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Abstract- We successfully achieved the simple fabrication method to form the nickel (Ni) microfibers (MFs). In only two 
steps of electrospinning and electroplating, the MFs were fabricated. The Morphology and composition of NiMFs were 
characterized by scanning electron microscope (SEM) with energy dispersive X-ray spectroscopy (EDX) and X-ray 
photoelectron spectroscope (XPS). Furthermore, electrical conductivity and optical transmittance values were observed with 
a sheet resistance meter and a UV-Vis spectrophotometer, respectively. Such nonwoven metal fibres are free-standing film-
shape that promotes excellent flexibility and have a high electrical conductivity. In addition, NiMFs have oxidation 
resistance as compared with the most recent, transparent copper heat generating nanofibers. These superior capabilities are 
suitable for applications in a variety of future, transparent heat generating devices. 
 
Index terms- Antioxidant, Electroplating, Ion-exchange, Electrospinning, transparent conducting film. 
 
I. INTRODUCTION 
 

 
Figure 1. Schematic of the NiMFs fabrication process. (a) 

Electrospinning, (b) Ni electroplating and (c) NiMFs formed on 
Ni frame. 

 
Figure 1 illustrates the fabrication processes of 
NiMFs. First, PAN nanofibers are electrospun onto a 
Ni-frame as depicted in Figure 1a. Next, the Ni-frame 
with the deposited nanofibers (cathode) is 
electroplated using a thin Ni foil (anode) and dry in 
an Argon gas atmosphere as shown in Figure 1b. 
Drying in the inert gas prevent oxidation of the Ni-
electroplated fibers, thus, pure Ni-fibers are obtained 
as illustrated in Figure 1c. 
 
II. MATERIALS 
 
The materials used to prepare solutions for 
electrospinning and nickel (Ni) electroplating, 
namely, polyacrylonitrile (PAN, Mw = 150 kDa), 
N,N-dimethylformamide (DMF, 99.8%), nickel (II) 
sulfamate tetrahydrate (Ni(SO3NH2)2·4H2O, 98%), 
boric acid (H3BO3, 99.97%), sodium hydroxide 
solution (NaOH, 1.0 M), and formaldehyde (35%), 
were purchased from Sigma-Aldrich (USA). Ni 
frames, used as the substrates for the electrospun 
nanofibers (NFs), and pieces of Ni foil, used as the 
anodes for electroplating, were purchased from 
Wellcos Corporation (Republic of Korea) and Sigma-
Aldrich (USA), respectively. Note that for the copper 
(Cu) electroplating process including sulfuric acid  
 

 
(H2SO4, 99%, Matsunoen Chemical, Japan), 
hydrochloric acid (HCl, 37%, Sigma-Aldrich, USA),  
copper (II) sulfate (CuSO4, 99%, Sigma-Aldrich, 
USA), formaldehyde (CH2O, 37% Sigma-Aldrich, 
USA), and deionized (DI) water. 
 
III. RESULTS AND DISCUSSION 
 

 
Figure 2. Photographs, SEM images with elemental maps of 
NiEFs with different tes: (a) tes = 5 s, (b) tes = 30 s, (c) tes = 60 s, 

and (d) tes = 120 s. The samples for the photographs were 
placed on glass substrates. Inset scale bars at each row are 

identical. Sky-blue dots in the elemental maps represent 
elemental Ni. 

 
Figure 2 shows photographs, SEM images, and 
elemental maps of NiMFs formed using different 
electrospinning times (tes). The photographs clearly 
show how transparent and translucent grey-colored 
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NiMFs are. They also represent differences in shapes 
and transmittances as the value of tes changes. 
Regardless of the tes value difference, the NiMFs 
exhibit smooth surfaces, with complete bonds 
between the metal fibers as shown in the SEM 
images. Elemental maps also confirmed that the 
NiMFs are composed of high-purity Ni. 

 
Figure 4. (a) XRD and (b) high-resolution XPS spectra of 

NiMFs. 
 
Figure 4 shows XRD and XPS results of NiMFs. The 
XRD and XPS spectra confirm that the NiMFs are 
composed of high-purity Ni without Ni oxide. Three 
main peaks can be seen in the XRD profile (Figure 
4a) at 2θ = 44.6, 51.9, and 76.5; these correspond 
to the (111), (200), and (220) planes, respectively, of 
pure Ni (JCPDS No. 87-0712). The XPS spectrum 
(Figure 4b) also contains Ni 2p3/2 and Ni 2p1/2 peaks. 

 
Table 1. Tr (λ = 550 nm) and Rs values of NiMFs. 

 
Average diameter (Davg), transmittance (Tr) and sheet 
resistance (Rs) of NiMFs as tes changes are shown in 
Table 1. The smaller the spinning time, the larger the 
average diameter because all the cases have the same 
amount of electroplating. AgMF samples exhibit very 
low Rs values and high Tr values. The Rs value 
decreased from 0.73 to 0.07 Ω sq-1 as tes was 
increased from 5 to 120 s; accordingly, the Tr value 
decreased from 93% to 26%.  

 

 
Figure 5. (a) Photograph and (b) infrared image of free-

standing NiMFs at Va = 1 V (tes = 5 s). 
 
Figure 5 shows the potential of NiMFs as a practical 
device. This sample is capable of high temperature 
heating above 150 ° C at low voltages. 
 

 
Figure 6. Photographs of LED operation using free-standing 

NiEFs (tes = 5 s). 
 
We also performed bending and stretching tests to 
evaluate the flexibility and stretchability of NiEFs 
mats, as shown in Figure 6. The free-standing NiEFs 
(tes = 5 s) were transferred onto flexible polyethylene 
terephthalate (PET, see Figure 6) and Eco-flex films 
for the bending and stretching tests, respectively. 
During the tests, the NiEFs not only retained their 
conductivity over 2000 cycles but also revealed a 
remarkable stretchability, which was as high as 
300%, even though a significant degradation was 
observed after stretching by 250%. 
 
CONCLUSION 
 
In the present study, by combining electrospinning 
and electroplating, we successfully formed nickel 
(Ni)-electroplated microfibers (NiMFs) They exhibit 
an exceedingly low sheet resistance (Rs). At the same 
time, they also exhibited excellent transmittance (Tr) 
of 93 %. Furthermore, when these NiEFs are used as 
the electrodes in transparent heaters the inherent 
corrosion resistance of Ni can significantly improve 
the long-term device performance. 
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