Filling of chrysotile nanotubes with metals
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Nanowires were produced by injection of molten Hg and Pb into chrysotile nanotubes.
The breakdown of chrysotile and the surface tension of the molten metals are the
limiting factors for the filling procedure. The thermal stability of chrysotile nanotubes
was investigated by infrared spectrometry, thermogravimetry, differential thermal
analysis, and x-ray diffraction analyses. For short-term thermal annealing (30 min) the
tube morphology remains stable up to 700 °C. The high surface tension of both molten
Pb and Hg ¢-Y > 200 mN/m) requires external pressure for the melts to penetrate into
the tubes. Filling of the tubes was achieved under high pressure and high temperature
conditions compatible with the stability range for chrysotile determined in the
annealing experiments. Transmission electron microscopy observations confirmed high
filling yields for both metals. Almost all nanotubes were partially filled with lead. The
length of continuous wires ranged from tens to hundreds of nanometers. Additional
experiments with tin were not successful.

I. INTRODUCTION nanotubes in some important physical parameters, e.g.,
The potential applications for nano-sized, tube-shapethey are nonconducting, they have lower mechanical
components includes wires, wire-templates, microreacstrength, their length can reach the millimeter range, and
tors, hydraulic tubes, and gas storage devices amortey are always uncappéd.
others. The most promising contender for such applica- Some potential applications of hanotubes, such as the
tions are synthetic carbon nanotubes. Other layered mananufacture of nanowires, require access to the inner
terials known to form nanotubes are boron nitride, cavity.” Carbon nanotubes have been filled by wet chem-
molybdenum disulfidé,and tungsten disulfid®A natu-  istry using capillary suctiofi.*? Chrysotile nanotubes
rally occurring, nano-sized, tube-shaped phase is the silhave been filled with metals melting at low temperature,
cate mineral chrysotile, M@i,O5(OH),, which may such as Hd3*** Bi,** Te!® Se!® and with semi-
represent an alternative to carbon nanotubes for certaiconductor materials using both high-pressure techniques
applications such as the manufacture of nanowires. Thand chemical vapor deposition (CVES,*®but only few
structure of chrysotifeconsists of wrapped sheets com- experimental details have been given. The limited tem-
posed of a layer of tetrahedrally coordinated silicon catperature stability of the chrysotile morphology and its
ions and a layer of octahedrally coordinated magnesiumpossible influence on the filling process has not been
cations, which can be substituted by aluminum and ironaddressed. The structural breakdown of chrysaotile, e.g.,
Aluminum can also be present in the tetrahedral shedhe transformation of the walls, has been addressed by
instead of silicon (Tschermak’s substitution). Chrysotilemany authors, but not in relationship to the filling of the
is common in hydrothermally altered ultramafic rocks nanotubes® %2 The phase evolution during heating is
and is easy to extract in large quantities. The tubes haweell documented, but information on the morphological
an outer diameter ranging from 10 to 50 nm and an innechanges is scarcg. This paper presents not only the
diameter between 1 and 10 nm. The tube walls are alstructural, but also the morphological evolution of
ways multilayered. Just as for carbon nanotubes, differ- chrysotile nanotubes during short-term, high-temperature
ent wrapping schemes are knowihe most frequent annealing. This information was used to design high-
polytypes are normal chrysotile with a fiber axis perpen-temperature injection experiments with Pb and Sn. In the
dicular to the [010] direction and parachrysotile with aliquid state, these metals have surface tension, which
fiber axis in the [010] directioni.Cylindrical, spiral and does not allow filling by capillary suction. An outer pres-
multilayer wrapping is found for both chrysotile poly- sure must therefore be applied to force the melts into the
types® The chrysotile nanotubes differ from the carbonnanotubes. As a pressurizing device, an end-loaded
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piston cylinder apparatus was used for the first timewith a 5-nm diameter (typical inner diameter of chryso-
These experiments were the first attempts to fill chrysodile nanotubes) with Hg is 2.43 Kbar. This value is ob-
tile tubes close to the beginning of dehydration and thdained for a constant contact angle of 130° and for a
metals used have higher melting temperatures than adlurface tension (against vacuum) of 473 mN/m at 25 °C

materials used in previous experimehtst® (y-V at the melting temperature of Hg: 484 mN/m;
—dy-Y/dT: 0.18 mN/mK)?* The sign of the pressure de-
II. EXPERIMENTAL rivative of the surface tension is very much dependent on

the vapor phase with which the liquid is in conta¢Eor
an inert gas ¢-V/dP is positive, but experiments have
All experiments were performed with the sameshown that with the exception of helium, most other
chrysotile specimen from an unspecified location ingases adsorb onto the liquid surface and the pressure
Pennsylvania. High-purity metal liquid and powdersderivative becomes negatit@ which is probably also
were used for the filling experiments: Hg (Micromeritics, the case for the gas (air, water vapor) surrounding
West Lafayette, IN), Pb (Riedel-de HaeSeelze, Ger- chrysotile tubes in the container. The pressure of 4 Kbar
many), and Sn (Fluka, Buchs, Switzerland). used in the experiments should, therefore, be sufficient to
fill all tubes down to the smallest diameters. The pressure
was increased in variable steps. As soon as 4 Kbar was
The water release of the chrysotile sample as functiomeached, the pressure was immediately released to atmo-
of heating temperature was monitored with a LECO in-spheric conditions. Finally, the chrysotile nanotubes
frared (IR) spectrometer, model RC-412 (St. Louis, MO).were extracted from the sample holder, mechanically
The IR absorption of the gas was measured continuouslyround, placed in ethanol, and ultrasonically dispersed.
and quantitatively for absorption bands characteristic of ) ,
H,O and CQ. The onset of dehydration was determined?- Filling experiments with Pb and Sn
by heating the samples (0.2 g) from 100 to 700 °C at a The metals lead and tin have melting temperatures,
rate of 20 °C/min. To quantify the weight percent of which, at ambient pressure, are below the breakdown
water lost by dehydroxilation at a fixed temperature,temperature of the tube morphology of chrysotile. The
samples were first annealed at 450 °C for 30 min tosurface tensions of the two metals at melting temperature
eliminate adsorbed water and then heated to the temperare similar to the surface tension of mercury, e.g.,
ture of interest. The water release was monitored fod60 mN/m at 327.4 °C for lead and 570 mN/m at
30 min. The in situ IR analyses were complemented by231.9 °C for tin®* Assuming the worst case for the wet-
thermogravimetry and differential thermal analysesting angle, e.g., 180 °, the minimum filling pressures at
(DTA-TGA). Measurements from room temperature tothe melting temperature are 3.68 Kbar for Pb and
1100 °C were performed using a Mettler-Toledo model4.56 Kbar for Sn. The experiments were performed in
TGA/SDTA.851 (Columbus, OH) at a heating rate of a Johannes-type piston-cylinder pressure apparatus at a
10 °C/min. X-ray diffraction (XRD) patterns were taken pressure of 10 Kbar and a temperature of 440 °C, well
on sample powders using a PW1800 Philips system (Eiabove the calculated minimum pressures and below the
denhoven, The Netherlands) equipped with a GuxXK  onset temperature of dehydroxilation of chrysotile (see
ray tube, a graphite monochromator, and a variableesults). Because pressure raises the melting point of
receiving slit. The data were collected in step scanningnetals, experimental temperatures well above the melt-
mode from 5° to 75° (@), with a step size of 0.02° @  ing point at room conditions were chos&nThe true
and a counting rate of 2 s/step. minimum filling pressure is probably lower than the val-
ues indicated above because the temperature dependence
of the surface tension is negative for both metals (Pb:
Chrysotile nanotubes were placed in a Micromeritics—0.11 mN/mK; Sn: —0.10 mN/mK3; and also the pres-
model Autopore Il 9220 Hg-porosimeter (West Lafay- sure derivatives of the surface tension are most likely
ette, IN). The sample holder containing the nanotubesiegative?®
was evacuated at 50m Hg, and then Hg was injected.  The chrysotile nanotubes and pure metal powder (Pb,
The pressure necessary to fill capillaries by fluids isSn) were mechanically ground together and put in a BN

A. Starting materials

B. Thermal analysis of chrysotile nanotubes

C. Filling experiments with Hg

given by the Young-Laplace equation: capsule, which was placed inside a Pt capsule (3 mm in
2y cos 0 diameter, 10 mm long). The material was first pressur-
p=—— ized, then heated to 440 °C and annealed for 15 min. The

r mixture was subsequently quenched to room temperature

wherey and 6 are the surface tension and the wettingto freeze the metal within the nanotubes. The quenching
angle of the liquid, respectively, amds the radius of the rate was on the order of 200 °C/s down to 200 °C, and
capillary. The minimum pressure to fill a nanocapillary then slower to room temperature. Finally pressure was
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lowered to atmospheric conditions. Nanotubes were exsamples (Fig. 1). The total weight loss measured by TGA
tracted from the BN/Pt capsules, mechanically groundwas 15.2 wt%, which is about 2.5 wt% above the water
placed in ethanol, and ultrasonically dispersed. quantity expected from the hydroxyl concentration in
stoichiometric chrysotile.

The continuous in situ IR scans on as-received chryso-
) _ ) tile show three peaks. The first two peaks at about 100

A drop of the ethanol dlsper_5|on with _the run _productsand 200 °C of the dehydroxilation curve (Fig. 3) were
was put on a holey carbon grid and dried in air. Trans-ributed to water desorbed from the surface of the
mission electron microscopy (TEM) studies were per-chrysotile nanotubes and/or released from the interior of
formed using a Philips CM10 and a Philips CM200 {he types, since no structural changes were detected by
operated at 100 and 200 kV, respectively. The mercuryxrp analysis on fibers treated at the same temperatures
filed samples were analyzed at 100 kV and all otherrig 1). The onset of the third, broad dehydroxilation
samples were analyzed at 200 kV. The radiation damagﬁeak was around 470 °C. This peak was linked to a loss
in chrysotile was probably due to radiolytic processesf crystallinity indicated by a net decrease of the maxi-
The loss of hydrogen through a knock-on process destgn m intensity and a broadening of XRD peaks (Fig. 4).
bilized the structure, which transforms to an amorphous Samples of chrysotile first annealed at 450 °C for
phase. Heating of the sample had only a secondary in3g min to eliminate adsorbed water and then heated at the
fluence. The increase in acceleration voltage reduced thi%mperature of interest and annealed for an additional
effect and allowed high-resolution TEM (HRTEM) im- 30 min show that for temperatures <650 °C, dewatering
aging of the lead and tin samples. Under illuminationyj| not go to completion. The total amount of water lost
conditions necessary for high-resolution imaging,qyring these additional 30 min of thermal treatment in-
chrysotile survives for approximately 30 s. creases with annealing temperature (Fig. 5). The water
loss after 30 min at 550 °C corresponds only to 33% of
the stoichiometric hydroxyl content, whereas at 600 °C it
corresponds to 79%.

E. Transmission electron microscopy

[ll. RESULTS AND DISCUSSION
A. Thermal properties of chrysotile nanotubes

XRD patterns (Fig. 1) of the Pennsylvanian sample are
compatible with the normal chrysotile polytype. Two 207 Lo

transformations of these nanotubes can be distinguish»&6 154 TGA -
in DTA runs up to 1100 °C (Fig. 2). A broad endother- < i
mic peak, centered at a temperature of 700 °C, was a g 10+ i
tributed to the departure of structural water leading to arg _ - :
amorphization of the material. The amorphous nature 0 & -
DTA \ -

T T I T I
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the initial breakdown product was confirmed by the XRD & o~ I
pattern of a sample quenched from the same temperatu _\/—’\ a

--10

(Fig. 1). The second, sharp exothermic DTA peak a
about 820 °C was attributed to the crystallization of the
Mg-silicate phases forsterite M§iO, and enstatite

MgSiO; as inferred from XRD patterns of quenched
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FIG. 2. TG-DTA curves of chrysotile nanotubes.
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FIG. 1. XRD patterns of chrysotile nanotubes after annealing forFIG. 3. Water release of chrysotile nanotubes as function of tempera-
10 min in dry air. ture measured through continuous in situ IR of the released gases.
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The XRD patterns (Fig. 1) of samples annealed aB. Filling experiments with Hg

700 °C are characteristic for amorphous material, but TEm observations (Fig. 7) show that the chrysotile
bright-field (BF) TEM pictures (Fig. 6) show that the nan6tyhes are partially filled with liquid mercury. The
tubular morphology persisted despite the amorphizatioR,nirast difference between empty and metal-filled
of the walls. This temperature is approximately 200 °Cparts is noticeable. The average diameter of the Hg-
higher than the breakdown temperature of chrysotile tQ,5nowires is 5 nm. Liquid mercury moves rapidly under

forsterite + water in Iong—t_erm ambient pressure ex_periThe electron beam, making it difficult to estimate
ments &1 day)?° In experiments run at 750 °C during

30 min the tubes collapsed. For short-term experiments
(30 min) a temperature of 700 °C is therefore the maxi-
mum temperature for which filling is possible. The ex-
perimental conditions used for the lead and tin filling
experiments, (e.g., 440 °C, 10 Kbar at a heating rate ¢
50 °C/min) guarantee the persistence of the tube mot
phology through the entire experiment duration. The
amorphous Si—Mg-oxide nanotubes are more stable the
the crystallized tubes under the electron beam irradia
tion. The absence of hydrogen in the amorphous wall:
lowers considerably the probability of knock-on radio-
lytic processes.

700 —|
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e
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FIG. 6. BF TEM image of an amorphous nanotube after annealing at
700 °C.
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FIG. 4. XRD patterns of chrysotile nanotubes after annealing for
10 min at 470 and 590 °C in dry air.
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FIG. 5. Amount of water released as function of annealing FIG. 7. BF image of a bundle of chrysotile nanotubes. Two nanotubes
temperature. are partially filled with mercury nanowires 5 nm in diameter.
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filling efficiency and to measure the length of individual they remained solid and did not move, also after intense
Hg nanowires. The maximum Hg-filled length observedelectron irradiation [left arrow in Figs. 10(a) and 10(b)].
was about 350 nm. Hg was present in the inner tubes ok possible explanation for this different behavior is the
almost all fibers with a length >km, whereas most fact that the lead in the interior of the tube was protected
of the short fibers were empty. This experiment con-from contact with the atmosphere. The lead particles out-
firmed that the majority of the chrysotile tubes were un-side the tubes in contrast, could easily be oxidized during
clogged and allow the penetration of suitable liquids. sample handling. The melting temperature of the differ-
ent lead oxides is approximately twice that of metallic
C. Filling experiments with Pb and Sn lead. An alternative cause could be the influence of hy-
rgrogen atoms knocked off the tube walls by impinging

The duration and temperature of the experiments we lect Hvd hich trate in the int
chosen based on the results obtained in the previous g&:ectrons. Hydrogen, which may concentraté in the inte-
or of the tube, is known to soften metal-metal bonds

watering experiments. Nanotubes pressurized at 10 Kbl . 28
and heated at 440 °C still showed crystalline Wallsand to lower the melting temperature of metal clustérs.

(Fig. 8). In the experiment with Pb all chrysotile nano- Moreover, lead hydride is known to be a very unstable

tubes contained lead. The yield for individual tubes Wascompound. Continuous filling from one extremity to the

variable and ranged from 10% to 70% (Fig. 9). No dis-other for several tubes was noticed, but fast migration

crepancies in the degree of filling were noticed betweer?‘nd segregation of Pb nanowires along the nanocapillar-

long and short fibers. Many chrysotile fiber surfaces'®® impeded imaging of such nanowires.

were covered with lead droplets. The wetting angle was ?Ithoug% the tpfhysmlod:jer;:]lcgl tpa'ram(faiﬁrs ?]f tin t?’llre
clearly >90°. The quenching of the experimental charg ot very ditierent from /ead, the interior of the chrysotile

seemed to effectively freeze the molten lead insid ubes extracted from the charge were all empty. Only a

the tubes. Under electron beam irradiation, however, th ev(\; nsanlthutbez seelzrr:ed to co(r;tg:n tin tclose fto the ':cuft_)e
metal started to migrate along the tube, as can be seen'lberﬁ1 : f oll d ml r0|? ebs Icl:(o;/_erfe N otu e::_surlices orfi-
two images taken in intervals of 10 s [Figs. 10(a) and ers found close to bulk tin fragments (Fig. 11), a sign

10(b)]. The lowering of the melting temperature for that tin was in the molten state and in contact with the

nano-sized particles relative to the corresponding bu”gbers during the experiment. In contrast to lead, tin was

materiaf* and the heating of the metal through the eIeC_stable under the electron beam. The droplet shape and the

: - tact angle, which was always <90°, represent, there-

tron beam are likely, but not the only explanations forcon X .
this behavior. The particles attached to the outside Waﬁore, the values.frozen at 19 Kbar .a'nd 440 C.' A possible
eason for the discrepancy in the filling behavior between

f the fiber h imilar or even smaller diameter . . . . ;
of the fiber had similar or even smaller diameters, bu b and Sn is a difference in the viscosity of the melts at
the experimental conditions.

FIG. 8. HRTEM image showing a bundle of chrysotile nanotubes o H
which were heated at 440 °C and pressurized at 10 Kbar. The 7.3 &IG. 9. BF image of an isolated chrysotile nanotube with a tube diam-
(001) fringes in the tube walls are visible. eter of 5 nm partially filled with lead.
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IV. CONCLUSIONS

The high-pressure and high-temperature technique is a
suitable method to fill nanotubes with high surface ten-
sion metals. One-hundred percent of the nanotubes were
partially filled with lead. Based on the survival of the
chrysotile morphology up to 700 °C, experiments with
metals and alloys with higher melting temperature than
Pb and Sn, e.g., Al and Cu-Sn alloys, are in progress. In
these experiments the filling process will be influenced
by the simultaneous dehydroxilation of the tube walls.

Pressures used in this study were systematically higher
than theoretically calculated ones. Experiments at lower
pressures are planed which will allow the use of larger
pressure containers. The same technique may also be
used to fill multiwalled carbon nanotubes and single-
walled carbon nanotubes, which have a wider morpho-
logical stability range than chrysotile. Removing the
phyllosilicate layers of chrysotile nanotubes may be an
interesting way to produce metal nanowires of well-
defined radius and length. Acidic treatment of the metal-
filled chrysotile nanotubes is a possible route to reach
this goal.
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