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Abstract

Thin-film solid-state interfacial dealloying (thin-film SSID) is an emerging technique to design 

nanoarchitecture thin films. The resulting controllable 3D bicontinuous nanostructure is promising 
for a range of applications including catalysis, sensing, and energy storage. Using a multiscale 

microscopy approach, we combine X-ray and electron nano-tomography to demonstrate that 

besides dense bicontinuous nanocomposites, thin-film SSID can create a very fine (5-15 nm) 

nanoporous structure. Not only is such a fine feature among one of the finest fabrications by 

metalagent dealloying, but a multilayer thin-film design enables creating nanoporous films on a 

wider range of substrates for functional applications. Through multimodal synchrotron diffraction 

and spectroscopy analysis with which the materials’ chemical and structural evolution in this novel 
approach is characterized in details, we further deduce that the contribution of change in entropy 

should be considered to explain the phase evolution in metal-agent dealloying, in addition to the 

commonly used enthalpy term in prior studies. The discussion is an important step leading towards 

better explaining the underlying design principles for controllable 3D nanoarchitecture, as well as 

exploring a wider range of elemental and substrate selections for new applications.
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Introduction

Nanoporous metals have received wide attention for their nanoscale porous structures and high 

surface area-to-volume ratios, leading to unique physical and chemical properties such as chemical 

reactivities, lightweight, and high thermal and electrical conductivities.[1-3] Dealloying is an 

effective method for fabricating nanoporous metals[4, 5] and has led to numerous applications 

including catalysts[5-8], hydrophilic substrates[9], sensors[10], and energy storage materials.[11- 

13] During dealloying, one or more components are removed from a parent alloy by a dealloying 

agent and the remaining components form a self-organizing bi-continuous structure. [14] 

Dealloying methods can be categorized based on the type of dealloying agents. The aqueous 

solution dealloying (ASD),[15] commonly using aqueous solutions such as acids to introduce 

dealloying, requires enough reduction potential differences between the elements in the parent 

alloy. ASD has been widely applied to fabricate nanoporous noble metals and metal oxides.[16, 
17] Liquid metal dealloying (LMD) method, applying a liquid metal as the dealloying agent, was 

reintroduced to fabricate less noble nanoporous materials to overcome the limitations of precursor 

element selection and to prevent the oxidation during the etching process in ASD.[18] LMD 

utilizes the solubility differences between the constituents of the parent alloy in the dealloying 

agent and has been applied to a wide range of materials, including stainless steel,[19, 20] 

silicon,[21] magnesium,[22] graphite,[23] a-titanium,[18, 24] |3-titanium,[25] and TiVNbMoTa 

high entropy alloy.[26] Potential applications using nanoporous materials fabricated by LMD have 

been demonstrated, including energy storage and conversion,[27-29] environmental protection,[30] 

and orthopedic implants.[31] Multiscale porous metals possessing the characters of both micro- 

and nano-porous structures have also been developed by two-step dealloying[32, 33] and by 

integrating the dealloying method with additive manufacturing processes. [6, 34] Kinetics 

studies[35] and simulation[36] on morphological evolution in LMD helped to gain great insights 

on the dealloying mechanism and morphological evolution. Recently, solid-state interfacial 

dealloying (SSID), with the advantages of processing materials at a relatively lower temperature 

than LMD without the need to handle liquid metals, has been introduced to fabricate nanoporous 

Fe, Fe-Cr, a-Ti with a finer ligament size.[37-39] The SSID method was then applied to a thin- 

film geometry, where using a bulk dealloying agent[40] or a thin-film dealloying agent[39] has 

been demonstrated.



In the prior work of thin-film SSID, although bicontinuous metal-metal composites have been 

fabricated, creating a 3D bi-continuous porous structure via thin-film SSID has never been realized. 

Therefore, the advantage of fabricating fine-ligament features in thin-films by SSID has not been 

explored yet. Besides, the materials’ design criteria for the metal-agent dealloying, especially for 

SSID, is not yet fully understood. The central material design criterion of the metal-agent 

dealloying was believed to be that one component in the parent alloy is soluble while others are 

insoluble in the dealloying agent. The mixing enthalpy between the soluble element in the parent 

alloy and the dealloying agent is expected to be more negative than the mixing enthalpy between 

the elements in the parent alloy. The mixing enthalpy between the insoluble element and the 

dealloying agent is also expected to be positive. This criterion helps to partially explain the 

occurrence of dealloying by LMD in some systems. However, LMD also occurs when the mixing 

enthalpy between the elements in parent alloys are more negative than the mixing enthalpy 

between the soluble element and the dealloying agent, such as in TiVNbMoTa-Ni, C-Mn, and Nb- 

Ni systems.[23, 26, 41] SSID was even reported in some systems with a positive mixing enthalpy 

between the soluble element in the parent alloy and the dealloying agent.[40]

In this work, we introduced thin film-SSID to dealloy Ti-Cu alloy films by Mg films and fabricated 

nanoporous Ti thin film with a fine (5-15 nm) pore and ligament size. The body-centered-cubic 

(bcc)-Ti has been reported for the first time fabricated by a dealloying process under a relatively 

low temperature. Its potential formation mechanisms which may be unique to thin-film-SSID were 

discussed. By introducing barrier and adhesion layers, we prevented undesirable morphological 

changes during dealloying which were associated with the thin film geometry as reported in our 

prior work,[39] including void formation, film dewetting, and volume expansion. The feasibility 

to apply thin-film SSID to different substrates were also demonstrated in this work. By applying a 

multimodal characterization, combining synchrotron X-ray nano-tomography and scanning 

transmission electron microscopy (STEM) tomography, the bi-continuous structure and its 

corresponding elemental distribution have been characterized in three-dimension (3D). Finally, we 

explored the design criteria of metal-agent dealloying for SSID, proposing that the contribution of 

the entropy should be considered together with the mixing enthalpy for the design criterion of the 

SSID.



Results and Discussion

2D elemental distribution and quantification

A multi-layered structure was deposited on a Si substrate, and the layers are (from bottom to top): 

Ti adhesion layer, Ta barrier layer, Ti-Cu parent alloy layer, and Mg dealloying agent. A schematic 

of the thin-film SSID method to create nanoporous metal thin films is shown in Figure 1. The 

cross-sectional view of the Ti-Cu layer in an as-deposited sample is shown in Figure 2(a). Ti and 

Cu are homogeneously distributed within the Ti-Cu layer without any preexisting feature or phase 

separation. The EDX mapping confirmed the composition of the Ti-Cu film as 71.74 at.% Cu and 

28.26 at.% Ti, which is close to the alloy composition of the sputtering target. The SEM images 

of the cross-section view of the parent alloy and dealloyed films on the Si wafers and glass slides 

are also shown in Figure SI. To save space, the sample dealloyed by Mg at 460°C for 30 min will 

be noted as 460C-30, and the etched sample will be noted as 460C-30-E.

Figure 1. Schematic of the thin-film SSID method to create bicontinuous nanoporous metal thin
films.

After the solid-state interfacial dealloying introduced by an isothermal treatment at 460 °C for 30 

min, the multilayer structure exhibits a different elemental distribution. The layers, as shown in 

Figure SI (a), are (from bottom to top): Ti adhesion layer and Ta barrier layer, both remained 

unchanged, and an interdiffusion Ti-Cu-(Mg) layer and a residual Mg-(Cu) layer. The dealloyed 

Ti-Cu layer is shown in Figure 2(a). In the Cu and Ti EDX maps, a phase separation between Cu 

and Ti can be identified. In Figure 2(b), the semi-quantitative EDX line profile indicates that the



Cu concentration is close to 60 at. % in the top residual Mg(-Cu) layer, and ~30 at.% in the 

interdiffusion layer. The composition indicates that Cu and Mg may form two different phases, 

CmMg and Mg2Cu, which are consistent with the XRD analysis and will be discussed in the later 

section.

Mg- and Cu-containing phases were removed by the etching process, resulting in a bi-continuous 

nanoporous Ti structure on the Ta-/Ti-coated Si substrate, which is shown in Figure 2(a). Note 
that a layer of protective Pt layer covering the nanoporous Ti structure was not part of the native 

sample structure and was only added as part of a standard protocol in FIB cross-sectional imaging. 
The ligament size distribution of the dealloyed structure before and after etching is shown in 

Figure 2(c). The effect of image segmentation threshold values on the quantitative analysis is 

shown in Figure S2. The Ti ligament size before and after etching remained very similar. The 

resulting Ti ligament size is 5-15 nm, which is about an order of magnitude smaller of previously 

reported smallest ligament size by SSID (150 nm),[38] and close to the ligament size fabricated 

by ASD methods.[42] The ligament size is also close to nanoporous high entropy alloy (HEA) 

fabricated by LMD, where the atomic size difference in HEA contributed to an increased activation 

energy and slower rate for the surface diffusion.[26] Although anions in the etching solution can 

increase the surface diffusivity and lead to ligament coarsening,[43] using a very short etching 

time (1~1.5 s) here may have effectively prevented the coarsening of Ti ligaments. The semi- 

quantitative EDX mapping confirmed that the residual Cu is less than 5 at.% in the etched sample, 

which may also include a small number of background signals from the Cu-made TEM holder.
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Figure 2. Characterization of the TboCmo at.% inter-diffusion layer: as-deposited, dealloyed by 
Mg at 460°C for 30 min (460C-30), and etched (460C-30-E). (a) STEM characterization showing 
the overall morphology and the Ti and Cu elemental distribution, (b) quantitative composition 
analysis of Ti, Cu and Mg distribution in 460C-30 sample. The line profiles were measured from 
the regions in (a), as noted by the red dotted lines, and (c) ligament size distribution of 460C-30 
vs. 460C-30-E Ti structures. (All scalebars are 40 nm)

Multiscale 3D elemental distribution

The STEM EDX tomography confirmed the phase separation of the Ti and Cu from the parent Ti- 

Cu alloy, which generated a relatively homogenous bi-continuous structure, shown in Figure 3(a- 

b). In Figure 3(b), a volume rendering of the Ti phase indicates that there is no ligament size 

gradient along the dealloying direction (top-to-bottom) within the dealloyed Ti/Cu layer, which is 

consistent with previous thin-film-SSID results.[39] These characters are different from prior 

observations in bulk structures dealloyed by LMD and SSID methods, where a simultaneous 

coarsening process can occur during dealloying to a larger extent due to the higher dealloying 

temperature (in LMD)[19] or the longer dealloying time (in bulk SSID).[37]
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Figure 3. A multimodal characterization by X-ray fluorescence (XRF) nano-tomography and 
STEM EDX tomography was carried out to analyze the 3D morphology of thin-film-SSID 460C- 
30 sample, (a) The multimodal characterization combining STEM and nano-probe X-ray 
tomography, (b) a selected volume of interest from STEM-EDX tomography showing the 
elemental distribution of connected Ti ligaments and Cu phases, (c) XRF nano-probe tomography 
of Ti/Ta/Ti layers and Cu/Ta layers. Video SI shows the XRF nano-tomography of the 460C-30 
sample, and Video S2 shows unsegmented STEM-EDX tomography of the 460C-30 sample (See 
Supporting Information).

Previously, Shi et al. applied SSID to metal powders to fabricate nanoporous Ti, and fit the 

ligament size measured from surface SEM images as a function of dealloying temperature (-496- 

596 °C) with a diffusion growth model resembling grain growth.[38] However, applying this 

model with its fitted parameters would suggest that the size of Ti ligament dealloyed at 460 °C, as 

used in our current study, will be -270 nm; this is more than 10 times larger than what was shown 

in our results. The significantly finer ligament in our experiment may not be completely explained 

by the differences in thin-film vs. bulk geometries. E g. Sun et al. compared coarsening of 

nanoporous gold in thin films and bulk structures, and found that the onset of ligament coarsening



occurred at an even lower temperature in the thin films, which may be attributed to the sample 

geometry difference.[44]

Other factors also contribute to the smaller ligament size observed in this work. One key factor is 

a lower dealloying temperature used in our thin-film SSID process. In the previous study, porous 

Ti was fabricated via SSID at a temperature higher than the Mg-Cu eutectic point of 485 oC; this 

led to a phase transformation of Mg-Cu alloys from the solid to the liquid state.[38] In contrast, 

the temperature in our experiment is lower than the eutectic point of Mg-Cu. An additional factor 

influencing the ligament size may be the surface oxidation of Ti. The oxides on the surface of 

ligaments promote the creation of adatoms and vacancies at the step edge, which significantly 

limits the surface diffusion during the coarsening process, leading to a finer ligament size.[43] 

Similarly, coating the surface of nanoporous gold with TiO2 or other oxides to increase thermal 

stability has been reported previously.[45, 46] As a non-noble porous metal, Ti would naturally 
develop titanium oxide on the surface. XPS and XANES analysis (presented in the next section in 

Figure 4) indicates that a small number of titanium oxide is present in the dealloyed samples, 

which may explain the small ligament size. Overall, the small number of surface oxides can 

provide dual-functionality - chemical reactivity as oxides for applications such as catalysts and 

energy storage, as well as a surface diffusion barrier that inhibits coarsening.

The results from 3D XRF nano-tomography of the dealloyed sample are shown in Figure 3(a) and 

Figure 3(c). The relatively higher penetration depth of X-ray compared to the electron beam in 

STEM EDX tomography enabled imaging of the entire system, which contains multiple layers. 

All the layers include (from bottom to top): Ti adhesion layer, Ta barrier layer, dealloyed Ti-Cu- 

(Mg) layer, and residual Mg(-Cu) layer. Strong Cu fluorescence signals from the very top layer 

indicate that much Cu has diffused into the Mg dealloying agent layer. This is consistent with the 

STEM cross-sectional image and tomography results shown in Figure 2(b). Note that no Cu was 

found within or below the Ta barrier layer, which demonstrates that Ta is an effective barrier layer 

for Cu. Besides, the interfaces between the Ta layer and the adjacent layers - dealloyed Ti layer 

on the top and the adhesion Ti layer on the bottom - are also sharp, indicating no interdiffusion 

between Ta and Ti. The barrier layer is important in the thin-film-SSID process. In the Ti-Cu SSID, 

diffusion of Cu into the Si substrate could lead to a significant volume expansion and structural 

failure, as shown in Figure S4. Ta has been demonstrated as an effective barrier layer between Cu 

and Si wafer up to 600 oC.[47] In our system, although Ta is miscible with Ti, the inter-diffusivity



between Ti and Ta is several orders of magnitude lower than that between Ti and Cu,[35] such that 

introducing Ta will have a very limited impact on the SSID system and it could still be used as an 

effective barrier layer.

Compositional and structural evolution
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Figure 4. Compositional analysis of parent-alloy and dealloyed films by X-ray absorption near 
edge spectroscopy (XANES), X-ray photoelectron spectroscopy (XPS) and extended X-ray 
absorption fine structure (EXAFS): pristine TboCrno at.%, sample dealloyed at 340 (340C-30), 
400 (400C-30) and 460°C (460C-30) for 30 min: (a) XANES analysis of the samples compared 
with standards Ti, TiO, ThOs and TiOz, with an arrow indicating the pre-edge feature, (b) The first 
derivative of XANES spectra quantified the edge shift, (c) The linear combination fitting of the 
460C-30 sample. The data was fitted with TiioCugo pristine, TigoCuio pristine, TboCrno pristine, Ti 
foil, TiO, ThOs, TiOz rutile, and the best fitting result is the combination of pure Ti (40.0 wt.%) 
and TigoCuio pristine (59.1 wt.%). (d) XPS analysis on 460C-30 sample, after sputtering by Ar+ at 
1.5 keV for 300 min. (e) Fourier transform magnitude of k-weighted EXAFS on the pristine, 340C- 
30, 400C-30, and 460C-30 samples.

The chemical composition of the pristine and dealloyed TboCrno at.% samples were characterized 

by X-ray absorption near edge spectroscopy (XANES), shown in Figure 4(a). Their spectra were 

compared with various Ti compound standards, including Ti, TiO, TbOs, and TiOz The Ti K-



edge XANES spectra from the dealloyed samples are similar to the one from the pure Ti. The 

intensity of a pre-edge feature gradually increases from the pristine to the samples dealloyed at 

higher temperatures, as indicated by an arrow in Figure 4(a). This pre-edge feature corresponds 

to a quadrupole transition from the Is core state to 3d states and is related to the symmetry of 

transition metals. [48] The increasing pre-edge feature indicates that the Ti coordination gradually 

changes from an alloy to a pure Ti. The first derivatives of the spectra from all the samples and 

pure Ti are shown in Figure 4(b). The maximum on the first derivative curves corresponds to the 

absorption edge. The edge shifts towards a lower energy, closer to the edge position of a pure Ti, 

which can be observed as a function of dealloying temperature. This also corresponds to the XPS 

result in Figure 4(c) that a small amount of Ti oxides distribue within the sample. Linear 

combination analysis of the XANES spectra showed that the 460C-30 samples are composed of 

40.0 wt.% of pure Ti and 59.1 wt.% of TigoCuio alloy, which is shown in Figure 4(d). This 

indicates that the dealloying process has partially separated the Ti phase from the Cu phases, with 

some amount of TigoCuio alloy that has was not fully dealloyed. A longer dealloying time will 

likely be needed to create a fully dealloyed Ti-Cu. The Fourier transform of the EXAFS spectra 

(Figure 4(e)) shows that the positions of the first nearest-neighbor peaks of 460C-30 samples and 

Ti foil are in a good agreement. This first nearest-neighbor peak corresponding to the Ti-Ti bond. 

The trend of an increasing magnitude of Ti-Ti bond from pristine to 460C-30 samples indicates 

the crystallization from amorphous Ti-Cu phase to crystalline Ti during dealloying process. [49, 

50]
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Figure 5. Structural analysis of parent-alloy and dealloyed films by X-ray diffraction. (a) X-ray 
diffraction analysis with phase identification. (b) X-ray diffraction analysis on additional 
controlled samples: Ta/Ti-460C-30 and Ta/Ti/Mg-460C-30, compared with the 460C-30 and 
460C-30-E samples.

The crystal structures of the pristine and dealloyed TmCu70 at.% samples were analyzed by 

synchrotron X-ray powder diffraction (XRD), shown in Figure 5(a). The XRD pattern of the 
pristine sample only exhibits diffraction signals from Mg, indicating that only the Mg film was 

crystalline, whereas the Ti-Cu and Ta thin films were amorphous. After the dealloying process 

induced by the isothermal treatment, the crystalline CmMg and CuMg2 phases were identified in 

the system, which is also consistent with the EDX analysis as discussed in the prior section, as 

well as prior Cu-Mg interdiffusion studies.[51] The results indicate that a phase separation between 

Ti-Cu occurred, as well as an inter-diffusion between the Cu and Mg, further confirming the 

dealloying of Ti-Cu driven by the Mg phase. No diffraction peaks from TixCu intermetallic phases 

were identified from dealloyed samples. This is consistent with the thermodyanmics of the system, 

of which the activation energies of TixCu phase crystalization are in range of 261 - 303 kJ/mol,[52] 

while the activation energies for growths of MgCrn and Mg2Cu phases, which are ~139.1 and 

~147.6 kJ/mol.[53] The dealloying process of the Ti-Cu alloy, leading to the phase separation and 

formation of crystalized CuxMg, is thus favorable than the parent alloy crystalization.

Moreover, three new diffraction peaks were identified from XRD analysis of the 460C-30 sample, 

which can be attributed to either the Ta phase in the barrier layer or a bcc-Ti phase in the dealloyed 

layer based on the peak locations. The Cu2Mg and CuMg2 phases were removed from the 460C- 

30-E sample; the XRD pattern from the etched sample also confirmed that there are no CmMg or 

CuMg2 diffraction peaks, while the potential Ta or bcc-Ti phase remains, as shown in Figure 5 

(b). Note that these potential Ta or bcc-Ti XRD peaks are only present in the data corresponding 

to 460oC dealloying, and not in those corresponding to 340oC and 400oC dealloying conditions, 

indicating that this crystalline phase formation did not occur at a lower dealloying temperature, 
which is also consistent with the Fourier transform of EXAFS data as discussed in the previous 

section.

To identify whether these three peaks are associated with the Ta or the bcc-Ti phase, and potential 

bcc-Ti formation, several control samples were characterized, including sputtered thin film



samples with double Ta/Ti layers and triple Ta/Ti/Mg layers. The Ta/Ti-460C-30 control sample 

was used to identify if these peaks are associated with the Ta barrier layer and the Ta/Ti/Mg-460C- 

30 control sample was used to study the influence of Mg on the potential Ta/bcc-Ti formation. 

These control samples were also heat-treated at 460 °C for 30 min, and their XRD analysis results 

are shown in Figure 5(b). However, in the absence of Ti-Cu parent alloy, no diffraction peak can 

be found from any of these controlled samples, indicating that the diffraction peaks cannot be 

attributed to the Ta in the barrier layer. Therefore, the three new diffraction peaks are likely from 

the dealloyed structure, indicating a formation of bcc-Ti from dealloying.

Here, we briefly discuss potential bcc-Ti formation mechanisms. The thin film geometry and 

energy delivered by the particle bombardment in the sputtering deposition process can influence 

bcc-Ti formation. Liu et al. reported that a formation of bcc-Ti by the deposition of Ti-Mo alloy 

thin films can be realized at a much lower temperature than bulk Ti-Mo structure.[54] However, 

no diffraction was detected from controlled Ta/Ti-460C-30 and Ta/Ti/Mg-460C-30 samples. The 

formation of bcc-Ti may not be directly related to the presence of bcc stabilizing elements in the 

system, such as Ta, Cu and H. Ta is a good isothermal bcc stabilizing element, but the critical 

concentration of Ta to stabilize binary Ti alloy at room temperature is 45 at.%.[55] However, no 

diffraction peak was identified in the heated bi-layer Ta/Ti control sample, and the interdiffusion 

between Ta and Ti was not identified by the 3D XRF nano-tomography shown in Figure 3. H is 

an eutectic bcc stabilizing element and can form bcc-Ti at a much lower temperature.[56] 

However, no diffraction peak was identified in the heated Ta/Ti bi-layer samples, which means 

that heating Ti films in the 4% H2 environment were not enough to introduce a bcc-Ti formation. 

Cu may be related to the bcc-Ti formation; Since the bcc structure has been found in CuTi, CuTb, 

CmTh, and CmTb,[57] it is possible that the bcc structure in the parent alloy was preserved in the 

dealloyed structure, which is common in chemical dealloying methods. However, no Ti-Cu 

intermetallic crystalline phase was identified in the pristine film base on the diffraction analysis. 

Alternatively, the formation of bcc-Ti may be related to the presence of Mg; a bcc Mg1-yTiy (0.25 

< y <0.65) formation has been reported in the literature: one case in a spark discharge generation 

process followed by rapid quenching, and also another case in ball milling synthesis.[58, 59] The 
atomic-scale intermixing of Ti and Mg was achieved in Mg-Ti nanoparticles reported by 

Anastasopol et al. with an 11 ± 2 nm diameter. In comparison, here we dealloyed the Ti from the 

Ti-Cu alloy and generated 5-15 nm Ti ligaments. However, there is no overlap in Ti and Mg signals



in the EDX mapping analysis, as shown in Figure S5, thereby we confirmed that Mg and Ti did 

not form an alloy in the sample. This is consistent with the design of the SSID system, in which 

Ti and Mg should remain insoluble during SSID. XRD analysis of the heated Ta/Ti/Mg tri-layer 

sample further confirmed that a very limited interdiffusion between Mg and Ti cannot support the 

formation of bcc Ti films.

Design criteria for SSID

Prior studies generalized the criteria of dealloying by a metallic agent (LMD and SSID) as the 
following: The mixing enthalpy between the soluble element and the dealloying agent needs to be 

more negative than the mixing enthalpy between the elements in the parent alloy. However, in the 
Ti-Cu-Mg system, the mixing enthalpy between Ti-Cu (the parent alloy) is -9 kJ/mol while Cu- 

Mg (the soluble element and dealloying agent) is -3 kJ/mol.[60] If only the mixing enthalpy is 

considered here, the Cu would have a stronger tendency to remain mixed with the Ti, rather than 

being dealloyed to mix with the Mg. Other thermodynamic properties such as entropy thus also 

need to be considered.

In the LMD, dissolving Cu from an alloy into a liquid Mg will increase entropy, such that the total 

free energy will reduce during the dealloying process, resulting in the dissolution of Cu. In SSID, 

we may also consider the influence of entropy. In binary solid solution, density functional theory 

calculation indicates that vibrational and configurational entropy can together contribute to binary 

phase stability or instability, which explains that there are stable binary systems with a positive 

mixing enthalpy.[61] In binary intermetallics, the configurational entropy in a binary system can 

be very small when being compared to the solid solution; however, the excess configuration 

contributed by the atom arrangement, atom size, atomic vibration, magnetic moment, and 

electronic effect make an important contribution to the total entropy.[62] Here we briefly discuss 

the increase of excess entropy that induced by different atomic size in parent alloy and dealloying 

agent. The different atom sizes can bring uncertainty in atomic positions, which leads to an 

increase in the excess entropy.[62] In all previous SSID studies, the difference of atomic size 

between the dealloying agent and the soluble element is larger than the difference between the 

elements within the parent alloys, as summarized in Table S1.[37-40, 64] This difference may 

lead to a driving force for the SSID to occur due to this increase of entropy within the system.



In addition, while the calculated enthalpy by Miedema’s method could provide a guideline for the 

prediction of dealloying, the deviation of the calculated enthalpy from the experimental results in 

the liquid state can be as high as ± 50%.[62] Feufel et al. reported that the enthalpy of mixing in 

CuMg2 is -9.8 ±1.8 KJ mol-1, and in CmMg is -12.7 ±2.0 KJ mol-1, contradicting to the prediction 

from the Miedema’s model for Cu-Mg, which is -3 kJ/mol. Thus, the experimental mixing enthalpy 

between Cu and Mg can be more negative than that between Ti and Cu, which differs from the 

calculation by the Miedema’s method.[65]

In summary, although mixing enthalpy values calculated by Miedema’s method provide a guide 

for predicting dealloying systems, the contribution of entropy to the occurrence of SSID should 

also be considered, especially when a solid solution form within dealloying systems. Moreover, 

mixing enthalpy values calculated by Miedema’s method should also be carefully checked against 

experimental values before determining dealloying systems. The criteria of dealloying by metal 

agents should be updated correspondingly, especially considering the solid-state dealloying: the 

free energy of mixing should be greater in the solvent than in the parent phase.

Conclusion

Thin-film solid-state interfacial dealloying (thin-film SSID) as a new method to fabricate a 3D bi- 

continuous porous structure was demonstrated for the first time. The pore and ligament sizes 

fabricated by the thin-film SSID were in the range of 5-15 nm, close to the smallest ligament size 

fabricated by the aqueous solution dealloying method, and also dealloyed high-entropy alloys by 

liquid metal dealloying method. The small ligament size was likely associated with a lower 

dealloying temperature and the presence of titanium oxides on the surface. Thin-film-SSID shows 

a potential to create high surface area metal/metal oxides with high thermal stability and a high 

chemical reactivity with a small ligament size. By introducing barrier and adhesion layers, we 

prevented morphological changes and substrate interactions due to the thin-film geometry, 

previously observed in thin-films-SSID.

A multimodal microscopy approach was used to analyze the 3D morphology of the dealloyed film 

from the nm to gm length scale. The dealloyed bi-continuous structure was characterized by a 

high-resolution STEM tomography. In addition, X-ray fluorescence nano-tomography



demonstrates that the barrier layer can effectively prevent undesired interdiffusion between the 

multilayers and the substrate.

A small number of titanium oxides can be found in dealloyed thin films, which could potentially 

provide dual-functionality - chemical reactivity as oxides for applications such as catalysts and 

energy storage materials, as well as a surface diffusion barrier that inhibits coarsening. The 

formation of nanoporous bcc-Ti by dealloying at a relatively low temperature (460 oC) was 

reported for the first time. The potential formation mechanisms of the bcc-Ti were discussed, 

including the influence of a thin film geometry and an interdiffusion between constituent elements.

By analyzing the mixing enthalpy and the atomic size differences in SSID systems, we explored 

the design criteria of metal-agent dealloying. In addition to the commonly used enthalpy criterion, 

we proposed to also include the entropy term into the consideration for SSID. The different atomic 

sizes between the parent alloy and the dealloying agent element may induce entropy changes, 

leading to the occurrence of the SSID. This consideration is particularly important when a solid 

solution forms after dealloying, in which using the mixing enthalpy as the dealloying criterion 

would not be sufficient. Overall, a novel way of fabricating nanoporous metal at a relatively low 

temperature compared with liquid metal dealloying was demonstrated with discussions on the 

design criteria of SSID, paving the way towards designing a wide range of nanoporous metal thin 

films for applications using the SSID method.

Experimental Section

Silicon (Si) wafers (University Wafer, <100>) were cut to 1% 1 cm2 square size and used as 

deposition substrates. In addition, borosilicate glass slides (TedPella) with an area of 1% 1 cm2 and 

a thickness of ~170 pm were used as deposition substrates for X-ray diffraction and X-ray 

absorption measurements to avoid the Bragg diffraction from the Si substrates. Before deposition, 

the wafers and glass slides surface were cleaned by isopropyl alcohol, de-ionized water, and 

followed by an oxygen-plasma cleaning treatment. Ti (99.995% purity from Kurt J. Lesker) and 

Ta (99.95% purity from Kurt J. Lesker) thin films were deposited by sputtering as an adhesion 

layer and a barrier layer. TmCu70 at.%, and Mg sputtering targets (both 99.95% purity from 

Stanford Advanced Materials) was used to deposit the Ti-Cu parent alloy and Mg dealloying agent



thin films. For each sputtering target, a leaning protocol was followed to remove the surface oxides 

by sputtering the target for 5-10 min with the sputtering shutter closed.

Ti, Ta, Ti-Cu, and Mg thin films were sequentially sputtered onto the Si wafer substrates. The 

thickness of each layer is ~40 nm for Ti, ~80 nm for Ta, ~120 nm for Ti-Cu, and ~300 nm Mg. To 

avoid the influence of Ti adhesion layer onto the X-ray analysis of the Ti phase in the dealloying 

process, Ta, Ti-Cu, and Mg films were deposited onto borosilicate glass slides. The films’ 

thickness was also increased such that a stronger diffraction signal can be detected for structural 

analysis, with ~80 nm Ta, ~300 nm Ti-Cu, and ~500 nm Mg.

After deposition, samples were heated by the rapid thermal processing (Modular Process 

Technology Corp.) method for an isothermal heat treatment to introduce dealloying. All the heat 

treatment processes were conducted in a reduced gas atmosphere (4% hydrogen and 96% Argon) 

to prevent oxidation during the heat treatment. Samples were heated from room temperature to the 

designated dealloying temperature in 30 s and kept at the dealloying temperature for a designated 

duration. The samples were then cooled down to room temperature in ~150 s. The heating 

temperature was set to be lower than the Mg melting temperature and the eutectic point of the Cu- 

Mg phase, so that dealloying occurs in a solid state. The heating temperature and time for both 

types of samples were determined based on the estimated diffusion length calculated from the 

diffusion data in the literature[66]. After dealloying, the residual Mg-Cu was removed by emerging 

the dealloyed film in an etching solution CE-200 solution (Transgene, with a composition of 25­

35 wt. % FeCl3, and 3-4 wt. % HCl) for ~1 s. Etched samples were then thoroughly rinsed in 

deionized water for 5 min and dried withN gas.

A focused ion beam with scanning electron microscopy (FIB-SEM, Helios dual beam, FEI) was 

used to obtain SEM images for cross-sectional morphological analysis, to prepare samples for 

STEM analysis, and to prepare X-ray nano-probe tomography samples. The STEM lamella sample 

was prepared by following a standard sample preparation procedure to create a thin lamella with a 

thickness less than 100 nm for electron transparency. The STEM/ Energy-dispersive X-ray 

spectroscopy (EDX) tomography sample was prepared by milling the sample to create a cylindrical 

shape with a diameter of less than 200 nm and a length of 2 pm. The X-ray nano-probe tomography 

sample was milled to a cylindrical shape with a diameter of 1 pm and a length of 4 pm following 

an established procedure.[67]



STEM characterization was carried out in a S/TEM (Talos model, FEI), operating at 200 keV. 

High-angle annular dark-field imaging (HAADF) and Energy Dispersive Spectroscopy (EDX) 

analysis were conducted to study morphology and elemental distribution. The EDX tomography 

sample was collected at a 2o angular step size, with a total of 120° angular range (60 STEM-EDX 

images). The exposure time for each image was 300 s. The FIB-SEM and STEM-EDX analysis 

were conducted at the Center for Functional Nanomaterials (CFN, Brookhaven National 

Laboratory).

3D X-ray fluorescence (XRF) nano-tomography was conducted at the Hard X-ray Nanoprobe 

(HXN) beamline 3-ID at the National Synchrotron Light Source II (NSLS-II), Brookhaven 

National Laboratory. XRF images were collected at a 1.5o angular step size, with a total of 120 

XRF images in a 180o angular range. A multilayer Laue lens with an optical resolution of 10 nm 

was used for focusing the X-ray beam onto the sample.[68] The scanning area of each image was 

1.1 % 1.1 pm2 with a 10 nm step size. The fluorescence spectra were collected with a dwell time 

of 30 ms for each scanning point. The incident X-ray beam energy was 12 keV, above the Ti and 

Cu K edges, and the Ta L edge. The XRF fitting was conducted using a PyXRF package.[69]

The alignment of STEM-EDX and XRF images was conducted using an automatic cross­

correlation algorithm in Tomviz software (for STEM images)[70] and ImageJ[71] with a plugin 

MultiStackRegistraion (for XRF images),[72] both with further manual alignment correction. 

TomoPy, a Python-based package was used for image reconstruction for both STEM-EDX and 

XRF nano-tomography.[73] The Ti and Cu phases in reconstructed EDX images were segmented 

using a trainable Weka Segmentation, [74] a machine learning algorithm in ImageJ. Matlab codes 

developed in-house by a previously established method were used to quantify feature size 

distribution, based on the segmented two-dimensional STEM-EDX images.[75] The volume 

rendering and visualization of the tomographic data were carried out using Avizo software (v.9.0 

FEI).

X-ray photoelectron spectroscopy (XPS) characterization was conducted in an ultrahigh vacuum 

(UHV) system with a base pressures < 2 x 10"9 Torr. The XPS instrument was equipped with a 

hemispherical electron energy analyzer (SPECS, PHOIBOS 100) and a twin anode X-ray source 

(SPECS, XR50). The characterization followed a standard XPS characterization protocol.[76] Al 

Ka (1486.6 eV) radiation was used at 10 kV and 30 mA. The angle between the analyzer and X-



ray source was 45°, and photoelectrons were collected along the sample surface normal. To 

determine the chemical states of Ti, the surface Mg-Cu layer was removed by Ar+ ion sputtering 

with a 1500 V beam voltage.

X-ray diffraction analysis was conducted at X-ray powder diffraction (XPD) beamline 28-ID at 

NSLS-II (Brookhaven National Laboratory). The incident X-ray beam energy was ~63.6 keV, with 

a corresponding X-ray wavelength at 0.19316 A and 0.1949 A for two different beamtime 

measurements. The beam size was 0.5 mm % 0.5 mm. A large-area X-ray detector with 2048 % 

2048 pixels was used to collect the diffraction patterns, and the size of each pixel was 200 % 200 

pm2. The distance from the sample to the detector was first calibrated with a Ni standard and 

determined to be 1378.43 mm. The phase identification based on the XPD results was carried out 

by comparing the peak locations with references using a commercial software packages Jade 

(Materials Data, Inc.).

X-ray absorption near edge spectroscopy (XANES) at Ti K-edge spectra was conducted at the 

Beamline for Materials Measurement (BMM, 6-BM) at NSLS-II (Brookhaven National 

Laboratory). XANES spectra were collected from samples with glass substrates in a fluorescence 

mode at a glancing angle of 3o. The Ti foil and Ti(II)O (Sigma Aldrich), Ti(III)zO3 (Sigma 

Aldrich), Ti(IV)Oz rutile (Sigma Aldrich) powder standards were measured in a transmission 

mode. Eight scans were collected and averaged for each sample to improve the signal-to-noise 

ratio. The XANES spectra were analyzed by Athena package, including averaging, background 

correction, normalization, and linear combination analysis (LCA).[77] LCA was used to fit the 

XANES region (energy range of 4940 eV ~ 5010 eV) using TimCu90 at.% pristine, TmCuw at.% 

pristine, Tis0Cu?0 pristine, Ti foil, TiO, TizOs, TiOz rutile as references. Fourier transform was then 

conducted for the EXAFS analysis. The energy was calibrated to the first derivative peak in 

metallic Ti at 4966 eV. Linear regression was conducted to fit the pre-edge region and a quadratic 

polynomial was used to fit the post-edge region. The background was removed and the data were 

assigned with an Rbkg value (1.0~1.8) to reduce the low-radial distance component in Fourier 

transform. Fourier transform of ^-weight EXAFS spectra was analyzed over a range of 2-10 A-1 

in k-space with dk = 2.
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Thin-film solid-state interfacial dealloying creates nanoarchitectured thin films with one of the 
finest features achieved by a versatile metal-agent dealloying. The work also advances in design 
principles to include the change of entropy as a key design parameter and highlights a multimodal 
and multiscale approach to reveal the morphological, chemical and structural evolution in this new 
material design.


