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Abstract

One-dimensional (1D) cuprite (Cu,O) nano-whiskers with diameter of 15-30 nm are obtained from liquid deposition method at
25°C by adding a surfactant, cetyl trimethyl ammonium bromide (CTAB), as a template. TEM and HRTEM show that the nano-
whiskers exhibit a well-crystallized 1D structure of more than 200 nm in length, and confirms that the nano-whiskers grow mainly
along the (111 direction. Moreover, there are many pores in the nano-whiskers, which is beneficial for the photocatalysis under
visible light. When polyethylene glycol (PEG), glucose and sodium dodecylbenzenesulfonate (SDS) are used as templates, 1D
structures cannot be obtained. According to the TEM images of the compound obtained at different stages during the growth of the
Cu,O nano-whiskers, it is found that the role of CTAB is to interact with tiny Cu(OH),, which can adsorb OH™ and become
negative charged, to disperse the tiny Cu(OH), solid and to induce the growth of Cu,O along the 1D direction. Although CTAB is
significant for the preparation of the 1D nanomaterials, ion character of the precursor (Cu(OH),- OH™ or Cu") is important as
well since there is no nano-whiskers obtained with Cu®" as the precursor. Moreover, the probable mechanism of the formation for

the porous structure is discussed.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Over the past decade, one-dimensional (1D) nano-
structures such as nano-tubes [1], inorganic nano-rods
and nano-wires [2-4] have attracted considerable atten-
tion. Much effort has been directed toward under-
standing the electronic, magnetic and optical properties
of these nano-structures because they show physical and
chemical properties different from their bulk counter-
parts. It has been found that their properties depend
largely on their size and shape. So, one of the challenges
in nano-crystal synthesis is to control not only the size
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but the shape and morphology of the crystal [5]. Nano-
whiskers are also 1D structure [6] and they offer the
possibility to study the physical property of 1D
transport, as well as creating new devices based on
quantum physics. The growth of semiconductor whis-
kers is a well-known phenomenon and was thoroughly
evaluated in the 1960s [7]. The dimensions of such
whiskers have since then been scaled down to reach the
quantum regime.

The most widely used method for the fabrication of
1D nano-materials is physical or chemical method
guided by an appropriate porous “hard” template and
versatile “‘soft” template such surfactants. The hard
template approach is effective, but some of templates are
not easy to be fabricated and removed. The application
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of electrostatic interactions between surfactant mole-
cules and charged or polarized metal-oxyprecursors as
the inorganic component has opened a new way to
metastable modifications of metal oxides [8]. Cetyltri-
methylammonium bromide (CTAB) is a cationic surfac-
tant, which can form CH;—CHs;—CH3-N structure and
induce the sphere-rod transition of micelles in aqueous
solution when some salts such as NaCl, Na,SO, and so
on are added [9]. Therefore, CTAB can be employed
to synthesize materials with special morphologies. Ag
nano-rods [10], Au nano-rods [11], lamellar tin (IV)
sulfide [12], SnS nano-wires [13] and hydroxyapatite
nano-structure [14] have been prepared with CTAB as a
“soft” template.

Cu,0 is a non-stiochoimetric p-type semiconductor,
which is inexpensive and abundantly available. It has a
direct band gap of 2.0eV [15] and a high optical
absorption coefficient, and its theoretical solar cells
conversion efficiency is over 13% [16]. It has been used
in hydrogen production [17] under visible light, solar cell
[18], and negative electrode material for lithium ion
batteries [19]. It also has a great potential in photo-
catalytic degradation of organic pollutants under visible
light [20]. Over the past several years, 1D nano-scale
Cu,0 has been synthesized by chemical deposition [21],
electro-deposition [22,23] and template method [24].
CTAB has been also used as a template to synthesize
Cu,0 nano-tubes and nano-rods [25]. However up to
now, 1D Cu,O nano-materials with pores on their
surface have not been reported and the effect of different
templates and the ion character of the precursor on the
formation of 1D nano-Cu,O have never been studied in
details. In this paper, high resolution transmission
electron microscopy (HRTEM) analysis is used to
analyze the morphology of Cu,O nano-whiskers with
pores prepared in the presence of CTAB as a template.
Then, the results are compared with those using
polyethylene glycol (PEG), glucose and sodium dode-
cylbenzenesulfonate (SDS), respectively, as a template.
Furthermore, transmission electron microscopy (TEM)
images of the compound obtained at different reaction
stages during the growth of the nano-whiskers are
recorded to explore the controllable role of CTAB on
the morphology of Cu,0 nano-materials. To study the
importance of the interaction between CTAB and the
precursor, the preparation of Cu,O with NaOH and
without NaOH are also carried out.

2. Experimental

All of the chemical reagents used were of analytical
grade. The procedure employed for preparing Cu,O
nano-whiskers with CTAB as a template is described by
Yu et al. [26]. In a typical synthesis process, 5Sg of
CuS0, - SH>0 was mixed with 5.5 g of NaOH in 800 ml

distilled water. After stirring for 10 min, 20 g of CTAB
was added into the stirring solution. After 30 min, 5Sml
of 2M N,H,4 - H,O was added dropwise into the mixed
solution. The whole reactive system was sealed and
flushed with N,. The colloid gradually formed and
turned into a red color. The reaction proceeded for 1.5
or 12h. The red precipitate was separated with
centrifugation, and washed with 200ml of distilled
water, and then 200 ml 95% of ethanol. Finally, it was
dried in a vacuum oven at 60 °C for 2 h.

In some experiments, the CTAB template was
replaced by PEG (M, = 20,000), glucose or SDS, and
the reaction time was 2.5h. The amount of the three
templates added was also the same as that of CTAB.
In order to study the effect of precursors (Cu®* and
Cu(OH),-OH™ in this case) on the morphology of
Cu,0 with CTAB as a template, the similar reaction was
also conducted without NaOH. The reaction time was
also 2.5h.

The crystal structure and composition of Cu,O nano-
whiskers were analyzed by X-ray powder diffraction
(XRD) using a Brucker Y-2000 X-ray diffractometer
with CuKq radiation (4 = 0.154178 nm) at 25 °C. A scan
rate of 0.03°/s was applied to record the powder patterns
for 260 between 20° <20<80°. Powder morphology, size
and selected area electron diffraction (SAED) were
characterized by TEM by a JEM-100CXV transmission
electron microscope using an accelerating voltage of
80kV. HRTEM images were obtained by a JEOL JEM
2010FEF electron microscope using an accelerating
voltage of 200kV. Brunauer—-Emmett-Teller (BET)
surface areas of the samples were determined using
a Micromeritics ASAP 2010 nitrogen adsorption appa-
ratus. Before actual measurement, the sample was
degassed at 25°C for 4h.

3. Results and discussion
3.1. Evolution of Cu>O nano-whiskers

N,H,4 - H,O is chosen as a reducing agent. It oxidizes
to an inert gas N,, which can protect Cu,O nano-
whiskers from oxidation. The formation of Cu,O can be
expressed by the following reactions (Egs. (1) and (2)):

Cu’* +40H~ — [Cu(OH),]*, (1)
12H" + 4[Cu(OH),]*~ + N,H,
— 4Cu* + N, 1 +16H,0. 2)

Then, Cu™ may take part in the following two reactions
(Egs. (3) and (4)):

4Cut 4+ 40H™ + NoH; — N, 1 +4H,0 +4Cu’,  (3)

2Cut - Cu?* + Cu’. 4)
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But in the alkaline solution and by controlling the
amount of N>H,-H,O (mole ratio of N,H,4- H,O and
Cu’* ~0.5), the following reaction (Eq. (5)) dominates.

2Cu*™ 4+ 2 OH™ — 2CuOH — Cu,0 + H,O0. (5

Once the mole mass of N,H, - H,O is 3 times more than
that of Cu®>", metal copper can be formed [25].

With CTAB, PEG, or SDS as a template, Eq. (5)
dominates and leads to Cu,O formation. With glucose
as a template, both glucose and N,H, - H,O can reduce
Cu’" to Cu,O. The reaction for glucose as a reactant is

ZCU(OH)Q + CsH;;05—CHO
— Cu,0 + CsH{105COOH + 2H,0. (6)

Therefore, no matter which template is used, pure Cu,O
can be obtained. Fig. 1 is the XRD analysis of Cu,O
nano-whiskers prepared with CTAB as a template,
which shows that there are six peaks with 20 values
of 29.60, 36.52, 42.44, 61.54, 73.69, and 77.74, corre-
sponding to <{110), (111>, (200>, <220, <311},
and (222> crystal planes of pure Cu,O, respectively.
These results are in good agreement with the Cu,O
powder obtained from the International Center of
Diffraction Data Card reflections (JCPDS, 05-667 and
JCPDS, 05-661). The calculated crystalline cell con-
stants is @ = 0.4258 nm, which is similar to the lattice
parameter for the unit cell of the cubic crystal composed
of four copper (Cu™) and five oxygen (O*7) ions. The
{111 reflection of the samples obtained is compara-
tively strong, which is probably due to the orientation of
the nano-crystallines.

The TEM and HRTEM images of the Cu,O nano-
whiskers obtained with CTAB as a template are shown
in Fig. 2. The morphology of 1D nano-Cu,O is
whiskers-like. The length is more than 200 nm and the
diameter is in the range of 15-30nm (Figs. 2a and b).
Moreover, there are many pores in the whiskers as
indicated by the arrows in Fig. 2b. Fig. 2¢ is a
representative HRTEM image of Cu,O crystalline,
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Fig. 1. XRD pattern of Cu,0O nano-whiskers prepared in the presence
of CTAB at 25°C.

Fig. 2. TEM and HRTEM images of the as-prepared Cu,O nano-
whiskers: (a) and (b) TEM images of the sample collected after 1.5h
reaction time with CTAB as a template, white arrow labels the pores in
a piece of nano-whisker, and (c) HRTEM image of the same sample.

which shows the clearly resolved interplanar distance
dy1;=0.246nm and further confirms that the Cu,O
nano-whiskers grow mainly along the {111 direction.

In order to confirm the presence of the porous
structure in Cu,O nano-whiskers, BET experiment is
conducted. The result is that the BET surface area
(Sget) of the whiskers is 42m?/g, which is larger than
the theoretical value of 33m?/g for pure Cu,O nano-
wires. The Barrett-Joyner—-Halenda (BJH) pore size
distribution plot for N,-sorption isothermals of the 1D
nano-materials is shown in Fig. 3. It can be seen that the
main pore size distribution is located at about 3.2 and
33 nm. The main pore of 3.2 nm is attributed to the small
mesopore on the surface of the nano-whiskers [27],
which has a narrow size distribution. The average pore
size basically corresponds to that shown in Fig. 2b. The
main pore of 33 nm is the large mesopore between nano-
whiskers, which has a broad distribution. Generally
speaking, the proportion of the pore on the surface of
the nano-whiskers is lower so that the pore between
nano-whiskers is dominant and the Sggt i1s not much
larger. However, the Cu,O nano-whiskers will have a



Y. Yu et al. | Journal of Solid State Chemistry 177 (2004) 4640-4647 4643

higher adsorption capacity due to the presence of small
mesopore on their surface, leading to its good photo-
catalytic ability under visible light.

3.2. The shape control with CTAB as a template

Fig. 4 shows the TEM images and the corresponding
SAED pattern of the Cu,O obtained under different
experimental conditions. Fig. 4a shows the image of the
sample prepared without CTAB. The particles grow up
and form hexagon and quadrangular crystallines with
diameters of 500 nm to 1 um. Fig. 4b is the image of the
sample collected at the reaction time of 12 h with CTAB
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Fig. 3. BJH pore size distribution curve of the as-prepared Cu,O
nano-whiskers.

(a) "
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as a template. The TEM image of the sample collected at
1.5h is shown in Fig. 2a. It can be seen that the nano-
whiskers obtained at 1.5h are in a uniform diameter
(Fig. 2a). However, with the increase of reaction
time (i.e., 12'h), most of the whiskers are linked together
(Fig. 4b). The corresponding SAED pattern in the
Fig. 4c shows that there are some transparent homo-
centric annuli, which indicate that the sample in Fig. 4b
is totally polycrystalline due to the agglomeration of the
nano-whiskers.

In order to explore the shape control mechanism of
CTAB in the growth of Cu,O nano-whiskers, the
morphology of the compound at different stage in the
growing process of Cu,O nano-whiskers is monitored by
TEM analysis (Fig. 5). At the beginning, Cu(OH),
suspension is formed by the reaction of CuSO4 and
NaOH. The morphology of Cu(OH), is tiny needles
with the length and diameter about 80 and 10nm,
respectively. These tiny needles are twisted with each
other (Fig. 5a). When CTAB is added, the twisted
needles disappear, while many spherical colloids are
formed and many white tiny particles appear on the
surface of the spherical colloids (Fig. 5b). After stirring
for 30 min, the morphology of nano-rods (Fig. 5¢) is
observed. With continuous stirring for 1.5h, Cu,O
nano-whiskers are obtained (Fig. 2a).

Based on the results mentioned above, we propose the
following mechanism of the shape control of Cu,O
nano-whiskers by CTAB (Fig. 6). Firstly, the Cu(OH),
suspension forms tiny amorphous needles because there

Fig. 4. TEM images and SAED pattern of the various forms of Cu,O prepared under different experimental conditions: (a) the sample prepared
without CTAB, (b) the sample collected after 12 h reaction time with CTAB as a template and (c) SAED pattern of Fig. 4b.



4644 Y. Yu et al. |/ Journal of Solid State Chemistry 177 (2004) 4640—4647

345 nm S
v

L

3
.-.L-t ¥

Fig. 5. TEM images obtained in different stages of the reaction process: (a) Cu(OH), suspension, (b) the mixture of Cu(OH), and CTAB after CTAB
is added for 2min; and (c) the mixture of Cu(OH), and CTAB after stirring for 30 min.
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Fig. 6. The scheme for the formation of Cu,O nano-whiskers and
porous structure. Tiny Cu(OH), solid adsorbs OH™ and become
negatively charged. Then, Cu(OH),- OH™ binds to the cationic CTAN
micelles, displace Br™ and the assembled Cu(OH), tiny needles are
dispersed. After a suitable amount of reducer, N;H4 - H,O, is added,
1D Cu,0 is formed due to the existence of CTAB. When less OH™ is
present in the system, CTAB can assemble on the interface that Cu,O
grows and inhibits the growth of Cu,O along the region that CTAB
occupied. This results in the formation of pores in the 1D nano-
materials. In the presence of high concentration of OH™, CTAB
cannot assemble on the interface due to excess OH™ can reduce the
interaction between Cu(OH),-OH~ and CTAB. Thus, porous
structure is not formed.

is no peak in XRD pattern of the according solid. Since
the amount of NaOH is about 6 times more than that of
Cu?", Cu(OH), is surrounded by OH™, leading to the
adsorption of OH™ onto the surface of Cu(OH),, and
resulting in Cu(OH), negative charged and the forma-

tion of Cu(OH),-OH™ precursor. Secondly, when
cationic CTAB is added, it interacts with the negatively
charged Cu(OH),-OH™ through electrostatic interac-
tions to form the inorganic-surfactant composites, in
which CTAB serves as a template. The Cu(OH),- OH™
interact electrostatically with the surfactant cationic
head groups, CTA", to form CTA"-Cu(OH),-OH™
ion pairs [11]. It seems that CTAB wraps the tiny needles
and become spherical micelles when CTAB is added and
is not dispersed evenly in the solution (Fig. 5b). The tiny
white dots surrounded by the colloid is Cu(OH),. Thus,
assembled Cu(OH), is dispersed. Thirdly, for the control
of 1D morphology, there are two mechanisms, which
may be used for explanation. The first one is that when
the ratio between water and CTAB is in a range of
7:3-3:7, middle phase, that is, long cylindrical micelles
can be formed [28,29]. Under the reaction conditions,
the concentration of CTAB is less than the critical
concentration for the rod-shaped micelles. However,
due to the property of the easy formation of rod-shaped
micelles for CTAB and the interaction of CTAB and
Cu(OH),-OH™ [30], the possibility of the vertical
diffusion of Cu(OH), is reduced. Cu(OH), in the
micelles tends to diffuse along parallel direction and
may be apt to agglomerate at the tip of the crystals [11],
resulting in the growth of Cu,O along 1D direction
induced by CTAB when N,H,;-H,O is added. The
second mechanism is that, due to the interaction
between CTAB and Cu(OH),- OH™, it is possible that
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CTAB referentially adsorb some planes of growing
Cu,O with the presence of N,H,- H,0, leading to the
growth of Cu,0O along 1D direction. Based on the results
and discussion above, it can be concluded that CTAB is
significant for 1D Cu,O nano-structure preparation. In
the presence of CTAB, assembled Cu(OH), is dispersed
and nucleates at the micelles. Then, Cu,O has a high
probability to grow along 1D direction induced by
CTAB.

With the increase of the reaction time, Cu(OH); in the
layers of CTAB is converted to Cu,O. The ion pairs
CTA "-Cu(OH),-OH™ disappear. Owing to the large
surface area of Cu,O nano-whiskers, they are easy to
link with each other. Therefore, after the reaction
proceeding for 12h, the size of the obtained Cu,O
whiskers becomes much larger (Fig. 4b).

Compared with the experimental conditions for the
preparation of 1D Cu,0 nano-materials of the previous
study [25], the amount of NaOH may be crucial for the
formation of porous structure since the concentration of
CTAB is the same for the previous study and this study.
In the previous study, the molar ratio of Cu®" and
NaOH is 1:200, while in this study, the molar ratio of
Cu®* and NaOH is 1:7. Thus, less NaOH may be
beneficial for the pore formation. The mechanism for
the pore formation is still unclear and need further
study. Based on the results obtained in this study, a
speculation is proposed and the scheme is shown in
Fig. 6. During the crystal growth, defect generation is a
normal phenomenon [31]. Since CTAB interacts with
Cu(OH),-OH™, it is possible that CTAB is present at
the interface that Cu,O crystal grows. Thus, the

600 nm

600 nm

3

g

4645

surfactant may assemble in the interface region and
inhibit the growth of Cu,O around the region of the
assembled CTAB [32]. Therefore, the region with CTAB
is left in the solid as the interface advances. Thus, defects
are formed. After the samples are washed or irradiated
by high-energy electron beam of TEM, CTAB is
released or evaporated and pores are left. When a large
amount of OH™ are present in the system, excess OH™
can shield the interaction between CTAB and
Cu(OH),-OH™ so that the interaction decrease. OH™
is a small ion and cannot greatly increase the distance of
the interaction so that CTAB can still affect the growth
dimension of Cu,O crystal. However, the possibility to
assemble in the interface region is hardly present. Thus,
there is no pore on 1D Cu,O nano-materials in the
previous study in the presence of high concentration of
OH™. In this study, the concentration of OH™ is
comparably less, and its effect is too small to reduce
the interaction of CTAB and Cu(OH),-OH™. Thus,
porous structure is formed.

3.3. Comparison of CTAB with other templates

Fig. 7 shows the TEM images of the Cu,O obtained
with glucose, SDS or PEG as a template. Brick red
crystals can also be obtained in the presence of these
templates. However, the size and the morphology of
Cu,O nano-crystals are different from those formed
with CTAB as a template. Needle-like nano-size Cu,O
and bulk Cu,O can be both observed when glucose as a
template in the preparation. It indicates that the tiny
Cu,O is easy to assemble (Fig. 7a). With anionic

500 nm

g T

Y
r

Fig. 7. TEM images for the Cu,O obtained with different templates. (a) glucose, (b) SDS, (c) PEG, and (d) CTAB without NaOH.
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surfactant SDS and nonionic surfactant PEG as a
template, needle-like Cu,0 is also obtained but the size
of the needles with SDS as a template is smaller and the
dispersion is more evenly (Fig. 7b). The Cu,O prepared
with PEG as a template is interlaced with each other
(Fig. 7c). With the three organic templates, nano-Cu,O
is synthesized and the morphology is similar to that of
Cu(OH), suspension. So, the pre-existing Cu(OH),
suspension provides the nucleation sites for Cu,O
crystal and has an effect on the growth direction for
Cu,0O [33]. Because there is no strong interaction
between Cu(OH), suspension and the three templates
and there is no possible rod-shaped micelles formed in
the presence of SDS and PEG. Cu,O crystal grows
according to the nucleation sites provided by Cu(OH),
and results in the tiny needle-like morphology. Glucose
is not a surfactant and it cannot disperse particles.
Therefore, the tiny crystals would agglomerate to form
bulk Cu,O. SDS and PEG are both surfactants so that
the crystalline products are comparatively dispersed.
SDS is small molecule surfactant and the micelles
formed by SDS are also small. It can disperse Cu(OH),
suspension into more tiny colloid so that the finally
obtained crystals are the smallest. PEG is polymer
surfactant and its micelles are big, leading to the
formation of biggest crystals. Owing to the twisted
property of polymeric segments, the whiskers are also
interlaced with each other.

3.4. Effect of the ionic nature of the precursor

When NaOH is present, Cu(OH),-OH™ is the
precursor and Cu,O nano-whiskers can prepared.
Without NaOH, Cu®" is the precursor and Cu,O can
be produced as well. The reaction is as follows:

4Cu** + NH, - NH, — 4Cu* + N, ¢ +4H*. (7)

However, the morphology of the obtained Cu,O is
quite different from that with Cu(OH),-OH™ as a
precursor. It becomes spherical with a diameter about
200nm and some of them are hollow in the middle
(Fig. 7d). It is a interesting phenomenon because such
kind of spherical hollow Cu,O has been reported with
NaOH and Cu(CH3;COO), as reactants [34]. The 1D
nano-structure cannot be obtained because the interac-
tion between copper ion and CTAB does not exist so
that the growth of Cu,O crystal cannot be affected by
CTAB. Meanwhile, CTAB is easy to adsorb onto the
clusters to form surface ion-pairs [11]. Without NaOH
in the system, there is no Cu(OH), - OH™ clusters so that
Cu®t grows freely and leads to the formation of
spherical crystals. For the growth mechanism of the
spherical hollow Cu,O, further study is required. These
results suggest ionic character of the precursor is also
important to control the morphology of Cu,O nano-
whiskers.

4. Conclusions

With the cationic surfactant CTAB as a template, 1D
Cu,O nano-structure can be obtained. The nano-
whiskers are highly porous, which will be beneficial for
the photocatalytic activity under visible light. According
to the TEM images of the morphology of the
compounds at the different growth stages and the
comparison of the result obtained with and without
NaOH, it can be confirmed that there is electrostatic
interaction between the precursor Cu(OH),-OH™ sus-
pension and CTAB. Moreover, CTAB can induce Cu,O
to grow along 1D direction since nano-whiskers cannot
be synthesized with other surfactants as templates.
Although CTAB is important to control the morphol-
ogy of 1D nano-materials, ion character of the precursor
is also significant for this aspect.
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