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Controllable fabrication and self-assembly of Cu
nanostructures: the role of Cu®* complexes
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The controllable fabrication of low dimensional nanostructures and the assembly of nanostructures into

hierarchical higher order structures at the atomic or molecular level have been two hot-spots of current
nano research. In this work, the fabrication and self-assembly of Cu nanostructures were carried out by
reducing Cu?* complexes in a mixed aqueous solution of NaOH and hydrazine hydrate at a water bath
temperature of 60 °C. The reduction products were characterized using a metalloscope, a scanning

electron microscope, a transmission electron microscope and a powder X-ray diffractometer. It was

found that the fabrication and self-assembly of Cu nanostructures can be easily realized by controlling
the types of Cu?* complexes such as [Cu(OH)41>~, [CU(EDA),I?* and [Cu(EDA)(OH),]. The authors further
analyzed the important roles of Cu?* complexes in the fabrication and self-assembly of Cu
nanostructures. It was concluded that the Cu®* complexes in the aqueous solution would spontaneously

arrange into a certain soft template according to the principle of “like dissolves like” and the action of
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electrostatic forces of positive and negative charges. The as-formed templates determine the fabrication

and self-assembly routes and the final products of the Cu nanostructures. Therefore, it provides
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1. Introduction

Nanostructures are usually referred to as structures of materials
with sizes below 100 nm, which have some unique physical and
chemical properties that distinguish them from conventional
bulk materials. Future developments in the frontiers of nano-
scale science and technology will greatly depend on the ability
to fabricate such low dimensional nanostructures and organize
them into hierarchical higher order functional structures.
Therefore, the controllable fabrication of low dimensional
nanostructures and assembly of nanostructures into hierar-
chical structures at the atomic or molecular level have been two
hot-spots of current nano research. Up till now, many physical
and chemical approaches have been employed for the fabrica-
tion and assembly of various nanostructures,””® including
bimetallic systems and multi-particle systems.®'* Among these
methods, a solution based synthesis approach® is widely
regarded as a relatively simple route with the characteristics of
low-cost and high-efficiency and is thus welcomed by many
researchers. Copper (Cu), as one of the most important metals
in modern industry, has attracted considerable attention also in
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a controllable and universal method for both fabrication and self-assembly of Cu nanostructures, which
may have potential applications in the fields of electronic and optoelectronic nanodevices in the future.

nanoscale fabrication, especially by the solution phase reduc-
tion method."?® In the literature, various Cu nanostructures
such as nanoparticles,"*> nanowires,"*™ nanoplates'®"” and
nanotrees'®' have been successfully fabricated or assembled by
the solution phase reduction approach. Although significant
research efforts have been made, there is still a lack of
a universal and effective strategy for both fabrication and self-
assembly of Cu nanostructures, with precise morphological
control. This is because the “bottom-up” growth and self-
assembly of nanostructures in chemical solution are extremely
non-equilibrious, and are often susceptible to experimental
conditions and external environment. In this sense, it is
essential to seek a controllable and universal method for both
fabrication and assembly of Cu nanostructures. Based on the
above consideration, in this work, we particularly studied the
fabrication and assembly of Cu nanostructures and tried to seek
a controllable and universal approach.

2. Experimental details

All the Cu nanostructures were prepared by reducing complexes
of Cu®" in the mixed aqueous solution of NaOH and hydrazine
hydrate (N,H,-H,0) at a water bath temperature of 60 °C. The
block diagram in Fig. 1 shows the experimental processes,
including preparation and characterization. The preparation
procedure can be divided into two steps: (1) the preparation of
Cu”" complexes; (2) the reduction of Cu®>" and growth of Cu
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Fig. 1 Block diagram showing the preparation and characterization processes.

nanostructures. The reagents included analytical Cu(NOj3),,
ethylenediamine (EDA), NaOH and N,H,-H,O (85 wt%), whose
total volume of aqueous solution was controlled to 30 ml before
the reaction. By changing the kinds of Cu** complexes, we have
designed six sets of experiments which were labeled as Set 1-6,
respectively. (1) Set 1: add 0.03 g Cu(NO;3), to 6.67-10.5 mol L *
NaOH solution and heat in water bath for 15 min to form
[Cu(OH),]*~ complex, then drop 0.02 ml N,H,-H,O into the
mixture to grow for 2 h. (2) Set 2: add 0.03 g Cu(NO3), to
deionized water, drop 0.28 ml EDA to this solution and heat in
water bath for 15 min to form stable [Cu(EDA),]** complex;
meanwhile, add 10 g NaOH to deionized water, drop 0.02 ml
N,H,-H,O0 into the NaOH solution and heat in water bath for
15 min; then mix the two solutions and place in the water bath
to grow for 2 h. (3) Set 3: add 0.03 g Cu(NO3), to 6.67-
10.5 mol L™ NaOH solution to form [Cu(OH),]*>~ complex, drop
0.28 ml EDA to this solution and heat in water bath for 15 min to
form stable [Cu(EDA)(OH),] complex, then drop 0.02 ml
N,H,-H,0 into the mixture to grow for 2 h. (4) Set 4-6: take
appropriate amount of the above three complexes, mix them in
pairs as 1:1, then add the mixed solution of NaOH and
N,H,-H,0, and heat them in the water bath for 2 h. In order to
facilitate observation, we prepared film samples on glass slides
and powder samples on transmission electron microscope
(TEM) microgrids, respectively. Subsequently, the metalloscope
(MV6000), scanning electron microscope (SEM, JEOL JSM-
6360LA) and TEM (JEOL JEM-2100) were used for the surface
morphology analysis. In addition, the crystal structure and

chemical composition were also characterized using a powder
X-ray diffractometer (XRD, RIGAKU D/Max 2500 PC).

3. Results and discussion

Corresponding to the aforementioned different Cu®*
complexes, as demonstrated in Fig. 2-6, the reduction products
were accordingly different. In details, the optical images in
Fig. 2(a and b) shows that the reduction products are Cu
nanoparticles when the Cu®>" complex is [Cu(OH),]*~ (Set 1). In
the experiment, we further changed the amount of NaOH and
found that only particles-like Cu could be obtained. The optical
and SEM images in Fig. 3(a—c) demonstrates that the products
are Cu nanowires when the Cu** complex is [Cu(EDA),]** (Set 2).
The XRD pattern in Fig. 3(d) is well consistent with that of
synthetic Cu (see JCPDS card no. 04-0836), which confirms the
composition of pure Cu in the nanowires. Meanwhile, we can
find that the main crystal plane of randomly-oriented Cu
nanowire films is (111). It is thus inferred that the growth of Cu
nanowires should be along (111) direction. The other crystal
planes such as (200) and (220) in the XRD pattern can be
attributed to the random lateral orientations of Cu nanowires.
When the Cu®" complexes are [Cu(OH),]*~ and [Cu(EDA),]*",
the reduction products are Cu nanobranches (remarked as
Combination I). In Fig. 4, the optical images in sequence
probably show the possible self-assembly process of Combina-
tion I: (a) a needle-like nanotwig, (b) a sprouted nanotwig, (c)
a two-branched nanotwig and (d) a four-branched nanotwig (or

Fig. 2 Optical images showing the morphology of (a) dispersed and (b) aggregated Cu nanoparticles.
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Fig. 3 Optical images showing the morphology of (a) dispersed and (b) aggregated Cu nanowires; SEM image (c) and XRD pattern (d) showing
the morphological details and crystal structure of Cu nanowires (film), respectively.

Fig. 4 Optical images in sequence showing the possible self-
assembly process of Combination I: (a) a needle-like nanotwig, (b)
a sprouted nanotwig, (c) a two-branched nanotwig and (d) a four-
branched nanotwig (or nanobranch).

nanobranch). When the Cu®>" complexes are [Cu(EDA),]*" and
[Cu(EDA)(OH),], the reduction products are radially-aligned Cu
nanotwigs with a Cu nanoring in the center (remarked as
Combination II). The optical image in Fig. 5(a) and TEM image
in Fig. 5(b) show the morphology of Combination II and the
nodular shape of the building nanotwig and nanoring, respec-
tively. Also note that single Cu nanorings without nanotwigs at
the surrounding are also observed in the products (see the
arrow in Fig. 5(a)). When the Cu®>" complexes are [Cu(OH),]* ",
[Cu(EDA),]** and [Cu(EDA)(OH),], the reduction products are
chrysanthemum-like distribution of Cu nanobranches with

© 2021 The Author(s). Published by the Royal Society of Chemistry

aring in the center (remarked as Combination III). In Fig. 6, the
consecutive optical images show the growth process of combi-
nation IIL: (a) 5 min; (b) 20 min; (c) 45 min; (d) 60 min. It can be
found that the self-assembly of Cu nanostructures seems to
start from chrysanthemum-like templates, which occupy
a territory around them (see Fig. 6(a)). As the reaction proceeds,
the Cu ring in the center and the Cu branches around are slowly
forming and growing (see Fig. 6(b-d)). Also note that at the
beginning, the Cu branches grow preferentially toward the
central Cu ring in the form of twigs or wires (see Fig. 6(b and c)).
The existence of [Cu(OH),]>~ complexes results in the bifurca-
tion of the Cu twigs, which behaves in a different way from the
case without [Cu(OH)4]*~ as shown in Fig. 5.

Based on the above findings, we can conclude that the
precursors of Cu®" complexes play a decisive role in the
“bottom-up” growth and self-assembly of Cu nanostructures. By
controlling the types of Cu®>" complexes, various low dimen-
sional nanostructures such as nanoparticles, nanowires,
nanorings and their hierarchical higher order structures can be
easily achieved. In Fig. 7, the schematic illustrations show the
fabrication and self-assembly routes of Cu nanostructures,
which are discussed in the following.

(1) When Cu(NO3), is added to excessive NaOH solution,
[Cu(OH),]*>~ complexes can be formed after sufficient stirring.
The [Cu(OH),]*~ complexes are hydrophilic and thus evenly
distributed in the aqueous solution. After reduction, the Cu

RSC Adv, 2021, M, 1771517720 | 17717
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Fig. 5 (a) Optical image showing a single Cu nanoring (see the arrow location) and radially-aligned Cu nanotwigs with a Cu nanoring in the
center (remarked as Combination Il); (b) TEM image showing the nodular shape of a Cu nanotwig and a Cu nanoring.

Fig.6 Consecutive optical images showing the growth process of chrysanthemum-like distribution of Cu nanobranches with a ring in the center
(remarked as Combination Il): (a) 5 min; (b) 20 min; (c) 45 min; (d) 60 min. The insets are the corresponding images at higher magnifications.

17718 | RSC Adv, 2021, N, 17715-17720 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic illustrations showing the fabrication and self-assembly routes of various Cu nanostructures including: (a) nanoparticles, (b)
nanowires or nanotwigs, (c) nanorings, (d) Combination | (nanobranches), (e) Combination Il (radially-aligned nanotwigs with a nanoring in the
center) and (f) Combination Il (radially-aligned nanobranches with a ring in the center).

atoms close to each other will gather together and finally grow
into Cu nanoparticles, as shown in Fig. 7(a).

(2) When EDA is added to Cu(NOs), solution, [Cu(EDA),**
chelates are formed in the solution.”*** Chelate is a complex
with ring structure, which is achieved by the chelation of two or
more ligands with the same metal ion to form a chelating ring.
According to the “like dissolves like” principle, [Cu(EDA),]**
chelates are arranged into a linear structure, as shown in
Fig. 7(b). Due to the steric hindrance effect of the surrounding
EDA groups, the Cu atoms can only gather and grow in
a straight-line way and one-dimensional Cu nanowires are thus
fabricated.

(3) When some EDA is added to [Cu(OH),]*” solution, the
[Cu(OH),]>~ complexes will be replaced by the more stable
[Cu(EDA)(OH),] complexes. Also according to the “like dissolves
like” principle, the [Cu(EDA)(OH),] complexes in the aqueous
solution are arranged into circles, as shown in Fig. 7(c). As
a result, the reduction products of [Cu(EDA)(OH),] complexes
are Cu nanorings.

(4) If there are some [Cu(OH),]>” complexes in the
[Cu(EDA),]** solution, similar to the cases in (a) and (b) of Fig. 7,
they will self-assemble into particle-like and linear structures,
respectively. During the assembly of [Cu(EDA),]*" complexes into
linear structures, two or more of which may be connected to
particle-like [Cu(OH),>~ complexes due to the electrostatic
attraction between positive and negative charges, as shown in
Fig. 7(d). As a consequence, the structure of nanobranched Cu
(nanobranches, Combination I) is formed. In the products, we can
also find some needle-like nanotwigs, which may be caused by the
decrease of complex concentration as the reaction proceeds.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(5) When both complexes of Cu(EDA),]** and
[Cu(EDA)(OH),] exist in the solution, the [Cu(EDA)(OH),]
complexes are arranged into circles and the Cu(EDA),** complexes
are arranged radially around the circles, as shown in Fig. 7(e). The
formation of such composite structure may be attributed to the
electrostatic attraction of OH~ around the rings to the Cu®" in
Cu(EDA),]*" complexes. Therefore, the hierarchical structure of
radially-aligned Cu nanotwigs with a Cu nanoring in the center
(Combination II) are observed in the products.

(6) When complexes of [Cu(OH),]*”, Cu(EDA),]** and
[Cu(EDA)(OH),] coexist in the solution, as shown in Fig. 7(f),
radially-aligned Cu nanobranches with a Cu ring in the center
(Combination III) are finally obtained. In this process, similar to
the cases in (c) and(d) of Fig. 7, the combination of [Cu(OH),]*~
and Cu(EDA),]*" leads to formation of Cu nanobranches and
the [Cu(EDA)(OH),] leads to formation of Cu nanorings.
Meanwhile, the electrostatic attraction between OH™ around
the rings and the Cu®>" in Cu(EDA),]** complexes would lead to
the combination of Cu nanobranches and Cu nanorings.

In the above processes, the Cu>* complexes are arranged into
a certain soft template according to the principle of “like
dissolves like” and the action of electrostatic force of positive
and negative charges. The as-formed templates determine the
fabrication and self-assembly routes and the resulting products
of Cu nanostructures. Therefore, it provides a controllable and
universal method for both fabrication and self-assembly of Cu
nanostructures. On the other hand, due to the excellent optical,
electrical and mechanical properties,®*** the as-prepared Cu
nanostructures and their hierarchical higher order structures

RSC Adv, 2021, M, 1771517720 | 17719
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may have wide applications in the fields of electronic and
optoelectronic nanodevices in the future.

4. Conclusions

In this work, the fabrication and self-assembly of Cu nano-
structures were realized by reducing Cu®** complexes in the
mixed aqueous solution of NaOH and hydrazine hydrate. It was
found that various Cu nanostructures such as nanoparticles,
nanowires and nanorings and their hierarchical higher order
structures can be easily achieved by controlling the types of Cu>*
complexes. It was further concluded that the Cu®* complexes in
the aqueous solution would spontaneously arrange into
a certain soft template according to the principle of “like
dissolves like” and the electrostatic force of positive and nega-
tive charges. The as-formed templates determine the fabrica-
tion and self-assembly routes and the final products of Cu
nanostructures. Therefore, it provides a controllable and
universal method for the fabrication and self-assembly of Cu
nanostructures.
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