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Mesoporous lanthanum carbide–carbon nanotube composites were produced by means of carbothermal
reaction of lanthanum oxide, graphite and multi-walled carbon nanotube mixtures under high vacuum.
Residual gas analysis revealed the higher reactivity of lanthanum oxide towards carbon nanotubes com-
pared to graphite. After sintering, the composites revealed a specific surface area increasing with the
amount of carbon nanotubes introduced. The meso-porosity of carbon nanotubes was maintained after
thermal treatment.
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1. Introduction

ISOL (Isotope separator on line) facilities to produce radioactive
ion beams are gaining significant interest world-wide because of
the widespread possibilities they offer to extend our knowledge
concerning the structure of the atomic nucleus, the formation of
the stars, of the heavy-elements and the processes that govern
the universe [1].

The SPES (Study for the Production of Exotic Species) project,
now under development at LNL-INFN [2,3], is going to produce
neutron rich isotopes (Z > 40) by directly impinging a 40 MeV pro-
ton beam of I = 200 lA, on uranium dicarbide porous thin disks
(�1 mm). By this route, the facility should be able to produce
1013 fissions/s. However, the number of isotopes capable of being
captured by the ionization source is a function of various parame-
ters such as sticking time, half life, cross section, diffusion and effu-
sion time [4].

In order to extract the highest possible number of isotopes, it is
necessary to optimize parameters such as the target limiting tem-
perature [5], its composition, microstructure, and permeability.

For all the above-mentioned reasons, the research on the
optimization of the target properties is currently very lively
[6–8]. Besides the parameters mentioned earlier, other important
characteristics include the capability of working under vacuum
(10�4 Pa) at temperature as high as 2000 �C for a reasonable time
(some weeks), the crystalline grain size and porosity (amount,
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average size, shape and interconnectivity of the pores). For this
reason, some attempts have been performed in order to produce
low density, highly permeable targets [6,7].

The best candidate material possessing a good balance between
all the above requirements has been demonstrated to be UCx (that
is, UC2 dispersed in an excess of graphite) [5,9,10], typically ob-
tained by carbothermal reduction of an appropriate oxide precur-
sor or by the direct reaction between the metal and carbon.
However, because of the difficulties related to safely handling the
radioactive materials obtained with uranium, lanthanum have
been proposed as substitute material for preliminary studies and
investigations [7,11].

The discoveries of fullerenes and carbon nanotubes (CNTs)
[12,13] as new structures in the nanoscale range have opened a
challenging new field in solid state physics, chemistry and materi-
als science with a wide spectra of possible applications. The pros-
pect of heterostructures made from CNTs is of particular interest
for nanodevices because of their useful size scale and their unique
electronic properties. The possibility to combine nanotubes with
metal carbides possessing properties suitable for interconnects in
ultra-large-scale integrate circuits has been investigated in the last
10 years. The main difficulty in such devices is related to the con-
trol and purity of the nanojunction between the nanotubes and the
metal carbide. Zhang et al. [14] report on a method based on a con-
trolled solid–solid reaction: C (nanotubes) + M (solid) ? MC (solid)
to be performed in ultra-high vacuum or in an inert atmosphere to
avoid any volatile reactants. Since the reaction is spatially re-
stricted by partial contact between the surface of the solid reactant
(M) and CNTs, it can be easily controlled, and predictions may
be performed on the basis of diffusion coefficient calculations.
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Moreover, CNTs have been tested to reinforce various ceramics,
cermets, metals and alloys because they possess many unique
mechanical and physical properties [15–18]. The two main difficul-
ties in such applications are related to:

� The poor solubilisation of the pristine multi-walled carbon
nanotubes (MWCNTs) and the consequent severe structure
inhomogenities.

� The poor connectivity between CNTs and the ceramic matrix.

In Ref. [19], multi-walled carbon nanotubes were coated with
tungsten carbide (WC) by reduction and carburization and then
used for doping WC–10Co cemented carbide (tungsten carbide in
10 wt% cobalt). A small amount of WC coated nanotubes
(0.4 wt%) introduced in the WC-10Co cemented carbide resulted
in a 32.8% improvement of the Transverse Rupture Strength (TRS)
and 1.2% of the fracture toughness. However, larger amounts of
MWCNTs caused a decrease in all mechanical properties (TRS, frac-
ture toughness and Vickers hardness). Yamamoto et al. [20], re-
cently proposed a novel structure for carbon nanotubes
reinforced alumina composites, by means of acid-treated MWCNTs
in solution with aluminium hydroxide and further spark plasma
sintering at 1500 �C under a pressure of 20 MPa. The addition of
only the 0.9 vol.% of acid-treated MWCNTs to alumina results in
27% and 25% simultaneous increase in bending strength and frac-
ture toughness, respectively. Moreover an abrupt increase of elec-
trical conductivity was observed.

In the literature, lanthanum carbide can be found together with
CNTs because lanthanide (or rare earth) ions possess optical and
magnetic properties that are particularly interesting when they
are situated in a confined geometry. It has been suggested that
materials encapsulated into the hollow regions of nanotubes could
cause a significant change to the physical properties of nanotubes
[21–23]. Therefore, a number of attempts have been made to fill
these nanotubes with metals or metallic compounds to produce
ultrafine conductor or semiconductor wires or nanometer-size
composites [24]. Ruoff et al. [25] and Liu and Cowley [24] have
demonstrated the encapsulation of lanthanum in CNTs and carbon
nanoparticles. Awasthi et al. [26] have reported on synthesis by d.c.
arc evaporation of lanthanum carbide nanotubes starting from lan-
thanum metal and graphite in helium atmosphere.

In the present study, lanthanum dicarbide–MWCNTs compos-
ites were produced by means of carbothermal reduction of La2O3

under high vacuum, where both graphite powders and carbon
nanotubes were used as carbon source. The main scope of this
study was the production of highly porous (high specific surface
area) materials with improved thermo-mechanical properties, to
be employed in the production of radioactive ion beams. The intro-
duction of meso-porosity (pores in the range 2–50 nm) and the
consequent increase in the material specific surface area could
facilitate the processes of isotopes diffusion and effusion and con-
sequently improve the target release efficiency.
Table 2
Overview of the prepared samples.

Sample label La2O3 (wt%) Graphite (wt%) MWCNTs (wt%)

LC 71.2 28.8 –
LC25CNT 71.2 21.6 7.2
LC50CNT 71.2 14.4 14.4
LC75CNT 71.2 7.2 21.6
L100CNT 71.2 – 28.8

Heat treatment schedule.

Heating rate 1st plateau 2nd plateau Cooling rate

2 �C/min 1250 �C, 12 h 1500 �C, 24 h 2 �C/min
2. Experimental

Lanthanum dicarbide–CNTs composite were synthesized by
means of the carbothermal reduction of lanthanum oxide, in the
presence of excess carbon, according to reaction (1):

La2O3 þ 11C! 2LaC2 þ 4Cþ 3COðgÞ ð1Þ

Both graphite and MWCNTs were used as carbon source, where
the excess of carbon was calculated in order to obtain a final mate-
rial with a LaC2/C molar ratio equal to 1/2. This choice was
prompted by previous studies on release efficiency of UCx target
materials [5,9,10]. La2O3 and graphite (mesh size �325) powders
were purchased from Sigma–Aldrich and used as received.
MWCNTs with outer average diameter of 8–15 nm and lengths
up to 50 lm were purchased from Guangzhou Heji Trade Co. (Chi-
na), and used as received. Powders were manually mixed and grin-
ded in an agatha mortar where a 2–4 wt% of phenolic resin in
acetone solution at 10 wt% was added as binder. Powders were
uniaxially pressed at 750 MPa and after extraction were heat trea-
ted under high vacuum (10�4 Pa) in a graphite furnace [27] up to
1500 �C, following the heat treatment schedule reported in Table 1.

The heat treatment was designed on the basis of the results of
mass spectrometry analysis. The desorption of gaseous products
while continuously heating up to 1600 �C (heating rate 0.5 �C/min)
the LC and L100CNT samples (refer to Table 2) in two separate
runs was monitored by a quadrupole mass spectrometer (Prisma
Plus QMG220 M3, Pfeiffer Vacuum Inc., USA), connected to the
graphite furnace. The evolution of CO, CO2 and H2O was monitored
following the 28, 44 and 18 m/e peaks.

Sample compositions were designed in order to assess the effect
of the amount of MWCNTs on selected properties of the final mate-
rial. In Table 2, an overview of the samples prepared is reported.

The labelling in Table 2 is referred to the weight amount of
MWCNTs introduced, compared to the total amount of carbon cor-
responding to Eq. (1). After carburization and sintering, samples
were immediately transferred to an inert atmosphere glove box
(H2O and O2 < 1 ppm) in order to prevent the reaction between lan-
thanum dicarbide and humid air.

A rough estimation of the amount of porosity (p) of the pre-
pared samples was calculated following Eq. (2):

p ¼ 1� qb=qt ð2Þ

where the bulk density was measured as qb = mtot/Vtot The theoret-
ical true density (qt in Eq. (2)) was calculated taking into account
the stoichiometric ratios for LaC2 and C in Eq. (1), as the weighted
average of the densities of bulk LaC2 (5.02 g/cm3, Espimetals MSDS)
graphite (1.90 g/cm3, Aldrich MSDS) and MWCNTs, assuming the
true density of MWCNTs the same as graphite.

The morphology and composition of the prepared samples were
investigated by means of a Scanning Electron Microscope (Philips
XL-30, SEM) equipped with Energy Dispersive Spectrometer
(EDS) probe. Crystalline phases of the samples were studied by
means of an X-ray diffractometer (Philips PW 1710, XRD) in
Bragg–Brentano configuration using a Cu Ka radiation. Powders
were protected from the environment by means of a 25 lm PEEK�

film (kindly supplied by Victrex Europa GmbH, Hofheim,
Germany).

Specific surface area (SSA) and Pore Size Distribution (PSD) of
treated bulk samples and as received MWCNTs were obtained from
nitrogen adsorption–desorption measurements at 77 K using an
ASAP 2020 (Micromeritics Italia Srl, Milano, Italy) instrument.



Fig. 1. The pressure (Pa) and CO ion current (A) for samples LC (top) and L100CNT (bottom).

Fig. 2. The pressure (Pa) plotted against the temperature (�C) during the heat
treatment for samples LC25CNT, LC50CNT, LC75CNT.
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The samples were previously degassed under vacuum (0.3 Pa) at
300 �C for at least 15 h prior to sorption analysis. The nitrogen
adsorption data were collected in the relative pressure range
(P/P0) of 10�2 < P/P0 < 1 where P0 is defined as the vapor pressure
of the adsorbing gas (nitrogen) at the temperature at which the
test is conducted (77 K). To obtain an accurate characterization of
the microporous region (according to IUPAC notation, micropores
have diameter of less than 2 nm, mesopores have pore diameter
between 2 nm and 50 nm and macropores have pore diameter
greater than 50 nm), a sufficient number of data points in the
low pressures regime is needed, which requires the addition of
constant small nitrogen volumes. Hence, successive nitrogen doses
of 5 cm3/g were added until P/P0 = 0.01 was reached. Subsequently,
further nitrogen was added and the gas volumes required to obtain
a fixed set of relative pressures, up to a value of 1.00, were mea-
sured. Specific surface areas (SSAs) were calculated from N2

adsorption data at relative pressures below 0.20, by the multipoint
Brunauer–Emmett–Teller (BET) method [28,29]. Data were also
analyzed by the t-plot method [30] and by the Barrett–Joyner–
Halenda (BJH) method [31], using the manufacturer’s software.
The micropores size distribution was calculated using the
Hovarth–Kawazoe analysis for cylindrical pore geometry [32].

3. Results and discussion

The mass spectrometer analysis revealed that in the first stage
of the heat treatment decomposition of the phenolic resin, used
as binder, generates mainly water and a minority amount of CO.

In Fig. 1 the CO evolution is plotted against temperature for
both LC and L100CNT samples.

Two are the main differences between La2O3/CNTs and La2O3

/graphite systems:

1. The carburization of La2O3 powders starts at lower temperature
when the carbon source is the MWCNTs.
2. The reaction involving the CNTs graphene layers is complete at
1350 �C, that involving graphite (sample LC) starts at 1250 �C
and takes place gradually up to 1500 �C.

The shoulder at the end of the LC carburization process and
present also in the L100CNT at approximately 1600 �C is due to
the furnace out-gassing, as confirmed by a blank run.

This first thermal treatment guided the design of the following
experiments as depicted in Table 1.

Samples LC25CNT, LC50CNT and LC75CNT were treated in one
batch; in Fig. 2, the pressure upon carburization and sintering
plotted against temperature is shown. Three distinct regions can



Fig. 3. XRD for CNTs (as received) and for samples LC, LC50CNT, and L100CNT.
Fig. 4. Bulk density variation before and after thermal treatment, as a function of
the amount of CNTs.
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be observed. The first region (I, maximum temperature 900 �C) cor-
responds to the sample out-gassing and phenolic resin decomposi-
tion. The second region (II) can be associated to the carburization
that occurs at temperatures ranging from 1100 �C to 1500 �C; the
pressure starts to rise at 1100 �C and increases up to 1250 �C,
where a pressure decrease is recorded due to the 12 h plateau at
this temperature (see also Table 1). Indeed, the 12 h dwell time
is not sufficient to complete the reaction as graphite reacts at high-
er temperature than CNTs; in fact, the pressure increases once the
temperature starts to increase towards the final sintering temper-
ature. However, this increase in pressure may also partially be
attributed to the experimental set-up out-gassing as observed in
Fig. 1. The region III can be associated to the sample sintering,
where the carbothermal reaction is complete and the pressure con-
sequently decreases.

After carburization and sintering, the samples could be easily
handled without breaking, even in the case of that containing the
highest CNTs weight percentage. The XRD analysis revealed that
in all samples (even in L100CNT) the signals due to La2O3 are ab-
sent and consequently the carburization process can be considered
complete with formation of tetragonal LaC2 (see Fig. 3).

Weight losses measured for the samples after carburization/sin-
tering also revealed that the reaction according to Eq. (1) was
complete (Table 3). The estimated weight decrease due to carbo-
thermal reaction, is 18.3 wt%; however, in samples containing
CNTs, a higher weight loss is recorded. This can be at least in part
attributed to the higher amount of binder (4 wt% instead of 2 wt%
for LC) that was introduced in the starting mixture, and to the
difficulty to remove the solvent of the binder from the green pellets
containing CNTs. Moreover the pristine nanotubes generally pos-
sess some weight amount of impurities that could have been re-
moved by the thermal treatment.

Fig. 4 shows that in the green samples containing CNTs, the
density decreases as the CNTs amount increases. Moreover, also
Table 3
Measured values for weight loss and calculated total porosity (see also Eq. (2) in the
experimental part).

Sample Dwt% p%

LC 19 24.2
LC25CNT 23.5 48.6
LC50CNT 23.5 57
LC75CNT 23.7 58.8
L100CNT 23.5 70.3
in the sintered samples, the bulk density linearly decreases as
the wt% of the CNTs’ increases, varying from 2.23 g/cc for the sam-
ple containing no CNTs (LC) to 0.89 g/cc for L100CNT. This is a well
known behavior of composites containing CNTs due to their rope-
like structure. Moreover, Fig. 4 shows that the density variation
from the green samples to the sintered samples is much more sig-
nificant for sample LC than for samples containing CNTs. The sam-
ple volumes measured before and after thermal treatment revealed
that the LC sample shrinks approximately 5–10%, the samples con-
taining CNTs present reduced shrinkage and the sample L100CNT
shows an inverse behavior, expanding its volume by 10% after ther-
mal treatment.

Nitrogen adsorption/desorption isotherms for the as-received
carbon nanotubes (CNTs) are reported in Fig. 5, whereas the iso-
therms for the lanthanum carbide/CNTs systems containing differ-
ent amounts of CNTs are compared in Fig. 6.

The pure CNTs sample exhibits moderate N2 uptake at very low
relative pressures, typical of partially microporous materials,
whereas very low uptake is observed for the lanthanum carbide
Fig. 5. Adsorption–desorption isotherms of N2 (77 K) for the as received carbon
nanotubes (closed symbol: adsorption, open symbol: desorption). The inset graph is
an enlarged view of the low pressures region, where the steep rise induced by the
presence of micropores can be appreciated.



Fig. 6. Adsorption–desorption isotherms of N2 (77 K) for the samples containing different amounts of CNTs (closed symbol: adsorption, open symbol: desorption). On the
right side, the region at high pressures is enlarged.

Fig. 7. t-Plots for the bare CNTs and the samples containing different amounts of CNTs. On the right side the enlarged view of the region corresponding to low P/P0 values is
reported. The dashed lines show the linear extrapolations used for the estimation of micropore volume.
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based systems. On the other hand, at higher relative pressures the
pure CNTs sample and the lanthanum carbide samples containing
CNTs display significant similarities, as for the shape of isotherm
curve (a type IV isotherm, according to the notation of Brunauer
[33], which indicates the presence of mesopores) and for the pres-
ence of the hysteresis loop (the desorption curve lies above the
adsorption curve), which closes in the high relative pressure
region. The sample without CNTs displays negligible nitrogen
adsorption, thereby proving to be non porous in the micro–
meso-porosity range. The isotherms trends therefore suggest that
samples containing CNTs are essentially mesoporous, while carbon
nanotubes possess some micro-porosity in addition to meso-
porosity. However, the fixed amount of 5 cm3/g dosed onto sam-
ples below P/P0 = 0.01 was indeed too high for the detailed charac-
terization of micro-porosity for CNTs containing samples; for this
reason, as it will be discussed in detail below, the Horwath–Kava-
zoe model applied to derive the micropore size distribution does
not allow the accurate determination of the pore size. As for the
determination of the micropore volume, the t-plot method [30] al-
lows assessment of external surface area and micropore volume by
plotting the adsorbed volume against the statistical thickness t of
the adsorbed nitrogen layer. The method is based upon the fact
that the total adsorption results from the sum of the adsorption
in the micropores and on the external surface. It uses a thickness
curve type Harkins and Jura [34], in a relative pressure range be-
tween 0.05 and 0.7 to compare the experimental results with the
standard isotherm expected for N2 adsorption on a non-porous so-
lid [29]. An isotherm identical to the standard would have a t-plot
straight line passing through the origin.

Fig. 7 shows the t-plots (amount adsorbed against the statistical
thickness of the N2 film) for the different samples analyzed. For all
the samples, meso-porosity gives rise to an upward deviation of
the t-plot in the high-pressure region, while micro-porosity dis-
torts the t-plot in the low-pressure region. In Table 4 the principal
features of the samples, obtained by the analysis of physisorption
measurements, are reported. Analysis of the t-plot (using the Har-
kins–Jura thickness equation) [34] for the pure carbon nanotubes
gives a micropore volume of 0.012 cm3/g and a micropore surface
area of 26.7 m2/g (Table 4) which, compared to the total specific
surface area of CNTs (130 m2/g), suggests that not much more than
20% of the total surface area is associated with micropores. Simi-
larly, the micropore volume and the micropore surface area values



Fig. 9. Hovarth–Kawazoe differential pore volume plot–cylinder pore geometry
(Saito/Foley) for pure CNTs.

Table 4
Surface area and characteristics of the porosity of mesoporous composite materials based on LaC2 and CNTs.

Sample label SSA (m2/g)a Micropore surface
area (m2/g)b

Total pore
volume (cm3/g)c

Micropore volume
(t-plot) (cm3/g)

Mesopores size
(BJH) (nm)

Micropores size
(HK) (nm)

CNTs 130.0 26.7 1.182 0.012 2.4, 52 1.2
LC 1.6 n.a. 0.008 n.a. n.a. n.a.
LC25CNT 7.0 1.3 0.033 0.0006 2.6, 45 n.a.
LC50CNT 14.4 3.6 0.066 0.0015 2.7, 49 n.a.
LC75CNT 19.3 4.1 0.086 0.0018 2.7, 43 n.a.
L100CNT 29.8 7.1 0.216 0.0031 2.7, 44 n.a.

a Specific surface area from the BET equation in the range of relative pressure 0.06 < P/P0 < 0.2.
b From the linear extrapolation of the t-plot in the range of statistical thickness 0.35–0.45 nm.
c Specific total pore volume at P/P0 � 0.98 (adsorption branch).
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for the samples containing CNTs and lanthanum carbide indicate
that most of the specific surface area is associated with mesopores
and that the fraction of micropores is about 20%.

The meso-porosity of the samples was further characterized by
BJH analysis of the desorption curves, which indicated a bimodal
distribution of pore sizes with a maximum at around 45–50 nm
for all the samples and a small fraction of mesopores with size of
about 2.5 nm (Fig. 8).

Micropore size distributions (PSD) were obtained using the
Hovarth–Kawazoe (HK) approach [32], with the cylindrical-pore
geometry proposed by Saito and Foley [35]. The pore models used
are, obviously, simplistic and the absolute numbers should be trea-
ted with caution. In the case of pure CNTs, HK analysis indicates
that the sample has an appreciable concentration of pores of
1.2 nm size, as shown in Fig. 9, whereas the lanthanum carbide
samples containing CNTs do not display a reliable PSD curve, owing
to the limited number of experimental data acquired in the low
pressure range, as previously explained.

The presence of micropores with diameter of about 1.2 nm in
the CNTs is most likely associated with small apertures between
the walls of the CNTs formed when they twist together tightly.
The presence of such micropores was already evidenced in previ-
ous studies concerning MWCNTs [36]. Due to the large outer diam-
eter of the CNTs (8–15 nm from factory data sheet), the apertures
are not likely to be very small because of geometric constraints,
and these results reflect the almost complete absence of microp-
ores smaller than 1.2 nm. The PSD of the pure CNTs and of the LC
Fig. 8. BJH differential mesopore volume distributions for pure CNTs and samples
containing CNTs in different amounts. For the sake of clarity, the curve for pure
CNTs is reported in the inset graph.
samples also show a maximum at 2.4–2.7 nm in the mesoporous
region (Fig. 8). Taking into account that the outer diameter of the
CNTs is 8–15 nm this peak, according to the model proposed by
Smajda and co-workers [37], can be assigned to the mesopores
formed between two MWCNTs touching each other in sections
where they either run parallel or cross each other, whereas the
peak at 45–50 nm can be related to the slits between bundles of
CNTs.

The results of this study point out that the introduction of car-
bon nanotubes in the starting mixtures greatly affects the specific
surface area and the micro–meso-porosity of the final lanthanum
carbide sintered samples. The graph in Fig. 10 demonstrates an
almost linear correlation between the amount of CNTs introduced
in the starting mixture and the specific surface area derived from
BET analysis of the adsorption isotherms. In addition, this study
shows that the fraction of micropore volume over the total pore
volume is about 20% both in the pure CNTs and in the LC series
and the mesopores size distribution from BJH are very similar
with a bimodal distribution of pores centered at around 2.5 and
50 nm.

The morphology of the samples obtained according to the pro-
cedure described in Section 2 was examined by means of SEM.
Fig. 11 shows the top surface of the samples, observed at the same
magnification.

Three different parts can be distinguished in the SEM images,
the dark and dense graphite grains (labelled as 1), the light grey
lanthanum carbide sintered grains (labelled as 2) and the dark
grey filamentous mass comprised of carbon nanotubes bundles
(labelled as 3). The presence of such CNTs bundles reveals that
nanotubes were not uniformly dispersed in the mixture, thus



Fig. 10. Plot of the specific surface area of the samples containing CNTs vs. the
amount of CNTs.
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suggesting that for future experiments, more sophisticated dis-
persions techniques [19,20] should be used to achieve better
homogeneity. In all samples, the high degree of sintering achieved
by lanthanum carbide can be observed. The formation of lantha-
num carbide is confirmed also in the sample without graphite in
the starting mixture, where the only carbon source for the carbo-
thermal reduction reaction comes from carbon nanotubes. A clo-
ser inspection of the sample L100CNT, shown in Fig. 12, reveals
that lanthanum carbide grains are similar in shape and size to
those found in the sample LC, without carbon nanotubes. The
entanglement of MWCNTs as a result of their long length and
Fig. 11. SEM micrographs of the samples containing different amounts of CNTs, taken a
bundles).
high surface energy is also highlighted in the photo at high
magnification reported in Fig. 12. The grain size of the sintered
lanthanum carbide grains ranges from a few microns to 10 lm,
and the grain morphology is anisotropic. Several macro-voids
are also visible in the samples, with size ranging from a few
lm up to 10–20 lm, thereby confirming that a fraction of mac-
ropores is also present, in addition to micro–mesopores, in agree-
ment with previous work [8]. EDS spectra, also reported in
Fig. 12, were collected from the different regions for the samples
LC and L100CNT, which constitute the extremes of the present
experiment from a compositional point of view, the former being
without CNTs and the latter being without graphite. The atomic
composition detected by focussing the beam spot on the light
grey grains, using the same analytical conditions for both the
samples (beam spot size and beam energy) indicates the presence
of C, O and La, thus proving that the grains are composed of lan-
thanum carbide, in agreement with the XRD results reported in
Fig. 3, with a thin layer of lanthanum hydroxide, resulting from
sample exposure to humidity, as previously reported [7].

The EDS spectrum relative to the nanotubes in the sample
L100CNT reveals the presence of La, besides C and traces of O.
It can be proposed that at temperatures higher than 1100 �C the
reactant lanthanum oxide interacts with the surface graphitic lay-
ers of MWCNTs forming in situ lanthanum carbide coated nano-
tubes. The reaction proceeds through the nucleation and growth
of lanthanum carbide crystals which separate from the CNTs bun-
dle and undergo aggregation and sintering as the temperature
reaches 1500 �C. Since the amount of MWCNTs used in these
experiments largely exceeds the stoichiometric ratio required
for the formation of LaC2 only, it can be proposed that the CNTs
bundles still visible in the SEM images represent the stoichiome-
tric excess and that the presence of lanthanum on the nanotubes
t the same magnification (label 1 graphite grains, label 2 LaC2 grains, label 3 CNTs



Fig. 12. SEM micrographs at high magnification of sample L100CNT (without graphite) and sample LC (without CNTs). The EDS spectra collected from lanthanum carbide
grains and CNTs are reported for comparison.
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surface provides a confirmation for the proposed mechanism of
lanthanum carbide grain formation. It can be considered also that
the surface diffusion along the length of the CNTs is much faster
than bulk diffusion and consequently a different reaction rate
may occur between the surface and the bulk of CNTs. Further
experiments are currently under development and samples from
starting mixtures of lanthanum oxide and MWCNTs in stoichiom-
etric amounts will be produced in order to obtain a better knowl-
edge of these systems.

4. Conclusions

LaC2–MWCNTs composites are produced by means of direct
carbothermal reaction of La2O3, MWCNTs and graphite mix-
tures. The effects of the introduction of CNTs in the starting mix-
tures are:

1. The diffusive solid state reaction between La2O3 and MWCNTs
used as the sole carbon source is complete at the same condi-
tions adopted for the samples prepared using graphite as the
carbon source (samples L100CNT and LC, respectively).

2. The bulk density of the samples decreases with increasing the
amount of CNTs and the calculated total porosity consequently
increases ranging from 24.2% of the total volume for sample LC
to 70.3% for sample L100CNT.

3. The total porosity could be attributed to three different kinds of
pores: micro and mesopores directly deriving from the
MWCNTs and macropores deriving from the CO release of car-
bothermal reaction. In all the samples produced in this work
mesopores with a bimodal pore size distribution ranging from
45–50 nm to <3 nm are measured. Specific surface area linearly
increases with increasing the amount of MWCNTs ranging from
1.6 m2/g for sample LC to 29.8 m2/g for sample L100CNT.
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