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a  b  s  t  r  a  c  t

Reported  are  the  synthesis  and  characterization  of CuS  composite  nanowires  and  microspheres  in  the
presence  of amylose.  The  preparation  involved  first  the  complexation  of amylose  with  Cu2+ of  CuCl2 at
70 ◦C. Cu2+ complexation  was  confirmed  by  a conductivity  reduction  of  CuCl2 after  amylose  addition.  Also,
the aggregation  state  of the  amylose  changed  after  Cu2+ as  revealed  by transmission  electron  microscopy

2+
eywords:
mylose
uS
omposite particles
icrospheres and nanowires

(TEM)  and  dynamic  light  scattering  (DLS).  At  the Cu to �-d-glucopyranosyl  unit  molar  ratio  r  of  0.70  and
1.41, the  amylose  aggregated  into  microspheres  that were  approximately  150  and  250  nm  in  diameter.
Adding  sodium  thiosulfate  resulted  in  the  production  of  an  amorphous  precipitate  consisting  presumably
of  CuS2O3. At r = 0.70  and 1.41,  CuS2O3 precipitated  inside  the  template  of  Cu2+/amylose  microspheres
as  nanoparticles,  while  a twisted  nanowire-like  structure  was  produced  at  r =  0.92.  CuS2O3 decomposed
under  heating  at 100 ◦C to yield  crystalline  CuS  nanoparticles.
. Introduction

Nanocrystalline copper sulfide is a p-type semiconductor which
egularly exhibits at least five stable phases with different Cu:S
olar ratios. These phases include covellite (CuS), anilite (Cu1.75S),

igenite (Cu1.8S), djurlite (Cu1.95S), and chalcocite (Cu2S) (Lindroos,
rnold, & Leskela, 2000). These materials have been of interest
ue to their potential applications in nanometer-scale switches
Sakamoto et al., 2003), solar cells (Burton & Windawi, 1976; Hall,
irkmire, Phillips, & Meakin, 1981; Yuan et al., 2008), gas sensors
Yu, Wang, Chan, & Cao, 2009), and lithium rechargeable batteries
Chung & Sohn, 2002). Among these semiconductors with different
hases, covellite (CuS) has unique conductive and optical prop-
rties, which make it especially suitable for conductive materials
Johansson, Kostamo, Karppinen, & Niinistö, 2002; Liufu, Chen, Yao,

 Huang, 2008; Nair, Cardoso, Daza, & Nair, 2001), optical materi-
ls (Gao et al., 2008; Zhang & Zhang, 2008), solar cells and sensors
Lee, Yoon, Kim, & Park, 2007), and also as alternative materials for
athodes of lithium rechargeable batteries (Nagarathinam, Chen,

 Vittal, 2009). Moreover, covellite (CuS) can be used as a super-
onductive material due to holes in its valence band, which are
ssociated with the 3p orbitals of sulfur (Buckel & Hilsch, 1950;

olmer & Jellinek, 1980; Liang & Whangbo, 1993; Nozaki, Shibata,

 Ohhashi, 1991; Westrum, Stolen, & Gronvold, 1987).
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For all of the above-mentioned applications, covellite (CuS)
needs to be produced with a certain morphology and size (Hu &
Nair, 1996). Because of this, various methods have been developed
to synthesize covellite nanocrystals with different architectures,
which have included nanodisks (Saunders, Ghezelbash, Smilgies,
Sigman, & Korgel, 2006), nanorods (Roy, Mondal, & Srivastava,
2008), nanofibers (Chen, Deng, et al., 2008; Chen, Chen, & Wu,
2008), nanoplates (Xu, Wang, & Zhu, 2006), nanotubes (Mao  et al.,
2009), flower-like structures (Shen, Zhao, Shu, Zhou, & Yuan, 2009),
hollow microspheres (Zhu, Wang, & Wu,  2009) and hierarchical
microspheres (Li, Wu,  Qin, Li, & Huang, 2010). The preparation
of CuS microspheres with hierarchical structures and 1-D CuS
nanowires/fibers is of particular importance in theoretical and
materials science (Basu et al., 2010; Liu & Xue, 2010; Nagarathinam,
Chen, et al., 2009; Nagarathinam, Saravanan, Leong, Balaya, & Vittal,
2009; Wang, Xu, Zou, Luo, & Ying, 2008; Xu & Ding, 2008; Xu,
Wang, Cheng, Meng, & Jiao, 2010). So far, there are only a few
reports on the formation of covellite (CuS) microspheres with hier-
archical structures and 1-D CuS nanowires/fibers. For example,
Xie and coworkers (Li, Xie, & Xue, 2007) took advantage of the
complex formation between l-cysteine with CuCl2 and assembled
them into aggregated spheres. The as-formed precursors were then
decomposed as self-sacrifice templates under the hydrothermal
condition to produce interesting hierarchical CuS microspheres.
Wu and coworkers (Chen, Deng, et al., 2008; Chen, Chen, et al.,
2008) synthesized hexagonal CuS particles through the thermoly-

sis of a Cu(R2dtc)2 (R = octyl, dtc = dithiocarbamate) precursor at
130–180 ◦C under N2 flow. The microspheres have an average
diameter of 1.74 �m.  In addition, Lu and coworkers (Xue et al.,
2004) reported the preparation of helical CuS nanofibers with a

dx.doi.org/10.1016/j.carbpol.2012.08.102
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:hjw@gic.ac.cn
dx.doi.org/10.1016/j.carbpol.2012.08.102
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coated copper grids using a home-built device (Ding & Liu, 1999)
dried under ambient conditions for 2 h, and then directly used for
TEM observations. The CuS@amylose samples were ultrasonicated
before aero-spraying. An amylase solution heated to 70 ◦C and then
56 Y. Li et al. / Carbohydrate

itch of 100–200 nm in butyl acetate and benzene–butanol gel sys-
ems using cholesterol organogelator as template. The CuS fibers
ith straight and bending helical structures were obtained by

djusting to sulfur source and/or the organogel systems.
Amylose, the linear soluble portion of starch consisting of

1 → 4)-linked �-d-glucopyranosyl units, is a polysaccharide which
s abundant, inexpensive and biocompatible (Cuevas, Gilbert,

 Fitzgerald, 2010; Ortega-Ojeda, Larsson, & Eliasson, 2004).
lthough many reports concern the abrication of functional mate-
ials with novel structures using amylose as template or stabilizer
Chairam, Poolperm, & Somsook, 2009; Chang, Yu, Ma,  & Anderson,
011; Vigneshwaran, Nachane, Balasubramanya, & Varadarajan,
006), to the best of our knowledge, the formation of CuS nanowires
nd microspheres using amylose as an in situ formed template has
ot been reported.

In this paper, we report the synthesis of CuS and amy-
ose composite nanowires and microspheres, which are denoted
s CuS@amylose particles thereon, using a very simple proce-
ure. That is, Cu2+ initially complexed with hydroxyl groups in
mylose, which induced amylose aggregation into nano- and
icro-particles, Na2S2O3 was then added to form CuS2O3 precip-

tates inside the original Cu2+/amylose aggregates, CuS nanowires
nd microspheres were eventually formed due to a disproportion-
tion reaction of CuS2O3 under heating. Since the microspheres
eemed to form from many fused CuS@amylose nanoparticles,
hey can be viewed as a type of hierarchical structure, while
uS@amylose nanowires were obviously 1-D novel structures.

. Experimental

.1. Materials and reagents

Amylose [(C6H10O5)n, Tianjin Ruijinte Chemical Reagent Co.
td., China], copper chloride (CuCl2·2H2O, +97%, Tianjin Keoumi
hemical Reagent Co.), and sodium thiosulfate pentahydrate
Na2S2O3·5H2O, +99%, Guangzhou Chemical Reagent Factory) were
sed as received. Water was doubly distilled with a home-built
ater purification system.

The amylose stock solution was prepared by magnetically stir-
ing distilled water (99.75 g) and amylose (0.2546 g) in a 200-mL
ound-bottom flask at 100 ± 1 ◦C for 30 min  to yield a transparent
olution. The resultant transparent 0.25 wt% solution was stored at
oom temperature and was heated to 70 ◦C before use.

.2. Size exclusion chromatography

The size exclusion chromatograph consisted of a Waters 515
ump, a Waters 410 differential refractive index detector, and
n ultra-Hydrogel® 250 column. The system was  calibrated by
oly(ethylene glycol) standards and operated at 40 ◦C. The mobile
hase consisted of a 0.1-M aqueous NaCl solution flowing at
.60 mL/min. The amylose solution was freshly heated to 70 ◦C
efore injection.

.3. Conductivity measurements

To 9.2 mL  of the amylose stock solution was added 0.026, 0.20, or
.40 mL  of the 0.50-M CuCl2 solution. Appropriate amounts of dis-
illed water were then added into the first two flasks so that the final
olume was 9.6 mL  for all three samples. Each of the prepared solu-
ions was divided into two portions. One portion was equilibrated
t 28 ± 5 ◦C (room temperature) for half an hour before conductiv-

ty measurement. The other portion was heated to 70 ◦C for half
n hour and then allowed 120 min  for the sample to cool to room
emperature for conductivity measurement. Conductivity � was

easured on a DDS-11A digital conductometer at 28 ± 5 ◦C. Also
ers 92 (2013) 555– 563

measured were the conductivities �0 of three reference samples
that were prepared under otherwise identical conditions as men-
tioned above except the replacement of the amylose stock solution
by distilled water.

2.4. CuS@amylose synthesis

The first step toward CuS synthesis involved the preparation
of amylose/Cu2+ complexes. To 18.4 mL  of the 0.25 wt% amylose
solution was added dropwise 0.052, 0.40, or 0.80 mL of a 0.50-
M aqueous CuCl2 solution. The resultant mixtures at the Cu2+ to
glucose molar ratio r of 0.092, 0.70, and 1.41 were then stirred at
70 ± 1 ◦C for 30 min.

Subsequently, 0.077, 0.60, and 1.20 mL  of an aqueous 0.50-
M Na2S2O3 aqueous solution was added under stirring into this
solution at 70 ± 1 ◦C. Within 3 min, the resulting mixture turned
light brown. It turned dark brown in 0.5 h and eventually turned
black after 2 h in agreement with observations reported in liter-
ature (Yamamoto, Tanaka, Kubota, & Osakada, 1993). Following
Nagarathinam, Chen, et al. (2009) and Nagarathinam, Saravanan,
et al. (2009),  each mixture was then transferred into a 30-
mL Teflon-lined stainless steel autoclave, sealed, and heated at
100 ± 1 ◦C for 24 h to yield a black precipitate. The crude product
was sequentially washed with ethanol, a poor solvent for amylose,
and distilled water each for several times, and freeze-dried under
vacuum at −56 ◦C for 24 h.

For comparison purposes, CuS was  also prepared under oth-
erwise identical conditions except that the amylose solution was
replaced by water.

2.5. X-ray diffraction study

CuS@amylose powders were placed in a 1.5-cm circular well
in a glass plate and were then pressed and compacted by
pressing a steel plate on them. X-ray diffraction (XRD) analy-
sis of CuS@amylose was conducted using a Rigaku-Dmax 2400
diffractometer equipped with a graphite monochromatized Cu K�

radiation source (� = 1.54 Å). The acceleration voltage was  set to
50 kV, with 100 mA  flux at a scanning rate of 0.02◦/s in the 2� range
of 5–80◦ for measuring wide-angle diffraction patterns.

2.6. UV–visible absorption analysis

CuS@amylose samples were ultrasonicated in doubly distilled
water at 1.0 mg/mL  for 30 min  to generate black suspensions. These
suspensions were diluted for UV–visible absorption analysis. The
spectra were recorded on a UV-8000 instrument (Shanghai Metash
Instruments Company) in the wavelength range of 300–1000 nm.

2.7. Transmission electron microscopy measurements

Transmission electron microscopy (TEM) analyses were per-
formed using a JEM-100CX microscope operated at 80 kV. The
Cu2+/amylose complex solutions were aero-sprayed onto Formvar-
cooled room temperature was aero-sprayed analogously. To stain
this sample, a drop 2 wt% uranyl acetate solution in water was
placed on a sprayed and dried sample for 3 min  before the liquid
was wicked off using filter paper.
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cheme 1. (a) Primary structure of amylose and (b) Complex formation between
VA and Cu2+.

.8. Scanning electron microscopic analyses

For scanning electron microscopy (SEM) analysis, droplets of
 CuS@amylose suspension were deposited onto a 2 mm × 4 mm
olished disk. The disk was then mounted onto an aluminum flat-
older and air-dried at room temperature for 24 h. Subsequently, a
hin layer of Au was sputtered onto the sample using by JFC-1600
utofine coater. Scanning electron microcopy (SEM) analyses were
erformed on a JSM-5910 microscope operated at 20 kV using a
econdary electron detector.

.9. Dynamic light scattering

The 0.25 wt% starch solution was pushed through 0.45-�m fil-
er (PTFE, Millipore UFC30LG25, America) and the 0.50-M CuCl2
olution was pushed through a 0.1-�m filter (PTFE, Millipore
FC30LG25, America). Appropriate amounts of the two solutions
ere then mixed to yield solutions at r = 0.092, 0.70, and 1.41,

espectively. Light scattering measurements were performed after
he mixtures were heated at 70 ◦C for 30 min  and then cooled down
or 2 h to room temperature.

Dynamic light scattering measurements were performed at
5 ◦C on a Brookhaven 90Plus Particle Size Analyzer. The scattering
ngles used were 15◦ and 90◦, respectively, and the light source
sed was a 35-mW diode laser. The size and polydispersity val-
es were automatically generated by the instrument after each
easurement.

. Results and discussion

.1. Amylose

The template used for CuS particle synthesis was amylose.
mylose, the linear portion of starch, consists of (1 → 4)-linked �-
-glucopyranosyl units (Scheme 1a). Amylose dissolves in water at
emperatures above 60–70 ◦C and assumes essentially random-coil
onformations (Brant & Dimpfl, 1970). Below 60–70 ◦C, amylose
ndergoes retrogradation involving chain alignment, crystalliza-
ion, and eventual amylose precipitation (Gidley, 1989; Miles,

orris, Orford, & Ring, 1985). Our amylose stock solution at
◦
.25 wt% in water was produced by heating the mixture at 100 C

or 30 min  and storing the solution at room temperature (25 ± 5 ◦C).
ur observation revealed that the no noticeable precipitate was
roduced from this solution within 1 week after its preparation.
ers 92 (2013) 555– 563 557

Before the stock solution was  used, it was always heated at 70 ◦C
for 30 min  again to ensure amylose dissolution.

The amylose used in this study was  analyzed by size exclu-
sion chromatography (SEC) at 40 ◦C using 0.1 M aqueous NaCl as
the eluant. Based on poly(ethylene glycol) standards, the number-
average molecular weight Mn and polydispersity index Mw/Mn

were 1.22 × 104 g/mol and 2.27, respectively. Since amylose has a
much higher hydrodynamic volume than that of PEG used for SEC
column calibration, the Mn of amylose evaluated with SEC will be
higher than the value expected for native amylose. However, in
present study, the tested Mn was lower than the value expected,
possibly due to the degradation of amylose during manufacture
as judged by the fact that amylose had excellent resolubility at a
relatively low temperature compared to that of its native sample.

Because of the use of poly(ethylene glycol) as the calibration
standards, the molecular weight determined was inaccurate. Fur-
thermore, amylose was not directly soluble in room temperature
water. While a freshly heated sample was used for analysis and
amylose retrogradation was  slow at the used low concentration,
the sample might still contain some cooling-induced aggregates.
This further increased the uncertainty for the determined amylose
molecular weight. Amylose was not better characterized because
we suspected that varying the amylose molecular weight over a
certain range should not affect its complexing behavior with Cu2+

or its structure-directing effect on CuS nanoparticle formation.

3.2. Amylose complexation with Cu2+

The CuS/amylose particles were prepared in three steps. In step
1, CuCl2 was  added into an amylose stock solution at 0.25 wt%
heated at 70 ◦C to form a Cu2+ and amylose complex. At sufficiently
high r, the added Cu2+ caused amylose aggregation. The occurrence
of these processes was confirmed by results from our conductivity,
TEM, and DLS experiments.

The complexation between Cu2+ and amylose, which contains
three hydroxyl groups per glucopyranosyl unit, should not be sur-
prising because poly(vinyl alcohol) or PVA is a known efficient
sorbent for Cu2+ and PVA binds Cu2+ due to the chelating of its
hydroxyl groups with Cu2+ (Hojo, Shirai, & Hayashi, 1974). In
fact, this complexion has been previously observed between Cu2+

and the hydroxyl groups of starch granules (Ciesielski & Tomasik,
2004) as well as between Cu2+ and the surface hydroxyl groups
of suspended starch particles (Miao, Li, Deng, Wang, & Liu, 2010).
While small-molecules such as 1,3-butanediol do not complex with
Cu2+, polymers bearing hydroxyl groups do probably because the
hydroxyl groups in a polymer chain are close already and the for-
mation of a complex in this case may  lead to much less reduction
in the system’s entropy than when several small molecule alcohols
are brought together to form a complex with Cu2+.

Prior electron paramagnetic resonance and titration experi-
ments suggested that the complex formed between Cu2+ and PVA
was polynuclear with a structure shown in Scheme 1b below
(Godard, Wertz, Biebuyck, & Mercier, 1989):

A similar complexion was  suspected to occur between Cu2+ and
the amylose hydroxyl groups. The four hydroxyl groups participat-
ing in the formation of one complex can be from the same amylose
chain resulting in intra-chain complexation. If hydroxyl groups of
different chains are involved in the formation of one complex, amy-
lose aggregation is promoted by this inter-chain complexion.

Cu2+-induced amylose aggregation was  first confirmed by our
DLS experiments. Cu2+ and the amylose stock solution at 0.25 wt%
were mixed at r = 0.092, 0.70, and 1.41. The mixtures were then

heated at 70 C for 30 min  and allowed to cool down to room tem-
perature in 2 h before DLS analyses. The hydrodynamic diameter Dh
of the amylose sample was  49 nm (Table 1), suggesting the exist-
ence of some amylose aggregates at room temperature aside from
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Table  1
Comparison of DLS and TEM results for amylose and Cu2+/amylose samples at dif-
ferent r values.

r Dh (nm) PDI Team diameter (nm)

0 49 0.027 45 ± 8
0.092 49 0.026 25 ± 10

t
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0.70 150 0.028 158 ± 22
1.41 252 0.030 282 ± 55

he molecularly dissolved amylose. The Dh value of the sample at
 = 0.092 remained at 49 nm,  suggesting that Cu2+ at this amount
as incorporated into the existing amylose aggregates and single

hains and was insufficient to induce further amylose aggrega-
ion. The Dh values increased to 150 and 252 nm at r = 0.70 and
.41, respectively, suggesting that Cu2+ at these concentrations pro-
oted amylose aggregation and this aggregation occurred most

ikely due to the bridging effect provided Cu2+ between different
mylose molecules or aggregates.

This Cu2+-promoted amylose aggregation was also confirmed by
ur TEM results. The afore-mentioned heated and cooled amylose
nd Cu2+/amylose samples at r = 0.092, 0.70, and 1.41, respectively,
ere aero-sprayed or atomized on Formvar-coated copper grids.
hile the Cu2+/amylose samples were not further stained before

EM analysis due to the presence of Cu2+ as an inherent stain, the
prayed and dried amylose sample was negatively stained by uranyl
cetate. Fig. 1 compares TEM images of the different samples.

The TEM specimens were prepared by aero-spraying because
his helped speed up solvent evaporation and minimize morpho-
ogical changes of the particles during the solvent removing step.
sing this specimen protocol, the atomized water spray evaporated
3 s after its landing on a TEM grid. An aqueous uranyl acetate

olution was used to stain the amylose sample because room-
emperature did not dissolve amylose.

Three types of amylose aggregates were observed by TEM and
hey were spheres with an average diameter of 45 ± 8 nm,  worms
ith an average diameter of 5 ± 2 nm,  and smaller particles with
n average diameter of 9 ± 2 nm.  Since the diameter of the large
pheres agreed with the Dh value of 49 nm determined from DLS,
hese large spheres probably existed in the solution phase already.

e had no evidence suggesting the presence of these wormlike

ig. 1. TEM images of aero-sprayed samples of amylose (a) and Cu2+/amylose at r = 0.092 (
or  eyes. (For interpretation of the references to color in this figure legend, the reader is r
ers 92 (2013) 555– 563

structures and smaller particles in the solution phase because they
were not detected by DLS, a technique which was  biased toward
larger particles. At least two  types of aggregation states were
observed for Cu2+ in the Cu2+/amylose sample r = 0.092. There were
larger dark Cu2+-rich domains with a diameter of around 35 nm
and the smaller Cu2+-rich domains with a diameter of about 5 nm.
More interestingly, the smaller dots seemed to form lines and four
of these were traced in the TEM image in Fig. 1b. Since our DLS
results suggested that Cu2+ did not change the aggregation state of
amylose at this small r value and Cu2+ incorporated into the exist-
ing amylose aggregates, the larger Cu2+-rich domains must be the
original large amylose aggregates now impregnated with Cu2+. The
lined little dots were probably formed due to the deposition of Cu2+

in regions of the original wormlike amylose structures.
At r = 0.70 and 1.41, particles much larger than those seen in

Fig. 1a and b were observed, confirming Cu2+-induced amylose
aggregation. In Table 1 are compared the TEM and DLS diameters
of these particles. The size of the particles determined from these
two methods agreed reasonably well with one another, suggesting
the existence of the particles observed by TEM in the solution state.

Complexation between Cu2+ and amylose was also confirmed
by comparing the conductivities of amylose samples before and
after Cu2+ addition. In these experiments, amylose glucose subunit
concentration was fixed at 0.0148 M or 0 but the added CuCl2 con-
centration was  varied. The conductivities �0 of the CuCl2 solutions
and those � of the CuCl2/amylose solutions were measured. Fur-
thermore, � of the CuCl2/amylose solutions were measured before
and after the mixtures were heated at 70 ◦C for 30 min. Plotted in
Fig. 2 are the �/�0 values at the r values of 0.092, 0.70, and 1.41,
respectively.

In the presence of amylose, the CuCl2 conductivity decreased
mainly because Cu2+ complexed with amylose and the com-
plexed Cu2+ had a reduced mobility. More interestingly, the ratio
�/�0 experienced a further substantial decrease from ∼0.90 to
∼0.50 after Cu2+ and amylose were heated at 70 ◦C for 30 min.
This suggested that the complexation was more favored at 70 ◦C

than at room temperature. Since both free Cu and Cl were to
conduct electricity (Gizdavic-Nikolaidis, Travas-Sejdic, Cooney, &
Bowmaker, 2006) and the counter Cl− should not bind with the
Cu2+/amylose aggregates so tightly and should have contributed

b), 0.7 (c), and 1.41 (d), respectively. The inserted red-lines in Fig. 1b are just guided
eferred to the web  version of this article.)
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Fig. 2. Plot of conductivity ratios, �/�0, between CuCl2/amylose solutions and
CuCl2 solutions at different CuCl2 concentrations before (o) and after (�) the
C ◦

l
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for the particles before S2O3
2− addition. A closer scrutiny also

revealed differences. The microspheres in Fig. 1d seemed to have

F
3

uCl2/amylose solutions were heated at 70 C for 30 min.

ittle to � reduction, the observed small �/�0 values suggested Cu2+

inding in high percentages after the mixture was heated at 70 ◦C.
t should be pointed that conductivity measurement as demon-
trated in present article, is an effective method for the evaluation
f complexation between metal ions and amylose. This method
ight be extended for the system, for example, other minerals com-
lexed with starch as evaluated by following conductivity variation
Behall, Howe, & Anderson, 2002).

ig. 3. TEM images of hierarchical CuS composite microspheres that were prepared at r = 

0  min (c), 2 h (d), and 24 h (e), respectively. The insets are the corresponding area electro
ers 92 (2013) 555– 563 559

3.3. CuS particle formation process

The subsequent steps in CuS@amylose particle synthesis were
derived from the procedures proposed by Yamamoto et al.
(1993) and Nagarathinam, Chen, et al. (2009) and Nagarathinam,
Saravanan, et al. (2009).  In step 2, the amylose-complexed Cu2+

was reacted with 1.5 Mequiv. of Na2S2O3 at 70 ◦C for 2 h. Accord-
ing to Zhang, Qiao, and Hu (2004), this should initially lead to the
precipitation of Cu2+ in the form of CuS2O3:

Cu2+ + S2O3
2− + 2H2O → [CuS2O3·2H2O] ↓ (1)

Over 2 h as demonstrated by Yamamoto et al. (1993).  CuS2O3 dis-
proportionated to yield CuS:

[CuS2O3·2H2O] → CuS ↓ + SO4
2− + 2H+ + H2O (2)

The CuS particles produced at 70 ◦C were amorphous. The parti-
cles prepared at r = 1.41 were hydrothermal synthesized in a sealed
autoclave at 100 ◦C for 0, 3, 30, and 120 min  as well as 24 h. After
sample purification, drying, and redispersion in water by ultraso-
nication, the particles were aero-sprayed for TEM analysis. Fig. 3
shows TEM images of the samples taken at different hydrothermal
times.

The composite microparticles shown in Fig. 3a were not hydro-
thermal prepared and bore much resemblance to the Cu2+/amylose
particles seen in Fig. 1d. A dynamic light scattering measurement
revealed that the Dh value was  258 nm,  which was  close to 250 nm
a dark shell and a light core. The shells appeared uniformly dark
except light streaks. The spheres in Fig. 3a did not have a clear

1.41 and 70 ◦C and then hydrothermal synthesized at 100 ◦C for 0 min  (a), 3 min (b),
n diffraction patterns.
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Fig. 4. TEM images of hierarchical CuS composite microspheres that were prepared at r = 1.41 and 70 ◦C and then hydrothermal synthesized at 100 ◦C for 0 min  (a), 3 min (b),
3 electro
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0  min (c), 2 h (d), and 24 h (e), respectively. The insets are the corresponding area 

ore–shell structure but had more rugged surfaces and seemed to
onsist of fused dark and light nanodomains that did not possess a
egular shape or a uniform size.

The spheres in Fig. 1d had approximately uniform shells because
u2+ complexed with amylose and should be uniformly distributed

nside amylose phase. The streaks might be cracks formed dur-
ng TEM specimen preparation after solvent evaporation. The cores

ere light probably because the spheres were formed in the early
tage of amylose aggregation and the Cu2+ added dropwise in the
ater stage had difficulty diffusing into the core.

Distinct light and dark nanodomains were seen in the com-
osite microspheres of Fig. 3a but a core–shell structure was
issing. The dark nanodomains must have corresponded to regions

nriched with amorphous CuS nanoparticles. Since no covalent
onds existed between CuS and amylose, the segregation of the
uS nanoparticles formed from the amylose matrix should not
e surprising. A clear lighter core in the microparticle center was
ot seen in this case probably because the sample was heated for
nother 2 h at 70 ◦C after Na2S2O3 addition. The longer heating
ight have helped achieve a more uniform distribution over the

ntire microparticle (not over the nanometer scale) of the produced
uS nanoparticles.

The agreement because the Dh values of the microspheres
efore and after Na2S2O3 addition suggested the synthesis of
uS2O3·2H2O inside the original Cu2+/amylose template. The tem-
late synthesis of CuS2O3

.2H2O should not be surprising because
 high percentage of Cu2+ ions were complexed with amylose as
educed from our conductivity data and the precipitation reac-
ion shown in Eq. (1) should occur predominantly in regions where
u(II) was concentrated. Our speculation was that the complexed
u(II) was in constant equilibrium with Cu2+ and the free Cu2+

eacted with S2O3
2− to form a precipitate. The higher stability of

uS2O3 eventually favored the precipitate over the Cu2+/amylose
omplex. The CuS2O3 precipitate decomposed over time at 70 ◦C
nto CuS.

The microparticles before hydrothermal synthesized (Fig. 3a)

nd those hydrothermal synthesized for 3 min  at 100 ◦C possessed
o area electron diffraction (SAED) patterns and was  amorphous.

t was only after 30 min  annealing that a SAED pattern appeared,
uggesting formation of a crystalline phase.
n diffraction patterns.

With further hydrothermal synthesizing, the microparticles got
bigger as revealed by the TEM images shown in Fig. 3. We  have also
performed DLS analysis of samples hydrothermal synthesized for
different times. The Dh values at the hydrothermal times of 0, 3, 30,
and 120 min  as well as 24 h were 258, 271, 280, 340, and 380 nm,
respectively. The size increase must be caused by the Oswald ripen-
ing of the composite particles, which grew via the dissociation of
the smaller composite particles and the incorporation of their frag-
ments, some marked by arrows in Fig. 3d and e, into the larger
composite particles.

The structural evolution of the particles prepared at r = 0.092
was also followed by TEM analysis of samples prepared using dif-
ferent hydrothermal times and Fig. 4 shows TEM images of some
samples. The wormlike structure was  seen throughout this process.
Also, the structure seemed to thicken with hydrothermal time.

The hydrodynamic diameters of the samples at t = 0 and 24 h
were determined by DLS to be 74 and 81 nm,  respectively. Since
we could not tell if worm fragmentation took place during this
hydrothermal process, the Dh value increase could not be used as
evidence for worm thickening.

We do not know the mechanism for the formation of the worm-
like structures. If the worms  seen in Fig. 1a did exist at 70 ◦C
and these structures persisted after Cu2+ incorporation, the com-
posite particles seen in Fig. 4a would be product of a template
synthesis. The worms formed probably for the bundling of amy-
lose chains. These small structures with high specific surface areas
existed probably because not enough Cu2+ was added to induce
worm–worm aggregation.

We  did not follow the growth of the composite particles at
r = 0.70 because these particles had morphologies similar to those
prepared at r = 1.41 and their structural evolution process should be
similar to that for the particles prepared at r = 1.41. The major dif-
ference was that the composite CuS@amylose particles prepared at
r = 0.70 were smaller than those prepared at r = 1.41. This was also
true for the Cu2+/amylose particles prepared at the two r values.
3.4. CuS formation

CuS formation under our standard CuS@amylose particle prepa-
ration conditions involving hydrothermal synthesis of the initial



Y. Li et al. / Carbohydrate Polymers 92 (2013) 555– 563 561

F the ba
a

c
X
c
u
t
b
T
c

c
a
t
∼
T
fi

3

t

F
p

ig. 5. (A) XRD patterns of CuS prepared at r = 1.41 (a) and r = 0.092 (b) as well as 

bsorption spectra of CuS prepared at r = 0.092, 0.70, and 1.41, respectively.

rude product at 100 ◦C for 24 h was confirmed by our wide angle
-ray diffraction (XRD) study of the resultant particles. The parti-
les after preparation were washed with ethanol and water, dried
nder vacuum, and then used for XRD. Fig. 5A compares XRD pat-
erns of the particles prepared at r = 0.092 and 1.41 as well as the
ar graph for the hexagonal CuS phase (JCPDS No. 06-0464) pattern.
he agreement between the observed patterns and the bar graph
onfirmed the preparation of covellite under our conditions.

The vacuum-dried CuS@amylose particles were also ultrasoni-
ated in distilled water and their absorption spectra were measured
nd shown in Fig. 5B. All the samples exhibited strong absorp-
ion at ∼300 nm.  Their absorption decreased with wavelength until
600 nm and picked up again in the near IR region (Liu & Xue, 2011).
hese were all characteristic of CuS nanoparticles and further con-
rmed CuS preparation under our conditions.
.5. Amylose-directed synthesis

CuS particles were also prepared under conditions identical
o those used to prepare the CuS@amylose particles except the

ig. 6. TEM images of CuS prepared at the r values of 0.092 (b), 0.70 (e), and 1.41 (h). Also 

repared at r = 0.092 (a), 0.70 (d), and 1.41 (g) but without using amylose, and SEM image
r graph for the hexagonal covellite phase (bottom); (B) comparison of UV–visible

replacement of the amylose stock solution by water. Compared in
Fig. 6a, b, d, e, g, and h are the TEM images of the particles prepared
under the two sets of conditions.

When amylose was  used, the morphology of the CuS@amylose
particles changed from wormlike at r = 0.092 (Fig. 6b) to micro-
spheres at r = 0.70 (Fig. 6e) and 1.42 (Fig. 6h). We  have so far
suggested that r changes were the cause for the morphological
changes. In reality, the amylose concentration was maintained
approximately constant in these experiments. The r changed as a
result of [Cu2+] change. Thus, the corresponding control experiment
for each r value involved the use of a different [Cu2+].

In the control experiment for r = 0.092, irregularly shaped parti-
cles involving elongated particles were produced as seen in Fig. 6a.
Particles that were ∼1 �m in size were seen in Fig. 6d and g, respec-
tively. Also, elongated particles that seemed to have formed from
sphere fusion were also seen in these images. Therefore, totally dif-

ferent CuS particles were produced without amylose. The amylose
added had a morphology-directing effect.

SEM was  also used to characterize the CuS@amylose particles
and Fig. 6c, f, and i shows the resultant SEM images. The wormlike

shown are the CuS particles prepared under otherwise identical conditions as those
s of the CuS samples prepared at r = 0.092 (c), 0.70 (f), and 1.41 (i), respectively.
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hape of the CuS@amylose particles prepared at r = 0.092 and the
pherical shape of the particles prepared at r = 0.70 and 1.41 were
learly confirmed.

. Conclusions

Cu2+ and amylose were complexed in water. This complexation
as verified by a reduction in CuCl2 conductivity after amy-

ose addition. It also caused amylose to associate into different
u2+/amylose aggregates depending on r. At the low Cu2+ to �-
-glucopyranosyl unit molar ratio r of 0.092, the added Cu2+ did
ot perturb the aggregation state of the amylose as suggested by
ur DLS results. As r increased to 0.70 and 1.41, Cu2+ promoted
he aggregation of amylose into microspheres with sizes around
50 and 250 nm,  respectively. The addition of Na2S2O3 at 70 ◦C

ed first to the precipitation of CuS2O3 and then the formation
f amorphous CuS nanoparticles as a disproportionation product
f CuS2O3 inside the original Cu2+/amylose aggregates. Hydro-
hermal preparing at 100 ◦C eventually turned the amorphous CuS
anoparticles into crystalline particles. Thus, this resulted in the

ormation of crystalline CuS@amylose worms at r = 0.092 and crys-
alline CuS@amylose composite microspheres at r = 0.70 and 1.41.
he composite particles were larger at r = 1.41. CuS formation was
onfirmed by XRD and UV–visible absorption results. Our control
xperiments indicated that these composite particles with interest-
ng morphologies were formed only in the presence of amylose and
hus suggested amylose-directed formation of these particles. Since
he preparation procedures are simple and CuS has interesting opti-
al and electric properties, this method may  be used for producing
uS particles with unique morphologies for potential application in

uminescence, lubrication, photo-catalysis, advanced battery, etc.
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