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duced to 5 ppb. which is within the acceptable drinking

water limits recommended by the US Environmental Pro-

tection Agency.

This work has demonstrated. using an example of envir-
onmental relevance. the vastly improved access of guest
species to the binding sites of adsorbents designed from a
mesostructure with well-detfined mesopore channels. rela-
tive to those prepared from materials with disordered pore
networks, such as silica gel. This accessibility principle is re-
levant to a broad range of materials applications where the
availability of reactive sites is a performance-determining
factor. Mesoporous molecular sieves thus constitute a un-
ique class of oxides, from which a large number of nanopor-
ous technologies could potentially be engineered based on
the advantages of very high surface areas suitable for
chemical functionalization and a uniform pore distribution
for total access to the active sites.

‘Experimental

Starting material: HMS was prepared by the hydrolysis of TEQS in a do-

decylamine solution foilowing previousiv reported methods (7). The product .

was then fiitered and allowed to dry at room temperature overnight. The
amine lemplate was removed [rom the precipitated oxide by Soxhlet extrac-
ton over cthanoi for 4 davs.

Adsorbent preparation (MP-HMS): | g of HMS was dried under vacuum
at H107°C and retluxed with g of J-mercaptopropylitrimethoxysilane in
25 mL ot dry toluene for 48 h. The lunctionalized product was then filtered.
washed several times with totuene foliowed by cthanol. and subjected 1o
Soxhlet extraction over cthanol for 18 h in order 10 remove residual (un-
arafted) organosifane.

Characterization: Powder X-ray diffraction (XRD) patterns lor HMS
and MP-HMS were recorded on a Rigaku rotarlex diffractometer using Ni-
liltered CuKa radiation. Proton-decoupied “Si MAS NMR spectra were re-
corded on a Varan VRX 400 MHz spectrometer at 79.5 MHz using 7 mm
Z1ITconia rotors, a sample spinning frequency of 4 kHz. and a pulse defav of
870 5. Nitrogen adsorption isotherms were measured at 77 K on a Coulter
Omnisorp 360CX Sorptometer using standard continuous adsorption proce-
dures. The samples were heated overnight at 110°C and 10™ torr prior to
measurement. C. H. N. and S analyzes were performed by the Microanalysis
Laboratory at the University of lllinois at Urbana-Champaign.

Hg adsorption studies: 10 mg portions of the functionalized mesostruc-
ture (MP-HMS) were stirred for 18 h with 30 mL volumes of mercurv(ir) ni-
rrate solutions at initial concentrations ranging from 0 to 33 ppm. Hg"® con-

:ntrations were determined before and after trearment by colorimetric
analysis using diphenylthiocarbazone as an indicator [15]. Adsorption iso-
therms were generated by plotting the amount of Hg adsorbed per gram of
MP-HMS as a function of the total {or initial) amount of Hg"® per gram of
adsorbent. For the packed-bed column experiment. part per billion levels of
mercury were measured using cold-vapor atomic adsorption spectroscopy
(DLZ Laboratories. Lansing, Michigan).
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Superconducting RNi,B>C (R = Y. Lu)
Nanoparticles: Size Effects and Weak Links:*

By Wolfgang K. Muser,* Pairick Bernier,
[gor Luk vanchuk. Philippe Molinié, Serge Lerrant,
Philipp Redlici, and Pulickel M. Ajuvan

Nanoscale materials are the subject of extensive re-
search.!!! They have a large potential for technological
application in different fields. for example as active consti-
tuents of electronic circuits!™! and flat screen devices."! as
ultrahigh density magnetic recording materials.”! as rein-
forcing constituents in polymer composites. ! and as consti-
tuents in high-temperature superconductors!’! Further-
more, they are ideal materials to study the nature of finite
size effects and dimensional crossover phenomena. for ex-
ample in areas of magnetism'™ and superconducrivity.”!

The problem of building nanomaterials is tackled from
several directions. More recently. the carbon arc-discharge
technique!" has promised to become a powertul route for
the synthesis of carbon nanostructures!'' ! and simple me-
tal (metal-carbon) nanoplmsgs." A Using this latter meth-
od. we report here the formation of superconducting nano-
particles belonging to the recently discovered intermetallic
boron carbide family RNi»B-C (R = Y. Lu)./™* The parti-
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cles formed have diameters between 2 and 10 nm and are

embedded in a glassy carbon matrix. We observe supercon-
ducting transitions at temperatures of T = 15 K forR = Y.
and 16 K for R = Lu. The magnetic behavior is character-
ized by finite size effects and weak Josephson links be-
tween the nanocrystallites. With the formation of nanopar-
ticles of this particular class of superconductors we show
that the carbon arc is a valuable tool for the synthesis of
complex and highly crystalline nanosize materials, includ-
ing the growth of desired stoichiometries. It therefore of-
fers the possibility to study the influence of particle size ef-
fects on the special properties of these materials.

Samples” of stoichiometric superconducting RNi,B,C
were prepared by electric arc discharge synthesis and col-
lected in the form of a powderous material (see experimen-
tal section below for details). High resolution electron mi-
croscopy (HREM) showed the presence of spherical crys-
talline nanoparticles with diameters ranging from 2 to
10 nm (Fig. 1). These are found in a glassy carbon matrix

Fig. 1. HREM image from the Y-Ni-B-C sample showing spherical, highly
crystalline particles embedded in a glassy carbon matrix. The diameter
distribution ranges from 3 to 10 nm.

and constitute 25 % of the specimen area. The rest con-
sisted of carbon nanotubes!!!! and polyhedral carbon na-
noclusters!'?! (a few of the latter (about 5 %) were partially
filled with highly crystalline material).

Electron energy loss (EELS) and energy dispersive spec-
troscopy (EDS) measurements (Figs. 2 and 3) revealed in-
formation about the composition of individual nanoparti-
cles. Although it is difficult to unambiguously detect very
low concentrations of Y by EELS (the yttrium M edge is
delayed and overlaps partly with the boron K edge), in
addition to the EDS detector limit, which does not extend
to the detection of boron, the combination of the results of
both techniques clearly reveals that the spherical particles
contain all the elements used in the starting filling composi-
tion, indicating the formation of quaternary R-Ni-B-C in-
termetallic compounds. (In contrast to this, the crystalline
fillings of the graphitic polyhedral clusters in both samples
(R =Y, Lu) do not contain nickel—they are composed only
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Fig. 2. Characteristic EELS spectrum of a spherical particle in the Y-Ni-B~
C sample showing the K edges of boron and carbon and the L edge of nickel
(shown with increased scaling for better presentation).

of non-superconducting R-B-C material.) However, the
exact stoichiometry is seen to vary from particle to particle.
In fact. the X-ray diffraction data of both samples point to
highly crystalline multiphase material in which various R~
Ni-B-C phases co-exist. and with the superconducting
RNi,B-C material as a minor phase. It is hence understood
that only a smal} percentage of the spherical particies con-
tains the superconducting stoichiometry.

Figure 4 shows the temperature dependence of the mag-
netization between 4.5 and 25 K. measured under zero-
field cooled (ZFC) and field cooled (FC) conditions in a
field of 10 mT. The magnetization values were corrected
for the normal state behavior between 16 and 40 K. The
magnetic response clearly exhibits a transition into the
superconducting state betow T values of 15 and 16 K for R
= Y and Lu, respectively. The transition is rather gradual
and extends over a temperature range of a few kelvin. All
the above observations point to the existence of supercon-
ducting nanocrystalline material of composition RNi,B,C
in our samples (note that in the plethora of R-Ni~B-C bulk
compounds, the superconducting phase is considered to be
identical with the RNi,B,C phase)."*'® The observed T.
values are ~0.6 K lower than in the corresponding bulk ma-
terial. This effect can be explained by the small sizes of the
nanoparticles in our samples. Since a vast majority of the
particles have diameters below 10 nm, which corresponds
to the superconducting coherence length g1 of
RNi;B,C, a shift to lower transition temperatures is intro-
duced.”! Additionally, the size distribution of these parti-
cles leads to the observed broad transition width in our
samples.”! Transition temperatures and transition widths
were reproduced on samples prepared under the same ex-
perimental conditions as described below. The supercon-
ducting volume fractions estimated from the magnitude of
the shielding signals correspond to 1-2% (R = Y) and
0.1% (R = Lu), showing again that the superconducting
phase is only a minor phase in our samples.
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In order to further characterize the superconducting na-
ture we measured the temperature dependence of the mag-

netization (M(T)) under ZFC and FC conditions for the R
=Y sample at several fields between 5 mT and 2 T. From
the measurements we obtained at each field the value of the
T.-onset in the Mgc (T) curve. and in this way the tempera-
ture dependence of the upper critical field /4. In Figure 3.
the H.»(7T) curve is compared with the one for Hepuix(7)-
the upper critical field of the YNi,B-,C bulk material. which
was obtained in the same manner.!™ The H.(T) curve
shows the same increasing characteristic with decreasing
temperature as the Heaypax(T) curve (there may be a devia-
tion from the bulk behavior at temperatures above 14.5 K,
but to further explore this, more data are needed). How-
ever, their values lie systematically below those of the bulk
material. This behavior is possibly aiso related to the fact
that the particle size is smaller than the coherence length ¢,
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Fig. 4. Temperature dependence of the magnetization between 4 and 25 K at

an applied fietd of 10 mT under zero field cooled A and tield cooled O con-
ditionsfor both samples R = Y and Lu (inset).
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emission from the copper grid supporting
the specimens,

As a next step. we extracted from our measurements the
temperature dependence of the irreversible critical field
Hi(T) by plotting at ecach field AM(T) = Mpc(T)-
Myec(T), and extrapolating to AM(T) = 0. The results are
presented in Figure 6 together with the corresponding
curve for the bulk material. H;rrhu,k.““' In contrast with the
buik case, the irreversibility line H;(T) is almost tempera-
ture independent and saturates at relatively small fields. in-
dicating that the magnetization is reversible within a wide
range of fields. first becoming irreversible below 0.5 T. The
irreversibility effect cannot be explained by the Abrikosov
vortex-pinning mechanism. as is the case for the bulk
superconductor.'”! Since the size of the superconducting
particles is smaller than the coherence length &, no
trapped vortices can be formed and Meissner currents com-
pletely penetrate the particles. Therefore. the observed
low-field hysteresis effects can be related to the appearance
of weak Josephson links between the superconducting na-
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Fig. 5. Temperature dependence of the upper critical field H.a for the R =Y
sample @. For comparison it is plotted together with the values of the upper
critical field of the YNi,B.C bulk superconductor A, which are taken from
[18].
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Fig. 6.’Temperamre dependence of the irreversible critical field Hi, for the
R = Y sample ®. For comparison it is plotted together with the values of the
irreversible critical field of the YNi,B-C bulk superconductor A, which are
taken from {18].

nocrystallites, mediated by the carbon matrix. This
Josephson junction array acts as an effective mechanism
for magnetic flux pinning."”! Assuming that Hi, is of the
same order of magnitude as the field where the weak links
appear, we estimate Hi as q§0/2ﬂ:g'jz, where @, is the mag-
netic flux quantum and ¢; has the meaning of the coherence
length of the Josephson junction array. From this, taking
Hi(0) = 0.5 T, we obtain a Josephson coherence length ¢;
of about 25 nm, corresponding to the characteristic cluster
size of superconducting nanoparticles connected by the
weak Josephson links.

To summarize, with the synthesis of superconducting
RNi,B-C nanoparticles we establish the potential of the
arc discharge technique for the growth of complex nano-
crystalline systems. Several previous studies have shown
that the technique is viable for the synthesis of nanophase
systems but with simple binary compositions (metal-carbon
systems). The possibility that we demonstrated here, that
of forming quaternary compounds of useful stoichiometry,
should pave the way for further scrutiny of the mechanisms
of growth in the carbon arc, leading to better control of the
process parameters and extension of this technique to other
systems. This should allow the study of finite size effects in
various complex materials.

Experimental

For the electric arc discharge synthesis we used a pure graphite cathode
(16 mm in diameter), and a hollow graphite anode (6 mm in diameter with
a 3.5 mm hole) filled with powders of the elements R, Ni, B, and C in the
stoichiometric composition of RNi;B,C (the weight of the overall filling
mixtures was (000 mg. The mass of the individual constituents were for the
YNi,B,C sample: Y: 374 mg, Ni: 486 mg, B: 90 mg, C: 50 mg, and for the
LuNi,B,C sampie: Lu: 537.5 mg, Ni: 360.5 mg, B: 64.5 mg, C: 37.5 mg). The
electric arc conditions were ~30 Vand ~100 A at a reactor chamber pressure
of 660 mbar of helium. After the arc-process, the filled part of the anode
was consumed and a cylindrical deposit has grown on the cathode (length:
5 mm, diameter: 6 mm). About 50 mg of powdery material was collected
from its inner core. Structural characterization of this inner core material
was performed by HREM in a JEM 4000EX (JEOL) operating at 400 keV,
by EELS, and EDS using a dedicated scanning transmission electron micro-
scope (STEM) (VG HB301 UX operating at 100 keV), and by X-ray dif-
fraction (INEL CPS120). For the HREM, EELS. and EDS measurements,
one part of the sample was sonicated in ethanol and dispersed onto a copper
grid with a holey carbon film. For all other measurements. the as-collected
powdery material was used. The magnetic properties of the samples were in-
vestigated using a superconducting-quantum interference device (Quantum
Design SQUID MPMSS3).
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