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Shape-controlled growth (leaf-like, dendritic, flower-like, multi-corner and multi-edge) an
area-controlled growth (Island- and linear-) of Cu particles during a si
electrodeposition were reported. Defects and types of substrates play a major role

graphite or copper sheets) and electrolyte temperature (50°C, 70°Cand 80°
ultrasonic vibration, endowing Cu materials with intriguing properties s

island-controlled growth and linear-controlled growth.
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1. Introduction

e payed to explore Cu particles with a variety
nfages in electricity, light, thermal conductivity,

onal flakes, three-dimensional polyhedrons, spheres,
., Fractal or branched structure like leaf-like, dendritic and
synthesized by several methods such as hydrothermal

parameters such as: type and composition of electrolytes, temperature, voltage or
lysis time etc. [11-17]. For parameters like type and composition of electrolytes or

d structure especially dendrites by electrodeposition [20,21]. However, the types of
ures prepared are very limited, usually only leaf-like or dendritic and don’t have very obvious
bionic structures like leaf or flower, there are more interesting fractal or branch structures like flower
worth exploring.

The influence of growth substrate (electrode) with different composition or crystal
orientation on the morphology and size of the product has been studied, but the types of products are
not rich [22]. There are still more to explore. To the best of our knowledge, there are existing
discussions about 3D island growth for nuclei form and coalesce [23-25]. But substrate effects on
particle nucleation and distribution have rarely been deeply reported [26,27]. It is also meaningful to
investigate this area by introducing some defects on substrate, observing whether lead to new
phenomena. [28].
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Here, a series of Cu particles with fractal or branched structures including leaf-like,
dendritic, flower-like, multi-corner and multi-edge are obtained in a simple electrodeposition by
changing substrates, temperature or introducing ultrasonic vibration, without template and
surfactant. It was perhaps the first time for part of the structures to be reported or synthesized by
such a simple electrodeposition method. The controlled growth in selective area were also reported
and further confirmed by Ni particles under the same treatment. The influence of substrate defects
(concave grooves) with width of 20~40 um and 5 um on the growth distribution were studied
respectively. The distribution, shape and surface morphology were characterized by scanning
electron microscopy (SEM), including the leaf-like, dendritic, flower-like, multi-corner
multi-edge particles and linear-controlled distribution on the defected area of substrates. The cryst
structure and composition were further studied by transmission electron microscope (TEM),UV-Vis
and X-ray diffraction pattern (XRD).

2. Experimental

2.1. Reagent

All reagents used in this work were analytical grade, includi
source, NiSO,-6H,0 as a Ni** source, NaCl, H;BOs, anhydrous ethan
obtained from Sinopharm Chemical Reagent Co. Ltd., China.
prepared for synthesizing Cu crystals, where CuSQO4¢5 H,O (3¢
water. The electrolyte solution B for Ni crystals synthesis was c0 g of NiSO,+6 H,O (300 g/L),
NaCl (40 g/L) and H3BO; (40 g/L).

2.2. Electrodeposition
As shown in Fig.1.a, the electrodeposition process Was carried out in the two-electrode
battery. Highly purified sheets (iron, graphite and copper) with 8iameter of 10mm and thickness of
3mm were used as the cathodic growth subsjeet®gteel needle (diameter Imm, length 20mm) was
positioned at a distance of ~5 mm from the4 -
positive electrode as anode substrate. T
was maintained at 30 °C, 50°C, 70°C g0d 8&C b

K

(a) (b)

+ _
Steel needle (1). Iron sheet 11 20um
Y
5 mm

(II). Graphite sheet

.....

(IIT). Capper sheet

7 ) .
. DWe electrodeposition with cathodic substrates of different materials and defects.

rior to electrodeposition, one side of the substrate was mechanically polished using silicon
ide Papers of grit #400 up to #7000, then scratched by thin steel needles to obtain linear defects
(compdve grooves) with different width on surface (40 pm, 30 um, 20 pum and 5 pm), cleaned with
nol to remove oil and impurities on the surface, ultrasonically cleaned in acetone, dried in the

air.

Substrate - ) ’ .

2.3. Characterization

SEM images obtained by MIRA 3 LMH at 5 kV were used for the morphological and
distribution characterization. Shape-controlled particles were mechanically peeled off from
electrode, dispersed in absolute ethanol and dropped on aluminum foil, while distribution-controlled
were observed particle distribution directly on the substrates. TEM and SAED images obtained by
JEOL 2100 at 200 kV were used for the crystal structure analysis. The samples were made by the
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same suspension used in SEM on a 200 mesh carbon-coated Cu grid and then drying in air.
Centrifuge and dry the suspension to obtain Cu powder for XRD and SERS. The XRD spectra were
recorded using a Bruker D8 X-ray diffractometer (Cu Ka source) with a 28 range of 10° to 80°.
UV-Vis characterization (UV-2550, Shimadzu) was carried out on dispersions. Rhodamine 6 G
(R6G) dye molecules was used for SERS characterization (Renishaw inVia, 532 nm) to explore
enhancement effects. Among them, the components of each group of samples were: ( 1) 10 mg R6G
and 1 mg leaf-like; (11)10 mg R6G and 1 mg flower-like; (III)11mg pure R6G.

3. Results and Discussion

3.1. Shape-controlled analysis
Similar to branches and leaves in nature, Cu particles obtained on steel need

Fig.2. SEM characterization leaf-like and dendritic Cu particles

It can be clearly seen in Fig. 2a and b that the use of steel needle as the substrate is more
conducive to the formation of needle-leaf particles. The length of needle leaves are up to 1~3 pum at
50°C and 0.5~1 um at 80°C, respectively. In Fig. 2c and d, it is observed that on the substrate of iron
sheet the dendrites appear and have a more dispersed and significant branch structure. The leaves are
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symmetrically distributed around the branches with diameters of 1~2 um, and the angle between the
branches is almost the same as ~60°. When the substrate is selected as copper sheet, dendrites more
similar to knuckles or spurs were found in Fig.2e and f, respectively.

At the same time, the overall size of the particles from 50°C(Fig.2 a, cand e) to 80 °C (Fig.2
b, d and f) also conforms to the regular rule in electrodeposition process that the higher the
temperature, the smaller and thinner the products are.

It can be seen from Fig. 3a that 3D flower-like Cu particles grow on the graphite sheet at
70°C, which is composed of a large number of ultra-thin nanosheets with a thickness of only tens of
nanometers, and the overall component units are relatively uniform. Fig. 3b shows that
nanosheets begin to become diverse in shape on the iron needle at 70°C, but in the end it magical
constitutes a flower-shaped particle with more bionic characteristics. For these two
nanosheets-composed flower-like particles, when light waves irradiate the surface of the n

utilization of light, just like the study in Au nanoplates accomplished by Taekyung Y
3c and d show Cu particles with multi edges and corners on the graphite sheet and,cop

excess edges formed on some cube-shaped Cu particles, and some even as many
some extra small corners have grown on some polyhedral Cu particles v
4~6, 0.2um ~0.8um, respectively (Fig. 3d). The larger specific surfagde
edges and corners is also more conducive to the adsorption and catg

P10. 3. SEM characterizations of flower-like, multi-corner and multi-edge Cu patrticles.

In order to furtherly confirm the structure and composition of Cu particles, the dendrites
flower-like particles in Fig. 2a and Fig. 3a were selected for TEM characterization. Fig. 4a and
d show the morphologies of Cu blades and Cu nanosheets at low magnification, respectively. In
addition, the diffraction ring of Fig. 4b indicate that the blades are composed of many crystal
grains. While the single crystal diffraction spots in Fig. 4e indicate that the nanosheets are single
crystals and have good crystallinity. Fig. 4c and f show Cu crystals in high resolution mode and
demonstrate the regular lattice planes of 2.088 A is consistent with the (111) plane of FCC Cu
(JCPDS NO. 04-0836).
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3.2. Distribution-controlled analysis

Distribution-controlled Cu crystals deposited on substrates are illustrated in SEM images to
analyze the controlled distribution (Fig.6). In Fig.6a, three protruding islands (the area with 20, 30
and 40 um width of defects, enclosed by red dashed line) are observed on the surface of the
electrodeposited layer, showing the island-controlled distribution on substrates. Fig.6b shows one
clear boundary of the slender island in Fig.6a. Cu crystals of different sizes grew on two areas, and
the crystals in the same area had uniform distribution and similar morphology. The defected area on
the island has a larger particle size, indicating that the defects promotes the growth of crystals.
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Furtherly, as the width of defecté
selective electrodeposition appeared: C

same COﬂdItIOﬂS were examined

treatments (introducing defect

accelerate Cu”* and Ni**
other areas. It inspires

he size of 5~10 nm (clear crystal profiles exist on the peeled substrate pieces) on
ate piece, which show the finer scale microstructural features on the deposition
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Fig. 7b shows Cu nanocrystals in hig
planes of 1.808 A is consistent with the

tion mode and demonstrate the regular lattice
g of FCC Cu (JCPDS NO. 04-0836). SAED

(JCPDS NO. 04-0836). The symmetrical
als. UV-Vis and XRD analysis Fig. 7c and d
. The identified Cu peaks at 43.2°, 50.3°, and 74.1°
pectively (JCPDS NO. 04-0836).
nucleation density along defected areas at early stage,
0 polyhedral crystals with a diameter of micron, resulting

diffraction spots indicate the prese
verify that the synthesized produ
are for the indices of (111), (2

dendpitic, flower-like, multi-corner and multi-edge are obtained in a simple
anging substrates, temperature or introducing ultrasonic vibration, without

tant. These particles have more distinctive bionic features than those reported,
d- and linear-controlled growth due to different width of defects on substrate in the
u crystal electrodeposition were studied. The linear-controlled growth was further
by electrodepositing Ni crystals. The formation of Cu nanocrystals nuclei during the early
y of electrochemical crystal growth mechanisms but also inspire growing large polyhedral
single crystals and printing patterned conductive metal film in additive manufacturing.
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