a vacuum oven heated at 120°C.

Figure 1 displays several typical transmission tebec micrograph of the purified
sample, taken at various magnifications. As isblsiin Figure 1a, a small amount of
unidentified impurities are still present in thenmgde after the oxidation. At larger
magnification, the hollow cavities of the tubes aisble as a bright line lying in their middle
(Figure 1b-d). The question of whether the innartgaof tube is accessible for adsorption
cannot be cogently answered from TEM observatiaasome tubes seem to be open (Figure
1c) while others seem to be closed (Figure 1d).

A series of 15 micrographs was acquired at the samagnification as Figure 1b, in
order to assess the inner and outer diameter ofutbes. The micrographs were analyzed
automatically using a digital image analysis prazeddescribed elsewhere [11]. The obtained
statistical distributions are plotted in Figure The average values of the outer and inner
diameters, together with their standard deviatemeslo = 20 + 8 nm and, =6 + 3 nm.
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Figure 2. Statistical distributions of (a) the inmad (b) outer diameter of the nanotubes, estunate
from digital image analysis of TEM micrographs.

Three mixtures were prepared by mixing mechanidakypurified MWNTs materials
with various amounts of catalyst. The nomenclatfrthe samples is given a&&Y), whereY
is the weight percentage of nanotubes.

2.2 Krypton and nitrogen adsor ption measurements

The krypton and nitrogen adsorption isotherms determined at nitrogen boiling
temperature by the classical volumetric method &itBE Instruments SORPTOMATIC 1990
series of THERMO ELECTRON. The device is equippatth an additional 10 torr pressure
gauge and a turbomolecular pump. The used highypkrypton (99.997 %) and nitrogen
(99.999 %) were purchased from Air Liquide.

The samples were first outgassed af B during 16 h, then heated from 25° to
150°C at a rate of 1°C/min and kept at 150°C dufiBch. The weight loss of each sample
during this treatment was determined and remowveh the mass of the samples. Typically,
the isotherms were determined on 150 mg of sanmteliminary experiments allowed
establishing the optimal experimental conditionsktain reproducible isotherms starting at a
relative pressure of 10
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Figure 3. Krypton and nitrogen adsorption isotheomghe catalyst (a) and on the nanotubes (b). The
insets magnify the low pressure adsorption witbgatithmic scale.



3. RESULTS AND DISCUSSION

3.1 Qualitative description of the isotherms

Adsorption of Kr and Bl on the catalyst leads to isotherms with a veryilamshape
(Figure 3a). A type IV isotherm is obtained in botises, with a strong adsorption ned, ~
0.4, characteristic of very small mesopores [5]. tBe contrary, qualitatively different
isotherms are obtained for Kr and &dsorbed on the nanotubes (Figure 3b). The sHape o
N, adsorption isotherm is reminiscent of a type btherm, typical of a nonporous or
macroporous solid, while the adsorption of Kr leta$ype VI stepped isotherms. The origin
of the steps in type VI isotherms is the occurreofca phase transition in the adsorbed layer,
between two adsorbed gas-like and dense phasesHicl phenomenon can be qualitatively
captured by a 2D van der Waals equation for theradse [6]. The first step, that is visible in
the inset of Figure 3b, corresponds to the condemsaf the first Kr monolayer on the
surface of the nanotubes, and the second stePfigar 0.5 corresponds to the condensation
of a second monolayer on the top of the first ahe].

Figure 4 displays the Kr and,Nsotherms on the whole series of samples. Figare 4
clearly highlights the fact that the krypton consiation step is a characteristic of nanotubes.
For nitrogen adsorption, only a slight hump is Misj whose amplitude increases when
increasing the nanotubes content of the samplesimflar isotherm has been reported for
long for the adsorption of Non well graphitized surfaces and its shape is soms referred
to as the Joyner-Emmet step [12]. It correspondeaaompletion of the first adsorbed layer,
which is progressive because adsorbed nitrogeupisrsritical at 77 K [7].

The finite width of the adsorption steps of Kr gasts with what is observed on
planar graphite, in which a neat adsorption velrtisar is presenteg. 7]. Also, as observed
by other authors [8], the pressure at which theytay monolayer condensation occurs is
higher on carbon nanotubes than on graphite. Thfsa@iginates in the positive curvature of
the adsorbent surface, which hinders adsorptiamceSihe condensation of krypton on thick
nanotubes should occur at a lower pressure thahinmanotubes, the polydispersity of the
samples can broaden the adsorption step. The widtie adsorption step of Kr on nanotubes
could therefore be related the width of the diametstribution of the tubes.

100

o X0

A X25
o X50
e X75
+ X100

Vads (cm?/g)

P/PC ~0.005

a o
0F 0 ‘
0.0001 001 PIPO 4 0.0001 001 PIPO 1

Figure 4. Krypton (a) and nitrogen (b) adsorptisotherms on the samples with increasing nanotube
purity (X0 to X100).
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Figure 5. Specific surface areas estimated fromBia& model applied to the krypton and nitrogen
adsorptionS, (m) andSy; (A), and from the height of the krypton condensasitap, Sy, (0).

3.2. Quantitative analysis of the isotherms

Although this model is not suited for analyzingpgted adsorption, the Kr and; N
isotherms were fitted with the standard BET mo@&§l The estimated specific surface areas
with the two different vapours are referred to lafier asS, and Sy,. They were estimated
using the standard values for the surface coveyeal single molecule 16.2%&or N, [5] and
15.7 & for Kr [7, 8]. These surfaces are plotted in Feg8ras a function of the nanotubes
content of the samples. There is an important estagf of the estimated surface areas
(especially for M) that probably stems from the fact that the BETdelocould only be
applied to the adsorption data over a very narrogggure range. The very linearity of the
plots in Figure 5 suggests that the specific serfaea of any sample be the average of the
specific surface areas of the catalyst and nansiueighed by their relative mass fractions.
However, as is visible in this figure, the specHiarface area of the catalyst is very close to
that of the nanotubes, so that the BET surface@gnot serve as a measure of the nanotubes
content of the samples.

As already mentioned stepped isotherms are generadlerved for the adsorption of
subcritical vapours on crystalline surface [7].c®inthe nanotubes are the only species with a
crystalline surface in the studied samples, thghteaf the step should be associated with the
presence of nanotubes, which is confirmed by Figaredn order to make this statement more
guantitative, the height of the krypton adsorptsdep is estimated as the amount adsorbed at
P/IPy = 5 10°. The choice of the pressure limit of the steprisiteary as it only results from
the visual inspection of the isotherms. This appnation however proofs to be useful for an
order of magnitude analysis of the adsorption ec&he so estimated volume of the step is
converted to the specific aréep of the surface on which stepped adsorption ocass,
described elsewhere [13]. This latter quantitylagtpd in Figure 5.

Siep is @ linear function of the of the weight fractjon of purified nanotubes in the
sample, with parameters

Sstep (m?/g) =34+122y (1)



The line does not pass through the origin becausadsorption on the pure catalyst is such
that the amount adsorbed on itR4P, = 5 10° account for ca. 34 m2/g. Moreover, the height
of the step for the purified sample correspondss® m2/g, while the total specific surface of
the same sample &; = 212 m?/g. Since the BET surfafg accounts for the total specific
surface area, an8ep accounts only for the crystalline fraction of tkame surface, the
difference between these two numbers could medrthbee is still a significant amount of
impurities left in the sample. This would be comfed by the TEM micrograph of Figure l1a.
Another origin of this difference could be that th&dic treatment used to purify the sample
significantly damaged the surface of the nanotuBgstevious study showed that this would
result in a smoothing of the adsorption step [14].

Another possibility to explain the difference beémeS, and Sgep Of the purified
sample is that the nanotubes are so entangledriplsahat only a fraction of their surface is
accessible for layer by layer adsorption. To game insight into this issue, it is interesting
to compareSsep to the geometrical surface of the tube. The ndvestican be modelled as
ideal hollow cylinders with inner and outer diametdy anddo, and made of a material with
densityp. This results in the following surface over messos [13]

Stoy4 Yo*d So - do 2)
=4 2 2 4 2 2

m  p(d,” +d,") m  p(dy” +d,")
whereSr andS, stand for total and outer surface. Using the étans estimated from image
analysis (section 2.1) and assuming that the naeetwall has the same density as graphite
with p ~ 2 g/cms3, leads t6/m = 143 m?/g and&/m = 110 m?/g. Although these figures have
to be considered as orders of magnitude, it camdieed that the outer surface of the
nanotubes alone could hardly account for the valfi&:, However, the total surface
compares well with the height of the step. It sedmsefore that the inner surface of the tubes
be accessible for adsorption. Furthermore, itkiglyi that the difference betwe&, andSsep
stems from the presence of impurities, rather thamn the entanglement of the tubes.

4. CONCLUSION

Krypton adsorption can be used to qualitativelgeas the purity of multi-walled
carbon nanotubes samples. The exploited phenomsiiba krypton monolayer condensation
that occurs exclusively on the crystalline surfatehe nanotubes but not on the catalyst
residue, nor on amorphous carbon. In principle sdrae methodology could be used with the
adsorption of any vapour below its 2D critical tesrgiure. On the contrary, this kind of
analysis is not feasible with 2D supercritical vars such as Nat 77 K, for which the step is
replaced by a mere hump.

The proposed methodology was tested on a serienooel samples obtained by
mixing mechanically a purified nanotubes samplenvkibhown amounts of catalyst. It was
shown that the height of the first condensatiop stethe Kr adsorption isotherm is indeed
directly related to the amount of nanotubes in shenple. Comparing the height of the
adsorption step with the geometric surface of theotubes further suggests that the purified
nanotubes sample still contained a significant arhaf impurities, probably amorphous
carbon.
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