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S1. Experimental Setups 

 

Figure S1. Schematic of dealloying process. 

 

Precursor 

Compositions 

Dealloying 

Time (min) 

Temp. (K) 

 

1 

 

5 

 

10 

(Fe0.8Cr0.2)30Ni70 973 70%Ni-973K-

1min 

70%Ni-973K-

5min 

70%Ni-973K-1

0min 

1073 70%Ni-1073K

-1min 

70%Ni-1073K

-5min 

70%Ni-1073K-

10min 

(Fe0.8Cr0.2)50Ni50 973 50%Ni-973K-

1min 

50%Ni-973K-

5min 

50%Ni-973K-1

0min 

1073 50%Ni-1073K

-1min 

50%Ni-1073K

-5min 

50%Ni-1073K-

10min 

(Fe0.8Cr0.2)70Ni30 973 30%Ni-973K-

1min 

30%Ni-973K-

5min 

30%Ni-973K-1

0min 
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Table S1. All conditions being studied in this work: precursor compositions, 

dealloying time and temperature 

 

 

Figure S2. Schematics of x-ray nano-tomography experimental setup 

 

Figure S3. Schematics of x-ray fluorescence microscopy experimental setup 

 

S2. SEM observation of the sample surface 

    In the Figure S4 and Figure S5, SEM images show morphology on the surface of 
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samples, dealloyed with different precursor composition and dealloying time. On the 

contrary to 3D morphology, particle size gradient didn’t being characterized from 

surface, indicating an inhomogeneous porous structure. Therefore, conducting 3D 

morphological characterization becomes important in studying dealloying process.  

The difference between 3D tomography and 2D surface analysis stems from 

unfinished dealloying process. The extent of dealloying process on the surface is 

closer to complete than one in the bulk. Morphology on the surface is dominantly 

controlled by coarsening and densification, and ligament size grow larger with longer 

time. It is therefore understandable that our current 3D analysis result differs from the 

results in SEM image and the one presented by Wada et al.,1 which focuses on 

measuring the surface morphology by SEM.   

 

Figure S4. SEM images show surface morphology of precursor (Fe0.8Cr0.2)1-xNix, x= 

70, 50 and 30% dealloyed 10 minutes under 973K 

 

Figure S5. SEM images show precursor (Fe0.8Cr0.2)50Ni50 dealloyed under 973K for 1 

min, 5 min and 10 min 
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S3. Additional quantification and observation on 3D morphology 

S3.1 Morphology evolution with dealloying time 

   Figure 2b shows np-ss dealloyed from precursor (Fe0.8Cr0.2)50Ni50 for 1, 5 and 10 

minutes, respectively. As can be seen, ligament size increases at the beginning 5 min, 

which result from simultaneous coarsening accompanied dealloying. Whereas little 

difference was found between samples dealloyed 5 min and 10 min, and this can be 

explained by coarsening behavior that feature size increases rate reduces over time. 

The quantitative analysis of average ligament size evolution with dealloying process 

is also shown in Figure S10. For all samples dealloyed at 1073 K, the ligament size 

continues increase from 5 to 10 min. It is easy to understand that the higher 

temperature and longer time will promote stronger coarsening and densification, 

causing ligaments to grow larger. In samples dealloyed at 973 K, however, the 

ligament size decreases by various amounts after 5 minutes. This might rise from 

continuous dealloying process during this entire dealloying period. The dealloyed, 

porous materials form larger and more stable ligaments due to their lower surface 

energy, caused by coarsening and densification. After 5 min dealloying, however, the 

effect of coarsening and densification mechanism is weaker than dealloying process. 

The continuous dealloying further removes Ni from the composite, reducing ligament 

size after 5 min. This concept of simultaneous dealloying, coarsening and perhaps 

densification is the key in this work to explain the morphological evolution.  

    Beside ligament size, Figure S6a quantitatively shows pore size distribution 

within each dealloying time, which displays similar trend to the ligament size 
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evolution. However, as seen in supplementary Figure S8, the 70% Ni samples possess 

a pore size increase with dealloying time, even after 5 min dealloying. This may 

attribute to almost no dealloying from 5 - 10 min in 50% Ni samples while dealloying 

continues in 70% Ni samples, which corresponds to fluorescence result. 

 

Figure S6. Structure evolution under dealloying time. (a) Pore size distribution with 

dealloying time evolution. (b) Normalized porosity, tortuosity and average pore size 

vs. each dealloying time. 

 

S3.2 Morphology evolution with dealloying temperature 

    The quantitative pore size distributions of both samples (Fe0.8Cr0.2)50Ni50 

dealloyed for 10 minutes at 973 K and 1073 K are shown in Figure S7a. It shows that 

the 1073 K dealloying results in larger pore size, which attributes to faster coarsening 

of the structure at higher temperature. The morphological parameters with different 

dealloying temperatures are shown in Figure S7b. In contrast to the results before, the 

average pore size is not positively correlated to porosity and porosity slightly 

decreases when dealloyed at 1073 K. This demonstrates the difference in porosity is 

likely to attribute the densification process. Thus, to achieve ideal 3D morphology of 

np-ss, one should consider not only enhancing dealloying and coarsening rate, but the 
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influence of densification.  

 

Figure S7. Morphological analysis of np-ss fabricated from precursor 

(Fe0.8Cr0.2)50Ni50 dealloyed 10 minutes, at 973 K and 1073 K. (a) Pore size 

distribution with different dealloying temperatures. (b) Normalized porosity, 

tortuosity and average pore size changes with each dealloying temperature. 

 

 

Figure S8. Volume rendering and quantitative analysis of (Fe0.8Cr0.2)30Ni70. (a) 3D 

volume rendering of precursor (Fe0.8Cr0.2)30Ni70 dealloyed at 973K, with 1, 5 and 10 
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minutes deallying time. (b) Pore size distribution with dealloying time evolution. (c) 

Normalized porosity, tortuosity and average pore size changes with each dealloying 

time. 

 

S4. Correlation between 3D morphological properties.  

 While morphological properties determine the performance of the applications, 

the correlation between different properties also needs to be considered in an 

optimization process. Below we discuss this briefly.  

S4.1. Average pore size with porosity  

The average pore size vs. porosity evolutions is shown in the Figure S9a. Porosity 

is positively correlate with average pore size, the higher porosity the larger average 

pore size. Composition of precursor also plays the most important roles in tuning 

tortuosity and average pore size. Porosity is 15-20% for 30% Ni in precursor, 30-40% 

for 50% Ni samples and 50-70% porosity for 70% Ni samples. Average pore size 

distributes at 300-400 nm in diameter for 30% Ni in precursor, 500-900nm diameter 

for 50% Ni and 900-1200nm diameter for 70% Ni. Under the same precursor 

composition, higher dealloying temperature generally results in larger average pore 

size. To control pore size and porosity, precursor composition is also the most 

important dealloying condition needs to be considered.  

S4.2. Average pore size and tortuosity 

In the Figure S9b, we can see the inverse proportion between average pore size and 

tortuosity. The lower pore size, the higher tortuosity it is in the sample. Among 

dealloying parameters, Ni concentration in precursor plays more important role in 
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influencing morphology than dealloying time and temperature, which match with 

conclusion. Under the same precursor composition, the tortuosity does not change 

significantly with dealloying time and temperature. Tortuosity is around 1.1 when Ni 

concentration is 70%, is 1.2-1.3 at 50% Ni concentration, and is around 1.9 in 30% Ni 

sample. Average pore size changes with precursor composition, dealloying time and 

temperature. High dealloyed temperature will lead to relatively larger pore size. 

Therefore, to receive expect pore size and tortuosity, precursor composition is an 

important parameter to control.  

 

Figure S9. Correlation between 3D morphological properties. (a) Porosity vs. average 

pore size. (b) Tortuosity vs. average pore size  

 

S4.3. Average pore and ligament size  

In addition to pore size distribution presented, to easily compare the critical 3D 

properties affected by dealloying conditions, average pore size and ligament size were 

also calculated, shown in Figure 3d and Figure S10. respectively. Both pore and 

ligament sizes are determined largely by precursor composition. Comparing the size 

of np-ss fabricated from precursors of 30% and 70% Ni, the more Ni in precursor, the 
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pore size is larger, while the ligament size is smaller. Dealloying time and temperature 

also affect morphology; however, the trend cannot be clearly identified due to the 

coexisting competing mechanisms - dealloying, coarsening and densification - as 

described previously.  

 

 

Figure S10. The ligament size evolution. 

D = 
1

𝑆𝑣
 

Where D is diameter of ligaments, Sv is specific surface area. The specific ligament 

surface area is defined as interface area divided by ligament volume. The calculation 

is based on Avizo for calculating surface area and Image J for volume size.  

S4.4. Relationship between tortuosity and porosity 

 

In addition to Bruggeman relationship, we also tested other fitting models from the 
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literatures for our nanoporous stainless steel sample.  

The R2 value for fitting model2 T (φ) = 1 − p ln φ is 0.82. And for model3 τ =

(1+ε)2

ε(1+ε)2+4ε2(1−ε)
, the R2 value is 0.91. 

Fitting results are plotted below. 

 

 

Figure S11. Fitting plot of different model. (a) Result of fitting model T (φ) = 1 − p ln 

φ, with R2 of 0.82. (b) Fitting result of model τ =
(1+ε)2

ε(1+ε)2+4ε2(1−ε)
, with R2 of 0.91. 

 

Therefore, comparing with other fitting model, the generalized Bruggeman relation 

shows best fit among the different models. 

 

S5. Precursor XRF analysis 
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Figure S12. In the precursor (Fe0.8Cr0.2)30Ni70, linear elemental correlation exists 

between (a) Fe/Cr, (b) Fe/Ni and (c) Cr/Ni, showing a homogeneous precursor.  

 

S6. Anisotropic structure from dealloying  

SEM images in Figure S13a shows pore size gradient along dealloying direction 

in np-ss. A sharp boundary, dealloying front4 exists between dealloying region and 

non-dealloyed region. The pore size gradient stems from two co-existing dealloying 

and coarsening processes. Dealloying process removes Ni from precursor gradually, 

whereas coarsening, driven by minimizing surface energy, leads to growth of 

ligaments and/or pores. The simultaneous coarsening therefore results in a larger 

feature size on the surface. 
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Figure S13. Inhomogeneous structure (a) Pore size gradient along dealloying 

direction shown in bulk (Fe0.8Cr0.2)50Ni50 sample, dealloyed in 973K Mg for 5 minutes. 

(b) Gap exists between dealloying front and undealloyed region (c) Tortuosity along 

three orthogoanl axes in the sample prepared by the same processing condition in thin 

sample.  

 

This anisotropy in the structure can also be validated in the 3D morphological 

analysis. Figure S13c shows the tortuosity along three orthogonal directions in the 

sample, arbitrarily defined in the x-ray nano-tomography laboratory coordinates. 

While it is difficult to determine which direction is precisely the dealloying direction, 

the anisotropic nature of this porous structure can be seen.   
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S7. Image processing details 

S7.1. Additional details on 3D analysis 

     The smoothing was based on a median filter, with kernel size 3×3×3. The value 

of the threshold for segmentation is acquired from a histogram of image intensity, 

setting the minimum value between the two phases: air and steel. The fully connected 

network of the steel was selected using the commercial software Avizo. By alternating 

dilation and erosion methods, the porous structure with ligaments and pores were 

separated from the exterior. Porosity is calculated by pixel counting, taking the ratio 

between the pixel numbers of the pores and the entire sample. Each reconstruction 

was cut to a volume of 544 × 180 × 475 pixels (Each voxel was 48.6 × 48.6 × 48.6 

nm3, and the total size of the volume under consideration was 26.4 × 8.75 × 23.1 μm3.) 

for visual comparison, but the full reconstructed images were used in the final, 3D 

analysis. 

S7.2. Effect of surface smoothing and computing parameter on curvature 

analysis  

   Table S2 shows the parameters variation in curvature analysis. The smoothing 

method is selected as unconstrained smoothing. The minimal edge length is the 

minimal allowed edge length relative to the size of a unit grid cell in surface mesh. 

The smoothing extent controls the size of the filter kernel. The larger the value, the 

smoother the surface it is, but more fine details will lose. The nLayers determines 

which triangles are considered to be neighbors of a given triangle. The nAverage 

indicates how many times the initial curvature values computed for a triangle are 
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being averaged with the curvature value of direct neighbor triangles. We plot the 

mean curvature probability density and Gaussian curvature probability density with 

each parameter for comparison. As can be seen in the Figure S14, there is no 

difference between group 1 and 2, slight difference between group 3 and 4. The group 

5, with stronger smoothing extent, shows most apparent difference among other 

methods, but also loses most of feature details on the surface. Therefore, we select 

parameter in group 1 for further analysis.  

 Minimal Edge Length Smoothing Extent N Layers N Average 

Group 1 0 5 2 3 

Group 2 0.4 5 2 3 

Group 3 0 5 4 3 

Group 4 0 5 2 5 

Group 5  0 9 2 3 

Table S2. Smoothing and computing parameters in curvature analysis. 

 

Figure S14. Probability density functions of (a) Mean curvature and (b) Gauss 

curvature.  

S7.3. Addition discussion on ISDs 

In general, an ISD has been reported to be determined by the volume fraction of 

the phases, as well as the mechanism of mass transport in the system.5 The average of 
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mean curvature can deviate from zero when the volume fraction of the phase being 

quantified deviates from 50%. For a nanoporous gold sample with 50% porosity, the 

ISD was indeed reported to be symmetric about the zero mean curvature line (dotted 

line in Figure 4, where 1 = -2).
6 Fujita et al. also showed that a 3D nanoporous gold 

structure with the 50% metal volume fraction has zero mean curvature7. Here, the 

ISDs for the 63.2% porosity (70% Ni sample) and the 15.9% porosity (30% Ni sample) 

shifted towards the top-right and bottom-left respectively, which are consistent with 

the expectation; but we observed the ISD for 34.5% porosity (50% Ni sample) shifted 

towards the top-right direction, which is different from the simulation case shown for 

a general bi-continuous system.8 More 3D curvature analysis will further the 

understanding of the kinetics during the liquid metal dealloying.   

 

S8. 3D morphological parameter effects on transport properties for potential energy storage 

and conversion applications 

For the work was motivated initially by potential interests in applying the 

materials in energy storage and conversion devices such as fuel cells and batteries, a 

brief discussion on the impact of the 3D morphology of np-ss on potential 

applications is provided below. While demonstrating the applications experimentally 

is beyond the scope of this current work, the discussion here may provide insights for 

future analysis and development.  We consider how the 3D morphology of the 

materials may influence the properties and therefore functionalities in the contents of 

potential applications, mainly focusing on the transport properties. 

1) Effective diffusion coefficient: Porosity and tortuosity directly control the 
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effective diffusion coefficient in porous media. The effective diffusion coefficient can 

be used to calculate materials transport in multiphase systems, such as PEMFC.9 

When a species diffuses in a porous media, its diffusion coefficient (Di) can be related 

to its effective diffusion coefficient (Di
eff ) by the morphological parameters tortuosity 

(τ) and porosity (ε):  Di
eff = ε

𝜏
 Di . Materials with higher porosity and lower tortuosity 

will promote diffusion, which may be desirable to improve the PEMFC performance. 

The most direct way is utilizing 70% Ni as the precursor composition to achieve 

higher porosity and lower tortuosity. However, porosity and tortuosity, both important 

parameters controlling materials transport in porous structure, are not independent 

parameters. The quantitative relationship between the porosity and tortuosity shown 

in this work can provide a guideline in this respect.   

2) Permeability: permeability is another important property determining the 

behaviour of gas and liquid flow in porous structures, critical for many applications. 

Determining permeability in the porous structure has been widely studied;10-11 For 

instance, it has been shown that in a compacted carbon fibrous porous structure, 

permeability can be tuned by altering fibrous diameter and porosity.12 Rösler, 

Vollertsen et al. combined thermos-mechanical processing with electrochemical 

dealloying, and even laser assisted techniques together, fabricating rafted porous 

structure with ideal permeability.13 For the same size of the ligament structures, 

permeability increases with porosity. Therefore, in analogy, to achieve a higher 

permeability in np-ss, a higher nickel concentration in the precursor while shortening 

dealloying time and lowering dealloying temperature can be considered.  

3) Anisotropic porous structure: the metallic melt dealloying process results in 

an anisotropic, directional structure with pore size gradient perpendicular the 



S-17 
 

dealloying front, as observed and quantified in this work. This pore size gradient 

observed in the np-ss can be a material design feature, beneficial for some 

applications. For instance, materials transport loss, as one of the key factors 

influencing fuel cells’ performance,9 previously mitigated by inserting microporous 

layer between gas diffusion layer and catalyst layer;14 this approach may be replaced 

by an integrated gas diffusion layer with a pore size gradient. The capillary pressure 

on the surface of porous structure, which is the driving force for liquid water flow, can 

be expressed as a pressure difference between liquid Pl and gas Pg
15: ΔP = Pl - Pg = 

2𝜎⃓ 𝑐𝑜𝑠𝜃⃓ 

𝑟
, where σ is surface tension, θ is contact angle and r is water droplet radius. 

Here, r can be considered as the radius of the pore. By applying a pore-size gradient 

structure, continuous liquid driving force can be achieved, and therefore water 

accumulation between each layer with different pore sizes may be reduced or 

eliminated. In addition, structural mismatch may exist between different layered 

components in PEMFCs, which will limit electrical conductivity.16 Np-ss, as an 

integrated structure with size gradient can be an ideal candidate for GDL in PEMFC. 

Moreover, the elongation of ligaments, which is a structure with lower tortuosity, is 

also beneficial for materials transportation through the porous structure. This has been 

previously demonstrated by artificially engineered battery electrodes.17 Here, a 

low-tortuosity structure can be dynamically formed during the materials synthesis. 

This process, driven by the thermodynamics and kinetics of materials, has advantage 

in material design. 
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