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Abstract: Understanding mechanical behaviors influenced by electric potential and tribological contacts is 

important for verifying the robustness and reliability of applications based on metallic porous nanostructures 

in electrical stimulations. In this work, nickel-based metallic porous nanostructures were studied to characterize 

their mechanical properties and morphologically dependent contact areas during application of an electric 

potential using a nanoindenter. We observed that the indentation moduli of nickel-based metallic porous 

nanostructures were altered by pore size and application of electric potential. In addition, the structural aspects 

of the surface morphology of nickel-based porous nanostructures had a critical effect on the determination of 

contact area. We suggest that the relation between electric potential and the mechanical behaviors of metallic 

porous nanostructures can be crucial for building mechanically robust functional devices, which are influenced 

by electric potential. The morphological shape characteristics of metallic porous nanostructures can be alternative 

decisive factors for manipulation of tribological performance through regulation of contact area.  
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1  Introduction 

Metallic nanostructures have many desirable and 

superior capabilities that have been widely studied 

to extend their scientific utilization and the versatility 

of their engineering applications. For example, noble 

metal nanostructures, such as copper, silver, and gold, 

are employed to convert solar energy to chemical 

energy [1]. Complex metallic nanostructures have been 

engineered to manipulate surface-enhanced Raman 

scattering (SERS) substrates for bio-sensors [2, 3]. Tin 

oxide nanostructures with copper deposits exhibited 

excellent hydrogen sulfide detection performance [4]. 

Nanostructural films comprised of implantable and 

biocompatible metals, such as titanium and tantalum, 

are used in artificial orthopedic and dental implants 

to enhance resistance to wear in order to improve 

durability [5]. Recently, nanostructural metal surfaces 

and nanopatterned, textile-based metal structures have 

attracted interest for fabrication of effective triboelectric 

nanogenerators (TENGs) [6−8]. Among popular metallic 

nanostructures, metallic porous nanostructures possess 

outstanding functional properties. They are of particular 

interest for the design of robust biomedical devices, 

flexible electronic devices, and energy harvesting/ 

storage systems [9−12]. 

Metallic porous nanostructures exhibit excellent 

mechanical properties, superior tribological perfor-

mance, large surface areas, good electrical conductivity, 

and potential catalytic capability [13−21]. Nickel-based 

metallic porous nanostructures, which form a subset 

of metallic porous nanostructures, possess desirable 

and unique properties owing to their exceptional 

structural stability and facile surface modification   
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[22, 23]. Three-dimensional (3D) porous nickel nano-

structures have been used in the fabrication of highly 

sensitive glucose detection devices that do not employ 

enzymes [24]. A porous nickel-based TENG system 

has been devised for harvesting mechanical energy, 

which is then used to supply electric power for portable 

electronics [25]. Porous nickel-based superhierarchical 

nanocomposite electrodes used as anodes for lithium- 

ion batteries enhanced their electrochemical performance 

[26]. For the design of durable porous nickel-based 

micro/nanosystems, the mechanical properties of nickel 

porous nanostructures must be characterized, and a 

detailed understanding of their 3D structural features 

is needed. However, morphological and structural 

influences on the mechanical properties of nickel porous 

nanostructures have not been thoroughly studied. 

In the present study, we explored the mechanical 

behavior of nickel-based, well-ordered metallic porous 

nanostructures by performing a nanoindentation 

experiment with a nanoindenter. Understanding  

the mechanical properties of metallic nanostructures 

induced by applied electric potential is critical for the 

design of robust, functional structural devices that 

operate under the influence of electric potential [27−29]. 

By applying an electric potential, we were able to 

investigate the indentation moduli of nickel-based, 

well-ordered porous nanostructures to determine the 

influence of electric voltage on the mechanical behavior 

of the nanostructures. We found that indentation 

moduli of the nanostructures were altered by pore size 

and application of electric potential. In addition, the 

contact area between the nanostructure surfaces and 

the indenter tip were systematically determined by 

in-depth morphological analysis of the nanostructures. 

We confirmed that detailed features of the surface 

morphologies of nickel porous nanostructures are crucial 

for determining the contact area. Understanding contact 

area in the context of the present work is critically 

important for future studies that focus on the durability 

and reliability of diverse scientific applications based 

on metallic porous nanostructures. 

2 Experimental methods 

2.1 Fabrication of metallic porous nanostructures 

Porous aluminum oxide structures were fabricated by 

following a well-established procedure [30]. Briefly, a 

pure aluminum foil (99.999%, 1 mm thickness) was 

electropolished in a mixed solution of perchloric acid 

and ethanol (1/4 vol/vol) with an applied voltage of 

20 V (DC) at 7 °C. The electropolished aluminum foil 

substrate was rinsed three times with deionized water 

and dried. The substrate was then anodized in 0.1 M 

phosphoric acid at 0 °C by applying 195 V (DC) for  

8 h. The aluminum oxide film formed in the first 

anodization step was dissolved in a mixed solution of 

chromic acid (1.8 wt.%) and phosphoric acid (6 wt.%) 

over 6 h at 65 °C. After rinsing the substrate with 

deionized water and ethanol, a second anodization step 

was performed in the same manner as the first to obtain 

a hexagonally ordered alumina nanopore structure. 

The diameter of nanopore was increased at a rate of 

0.6 nm/min using 0.1 M phosphoric acid solution at 

30 °C. To obtain the final metallic porous nanostructures, 

nickel was deposited onto the porous alumina at arate 

of 4 Å·s−1 by vacuum evaporation at 5 × 10−6 Torr using 

an E-beam evaporator [31]. Nickel-based well-ordered 

metallic porous nanostructures with varying pore sizes 

formed on the porous alumina structures, which also 

contained pores of varying size. The surface of the 

metallic porous nanostructures was examined by 

scanning electron microscopy (SEM, Hitachi-3400SN) 

with an accelerating voltage of 10 kV. 

2.2 Nanoindentation tests 

To study the effects of electric potential on the 

mechanical properties of the metallic porous nano-

structures, nanoindentation under an applied potential 

was performed using a TS 75 TriboScope nanoin-

dentation device (Hysitron, Minneapolis, MN) [32]. A 

diamond conical indenter tip with a diameter of ~1 μm 

was used for nanoindentation. An electric circuit was 

used to apply an electric potential to each nanostructure 

during nanoindentation. The ammeter was connected 

with the circuit in series to measure current, while 

the voltmeter was connected in parallel to measure 

supply voltage. A tunable DC-mode power source 

was used to apply a potential to the nanostructures. In 

order to avoid substrate effects, the total indentation 

depth did not exceed 20% of the total thickness of the 

target sample [33]. 
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2.3 Methodology of the indentation modulus 

measurement 

To understand the mechanical properties of metallic 

porous nanostructures, the contact area between two 

surfaces should be considered when defining the 

indentation modulus. Various contact models have 

focused on defining the contact area, including the 

indention modulus. Since the Hertz contact theory 

introduced the general contact model for studying 

mechanical properties [34], a variety of modified 

contact theories, such as the JKR [35] and DMT [36] 

theories, have been developed. The indentation 

modulus can be obtained through indentation exper-

iments [37]. Figure 1 demonstrates a typical load- 

displacement curve during an indentation experiment. 

The indentation modulus can be determined from the 

unloading stiffness. The unloading stiffness is expressed 

by Eq. (1):  
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d
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h
            (1) 

where P is the applied load, h is the indentation 

displacement, K is the indentation modulus, and A 

is the contact area [37]. From Eq. (1), the indentation 

modulus may be specified by Eq. (2): 
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Fig. 1 Schematic diagram of a typical load displacement curve 
during an indentation experiment. 

where β is the conversion factor determined by the 

type of indenter tip used. For a conical indenter tip,  

β = 1.08 [38, 39]. 

Using the applied load and indentation distance 

curve measurement function of the nanoindentation, 

the indentation moduli of the metallic porous nano-

structures were measured with an accompanying 

applied electric potential. Figure 2 shows a SEM image 

of the conical indenter tip and a schematic of the 

nanoindentation setup with an applied electric potential. 

The radius of the conical tip used for these experiments 

was approximately 500 nm (Figs. 2(a), 2(b), and Fig. S1 

in the Electronic Supplementary Material (ESM)), and 

electric potential was applied to the nanostructure 

using the circuit configuration shown in Fig. 2(c) (see 

additional image Fig. S2 in the ESM). The nanoin-

dentation experiment was a load control basis test, 

and multiple loads from 300 to 900 μN were applied 

to the nanostructure surface to precisely determine 

the mechanical properties of the nanostructures with 

a target indentation depth range of 5 to 50 nm. The 

indentation modulus of each sample was measured 

by the Oliver-Pharr method using the obtained load 

displacement curves [37]. 

3 Results and discussion 

3.1 Load indentation depth analysis 

Figure 3 shows the applied loads and resulting 

indentation depth curves from metallic porous nano-

structures with various pore sizes. In each case, the 

indentation modulus could be measured by the slope 

of the unloading curve. Greater stiffness (dP/dh) on the 

curve corresponded to a greater indentation modulus. 

As the Fig. 3 indicates, the slope of the unloading curve 

decreased as the pore size of the metallic porous 

nanostructures increased. Moreover, the corresponding 

indentation depth increased with an increase in 

pore size. As the indentation modulus is related with 

mechanical properties of the materials, larger pore size 

corresponded with degradation of the mechanical 

properties of the materials [40, 41]. Additionally, 

increased pore size naturally led to increased porosity 

of the nanostructures. The results of this experiment 

demonstrated that the indentation modulus decreased  
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Fig. 3 Representative load and indentation depth curves for 
metallic porous nanostructures with various pore sizes. 

as the pore size of the metallic porous nanostructures 

increased. 

3.2 Electric potential-induced indentation modulus 

The effect of electric potential on the indentation 

modulus was determined when electric potential was 

applied to the metallic porous nanostructures during 

the indentation experiments. Figure 4 shows the 

indentation moduli of nanostructures with various 

pore sizes according to the applied electric potential. 

As the Fig. 4 shows, the indentation modulus observed 

without an applied electric potential (0 mV) decreased 

as the pore size of metallic porous nanostructures 

increased. Without application of electric potential, 

the indentation moduli of flat nanostructures with no 

pores (pore size = 0 nm) and nanostructures with pore 

sizes of 150 and 350 nm were 163.8, 93.6, and 79.9 GPa, 

respectively. These results correlated with the load   

 

Fig. 4 Indentation modulus versus applied electric potential in 
metallic porous nanostructures with various pore sizes. 

and indentation depth curve results. Moreover, the 

indentation moduli showed an overall increasing 

trend as the applied electric potential increased. Results 

indicated that the electric potential affected the elec-

tronic and atomic structures of nanostructuresurfaces 

in accordance with the observed indentation modulus 

behavior [27, 28]. In other words, the increase of the 

indentation modulus with electric potential can be 

related to the alteration of atomic scale bond strength 

of metallic porous nanostructures by applying electric 

potential [28]. 

3.3 Contact area analysis between the indenter tip 

and the metallic porous nanostructures 

The contact area between two surfaces is a critical 

factor that influences tribological properties, such as 

friction behaviors and adhesive properties [41]. It is 

possible to estimate the radius of contact area ‘a’ with 

 

Fig. 2 SEM images of the conical indenter tip. (a) Top view of the conical tip, (b) side view of the conical tip, and (c) schematic setup 
for nanoindentation with applied electric potential. 
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Hertzian contact theory using Eq. (3) [34]: 

3 1
3
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PR
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K
                 (3) 

where R1 is the radius of a conical tip. The Hertzian 

contact theory is usually used to determine the contact 

area between a conical-type indenter tip and a flat 

surface. In order to precisely evaluate the contact area, 

details of the geometric shape of the substrate contacted 

with the conical type indenter tip must be systematically 

analyzed. Figure 5 shows SEM images of a metallic 

porous nanostructure and schematics for contact area 

determination (see additional image Fig. S3 in the 

ESM). The contact area between the conical tip and the 

metallic porous structures was calculated by deducting 

the porous area of the nanostructures from the 

projected contact area between the conical tip and the 

nanostructures as highlighted in Fig. 5(a). Notably, 

the shape of the nanostructure was used to determine 

the actual contact area. As discussed in our previous 

study, the surfaces of fabricated metallic porous 

nanostructures on porous alumina had a crown shape, 

which can be seen in Figs. 5(b) and 5(c) [42]. The crown 

shape of the nanostructures affected calculation of 

the contact area. As illustrated in Fig. 5(d), the unit  

contact model can be used to accurately identify the 

contact area influenced by the pore structure. Owing 

to the crown shape of the metallic porous nanostructure, 

the unit contact model can be employed when the 

indenter tip approaches the nanostructure. Although 

the shape of nickel-based metallic porous nano-

structures can be deformed by applying external forces, 

the deformation of the nanostructures under local 

pressure through the indenter tip can be quite small 

and is assumed to be negligible. 

The equivalent diameter of the porous area (deq) 

can be determined at the top surfaces of the crowns, 

as illustrated in Fig. 5(d), by Eq. (4): 
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where s is the pore-to-pore distance, and R2 is the radius 

of the crown. R2 can be determined by geometric 

relation at the crown wall of the nanostructure shown 

in Fig. 5(d) by Eq. (5): 
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where d is the original pore diameter, and t is the height 

of the crown. By using the calculated deq, the contact 

area between the conical tip and the nanostructures 

 

Fig. 5 Unit contact model of metallic porous nanostructures. (a) SEM top-view image of metallic porous nanostructures with highlighted
projected area of the conical tip on the metallic porous nanostructures; (b) SEM tilted-view image of metallic porous nanostructures; 
(c) schematic illustration of contact between the conical tip and metallic porous nanostructure; (d) detailed illustration of the unit contact 
model between the conical tip and metallic porous nanostructure. 
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can be calculated using Eq. (6): 
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where a is contact radius determined by Hertz contact 

theory.  

As is known, the contact area can be altered by 

applying loads of different magnitudes under constant 

structural conditions. To exclude effects from applied 

loads during the determination of contact area, the 

relative values of the contact area were defined as a 

ratio, which is written as Eq. (7) [41]: 

 target

reference

Contact area
Contact area ratio

Contact area  
     (7) 

where the reference was configured as a flat surface 

with no pores (pore size = 0 nm), and the target varied 

with variations in nanostructure size. By employing the 

contact area ratio, it was possible to compare relative 

changes in the contact areas of various nanostructures 

under applied electric potentials without considering 

external loading conditions. Figure 6 reveals that 

pore formation played a key role in contact area 

determination. Specifically, the contact area ratio 

decreased when pore size increased. The contact area 

ratios of nanostructures with no pores (pore size 0 nm)  

 

Fig. 6 Contact area ratio versus applied electric potential from 
metallic porous nanostructures with various pore sizes. 

and pore sizes of 150 and 350 nm under 0 mV applied 

electric potential were 1.00, 0.65, and 0.60, respectively. 

The contact areas of nanostructures with flat surfaces 

were larger than those of nanostructures with pore 

sizes of 150 and 350 nm at all applied electric potentials. 

This clearly indicated that pore formation caused 

dramatic increases in the areas deducted from the 

corresponding projected contact areas, thereby reducing 

the respective contact areas. 

The decrease in contact area is literally caused by 

increased pore size. However, the difference between 

the contact areas of the nanostructures with 150 and 

350 nm pores was not significant. This was mainly 

because the actual deducted area was not determined 

by pore size but was instead determined by deq. The 

metallic porous nanostructures with 150 and 350 nm 

pores had geometrically determined deq values of 356.6 

and 379.1 nm, respectively. Notably, details in the shape 

of the porous structure were crucial for determining 

the contact area between solid surfaces. As illustrated 

in Fig. 7, widening the distance between the etched 

walls of the porous nanostructure caused an increase 

in pore size. However, the tops of the crowns were not 

affected much by the widening process. Thus, deq in the 

nanostructure with 350 nm pores did not differ 

significantly from deq in the nanostructure with 150 

nm pores.  

There were small differences between the contact 

area ratios of the metallic porous nanostructures with 

150 and 350 nm pores. As we determined, the 

indentation modulus was a critical factor in defining 

the contact area. It is thus worth noting that the 

indentation modulus was a valid means by which  

to explain the differences between the contact areas 

of the nanostructures with 150 and 350 nm pores. The 

Hertzian contact radius ‘a’ decreased with an increase 

of the indentation modulus. A general trend was thus 

observed, in which contact area decreased when the 

indentation modulus increased. The indentation 

results indicated that the indentation modulus, which 

can represent the stiffness of the metallic porous 

nanostructures, increased with increasing applied 

electric potential. This feature demonstrated that in 

terms of quantitative analysis, the contact area between 

the indenter tip and the nanostructures decreased with 

increased applied electric potential, which is illustrated  

in Fig. 6. In other words, the contact area decreased 

with increases in the indentation modulus. 
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Fig. 7 Schematic presentation of the equivalent diameter of the 
porous area (deq). (a) deq of 150 nm metallic porous nanostructure 
and (b) deq of 350 nm metallic porous nanostructure. 

The overall behavior in the contact area can explain 

results of porous nanostructure pull-off force tests. 

As revealed in previous studies, the pull-off forces, 

which are influenced by the contact area at the interface, 

are rarely affected by differences among the pore 

sizes of porous nanostructures [20, 41]. The source of 

these pull-off force behaviors becomes obvious once 

it is clear that the contact area between the solid tip 

and porous structures depends on the deq, not on pore 

size. We concluded the geometric shape of a porous 

structure is a critical factor for determining both its 

mechanical and tribological properties. 

4 Conclusions 

Effects of an applied electric potential on the surface 

structure and mechanical properties were investigated 

in this study. Nickel-based metallic porous nano-

structures were fabricated and characterized with 

nanoindentation. Indentation moduli and contact areas  

between the conical-type indenter tip and the nano-

structures were evaluated by applying electric potential. 

Results showed that the metallic porous nanostructures 

stiffened with increases in electric potential. The 

indentation modulus was dependent not only on 

pore size, but also on the amount of electric potential 

applied. The contact area was altered by pore size and 

the indentation modulus. Furthermore, the contact 

areas between the indenter tip and the nanostructures 

were influenced by morphological shape details on 

the surfaces of the nanostructures. The nickel-based 

metallic porous nanostructures enabled control of 

the indentation modulus and contact area through 

manipulation of electronic and atomic structures by 

application of electric potential. This property can be 

used to build mechanically durable and reliable metallic 

porous nanostructures. Therefore, in terms of robustness, 

our findings present the possibility of designing various 

metallic porous nanostructure-based functional devices 

by employing electric potential and morphological 

shape differences. In addition, the findings of this study 

would be useful for expending the scope of future 

studies of the theoretical examination with respect 

to electric-mechanical behavior of metallic porous 

nanostructures. 
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