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Biomolecule-Assisted Self-Assembly of
Nanocrystals at Room Temperature**
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Since the discovery of carbon nanotubes in 1991,V extensive
research has been carried out on one-dimensional nano-
structures because of their unique properties.”® Various
methods have been developed for the synthesis of nano-
tubes." In general, it is relatively easy for layered materials to
form nanotubes directly under the appropriate experimental
conditions.®! For materials that do not have a layered
structure, nanotubes may be synthesized by a variety of
methods, such as decomposition of the precursor,” template-
assisted growth,’®1>4 self-assembly,>!® and vapor deposi-
tion.'”'¥1 However, these methods are still limited to the
synthesis of specific kinds of nanotubes.

Lead chalcogenides (PbE, E=S, Se, Te) are important
semiconductors with narrow band gaps that are showing great
promise in the field of IR photoelectronic and thermoelectric
devices.""?!l Various nanostructures of lead chalcogenides,
such as quantum dots,>?* nanorods,®**! nanowires,”** and
nanotubes,*'>?*3 have been reported over the past decade.
However, to the our knowledge, little work has been reported
on polycrystalline nanotubes of lead chalcogenides assembled
from nanocrystals, although one key example is the formation
of composite nanotubes consisting of PbS nanoparticles,
sodium dodecyl sulfate, and poly(ethylene oxide).!'"!

Herein we report a novel biomolecule-assisted route to
the synthesis of lead chalcogenide polycrystalline nanotubes
by the self-assembly of nanocrystals at room temperature.
Cysteine (HSCH,CH(NH,)COOH, including L-cysteine, L-
cysteine hydrochloride monohydrate, and DL-cysteine hydro-
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chloride monohydrate) biomolecules, lead nitrate, and etha-
nolamine (or ethanediamine or ammonia) are used to prepare
nanowires of a precursor at room temperature. These nano-
wires, which self-assemble from nanocrystals, act as both lead
source and template for the subsequent preparation of lead
chalcogenide nanotubes. Note that the precursor nanowires
are transformed into lead chalcogenide nanotubes by our
synthetic route, and that L-cysteine was recently used in the
synthesis of sulfide nanostructures, such as Bi,S;®!! and
Sb,S;.

The precursor nanowires were characterized by powder
X-ray diffraction (XRD; Figure 1a), which showed that they

Figure 1. Characterization of the precursor nanowires prepared from
Pb(NO;),, L-cysteine, and ethanolamine: a) XRD pattern; b) TEM
image; c) optical microscopy image; d) HRTEM image.

are well crystallized. On the basis of energy-dispersive
spectroscopy (EDS) (see Supporting Information, Figure S1)
and FTIR spectroscopy (Supporting Information, Figure S2),
the likely chemical structure of the precursor nanowires is
HSCH,CH(NH,)COO—Pb—OH. We chose cysteine for the
synthesis because of its three functional groups (SH, NH,,
COOH). In the presence of a weakly basic additive, such as
ethanolamine, which provides OH™ ions, the proton of the
COOH group is removed and Pb*" ions can react with
cysteine to form the precursor.

TEM revealed that the precursor has a wirelike morphol-
ogy. These precursor nanowires have a typical diameter of
around 200 nm (Figure 1b) and a length of around 100 pm
(Figure 1c). The high-resolution TEM (HRTEM) image in
Figure 1d shows that the nanowires are formed by the self-
assembly of nanocrystals smaller than 5 nm. The precursor
nanowires can also be obtained by using L-cysteine hydro-
chloride monohydrate or DL-cysteine hydrochloride mono-
hydrate instead of L-cysteine.

In addition to ethanolamine, we also tried other weakly
basic additives, such as ethanediamine or ammonia with quite
similar results (see Supporting Information, Figure S3 and
Figure S4). However, no precursor nanowires were obtained
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in the absence of base, in the presence of a strong base such as
NaOH, or in the presence of an acid.

A simple replacement route was designed to synthesize
lead chalcogenide nanotubes using the precursor nanowires
as both the lead source and the template. Figure 2 schemati-
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Figure 2. Schematic diagram of the synthetic route and proposed
mechanism for the formation of PbE (E=S, Se, Te) nanotubes self-
assembled from nanocrystals.

cally outlines the synthetic route and the proposed mecha-
nism for the formation of lead chalcogenide nanotubes. It
includes three key points: a) PbE nanocrystals are formed on
the surface of the precursor nanowire by an anion-replace-
ment reaction that is the result of the lower solubility of PbE
in solution; b) the wall of the PbE nanotube is built up on the
surface of the precursor nanowire by the self-assembly of PbE
nanocrystals; ¢) the tubular structure forms at the expense of
the precursor nanowire. Herein we demonstrate the synthesis
of PbS, PbSe, and PbTe nanotubes by using this simple
synthetic route.

The XRD patterns (Figure 3) of the synthesized samples
confirmed the formation of crystalline PbS (JCPDS no. 78-
1901, Figure 3a), PbSe (JCPDS no. 78-1903, Figure 3b), and
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Figure 3. XRD patterns of synthesized lead chalcogenide nanotubes:
a) PbS; b) PbSe; c) PbTe (x indicates peaks arising from Te).
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PbTe (JCPDS no. 78-1905, Figure 3c), all of which have a
face-centered cubic structure. No diffraction peaks from the
precursor nanowires were observed, thus indicating that the
precursor nanowires are completely transformed into lead
chalcogenide nanotubes. The total yields of lead chalcoge-
nides were higher than 90%. The broadening of the
diffraction peaks implies that the lead chalcogenide nano-
tubes consist of very small nanocrystals.

The TEM and SEM images (Figure 4) show that all the
synthesized samples of PbS (Figure 4a-¢), PbSe (Figure 4 f-
j), and PbTe (Figure 4k—0) consist of nanotubes. These

Figure 4. Characterization of PbE nanotubes: TEM (a,b,d,f,g,i,k,|,n; insets in d,i,n: ED pattern of a single
nanotube), SEM (c,h,m), and HRTEM (e,j,0) of PbS (top), PbSe (middle), and PbTe (bottom), respectively.

nanotubes have similar sizes in terms of both diameter and
length. The typical diameter is about 200 nm. They are several
micrometers long—much shorter than the precursor nano-
wires—possibly because of breaking of the nanotubes by
sonication during preparation. PbE nanotubes could also be
obtained without using sonication, although it was frequently
observed that several nanotubes grew together. From
Figure 4 it can be seen that the PbE nanotubes are formed
by the self-assembly of nanocrystals. The electron diffraction
(ED) patterns (insets in Figure 4d, i, and n) show that the
nanotubes are polycrystalline in nature. The HRTEM images
(Figure 4¢, j, and o) reveal that the PbE nanocrystals in the
nanotubes are smaller than 10 nm.

The ED patterns of the PbS (inset in Figure 4d) and PbSe
nanotubes (inset in Figure 41) show discrete elongated bright
dots for the (200) planes, unlike the usual polycrystalline
diffraction rings, thus indicating that the nanocrystals aggre-
gate into nanotubes with a highly oriented [100] crystallo-
graphic axis. This observation was supported by HRTEM.
Figure 4 e shows that two neighboring nanocrystals (A and B)
in a PbS nanotube have the same orientation of the crystallo-
graphic axis along [100]. In Figure 4j, three nanocrystals (A,
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B, and C) in close contact in a PbSe nanotube have the same
orientation along the [100] crystallographic axis.

No surfactant is used in our synthesis therefore the
nanocrystals may aggregate together preferentially along a
certain axis corresponding to a lower atom-density plane®®”
and attach spontaneously through dipole-dipole attrac-
tions.***! For face-centered cubic lead chalcogenides, a
crystal unit has six equivalent [100] crystallographic axes
and the (100) plane has the lowest atom density, thus making
it more probable for nanocrystals to aggregate with their [100]
crystallographic axis oriented in one direction. In contrast, the
ED pattern (inset in Fig-
ure 4n) and HRTEM image
(Figure 40) of the PbTe nano-
tube clearly show a disorderly
aggregation of the nanocrys-
tals. The Pb/S and Pb/Se
atomic ratios of the nanotubes
were found to be about 1 by
chemical composition analysis
using EDS, whereas the Pb/Te
atomic ratio was about 0.6.
This excess of Te is due to the
oxidation of Te?~ to elemental
Te (Figure 3c, JCPDS no. 79-
0736), which is responsible for
the disordered aggregation of
the PbTe nanocrystals.

The lead chalcogenide
nanotubes described herein,
which consist of nanocrystals
smaller than 10 nm, in contrast
to the Bohr exciton radii
(bigger than 20nm®) for
bulk materials, exhibit a sig-
nificant quantum confinement
effect, as shown by the room-
temperature absorption spectra (Figure 5). At the beginning
of the absorption, a steep linear transition (absorption edge)
can be seen, which is characteristic of direct band gap
semiconductors. Based on the absorption edges,* the band
gaps of the PbS, PbSe, and PbTe nanotubes were calculated to
be 1.35,1.13, and 0.75 eV, respectively, much larger than those
of the bulk materials (0.2-0.4 eV??). These lead chalcogenide
nanotubes, which are self-assembled from nanocrystals that
display a quantum confinement effect as strong as that
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Figure 5. Absorption spectra of PbE nanotubes: a) PbS; b) PbSe;
c) PbTe.
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reported for quantum dots,”>? are presumed to be remark-
ably different from single-crystalline lead chalcogenide nano-
tubes.

In summary, lead chalcogenide nanotubes self-assembled
from nanocrystals have been synthesized by a novel biomol-
ecule-assisted method at room temperature. Polycrystalline
precursor nanowires self-assembled from nanocrystals syn-
thesized using cysteine play crucial roles as both the lead
source and the template in the formation of lead chalcogenide
nanotubes. These lead chalcogenide polycrystalline nano-
tubes display a definite quantum confinement effect. The
biomolecule-assisted synthetic method demonstrated herein
may also be extended to synthesize a variety of nano-
structures assembled from nanocrystals.

Experimental Section

In a typical synthetic procedure for the precursor nanowires, a source
solution was prepared by dissolving Pb(NO;), (0.033 g) and L-cysteine
(0.012 g) in deionized water (30 mL) under magnetic stirring at room
temperature. The reaction started when ethanolamine (0.2 mL) was
quickly injected into the source solution at room temperature. A
white product (precursor nanowires) formed immediately, and the
solution was stirred for 20 min at room temperature. The product was
separated by centrifugation and washed three times with deionized
water and absolute ethanol. The precursor nanowires were then
dispersed in ethanol (30 mL) to act as the lead source for the
subsequent synthesis of lead chalcogenide nanotubes.

For the synthesis of the nanotubes, the chalcogenide source
solution was prepared by dissolving Na,S-9H,O (0.050g) or Se
powder (0.015 g) and NaBH, (0.020 g) or TeO, powder (0.032 g) and
NaBH, (0.050 g) in deionized water (5 mL). The reaction started and
was allowed to proceed for 5 min by mixing the chalcogenide source
solution and the precursor nanowire solution at room temperature
whilst sonicating to ensure a homogeneous dispersion. The product
was collected by centrifugation and washed three times with
deionized water and absolute ethanol.

TEM was performed with a JEM-2100F field-emission trans-
mission electron microscope (JEOL). SEM was carried out with a
JSM-6700F field-emission scanning electron microscope (JEOL). X-
ray powder diffraction patterns were recorded with a D/MAX 2200
(Rigaku) X-ray diffractometer with Cuy, radiation (A =1.54178 A)
and a graphite monochromator. Absorption spectra were measured
with a Cary-500 spectrophotometer (Cary).
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