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Abstract: Nanoporous metals (NPMs) have proven to be all-round candidates in versatile 

and diverse applications. In this decade, interest has grown in the fabrication, 

characterization and applications of these intriguing materials. Most existing reviews focus 

on the experimental and theoretical works rather than the numerical simulation. Actually, 

with numerous experiments and theory analysis, studies based on computer simulation, 

which may model complex microstructure in more realistic ways, play a key role in 

understanding and predicting the behaviors of NPMs. In this review, we present a comprehensive 

overview of the computer simulations of NPMs, which are prepared through chemical 

dealloying. Firstly, we summarize the various simulation approaches to preparation, 

processing, and the basic physical and chemical properties of NPMs. In this part, the 

emphasis is attached to works involving dealloying, coarsening and mechanical properties. 

Then, we conclude with the latest progress as well as the future challenges in simulation studies. 

We believe that highlighting the importance of simulations will help to better understand the 

properties of novel materials and help with new scientific research on these materials. 

Keywords: nanoporous metal; simulation; molecular dynamics; kinetic Monte Carlo; 

dealloying; coarsening; mechanical properties; thermal conductivity 
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1. Introduction 

Nanoporous materials are known as a kind of three-dimensional (3D) porous solid with nanoscale 

characteristic size [1]. They exhibit a similar morphology to macroscopic foams, but possess smaller 

pore or ligament diameter and very high specific surface area [2], therefore entailing both the foam-like 

optimized structure and functionalized feature of nanomaterials from dual-optimization [3]. Due to the 

known performance advantages, considerable efforts have been made to explore potential applications 

of nanoporous materials in various fields, such as catalysis, sensors, actuators, fuel cells, energy storage, 

bioelectrochemistry, plasmonic metamaterials, etc. [4–7]. 

Nanoporous metals (NPMs) as a typical branch of nanoporous materials, possess metallic features 

like high strength, good heat resistance and conductivity, as well as the excellent comprehensive 

properties of porous solids [8]. Increasing evidence shows the intriguing properties and promising 

prospects of these materials. Easily tailorable microstructure and ultimate strength give NPMs superior 

mechanical characteristics [9]. Large and electrically tunable strain is desired for the high-effective 

actuator [10,11]. Controllable optical properties and ultra-low magnetoresistance enable them to 

function under extreme conditions [12,13]. NPMs also show extraordinary catalytic activity for CO 

oxidation and ultrasensitive electrochemical response to biological macromolecule detection [14,15].  

Most previous works on NPMs have been revisited multiple times in recent years, including works 

on fabrication, characterization and applications [16–20]. With the majority of reviews dedicated to the 

experimental and theoretical findings, the computational researches have long been overlooked. In fact, 

the latter has provided an effective solution in illustrating some phenomena which could not be explained 

by experimental measurement, especially for those controversial issues on NPMs [21]. NPMs made by 

dealloying show significant microstructure complexity, producing random and bicontinuous open 

nanoporosity extending in 3D [22,23], as shown in Figure 1. Compared with the idealized geometry used 

in theoretical studies, to some degree, computer simulation can model more realistic structures and thus 

provide more reliable results. 

For examples, atomistic modeling such as kinetic Monte Carlo (KMC) and molecular dynamics (MD) 

simulations has been used effectively in the study of structure forming and evolving [24,25], and physical 

and chemical behaviors of NPMs [26]. The direct experimental observation of the microstructure 

evolution of NPMs is not currently feasible in most cases. Computer simulations can describe 

macroscopic properties of NPMs and provide a valid approach to dealloying processes and 

microstructure evolutions, which are extremely useful to explore coarsening methods, surface diffusion 

and void formation of NPMs. 

The purpose of this review is to give a comprehensive introduction of the current development of 

simulation study on NPMs. Although there are various approaches to synthesis NPMs, such as the 

template method and combustion strategy, we focus on the NPMs prepared by chemical dealloying 

which typically exhibit the 3D-bicontinuous nanoporous structure. In the first part, we briefly summarize 

the relevant simulation methods widely used in the study of NMPs. A subsequent section is focused on 

NPM synthesis, especially the corrosion mechanism of the dealloying process. Section 4 encapsulates 

the research progress in mechanical properties of NPMs, which has attracted an increasing amount of 

research via computer simulation. Section 5 focuses on other properties of NPMs such as thermal, 

optical, radiant, etc. Outlook on future challenges is then presented following a brief summary. 
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Figure 1. Characterization of nanoporous metals: (a) Macrographs of alloys and 

corresponding nanoporous metals ribbons. Reproduced with permission from Reference [22]. 

(Copyright American Chemical Society 2009); (b) SEM micrographs of NPG; (c) TEM 

micrographs; and (d) 3D topographic reconstruction. Reproduced with permission from 

Reference [23]. (Copyright Nature Publishing Group 2012).  

2. Simulation Methods 

2.1. Ab Initio Calculation 

Ab initio calculation is a prized and precise computational method, which has been employed to 

investigate the origin of mechanical, electronic, and magnetic properties of materials and molecules [27–30]. 

This calculation is based on the established physics laws of quantum mechanics and does not make any 

empirical assumptions or parameters fitting [31,32]. For instance, when calculating the electronic 

structure of atoms by ab initio calculations, only Schrödinger’s equation and several approximations are 

used [33,34]. However, it can provide an accurate approximation of the true state of the system. The 

most commonly used form of Schrödinger’s equation is the time-dependent Schrödinger’s equation [35] 

Ĥi
t


  


  (1)

where i is the imaginary unit,   is the Planck constant divided by 2π ,   is the wave function of the 

system, and Ĥ  is the Hamiltonian operator. The computational scale of ab initio calculation is usually 

small because this method takes larger amounts of computer time. Therefore, ab initio calculation is 

often used for obtaining potentials which will be applied in molecular dynamics simulation, but not 

directly applied to simulate the mechanical properties for large-scale NPMs [23,36]. 

2.2. Molecular Dynamics 

Molecular dynamics (MD) is a computer simulation technique, which can describe the movements of 

atoms or molecules in a large system to obtain their physical properties, such as the strength, Young’s 
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modulus and flow stress [37–39]. In this method, all the atoms are given an initial location and velocities, 

and then allowed to interact with each other for a period of time. Usually, the coordinates, velocities and 

accelerations of atoms are determined by solving Newton’s equations of motion numerically for the 

interacting particles in the system [40]: 

,  i i i i i
i

m u


  


r f f
r

  (2)

where im , ir , if  and iu  are the mass, coordinates, forces and potential energy of atom i. The forces and 

potential energy between the particles are determined by force fields. Using MD simulations, the 

mechanical properties and mechanisms of metal in nanoscale can be properly investigated. Simulated 

physical phenomena range from fatigue crack propagation [41], dislocation evolution [42,43],  

and shock-induced plasticity [44,45] to softening of nanotwinned metals [46,47]. Indeed, MD simulation 

is a useful tool to study the physical and mechanical properties of NPMs which can partly replace the 

costly experiments. However, the limitations of using MD to study NPMs are also similar to those 

encountered in studying other materials systems. The spatial and temporal scales in MD simulation are 

usually much smaller than the experiments. 

2.3. Kinetic Monte Carlo Simulations 

MD simulation can reproduce the results of experiments for pure metals or alloys, but the temporal 

scale of MD simulation is usually nano-second scale, at which it is sometimes hard to describe the 

evolution of NPMs, e.g., dealloying, microstructure coarsening. Kinetic Monte Carlo (KMC) 

simulations give the possibility for quantitative research which may be useful to guide some experiments 

on surface diffusion [48], surface growth [49,50], vacancy diffusion [51,52] and coarsening of domain 

evolution [53,54]. In KMC simulations, suppose that there are N events may occur which are indexed 

by the variable i, where 0 < i ≤ N. Considering that for each event i, there is a transition rate ki associated 

with it. For a single event to happen, the average time is ∑ in this state. During this time, 

the probability for a specific event i occurred is ∑ . All events that may take place are 

recorded during the KMC simulation [55]. The simulation picks one at random according to its weighted 

probability and the time step is appropriately increased. At this point, the simulation changes the list of 

all the possible transitions. A new time step is then carefully calculated and this process repeated after 

updating all the states. The KMC method has been employed to study the evolution of nanoporosity 

during dealloying [56]. The sharp negative and positive curvature can also be simulated by KMC 

simulations [57]. It is noted that KMC sensitively relies on some parameters such as rate catalog. Despite 

this limitations, KMC is an effective approach to make predictions at the meso scale and it can be used 

to provide input for finite element simulations. 

2.4. Finite Element Method 

The finite element method (FEM) is also a classical tool to investigate the mechanical properties of 

NPMs. In FEM, the phenomena are expressed by governing equations and boundary conditions.  

The structure is cut into small elements, and these elements are reconnected at nodes. Then,  
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the governing equations and boundary conditions of all the elements are approximated as a set of 

simultaneous algebraic equations: 

    K u F  (3)

where  K  is the properties such as stiffness, conductivity and viscosity,  F  is the action such as force, 

heat source and body force, and  u  is the unknown behavior such as the displacement, temperature and 

velocity. By solving these equations, the unknown behaviors are obtained. Stiffening behaviors of porous 

solids, which possess various configurations and relative densities, have been modeled using FEM [58]. 

Numerical simulations and finite element analyses have also been carried out to understand the lattice 

rotation and kinematics of finite deformation of ligaments of NPMs [59], nanoindentation properties and 

the surface elasticity and initial stress effects of a porous media [60,61]. In order to implement the FEM 

simulation of NMPs, the mechanical properties (e.g., Young’s modulus, Poisson’s ratio, yield strength, 

etc.) of the ligaments of NMPs must be obtained through experiments or other computation simulations. 

Due to the inherent errors, FEM only obtains approximate solutions; however, it is still a powerful tool 

to deal with very complex geometry, loading and restraints for a variety of problems. 

2.5. Phase Field Method 

The establishment of appropriate calculation models with microstructures close to those in real NPMs 

is important for simulating their mechanical and physical properties. Most NPMs have bicontinuous 

structures, which consist of open cells with random characteristic sizes [62]. Newman et al. [63] have 

shown that the bicontinuous structures of NPMs are very similar to the morphology of spinodally 

decomposed materials. The process of spinodal decomposition can be adequately described through 

phase field method [21,26,64]. In this phase field method, a binary fluid mixture with two components 

which are uniformly distributed at the initial state, when it undergoes rapid cooling below a critical 

temperature, will spontaneously decompose into two different phases [64]. Then, one phase is removed 

to obtain the pores, and the remaining phase becomes a nanoporous microstructure. The evolution of the 

spinodal structure can be described by the Cahn-Hilliard equation [65]: 

2d ( )
[ ]

d

u f u
u

t u


    


 (4)

where ( , , , )u x y z t  is the difference of the two concentrations (i.e., [ 1,1]u  ), ( )f u  is the homogeneous 

free energy, and   is the transition region length between two phases [66]. The phase field method can 

be used to generate the real bicontinuous structures of NPMs, but the limitation is that the three-dimensional 

simulation requires significant computer resources. 

3. Simulation on Alloy Dealloying 

Figure 1 displays the typical microstructural characteristics of nanoporous gold (NPG) made by 

selective dissolution of silver from Ag-Au alloys [22,23]. How to establish a suitable computational 

model of NPMs is a critical step. Nanoporous materials produced by a dealloying technique often exhibit 

a bicontinuous microstructure consisting of random-sized open cells. Dealloying, during which an alloy 

is decomposed by the selective dissolution of the most electro-chemically active elements, is a common 
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corrosion process, which is widely employed to make NPMs in both experiments and simulations. This 

process usually generates complex 3D-nanoporous morphology of the noble alloy constituents, and the 

underlying physical mechanisms of the nanoporous structure formation have been studied in recent years. 

Indeed, the nanoporous formation during dealloying of alloy can be attributed to an intrinsic 

dynamical pattern formation procedure process, involving kinetics dissolution, surface diffusion, and 

mass transport through the bulk of both alloy and electrolyte. Firstly, the processes start with the 

dissolution of the electro-chemically active atoms on the alloy surface, leaving behind the noble atoms 

with no lateral coordination (adatoms), then the adatoms diffuse and agglomerate together on the  

solid-electrolyte interface, known as the spinodal decomposition. As the selective dissolution continues, 

more noble atoms are chemically driven to gather into noble atom clusters left over from dissolution of 

previous layers, which ultimately leads to pit formation and porosity. The KMC model is used to 

simulate the dealloying process of alloys. To take the Au-Ag alloy as an example, this KMC model 

includes only diffusion of Ag and Au atoms, and dissolution of Ag atoms can reproduce all relevant 

characteristics of experimental trends (e.g., morphological and kinetic) related to dealloying [24], which 

shows the dissolution of the electro-chemically active atoms, and surface diffusion and aggregation of 

the relative noble atoms are the most important procedures to determine the nanoporous structures of 

NPMs during dealloying. 

In order to describe the porosity formation during dealloying of alloy, a continuum mesoscopic model 

is proposed by accounting for the diffusion of noble atoms on the alloy-electrolyte interface as  

κ . , where C is the concentration of noble atoms on the alloy-electrolyte interface, 

C0 is the initial concentration in the bulk alloy, vn is the etching velocity normal to the interface and κ is 

local curvature of the alloy-electrolyte interface. For Js, it is the flux of disusing adatoms on the alloy-electrolyte 

interface, which is described by Cahn-Hilliard diffusion equation as 2  

and the surface aggregation process inherent in the Cahn-Hilliard form is essential for porosity formation. In 

this model, the free energy of the system ,  was written as 1
1 1 , where c = CΩ2/3 (Ω is the atomic volume of the noble atom) is the local mole fraction 

of the noble atoms on the alloy-electrolyte interface, T is the absolute temperature and  is the 

Boltzmann’s constant. M(C) is the mobility of the adatoms which is usually proportional to the surface 

diffusivity Ds and given by M(C) = (Ds/kBT)c(1−c), and w is the gradient energy coefficient. Here, the 

first term in the right of the Cahn-Hilliard diffusion equation presents the chemical driven force of the 

spinodal decomposition, and the second term indicates the effect, which damps high frequency 

fluctuations [24]. The wide range of physical phenomena, such as the formation of porosity, the critical 

potential, the temperature dependence of the dissolution flux, the steady-state dissolution flux, and 

composition on dealloying, can be reproduced by the continuum model and KMC model [55,67]. 

The parting limit (defined as the percentage of reactive element below which dealloying vanishes) is 

another important characteristic during dealloying. Indeed, the parting limit is not sensitive to 

experimental conditions such as applied potential and is intrinsically geometric in nature. KMC model 

simulation is used to study the parting limit of dealloying and the results are comparable to the high-density 

site percolation calculations, which shows that the geometrical connectivity of reactive atoms is the 

major means to determine the parting limit of dealloying. For example, the parting limit of Au-Ag alloy 

through KMC model simulation is 54.7% ± 0.3% in accordance with the previous experimental results, 
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but it is slightly larger than the prediction of high-density site percolation thresholds for an FCC lattice 

(59.97% ± 0.03%) for the reason that a few otherwise inaccessible dissolution paths are opened up by 

surface diffusion of Au [68]. However, the dealloying process is very complicated and for a few alloy 

systems such as the Cu-Zn or Cu-Al alloys, the parting limit is about 20%. The possible reasons may lie 

on the fact that the extreme reactivity of Al enables it to dissolve from highly occluded geometries or 

the exchange of the Cu atoms in the alloys and the Cu ions in the electrolyte enables the dissolution of 

the Zn atoms passivated by Cu atoms. 

The dealloying process leading to the formation of NPG has also been directly simulated by 

Metropolis Monte Carlo (MMC) simulation, which adopts a lattice-gas model for Ag, Au vacancies, 

acid particles, and other products of chemical reactions. This simulation focuses on the influence of the 

concentration of solute, the temperature of the system and lattice defects on the porosity formation. A 

minimal three-parameter model, namely the interaction constants of Ag-Ag, Au-Au and Au-Ag, is 

sufficient to yield NPG structures which have morphological properties akin to those found in the 

experiment, such as the Euler characteristic, volume, surface area and the specific surface area [56], as 

shown in Figure 2a. The ligament size of dealloyed material is on the order of 2–3 nm, which is 

comparable to the experimental data as shown in Figure 2b [26]. However, for the very small size of the 

ligaments, the surface stress will drive the mechanical instability of the ligaments so that a large volume 

change is observed [26], namely the coarsening effect, which will be presented in detail in next section. 

Figure 2. Bicontinuous structure of nanoporous gold: (a) Generated by a Monte Carlo 

model. Reproduced with permission from Reference [56]. (Copyright Elsevier 2013).  

(b) The ligament diameter distribution of the experimental data. Reproduced with permission 

from Reference [26]. (Copyright Elsevier 2009). 

Besides the dealloying approach, there is another method, namely the expanding lattice approach, to 

generate NPMs. The expanding lattice approach begins with building a crystalline supercell with a given 

number of atoms and a density which is close to the solid materials; then the nanoporous materials are 

generated by rapidly increasing the volume of the cell at a high temperature near the melt point of the 

solid materials. This expanding lattice approach is successfully applied to generate nanoporous 

structures of semiconducting (carbon, silicon) and metallic (copper, silver) materials [69]. However, 

when comparing the pair distribution functions of the NPMs generated by the expanding lattice approach 

and dealloying approach with the experimental results, the dealloying technique is more suitable when 
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dealing with alloy systems. For the dealloying approach, the effects of the etching time, electrolyte 

concentration, and pre/post heat treatment on the morphology of the NPM have been investigated. By 

using the Design Expert 7.1 software, a model relating the processing parameters and pore size is 

established using statistical approaches [70]. 

In addition, Monte Carlo simulations predicted that it is possible to form two porous networks with 

nearly equal packing density through the self-assembly of one building block, which is confirmed by the 

scanning tunneling microscopy (STM)-based experiments [71,72]. The final structure of two nanoporous 

networks can be tuned by controlling the solvent, concentration and temperature during pattern 

formation, and utilized as host networks to trap guest molecules or guest complexes selectively. 

4. Mechanism of Coarsening 

The coarsening of NPMs is one of the most important microstructure evolutions, which is usually 

observed in annealing and dealloying processes of NPMs. Currently, there are only limited simulation 

works to study the coarsening mechanism of NPMs [57,73,74]. Two mechanisms are proposed, i.e., 

localized plastic deformation-controlled collapse of the neighboring ligaments [73] and the ligament 

pinch-off or bubble formation caused by surface diffusion-controlled solid-state Rayleigh instability of 

the ligaments [74]. For the collapse of neighboring ligaments, the neighboring ligaments usually adhere 

to one point. Then, with the collapse proceeding, the neighboring ligaments gradually become one large 

ligament, as in Figure 3a. During the collapse, the ligaments are bending, so that large plastic 

deformation is induced in the ligaments, which may prevent the development of the ligament collapse. 

As for the solid-state Rayleigh instability of ligaments, it is similar to the liquid Rayleigh instability, 

where the liquid cylinder spontaneously changes to a row of droplets. During the coarsening of NPMs, 

the ligaments first become thinner and then pinch off so that the topological genus of NPMs decreases 

during annealing and dealloying (see Figure 3a,b). 

The collapse of the neighboring ligaments is determined by the competition between the plastic work 

required to bend the ligaments and the reduction of the surface energy through the reduction of the free 

surface of the NPMs. As shown in the atomistic simulations, coarsening stops when the radius of the 

interconnected ligaments increases to a certain value, which is dependent on the relative density and 

pore size of the NPMs. Hence, the critical ligament radius for spontaneous ligaments collapse can be 

estimated through the balance between the surface energy reduced and the plastic work required, that is, 
∗ , where 2 ρ , where γ is the surface energy, τ is the flow resistance of 

the parent materials of the NPMs, C0 is a measure of the extent of collapse of ligaments onto each other, 

K0 is the ratio between the diameter of the pore and the displacement of a ligament during collapse of 

the neighboring ligaments (usually in the order of 1), ρrel is the relative density of the NPMs, p1 is the 

collapsed fraction of the ligaments and p2 is the pinch-off ligaments that do not collapse. The detailed 

derivation of the critical radius of the ligaments can be seen in Reference [73]. 
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Figure 3. (a) Several examples of ligament collapse during annealing at constant volume; in 

(i–iii) the collapse to two neighboring ligaments, (iv–vi) the pinch-off of the ligament 

marked by an arrow and (vii–ix) the collapse of two pinched-off ligaments. Reproduced with 

permission from Reference [73]. (Copyright Elsevier 2011). (b) Snapshots of microstructure 

evolution of NPMs from high topological genus nanoporous nanoparticle to Wulff shape at 

different temperatures. Reproduced with permission from Reference [74]. (Copyright 

American Physical Society 2011). 

In contrast, surface diffusion-controlled solid-state Rayleigh instability controls both bubble 

formation and ligament pinch-off, so that high topological genus NPMs evolve toward the Wulff shape 

(see Figure 3b) [74]. Indeed, the kinetics of ligament pinch-off are controlled by the Rayleigh instabilities 

of the ligaments. The typical Rayleigh instability problem analyzes a cylinder of radius R0, whose radius 

is perturbed by the instability of wavelength. For wavelengths longer than a critical λc the perturbation 
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will grow because the total surface energy of the system decreases and ultimately, the cylinder breaks 

up into a series of droplets. As the Rayleigh instability is determined by the surface energy only, if we 

consider a cylindrical void, the void space should break up into series bubbles, which is bubble 

formation. The mass transport of the ligaments in Rayleigh instability is controlled by surface atom 

diffusion. The diffusion time constant for an unstable mode to grow is given by τλc ~ λ4, where τλc is the 

critical time constant for wave-length λ. The reason for bubbles being formed first is that all 

characteristic lengths are small. Once formed, these bubbles are stagnant because the characteristic 

length of the structure is always larger than any void. Ligaments, in contrast, are never stable, and ligament 

pinch-off can destroy nearby bubbles; thus, over a longer time the number of bubbles decreases [74]. 

5. Mechanical Behavior of Nanoporous Metals 

5.1. Surface Effect on Mechanical Properties 

The surface-to-mass ratio of NPMs is in the range of 100–1000 m2/g, an order of magnitude higher 

than that of porous materials in microscale [75]. The change of surface state will significantly affect the 

mechanical properties of nanoporous materials. For example, due to the surface stress, volume of  

the NPM decreased when one constituent was removed from the alloy by selective dissolution to create 

the bicontinuous NPMs [76]. In order to check the dominant mechanisms for the geometric relaxation 

of NPMs, a phase-field model describing the spinodal decomposition process of a binary alloy has been 

conducted [77]. The Cahn–Hilliard equation  can be used to describe the 

evolution of the spinodal morphology, where C is the local composition and F is the local free density 

potential. Then, created nanoporous samples were relaxed by molecular simulations which can perform 

isotropic relaxation of the sample. Geometric volume variation of nanoporous structures has been shown 

to be significantly dependent on surface relaxation rather than the curvature-dependent mean pressure. 

Surface relaxation decreases the geometric volume and affects the mechanical stability of NPMs with 

small ligament sizes. To understand the stability of the nanoporous structures, MD simulations of NPG 

have been conducted [26]. The surface stress is set in the range of 1.7–2.6 Jm−2 and the ligament size 

varies from 1.3 to 3.6 nm. Simulations indicate that spontaneous plasticity of NPMs results from the 

surface stress. Under different surface stress, the plasticity which is induced by surface stress can take 

place with different surface-volume ratios.  

The variation of surface stress can change the volume of NPMs, which shows the possibility of a  

high-performance surface-chemistry-driven actuator [21]. The changes induced by surface chemistry of 

the surface stress of NPMs lead to an elastic mechanical response, which has been verified by MD 

simulations. The bicontinuous network of NPG model was generated by simulating the spinodal 

decomposition. After achieving the desired ligament size, this process was frozen. The samples were 

equilibrated at various temperatures ranging from 0 to 300 K. During this relaxation, the dimensional 

changes resulted from tensile surface stress. It is found that the relationship between the average change 

of surface stress 〈∆ 〉 and the dimensional changeis 〈∆ 〉 9 2α ∆ ⁄⁄ , where k is the bulk 

modulus of the solid, α  is the specific surface area, α  and ρ is the bulk density [21]. The relative 

changes were also investigated including the volume of the solid, pore volume and total sample volume 
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for the deformation of a porous solid in response to the capillary forces on the pore surfaces [78].  

The deformation strains are imposed when the pore size is in the range of nanometers.  

Plating thin layers of metal atoms onto an NPG can increase the strength and hardness but decreases 

creep deformation. A MD model of core-shell nanowires has been used to explore the differences in the 

deformation mechanisms with the addition of the plated Ni [79]. Twinning plays a larger role in a  

core-shell structure, whereas a comparable size structure in a monolithic material is primarily dominated 

by the nucleation of dislocations. The use of atomistic simulations in conjunction with conventional 

models of the strengths of foams shows that the predicted performance of the foam using the simulation 

is within 15% of the experimental data for relatively low-density foams.  

5.2. Deformation Mechanisms under Uniaxial Tension/Compression Loading 

Many efforts have been devoted to explore the deformation mechanisms of NPMs under uniaxial 

tension and compression loading. Using a tetrakaidecahedron simulation model, the mechanical behaviors 

of closed-cell nanoporous copper foams can be investigated [80]. A tetrakaidecahedron is a fourteen-sided 

figure composed of six squares and eight regular hexagons, and it is formed when six square pyramids 

are removed from the corners of a regular octahedron. Closed-cell nanoporous foams show close 

agreement between the simulated elastic moduli and constitutive theory. However, the open-cell foam 

shows a fluid-like property because the struts are so small that the open-cell foam in this model is semi-stable. 

MD has been performed to quantify the evolution of dislocations and the configurations in a porous 

single-crystal metal. In the simulations, the average initial porosity is set at 4.1%, and the radius of 

porous metal is about 3.3 nm [81]. Simulations show that nanovoids are effective dislocation sources. 

During the uniaxial compression, the dislocation shear loops nucleate at the nanovoid surface. Nanovoids 

can lead to an elastoplastic response, which is unlike that of single crystal. MD simulations have shown 

that plastic deformation proceeds by the dislocation emission from the void surfaces and by dislocation 

propagation in the ligaments and dislocation interaction when they meet from adjacent voids. As voids 

start to shrink, the dislocation density increases rapidly [82]. 

The mechanical deformation of NPMs under high strain rate loading is examined by performing MD 

simulations [83]. Due to the large plastic deformation resulting from nanovoids, which act as the 

dislocation sources, nanosacle grains are formed in single-crystal nanoporous copper samples. 

Phenomena including large dislocation densities near the nanovoids, the formation of partial dislocation 

loops and extended dislocation networks are observed. The strength of the nanoporous material is changed 

by various dislocation structures, which are induced by the void-void interactions and collective processes. 

The softening behaviors of nanoporous aluminum under tension have also been examined by MD 

simulations [84]. Nanoporous models have been generated by creating randomly spheres, which overlap 

with each other. Then, the atoms in the spheres are deleted to obtain the final atomistic model. The 

relative density and the characteristic length can be adjusted by changing the radii and separation 

distance between the spheres. The simulation results show that if the characteristic length of the 

nanoporous structure is small enough, the relatively compliant ligaments and joints act to spread stress 

out, and therefore the softening of NPM is observed to slow down significantly [85]. 

Using a similar random overlapping spheres model, the compressive behavior of nanoporous gold, which 

has various porosities and ligaments in the range of 0.5–16 nm, has been studied via MD simulations [86]. 
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Three characteristic stages, i.e., the linear elastic region, work hardening region, and densification region 

were shown when NPG was under a uniaxial compressive loading. The dislocation defects were 

identified at different strain levels, and the strain hardening behavior was attributed to defects that 

accumulated at the joints, which connected ligaments in the NPG structures. MD simulations have shown 

that the dominant deformation mechanism of NPG is ligament bending at the joints of the structure, 

which is consistent with experimental results on NPG under compression. 

A phase field simulation was used to create the bicontinuous nanoporous microstructure. MD 

simulations then are performed to investigate the deformation behaviors and underlying physical 

mechanisms of NPG under uniaxial tension [87]. Tensile strain leads to progressive necking and rupture 

of some ligaments (Figure 4a), ultimately resulting in failure of the material. The stacking faults will 

accumulate in the ligaments along the loading direction and their junctions with other ligaments, and 

Lomer-Cottrell dislocation locks can form at the junctions, as shown in Figure 4b,c. 

 

Figure 4. Deformation mechanism of nanoporous gold under uniaxial tension: (a) rupture 

of a ligament; (b) dislocation nucleation; and (c) a dislocation lock formation in a junction. 

Reproduced with permission from Reference [87]. (Copyright AIP Publishing LLC 2013). 

MD simulations for tensile and compressive tests of bicontinuous NPG show a significant 

tension/compression asymmetry [88]. The tension/compression asymmetry can be explained by a model 

with the surface stress effects on the mechanical response of ligaments as a parameter. This model 

indicates that the tension/compression asymmetry will take place if the ligament diameters are less than 

15–20 nm. The plasticity of NPMs under compaction is in direct proportion to the decrease of the average 

ligament size and the collapse of the nanopores.  
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5.3. Scaling Laws 

Based on the beam theory, Gibson and Ashby derived the expression ⁄ ∝ ρ when the ligaments 

of cellular structures are subjected to bending, where  is the Young’s modulus of the bulk phase, and 

ρ is the relative density. By performing MD simulations, the relationship between the effective Young’s 

modulus and the relative mass density of NPMs is modified as ∝ ρ ρ  [87]. The two terms 

on the right-hand side correspond mainly to the bending and tensile deformations of ligaments, 

respectively. The ultimate strength of NPG shows a strong dependence on the average ligament diameter 

d, with an exponential relationship that 0.44
u bσ / σ d  . 

Nanoporous samples are only within a certain range of ligament diameters (2–4 nm) by using MD 

simulation, because excessive atoms will be contained in simulation model when the ligament diameter 

is larger. In experiments, the ligament diameter of NPG often varies in the broad range from 2 to  

500 nm [89]. Therefore, a multi-scale method, combining the MD simulations and finite element method, 

is necessary to deal with this problem. Using a multi-scale modeling approach, the charge-induced 

deformation, stiffness and plastic strength of three NPG structures (cubic lattices, gyroids and 

disordered) as a function of relative density, surface-to-volume ratio and crystal orientation were 

investigated (Figure 5) [36]. An atomistic model, which is calibrated to density functional theory, was 

developed to account for the excess charge, and a surface layer model which is informed by atomistic 

simulations is proposed to make a scale transition from the atomistic to the continuum scale. The 

effective Young’s modulus and actuation strain of nanoporous structures can be written as 

ε α⁄ , where α, β, γ, , ,  are scaling parameters, as shown in Table I of Reference [36]. 

 

 

Figure 5. Multi-scale model of nanoporous gold: (a) atomistic model and (b) continuum 

model; (c) and (d) are the enlarged views of a cross-section of (a) and (b), respectively. 

Reproduced with permission from Reference [36]. (Copyright Elsevier 2014). 



Materials 2015, 8 5073 

 

 

6. Other Properties 

6.1. Thermal Properties 

Thermal responses are among the most important features of metal foam on their optical and 

electronic applications. For NPMs, the related studies currently concentrate on two aspects: 

measurement of basic material parameters like thermal conductivity [90], expansion coefficient and 

Debye temperature [91], and effect of various treatments on thermal properties like the effect of 

annealing or alloying on microstructure change and thermal conductivity [92–94]. In this part, the recent 

advances in the simulation works on thermal response of NPMs are revisited. 

By 2004, using the Lennard–Jones argon MD model, the effects of different temperatures and pore 

configurations on thermal transport of nanoporous thin films have been simulated [95]. Thermal 

conductivity of thin films decreases as porosity and simulation temperature grows, while the influence 

of pore shape is negligible. Significantly, the position of pore in films is crucial as placing the pore in 

the center leads to a lowest thermal conductivity. Compared to that of bulk, nanoporous Si exhibits two 

orders of magnitude reduction in transverse thermal conductivity (the conductivity in the plane 

perpendicular to the cylindrical pore axis), which are likely to result in the reduction in the channels for 

phonon transport and increasing phonon scattering at the pore surfaces due to the increasing pore volume 

and surface-to-volume ratio, respectively.  

Through Monte Carlo simulation, nanoporous alloys were found to exhibit thermal conductivity 

reductions with larger pore sizes, which is essentially different from the non-alloyed porous materials [96]. 

Even containing relatively larger pores, the thermal conductivity of alloy exhibits an obvious decrease, 

but a similar trend occurs only for the pure materials with nanoscale pores. For example, porous Si0.5Ge0.5 

alloy (0.1 porosity) can reach the same relative reduction (50%) in thermal conductivity as pure Si or 

Ge, with tenfold larger pore diameters (1 μm). The finding suggests that nanoporous alloys are more 

competitive in terms of thermoelectric functions.  

6.2. Optical and Magnetic Properties 

Surface-enhanced Raman scattering (SERS) and surface plasmon resonance (SPR) are the most 

frequently studied features of the optical behavior of NPMs [97–100]. Corresponding works have 

concerned the dependence of SERS and SPR on the composition, geometry and characteristic size of 

samples, which provokes the functions of NPMs in biological and chemical sensing.  

A combination of experimental electron energy loss spectroscopy (EELS) and discrete dipole 

scattering (DDSCAT) approach is effective in exploring the nano-scale polychromaticity of NPMs, 

where the DDSCAT simulations provide a more comprehensive view of the local field enhancements to 

make up for the lack of three-dimensionality in EELS maps [101]. It is found that the plasmonic 

resonance energy strongly depends on the in situ surface characteristics at the location such as size and 

shape of the surface protrusions. These easily tunable optical absorption characteristics further promote 

the application of NPMs in biosensing field [102,103]. The finite difference time domain (FDTD) 

simulation could be used to explore the plasmonic features of NPMs [104]. By comparing the electric 

field distribution of NPG disk to Au disk in the identical shape and size, the origin of plasmonic coupling 
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is verified so that random nanoporous structure promotes Plasmon-matter interactions and the special 

shape would enhance the effective plasmonic resonance of NPG disks. 

MD simulations and first-principles calculations, based on the generalized EAM potential, are in a 

position to examine the magnetic properties NPMs [105]. The electrodeposits of Co atoms may change 

the magnetic behavior of NPG obviously. Large lattice contraction gives rise to the low magnetic 

saturation, but the high coercivity of Co deposited NPG is the results of the surface spin disorder and the 

larger lattice strain. 

6.3. High Catalytic Activity and Radiation Tolerance 

Due to remarkable catalytic activity and structure-sensitive catalytic properties, along with the 

advantage of self-supporting, and thermal and mechanical stability, NPMs have been highlighted as 

promising materials for catalytic applications [106]. Even with the larger ligament size (>30 nm) or at 

temperatures down to −30 °C, NPG still retains remarkable catalytic activity for CO oxidation at ambient 

pressures [23,107]. In the discussion of atomic origins of NPG catalysis, ab initio simulation has been 

performed to determine the cause of the surface strain [23]. It has been found that the lattice defects exert 

great influence on the surface strain. This finding agrees well with the observations of  

spherical-aberration-corrected transmission electron microscopy (TEM) and environmental TEM (Figure 6). 

Perfect radiation tolerance is a notable advantage for NPMs [108]. The potential associations between 

irradiation response of NPG and its characteristic size have been revealed by using MD analysis [109]. 

The results show that only when the ligament size is reasonably large would NPG behave as bulk 

materials under irradiation. Critical size has been denoted as the distance that the defects migrate in the 

time interval between collision cascades. The MD simulations of defect formation in ligaments during 

radiation damage also demonstrated the importance of ligament size to radiation tolerance of NPMs [110]. 

High specific surface area gives the NPMs substantially different response to radiation damage that 

happens to bulk materials. Coarsening, stacking fault tetrahedra (SFT) and twinning become the main 

ways of damaging NPMs. Also, the superior radiation tolerance of nanoporous Ag has been identified 

based on the experimental observation of the influence of a free surface on defect removal and migration 

kinetics in irradiated samples [111]. In the process of analyzing in situ irradiation experiments in the 

transmission electron microscope, a group of simulation programs named SRIM were used to calculate 

the stopping and range of ions into irradiated nanoporous Ag. Obtained depth profiles of radiation 

damage and Kr ion concentration are indispensable to the evaluation of the radiation damage level under 

different radiation conditions. 
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Figure 6. Characterization and simulation model of NPG surface strain: (a) HRTEM 

micrograph of a convex surface of NPG; (b) Structural model with a (111) surface plane; 

and (c) Simulated HRTEM image of surface configuration to evaluate the surface strain. 

Reproduced with permission from Reference [23]. (Copyright Nature Publishing Group 2012). 

7. Summary and Future Prospects 

7.1. Summary  

Due to the complex 3D morphology and random pore/ligament distribution, experimental and 

theoretical works on NPMs have met with great difficulties and controversies. However, computer 

simulations are valuable for revealing the formation mechanism and fundamental properties of NPMs. 

The main focus of current efforts concerning simulations are the kinetics of alloy dealloying during 

NPMs formation, the mechanism of pore/ligament coarsening occurring in dealloying and thermal 

treatment, and the extraction of enhanced physical and chemical properties for promising applications, 

especially mechanical ones, etc. 

The morphological and kinetic of bicontinuous random nanoporous structures could be well described 

by KMC simulations, which have been used to reproduce a wide range of physical phenomena including 

the formation of porosity, the critical potential, and the temperature dependence of the dissolution flux. 

The mechanical properties of NPMs are closely correlated with their microstructures (e.g., size, 

geometry, topology of the ligands and voids). Atomic simulations such as KMC and MD simulations 

are powerful tools to observe the microstructure evolution during dealloying, annealing and plastic 

deformation that cannot be observed in situ experimentally. The coarsening effect is the most common 

microstructure evaluation. In general, two mechanisms are suggested to explain the coarsening of the 

ligaments and bubble formation: the surface diffusion-controlled ligament pinch-off and localized plastic 

deformation-controlled ligament collapse. The surface diffusion-controlled ligament pinch-off usually 
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occurs at relative high temperature where the thermal energy is large enough to activate the surface 

diffusion. The driven force is the reduction of the surface energy, but the localized plastic  

deformation-controlled ligament\collapse occurs between neighboring ligaments, which is determined 

by the competition between the surface energy and localized plastic energy. 

NPMs possess very high surface area, the change of which can influence their mechanical properties 

remarkably. The surface effect such as geometric volume variation under surface relaxation,  

surface-chemistry-induced deformation and surface decorating have been investigated through KMC 

and MD. Deformation mechanisms of NPMs under uniaxial tension and compression loading are also 

explored by simulations, and the scaling laws of mechanical properties have been provided. 

Other than the mechanical behaviors, advantages of NPMs in thermal, optical and magnetic fields 

also have been established using computer simulations. The analysis results of thermal conductivity have 

proved that NPMs (nanoporous alloy) should be among popular candidates for thermoelectric 

applications. Perfect abilities including SERS, SPR and radiation endurance, and their relations with 

microstructure characteristics of samples have been verified by different simulation methods, 

respectively, therefore expanding our understanding of the astonishing versatility of NPMs. Finally, 

based on the atomic simulation, a better interpretation of atomic origins of the high catalytic activity of 

NPMs has been elaborated so that we can further develop NPMs with more appealing structural stability 

and chemical activity. 

7.2. Future 

Looking forward to future studies, a number of challenges remain in the investigation of NPMs, and 

we mainly list those related to the mechanical analysis of computer simulations: 

(1) The mechanical properties of NPMs can be significantly regulated through depositing only an 

atomic-layer-thick coating on its surface [112]. However, the underlying physical mechanisms 

are still open to further investigations. Thus, studying the surface modification effects of NPMs 

on mechanical properties by using multi-scale method is necessary. 

(2) The scaling laws for the mechanical properties of NPMs with surface adsorption/modification 

effects in terms of microstructure and coating parameters need to be developed. Efforts to explore 

the electric control of surface effects would be useful. In experiments, polycrystalline structural 

ligaments of NPMs are sometimes observed [113]. However, the ligaments in previous 

simulations are mostly considered to be monocrystal. It is necessary to find out the mechanical 

properties of NPMs, which are more sensitive to the ligament size or grain size. 

(3) Porous materials are widely used for energy absorption. Under compression, the energy is 

absorbed by the bending, buckling and fracture of the ligaments of the NPMs. The shock will 

induce dislocation nucleation in the NPMs. Therefore, the mechanical behavior of NPM under 

ultrahigh loading rates should be investigated.  

(4) The mechanical properties of NMPs are influenced considerably by their microstructures 

(geometry, topology, size, etc.). However, based on the current MD or KMC simulation, it is 

hard to predict the microstructure of practical NMPs from the beginning of the dealloying 

process. Large-scale (both spatial and temporal) computational frameworks which can capture 

the details of the atomic scale should be developed. Moreover, the macroscopic surface of NPMs 
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is very rough, which makes for an ultrahigh frictional coefficient. Exploring the mechanism of 

the frictional behavior may provide guidelines to design optimal-performance NPMs. 

(5) Considering the complexity of the structures, simulations should also capture the plastic deformation 

localization at the weakest point of NMPs and the microscale heterogeneity of the structures. 

Besides, the chemical catalysis, thermal and electrical conductivity, and fluid transfer of NMPs are 

important for their potential applications, and these properties should be studied in future simulations. 

(6) In the future, multi-scale computational simulation methods should be further developed to 

capture the hierarchical structures of NMPs to predict the physical and mechanical properties 

from the bottom level. The chemical and electrical properties are also very important in 

applications for NPMs, such as catalysts, chemical adsorption, sensors, etc. Further 

computational simulations should also describe these properties of NPMs. Besides, the NMPs 

could be polycrystalline and work in multiple fields (e.g., electromagnetic field, chemical field, 

etc.) which should also be considered in computational simulations. 
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