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Abstract

High pressure and high temperature experiments were performed on single
wall carbon nanotube bundles up to 14.5 GPa and 1800 K. Depending on
the thermodynamic conditions we have observed three different behaviors: at
ambient temperature and for pressure lower than 24 GPa minor structural
changes are observed. Depending on the loss of hydrostatic conditions or
on the combined application of pressure and temperature, partial or total
graphitization is observed. For pressures of 14.5 GPa and temperatures of

1800 K the nanotubes are irreversibly transformed into cubic diamond, show-

*corresponding author, Fax: +33-494142168, merlen@Quniv-tln.fr
**corresponding author, Fax: 433-472432648, sanmigue@lpmcn.univ-lyonl.fr

Preprint submitted to Carbon November 14, 2008



ing that it is possible to synthesize under high pressure and high temperature
pure sp? carbon structures from single wall carbon nanotubes. In the case of
iodine intercalated nanotubes, the same conditions of 14.5 GPa and 1800 K
lead also to the transformation into diamond. No evidence of incorporation
of iodine in the sp? carbon structure was found. On the basis of our results
we discuss possibilities for new carbon-carbon composite engineering from

single wall carbon nanotube bundles.

1. Introduction

The synthesis of new carbon sp® structures constitutes a real challenge
in view of some of their expected promising properties as extremely high
hardness (1; 2) or high critical temperature superconductivity (3; 4). Many
theoretical works propose different types of such structures (5; 6; 7; 8; 9; 10)
including nano-cage based ones. Since the synthesis of industrial diamond in
the 50s(11) it is well known that high pressure and high temperature (HP-
HT) is a relevant process for the synthesis of sp? carbon structures as well
as other sp? based ultra-hard materials as cubic BN. As regards diamond
synthesis the precursor used for such synthesis is generally graphite, and the
use of metallic solvents leads to an important lowering of the pressure and
temperature conditions of synthesis. Without the presence of catalizers, the
crystal structure of graphite remains unchanged after the compression up to
15 GPa at room temperature and loses some of the graphite features at higher
pressure(12). It has been also reported recently (13) the reversible high pres-
sure transformation of graphite to a superhard phase which could be based of

a mixed sp2-sp® carbon hybridization. Direct conversion from polycrystalline



graphite to diamond at room temperature and quasi-hydrostatic conditions
has been observed above 70 GPa(14). The transformation of graphite to other
forms of sp? carbon as nano-onions in non-hydrostatic conditions have been
also reported(15). A preferred transformation to the metastable hexagonal
diamond form (lonsdaleite) appears to depend of many factors as temper-
ature or the degree of desorganization of the initial sp? carbon form. The
discovery of the sp? based nano-forms of carbon as fullerenes or carbon nan-
otubes, brought new opportunities for the elaboration of new sp® carbon
based structures. Intermediate carbon sp?-sp® materials exhibiting excep-
tional mechanical properties have been obtained through the high pressure
and high temperature treatment of Cg, fullerenes(16; 17; 18). Several reviews
have appeared discussing the high-pressure and high-temperature phase dia-
gram of Cgy and we refer the reader to recent ones(19; 20; 21) and references
therein for more details. The mechanism governing the formation of such
structures is the multiple-direction polymerization of the fullerenes through
carbon cycloaddition, i.e., the formation of sp® bonds between the carbon
molecules. Different morphologies can also be obtained through high pres-
sure and high temperature treatment of nanostructured carbon. In that way,
Dubrovinskaia et al (22) synthesized carbon nanorods from Cgy fullerenes
treated at 20 GPa and T=2500 K in a multi-anvil cell. The obtained material,
constituted of crystals of 20 nm width and lengths up to 1 ym showed a bulk
modulus of 491 GPa which surpass the typical diamond value of 442 GPa.
Since their first observation in 1991 carbon nanotubes have been also consid-
ered as a potential precursor material for the HP-HT synthesis of new carbon

forms. As for fullerenes, their structure can be considered as close to sp? hy-



bridized. Among all different carbon nanotubes types, single wall carbon
nanotubes (SWCNT) are particular candidates for HP-HT synthesis precur-
sors as the mechanism of cycloaddition predicted by theoretical calculations
for transition towards pure sp® structures could be strongly facilitate by their
structural organization in bundles. Such feature has lead to many theoretical
(7; 8; 23; 24; 25; 26; 27) and experimental (28; 29; 30; 31; 32; 33; 34) works
concerning their high pressure evolution. Some of these works suggest that it
could be possible through high pressure application to form intertube bonds
in a pure sp® carbon structure (7; 8). Nevertheless a reaction phase dia-
gram for SWCNT under pressure and high temperature similar to the ones
proposed for Cgo fullerenes is still unknown and few experimental studies
on this subject have been performed up to now (35; 31; 36; 37). Different
reasons can be evoked to explain such disparity with respect to the fullerene
case. First of all the dependence of the mechanical properties of carbon nan-
otubes on their diameter which will imply a diameter dependent reaction
diagram. A second and important reason is the relatively low crystallinity of
nanotube samples. In fact, in most samples, SWCNT bundles are typically
constituted of 20 to 50 tubes, which snake between other bundles without
structural organization at that level. Finally, depending on the synthesis
method, the distribution of carbon nanotubes can be peaked around a cer-
tain diameter or on the contrary exhibit a broad size distribution. All these
factors should be integrated in the discussion of the P-T evolution of carbon
nanotubes and constitute real difficulties for the development of a SWCNT
phase diagram. The transformation towards diamond at high pressure and

high temperature has been reported in several works for multiwalled carbon



nanotubes (MWCNT). Cao et al.(38) synthesized diamond from MWCNT
20 to 50 nm in diameter at 4.5 GPa and 1600 K in the presence of NiMnCo
solvent. MWCNT heated in a diamond anvil cell by a CO, laser above 17
GPa and 2500 K transformed to nano-sized octahedral diamond crystals of
less than 50 nm (39). Purified MWCNT, without the presence of solvent,
show to be stable at thermodynamic conditions between 5.5 and 6.5 GPa
and temperatures of 1150-1250 K(40). In the case of SWCNT, even if trans-
formation to phases exhibiting exceptional mechanical properties have been
described, up to our knowledge, there is no report on their transformation
towards the diamond phase. Wang et al(41) showed that SWCNT could be
transformed at 75 GPa and ambient temperature in a new hexagonal car-
bon structure with a bulk modulus comparable to diamond. Popov et al(42)
on their side showed that with strong non hydrostatic pressure, a super-
hard phase can be obtained at 24 GPa (hydrostatic component of a stress
tensor) and ambient conditions. The observation of new superhard phases
obtained at high pressure and non hydrostatic conditions was confirmed by
other groups(43). Few experiments combining high pressure and high tem-
perature on SWCNT have been also reported. From 1.5 GPa and 1000 K,
Khabashesku et al(35) observed a modification of the microstructure mor-
phology of SWCNT. The experiments, performed in uniaxial type presses,
lead to the formation of micrometer size flakes, which transformed back to
the original morphology after sonication. In their work, for experiments at 8
GPa and temperatures between 800 and 1500 K, polyhedral (hexagonal, cu-
bic, and rhombohedral) nano- and micro- scale size crystallites were observed.

The electron diffraction images obtained for similar crystallites formed at 9.5



GPa and temperatures between 700 and 900 K gave rise to cubic or hexag-
onal symmetries with cell parameters differing from the cubic or hexagonal
diamond ones. Finally, they observed the total disappearance of the Raman
RBM (radial breathing mode) of their 1.2 nm diameter tubes at 8 GPa and
1500 K and the transformation of the sample to nanographite forms at 8
GPa and 1800 K. The sp?/sp® characterization of the observed crystallites
was not possible in that work. Kawasaki et al(31) treated at high pressure
and high temperature SWCNT of similar diameters to ours and observed
an important increase of hardness in the recovered samples when they were
submitted to a treatment above 11 GPa and 773K. This was interpreted as
the formation of sp® bonds in the tubes, that was not observed for samples
treated at 8 GPa and 773 K or at 13 GPa and 473 K. In this paper we report
experimental work performed on pristine and iodine doped SWCNT under
high pressure and high temperature conditions. The stability of SWCNT
and their potential as precursor material for the elaboration of new HP-HT
sp® forms of carbon is examined. In particular, the synthesis of diamond
from SWCNT is demonstrated and the potential incorporation of iodine in

the structure explored.

2. Experiments

We performed high pressure experiments on SWCNT using different ther-
modynamic conditions. Three different kinds of nanotubes were used: two
pristine and one doped. Pristine SWCNT nanotubes from MFER corporation
(arc discharge synthesis) were characterized showing a high degree of purity

and good cristallinity with a size of bundles of around 50 tubes in average.



The pristine SWCNT from Nanoledge corporation (arc discharge synthesis)
had bundles of 20 tubes in average and did not followed any purification
process and hence included the presence of traces of the Ni catalyst. Both
kinds of samples have nanotubes of 1.34+0.2 nm diameter, organized in bun-
dles. Due to the purification process SWCNT from MFER are shorter and are
open-ended tubes. The last sample we used was iodine doped SWCNT. The
iodine doping process of the nanotubes is described elsewhere(44) and was
done on the Nanoledge tubes batch.

The three samples were submitted to high pressure and high temperature
conditions seeking for their eventual irreversible structural evolution after
HP-HT cycle. Three different high pressure apparatus were used. The
highest pressures (up to 25 GPa) were performed using a diamond anvil
cell (DAC) with different pressure transmitting media (argon, 4:1 methanol
ethanol or paraffin oil) which assure quasi-hydrostatic conditions. Neverthe-
less, as mentioned in previous works, the choice of this medium has a strong
effect on the evolution of SWCNT (45; 34).

For HP-HT experiments we used two different presses. In the toroidal press
(Paris-Edinburgh press) the sample is encapsuled in a boron epoxy gasket
and compressed by two opposite sintered diamond anvils (46). In this case,
the volume of the sample is higher, but due to the absence of pressure trans-
mitting medium, uniaxial stress components can play a role. Near the sample
we used two stripes of rhenium which constitute the resistive heater to reach
a temperature of 1500 K under a pressure of 12 GPa. Pressure and temper-
ature were evaluated from the press calibration(46).

Finally, the last experiments were performed by using the French na-



tional 1000-ton multi-anvil facility in Clermont-Ferrand, France. Experi-
mental conditions and pressure calibrations were similar to those described
previously(47).In this case the sample is encapsuled in a platinum crucible
and M gO is used as pressure transmitting medium. LaC7rQOs3 is used as heat-
ing element and the temperature is measured by a thermocouple. Pressure
is determined with a calibration curve previously obtained with well known
phase transitions.

For all HP-HT experiments the protocol was almost the same: high pressure
was progressively applied (typical increasing speed: 1 hour/GPa). At the
maximum pressure reached high temperature was applied during one (Paris-
Edinburgh press) or two hours (multianvil press). Then the pressure was
slowly decreased to avoid damage of the anvils (8-10 hours for decompres-
sion using the multi-anvil press).

After each experiment, the recovered samples were studied by Raman spec-
troscopy, which is known to be a powerful technique to detect structural
modifications in carbon structures. Scanning and transmission electron mi-

croscopy were also performed.

3. Results

First of all we performed high pressure experiments on pristine MER
SWCNT using a diamond anvil cell. The results are reported in figure 1.
The sample was compressed up to 19 GPa or 24 GPa using different pressure
transmitting media. In the two experiments, the characteristic nanotube Ra-
man modes, i.e., the radial breathing modes (RBM) at low frequencies and

the G-band at high energies are observed after the high pressure cycle. We



note nevertheless, that the overall intensity has strongly decreased, as it can
be appreciated by the lower signal to noise ratio, and also that the full half
width maximum of the G-band has slightly increased. In these experiments,
the D band was not visible due to the presence of the strong Raman peak of

the diamond anvil.

High pressure and high temperature (HP-HT) experiments in the Paris-
Edinburgh press were performed using Nanoledge SWCNT. The Raman spec-
tra before and after HP-HT experiments are reported in figure 2. The sole
application of pressure up to 12 GPa leads to a strong attenuation of the
Raman signal and a much stronger G-band enlargement than what it was
observed using the diamond anvil cell at higher pressures. The absence of
pressure transmitting medium which leads to less hydrostatic conditions can
be considered as the most probable origin for this observation. We also note
that some modifications take place in the RBM in the spectrum recovered
from 12 GPa, but the Notch filter cutoff of the Raman spectroscopy set-up
is too close to the signal for a quantitative analysis. When a temperature
of 1500 K is applied under a pressure of 12 GPa the changes in the Raman
spectra are much more important: the RBM have totally disappeared, the in-
tensity of the D band is much more important and the characteristic doublet
of G-band is strongly modified. On the right part of figure 2 are shown TEM
pictures of recovered samples after HP or HP-HT treatment. For the HP-
HT sample we observed graphene planes characteristic of disordered graphite
(interlayer spacing ranging from 0.36 nm and 0.39 nm), confirming Raman

experiments. For the sample having followed solely a HP cycle, the TEM



images did not allow to observe the presence of nanotubes even if the RBM
signal in Raman spectra suggest that a fraction of the original nanotubes
have been preserved. The TEM images show also the presence of distorted
graphene planes suggesting that part of the nanotubes have been transformed

to disordered graphite.

In the above reported experiments we have not found any clear signature
pointing out to the synthesis of sp3-based structures. Thus we performed
HP-HT experiments in a multi-anvil press using more drastic thermodynamic
conditions. In the case of Nanoledge pristine SWCNT the Raman spectrum
of the recovered sample after 14.5 GPa and 1800 K treatment is shown on the
left panel of figure 3. We observed only one sharp Raman peak for this sam-
ple: the characteristic Ty, 1331 cm ™! mode of cubic diamond, showing that
it is possible to perform diamond HP-HT synthesis from pristine SWCNT.
The typical size of the diamond crystallites is 0.5-1 pm as can be seen on the

SEM picture in figure 3.

The last experiment here reported concerns iodine intercalated SWCNT
as precursor material. For this sample the presence of host atoms inside the
nanotubes structure, confirmed in some recent studies (44), could prevent
the transition under HP-HT towards diamond and lead to the synthesis of
cage like materials, just like observed in the case of silicon clathrates (48).
The experiments were performed using a multi-anvil press at the same ther-
modynamic conditions as pristine SWCNT: 14.5 GPa and 1800 K. In these

conditions the main features of the recovered sample are reported on figure

10



4. As regards its Raman spectra (left part of figure 4) we observed only one
Raman mode whose frequency seems to be highly sensitive to laser beam
power: for a laser power around 0.3 mW we observed only one peak at 1331

cm’l

corresponding to the 75, diamond mode. This mode is shifted towards
lower energy when the laser power is increased up to 3 mW. In the inset
of the Raman spectra shown in figure 4 we can see that this shift can vary
between 0 and 15 em ™! depending on the power used and the sampled area.
Moreover, the sample seems to be inhomogeneous: some parts are highly sen-
sitive to laser power whereas some other are not affected. The SEM picture
in figure 4 confirms that the size of the diamond crystallites is broadly dis-
tributed between 10 pym and less than 0.1 gm. The chemical analysis by EDX
spectroscopy indicates the presence of iodine with a very small proportion
of platinum (which should be due to the crucible) and nickel (coming from
the residual impurities of the catalyst used for the commercial preparation
of SWCNT). The TEM observation confirms the high disparity in size of the
crystallites. All inspected directions in the High Resolution TEM pictures do
not indicate any distortion in the diamond network (figure 4). The elemental
analysis by EDX spectroscopy of the crystallites observed by TEM indicates
that there is no iodine atoms inside diamond crystallites, suggesting that
iodine atoms have diffused during synthesis and are localized at the grain
boundaries.

Table I summarizes the main characteristics and results of the 6 performed

experiments.
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4. Discussion

The above experiments allow us to discuss the effect of high pressure and
high temperature conditions on the stability of bundled SWCNT and the
possibility of synthesis of new sp3-based carbon structures.

Let us first discuss the results from the experiments at ambient temper-
ature. Up to the maximum reached pressure of 24 GPa, the Raman signal
of the recovered samples at ambient pressure preserve the main features of
the Raman spectra. In the two different SWCNT samples studied (from
Nanoledge or MER) the RBM and G-band are still present in the Raman
spectra after the pressure cycle suggesting that at least part of the nanotubes
have not been destroyed by high pressure application. Nevertheless we do
note that the intensity of the D-band can grow after the pressure cycle (Fig
2). This has been also observed during the pressurization of nanotubes and
has been correlated to the onset of structural defaults or new structures in
nanotubes depending on the used pressure transmitting medium(45; 34). In
the case of the absence of pressure transmitting medium, the D-band grow
is correlated to a very strong enlargement of the G-band coupled to obser-
vation of an important proportion of graphitic forms. We can then conclude
on the fundamental role of hydrostatic conditions on the pressure stability of
SWCNT bundles in close agreement with the observation of superhard phases
obtained under strong deviatoric stress(49; 43). At pressures of 12 GPa with
no pressure transmitting medium both nanotubes and graphitic forms co-
exist in our sample. As it has been pointed out(34), the transformation of
tubes of larger diameter are probably associated with such transformation,

as the collapse transition is predicted to scale with the third inverse power
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of the tube diameter.

We can now consider the combined effect of pressure and temperature on
SWCNT bundles. Under thermodynamic conditions of 12 GPa and 1500 K
we observe strong structural changes on the recovered samples as confirmed
by Raman spectroscopy. The TEM images point out to the sample graphi-
tization. Nevertheless, the similarity between our Raman spectra and those
reported by Khabashesku et al (35) suggests that a partial polymerization of
nanotubes could occur for such HP-HT conditions.

For more drastic HP-HT conditions SWCNT are irreversibly transformed
into diamond showing that it is possible to synthesize under HP-HT sp?
carbon structure using single-wall carbon nanotubes as precursor material,
as it has been reported from multiwall carbon nanotubes(50).

Sumiya et al(51) have recently shown that the onset temperature for
polycrystalline diamond formation from graphitic or non graphitic forms of
carbon is P > 15 GPa and 1800-1900 K. Nevertheless, these authors found
that the required temperature conditions for pure polycrystalline diamond
formation are T > 2400 K for graphite and T > 1900 K for non-graphitic
carbon. In their work, they explained such differences due to a different
mechanism of synthesis: the polycrystalline diamond will be formed due to
the diffusion process plus a a two-step martensitic process for graphitic pre-
cursors, whereas polycrystilline diamond would be synthesized only through a
diffusion process without graphitization or formation of intermediate phases
from non-graphitic carbon as carbon nanotubes. We find that carbon nan-
otubes can be totally transformed to microcrystalline diamond at 14.5 GPa

and 1800 K in close agreement with Sumiya et al. On the other side, we
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find that for samples submitted to 12 GPa and 1500 K, SWCN'T graphitize.
The formation of diamond from SWCNT could be then mediated through an
intermediate step involving graphitization, in contrast with the proposition
of Sumiya et al.

Considering recent studies on the pressure behavior of carbon nanotubes
bundles, we can propose a scenario for their HP-HT transformation which
is sketched in Fig 5. We have recently shown, in close agreement to calcu-
lations that SWCNT bundles follow two major modifications(34). The first
one, taking place at low pressures, involves the continuous modification of the
nanotube cross-section. This modification takes place at pressures between
1 and 3 GPa depending on the nanotube diameter and it has been discussed
in many previous works. At higher pressure, the collapse of the nanotubes
is observed, involving the flattening and approaching of the nanotubes wall.
Both transitions can be reversible, but for the higher diameter tubes an ir-
reversibly graphitization after the collapse has been observed. The pressure
at which evidence of the collapse transition is observed, strongly depends on
the pressure transmitting medium(34). For silicon oil pressure transmitting
medium (PTM) the collapse transition is observed at approximately 15 GPa
a value that increases for PTM showing higher hydrostaticity. Our observa-
tions are compatible with a collapse transition at pressures between 10 and
12 GPa with no PTM showing partial graphitization that it is associated with
the larger diameter tubes. With increasing temperature total graphitization
is reached at temperatures below 1500 K. Thermodynamic conditions of 14.5
GPa and 1800 K lead to diamond formation. This is depicted in Fig ba for a

bundle of nanotubes of having equal diameter, large enough to allow graphi-
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tization before diamond formation. As already mentioned, the mechanical
instability of carbon nanotubes is known to strongly depend on the nanotube
radius with a dependence close to the 1/R3. Consequently, it should be rea-
sonable to expect that for nanotubes with smaller radious, conditions for sp?
bonding can be reached at HP-HT before the collapse plus graphitization of
the tubes takes place. This situation will favor the formation of nanotubes
bundles in which the nanotubes are assembled via sp® bonds. This situa-
tion which has been never observed, is depicted in Fig 5b. Differences of
chirality inside the bundle and non favorable bond orientation, will probably
lead to a lack of spatial coherence of such assemblage as shown in Fig 5b.
To support this idea, it is interesting to confront the present data on the
stability of carbon nanotubes with those existing for other carbon nanos-
tructures. The best studied case is Cgq fullerenes. Under HP-HT conditions,
crystals of pristine Cgy’s follow a series of phase transformation including the
formation of 1D, 2D or 3D polymers which have been extensively studied
(16; 52; 53; 19; 20; 21; 54). One of the main conclusion of these works was
that high temperature is essential to induce such polymerization transitions
of Cgo under pressure, even if it is possible to induce collapse of fullerenes to-
wards diamond at ambient temperature in highly uniaxial compression (55).
This point is not surprising comparing fullerenes and nanotubes structure:
for both structures it is necessary to afford good orientation of carbon bonds
to assure the cyclo-addition responsible of the intertube bonds formation and

high temperature offers such possibility.

Finally, real samples are made of nanotubes having a distribution of sizes.
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Two situations are then possible. In the first one, such distribution is done
inside the bundles themselves. In that case, a very interesting situation
could be obtained following Fig 5c. The transformation into diamond of the
larger tubes could be frustrated by the presence of small diameter nanotubes,
leading to the formation at HP-HT of carbon-carbon nanocomposite made of
sp® assembled nanotubes in a graphitic like matrix, which could also exhibit
a high degree of sp® bonding. The second possibility would be a sample
constituted of a mixture of bundles having different diameters, but with no
distribution of nanotube diameter inside each bundle. In that case, HP-
HT conditions could lead to a mixture of the situations of Fig 5a and 5b,
i.e., a composite made of nanometric diamond crystals and assembled tubes
nanocrystal exhibiting a very low crystallinity degree as explained.

All these possibilities confer to SWCNT an enormous potential for the
engineering of new carbon composites which should exhibit very interesting
mechanical properties. In addition, the possibility of including donor or
acceptor atoms in the nanotube structures allows, in principle, to expect the
electrical tuning of these materials. In fact, as we have seen, iodine appears
to segregate from diamond, but we could reasonable think that iodine atoms
could be preserved in nanotubes with smaller diameters. Another interesting
path is the development of such HP-HT approach in other types of nanotubes
as BN single wall nanotubes. In fact, it has been shown from calculations
that the tube collapse and sp® bonding can be also induced by pressure
application(56).

The diameter and chirality distribution in bundled SWCNT is then a

key point to approach its HP-HT phase diagram. Depending on the nan-
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otube size, graphitization can take place before the thermodynamic condi-
tions needed for intertube bond formation are reached. This appears to be
our case. In such case, diamond formation is favored from the resulting
graphitic forms. On the other side a strong nanotube diameter distribution
would allow to preserve the smaller tubes and then favor the formation of
carbon-carbon composites. Only those nanotubes bundles made of tubes
with such small diameter - which could prevent collapse before reaching the
thermodynamic conditions favoring sp? formation - would be good candidates
for sp networking at HP-HT conditions. Further experimentation or calcu-
lations will be needed to start to develop the basis of such phase diagrams
and the consequent elaboration of new carbon materials following HP-HT

conditions.

5. Summary and conclusion

We have reported HP-HT experiments performed on pristine and iodine
doped SWCNT in different thermodynamic conditions and with different ex-
perimental set-ups. Comparing our experiments and other works we have
proposed a scenario of transformation of SWCNT bundles which include the
collapse of the nanotubes followed by partial or total (thermally activated)
graphitization and the formation of diamond at higher pressures. With sim-
ilar thermodynamic conditions, iodine intercalated SWCNT also transforms
into diamond and no sign of iodine incorporation in the diamond lattice was
observed. As a final point, we point out that the engineering of new carbon
materials could be favored by the use of smaller diameter nanotubes or even

the use of samples with a wide diameter distribution.
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Sample Paraz, T rrae PTM Device Obtained sample
(GPa, K)
SWCNT MER 19, 300 Argon DAC SWCNT
(mostly reversible)
SWCNT MER 24, 300 Paraffin oil DAC SWCNT
(attenuated Raman signal)
SWCNT NL 12, 300 No P-E SWCNT partly graphitized.
(SWCNT Raman still detected)
SWCNT NL 12, 1500 No P-E Disordered graphite
SWCNT NL 14.5, 1800 No Multianvil Diamond
IQSWCNT NL | 14.5, 1800 No Multianvil Diamond

Table 1: Summary of high pressure and high temperature experimental conditions and
obtained results. PTM is the pressure transmitting medium used if any. DAC holds for

diamond anvil cell and P-E for Paris-Edinburgh cell. See text for more details.

Figure 1: Raman spectra of SWCNT (from MER corporation) before and after high
pressure cycle in a diamond anvil cell (Aezeir. = 514.5 nm). All those spectra were recorded
at ambient pressure. The maximum pressure reached and the choice of the pressure

transmitting medium is reported.

Figure 2: Left part: Raman spectra of SWCNT (from Nanoledge) before and after high
pressure cycle in a Paris Edimburg press (Aezeit. = 514.5 nm). The Raman spectra of
disordered graphite is also reported. Right part: TEM pictures of same nanotubes
submitted to high pressure (lower picture) and high pressure high temperature (upper

picture) conditions.
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Figure 3: Left: Raman spectra of diamond synthesized under HP-HT (14.5 GPa 1500°C)
from pristine SWCNT Acpeit. = 514.5 nm,Right: SEM picture of the recovered diamond

micro-crystallites.

Figure 4: Left: Raman spectrum of diamond synthetised under HP-HT (14.5 GPa 1800
K) from iodine doped SWCNT A.ycir. = 514.5 nm, Inset: Raman spectrum of Nanoledge
SWCNT, Top Right: SEM pictures of the diamond crystallites Bottom Right: High Res-

olution TEM picture of a single diamond crystallite.

Figure 5: Proposed schematic evolution of SWCNT bundles under high pressure and
high temperature. In all cases, the arrows show the direction of combined increase of
pressure and temperature. a) For large diameter tubes, pressure leads to the tubes collapse
and graphitization. With increasing pressure and temperature the graphene planes are
transformed into diamond.b) For tubes with a diameter small enough to prevent collapse,
spatially incoherent sp® polymerization can be expected under high pressure and high
temperature. ¢) For bundles with mixed diameters, a possible interesting scenario could
include the frustration of diamond synthesis leading to the formation of a new carbon-

carbon composite (see text for details).
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