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a b s t r a c t 

This study explores microstructure and phase decomposition in nanoporous Au-Pt made by dealloying. 

The starting alloy, Ag 75 Au 12 . 5 Pt 12 . 5 , forms a uniform solid solution. Removing the Ag by dealloying at 

room temperature forms nanoporous equimolar Au-Pt with a ligament size as small as 4 nm. That alloy’s 

composition is in the Au-Pt phase diagram’s regime of spinodal instability. Surprisingly, in view of the 

instability and of the substantial atomic rearrangements accompanying dealloying, X-ray diffraction and 

transmission electron microscopy reveal a homogeneous single-phase state in the bulk of the nanoporous 

material. This can be traced back to enrichment of Pt at the surface, which depletes the bulk in Pt. The 

Pt-depleted bulk is in the metastable region of the alloy phase diagram, between the binodal and the 

spinodal. Annealing prompts curvature-driven coarsening by diffusion, diminishing the number of sites 

for Pt surface segregation. The ensuing enrichment of the bulk in Pt is accompanied by the formation 

first of crystallographically coherent, Pt-rich regions and later of semi-coherent regions of the Pt-rich 

phase. The morphology of the coherent regions is compatible with spinodal decomposition. Yet, the mi- 

crostructure evolution pathway is nonstandard, since decomposition here concurs with rapid coarsening 

of the porous microstructure. Among the prospect of the nanoporous alloy are its high kinetic stability 

and the opportunity to tune the surface composition through the annealing temperature. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

ealloying forms porous materials by nanoscale self organization 

uring the selective removal of one component from a solid solu- 

ion, typically by corrosion in aqueous media and at room temper- 

ture [1–3] . Nanoporous (np) gold is a prototypical object of study 

n this field. Standard preparation protocols result in ligament sizes 

n the order of 20–40 nm [4–6] . Alloying with Pt has been found to

chieve much smaller ligament sizes, down to around 4 nm [6–10] . 

urthermore, np Au-Pt alloys also exhibit a substantially enhanced 

tability against coarsening at elevated temperatures. Both obser- 

ations have a natural explanation in the low surface diffusivity of 

t. As many interesting properties of nanoporous metals depend 

n a small ligament size, the reduced size and enhanced stability 

ake np Au-Pt alloys highly attractive in the field. 

Making np Au-Pt by dealloying involves the removal of 

g from a Ag-rich ternary solid solution. Consider specifically 

g 75 (Au 0 . 5 Pt 0 . 5 ) 25 . That solution is miscible down to near room 
∗ Corresponding author at: Institute of Materials Mechanics, Helmholtz-Zentrum 
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emperature [11] and can be homogenized to form a single-phase 

tate. Yet, when Ag is removed, the resulting Au 50 Pt 50 is within the 

inary system’s miscibility gap [12] . By virtue of its composition, it 

s even unstable with respect to spinodal decomposition [13] . In 

ther words, the dealloying process’ nanostructure formation in- 

olves not only the classic repartition of (1) the remaining metal 

toms and (2) the vacancies (generated by dissolving the sacrifi- 

ial component) into solid phase and pore space. Instead, it can 

lso react to a thermodynamic driving force for unmixing the two 

emaining metallic elements. This is exemplified by phase separa- 

ion during dealloying of Cu-Mn-Fe [14] . Yet, as dissolution rates 

an reach ∼ 1 atomic monolayer per ms [15] at room tempera- 

ure, dealloying is a process very far from equilibrium. It is then 

ot obvious whether and in how far the elemental distribution in 

s-dealloyed nanoporous Au-Pt is affected by the miscibility gap. 

Besides the question as to the microstructure generated by 

ealloying, the microstructure evolution of the porous material 

uring coarsening is also not obvious. To start out with, geomet- 

ic confinement may affect spinodal processes [16–18] . As bulk dif- 

usion is suppressed and surface diffusion dominant at low an- 

ealing temperature, the unmixing of the bulk may be mediated 

y diffusion along a migrating surface, somewhat reminiscent of 
nc. This is an open access article under the CC BY-NC-ND license 
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iffusion-induced grain boundary migration [19,20] . That decom- 

osition pathway may have as yet unknown consequences for the 

inetics and the resulting microstructure. Furthermore, the two 

onequilibrium processes of coarsening and unmixing – each with 

ts distinct driving force – will concur, again with nonobvious con- 

equences for the microstructure evolution. Lastly, the extremely 

igh number of surfaces implies that surface segregation can sig- 

ificantly affect the distribution of the elements at any given struc- 

ure size. 

Au-Pt nanostructures are of interest beyond nanoporous mate- 

ials, specifically in the field of catalysis [7,9,21–23] . Surprisingly, 

elated studies by X-ray diffraction do not reveal the expected 

wo-phase structure of the immiscible system. Instead, diffrac- 

ograms exhibit a single set of face-centered cubic (fcc) reflec- 

ions [8,9,24,25] . It remains to be explored, why the two-phase 

tate that is suggested by the alloy phase diagram is not reflected 

n the diffraction data of the as-prepared material. Regarding the 

icrostructure evolution in nanostructured Au-Pt as the system 

volves towards equilibrium during annealing and coarsening, few 

nvestigations have been reported. At elevated temperatures, phase 

eparation at grain boundaries was identified in nanocrystalline Pt- 

u [26] . In np Au-Pt, depletion of the surface in Pt after anneal-

ng in reductive environment was detected [27–29] . Nonetheless, 

 comprehensive understanding of the microstructure evolution in 

anoscale Au-Pt is missing. 

In this study, we report phase and composition analysis by ana- 

ytic transmission electron microscopy (TEM), X-ray diffraction, and 

yclic voltammetry that explore the microstructure of as-prepared 

p Au-Pt and its evolution during annealing. 

. Procedures 

Nanoporous Au-Pt specimens were prepared following the pro- 

edure in reference [8] . Ag 75 (Au 0 . 5 Pt 0 . 5 ) 25 (atom percent) wires 

ith the diameter of 0.2 mm (ChemPUR Feinchemikalien und 

orschungsbedarf GmbH, Germany) were annealed at 950 ◦C for 

2 h followed by water quenching. The high-temperature and long- 

ime annealing enabled the formation of homogeneous Ag-Au-Pt 
ig. 1. Microstructure of (a) as-dealloyed and (b-f) isothermally annealed nanoporous Au

 in each condition is presented. Note the difference in scale bars. 

2 
olid solution according to the phase diagram [11] . The master al- 

oy was then dealloyed in 1 M HClO 4 solution, using a pseudo 

g/AgCl reference electrode at a potential of 0.8 V (1.315 V versus 

he reversible hydrogen electrode). Subsequently, the electrolyte 

as exchanged against fresh one, and 50 potential cycles rang- 

ng from -0.45 to 1.1 V at a scan rate of 5 mV/s were performed.

his procedure was executed in order to remove superficial oxygen 

pecies. The specimens were then immersed in ultrapure water for 

ne day and subsequently dried at room temperature. 

Specimens were isothermally annealed in Ar (99.998 vol.% pu- 

ity) flow at various temperatures for 1 h. For cooling, they were 

oved into the oven’s room-temperature zone. The annealing 

reatment at each of the individual temperature steps started with 

 fresh, as-dealloyed sample. 

The specimens for TEM observation were crushed to powders 

nd then dispersed on lacey carbon film supported by Cu grids. 

he brittle nanostructure enables crushing the nanoporous speci- 

ens by gentle pressure. The microstructure and element distribu- 

ion of the specimens were investigated using a FEI Talos F200X 

EM equipped with a high-brightness Schottky field emission gun 

nd four silicon drift detectors for energy dispersive X-ray spec- 

roscopy (EDS). The high-angle annular dark-field (HAADF) images 

nd EDS maps for the annealed specimens were acquired using an 

ccelerating voltage of 200 kV and a probe current of 1 nA. For 

he as-dealloyed specimen consisting of extremely small ligaments, 

he HAADF images were obtained using an accelerating voltage of 

00 kV and a current of 50 pA to improve the resolution, and the 

DS maps were achieved using an accelerating voltage of 80 kV 

nd a current of 1 nA to minimize beam damage. Spectrum im- 

ges with a typical resolution of 512 ×512 pixels were acquired, and 

he dwell time for each pixel was 20 μs . Total acquisition time for 

ach spectrum image was 1800 s. Those images were deconvoluted 

ixel-by-pixel before map construction, and L lines for Au, Pt and 

g were used for quantitative analysis. 

Powders for X-ray diffraction were obtained using the same 

ethod with those for TEM observation. Powder diffraction mea- 

urements used a θ − θ diffractometer (Bruker D8 Advance) in 

ragg-Brentano geometry with Ni-filtered Cu K α radiation and a 
-Pt. (b) 300 ◦C. (c) 400 ◦C. (d) 450 ◦C. (e) 500 ◦C. (f) 600 ◦C. Average ligament size 
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Fig. 2. Variation of ligament size, L , with annealing temperature, T a . 25 ◦C data 

point: as-dealloyed state. 
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osition-sensitive solid-state detector. The data analysis used the 

rocedures of [30] . In brief, Bragg reflections were fitted, individu- 

lly or in groups, by split Pearson VII functions and the instrumen- 

al broadening corrected based on measurements of LaB 6 powder 

NIST SRM 660b). Lattice parameters were refined by means of a 

elson-Riley-type approach with a correction for peak shifts due 

o stacking-faults [31,32] . Separating the contributions of coherent 

rystal size and of microstrain to the line broadening was based 

n Williamson-Hall analysis, assuming Cauchy size and Gaussian 

train broadening [33,34] . 

. Results 

.1. Ligament size 

The microstructure of np Au-Pt in different conditions is appar- 

nt in the TEM images of Fig. 1 . One perceives the nanoscale net-
ig. 3. X-ray powder diffraction. (a) Overview diffraction patterns of scattering intensity

hases are labeled. (b) Details of scattering in interval 60 ◦ ≤ 2 θ ≤ 90 ◦ . Red and green ve

JCPDS 04-0802), respectively. 25 ◦C scans: as-dealloyed state. (For interpretation of the re

his article.) 

3

ork structure that is well known for dealloyed nanoporous met- 

ls, yet here with the extremely small average size of 4 nm. After 

nnealing at various temperatures, the ligament size increases and 

he porous structure remains uniform, as displayed in Figs. 1 (b–f). 

he variation of the mean ligament size, L , with annealing temper- 

ture, T a , is shown in Fig. 2 . It is seen that L increases threefold

to 12 nm) already after the first annealing step, at 300 ◦C. L con-

inues to increase with increasing T a , reaching 185 nm after the 

00 ◦C annealing. 

.2. Crystal structure 

The crystal structure evolution of np Au-Pt during annealing 

s revealed by the X-ray diffraction patterns of Fig. 3 . The as- 

ealloyed specimen (marked by 25 ◦C) exhibits a single fcc struc- 

ure, as shown in Fig. 3 (a). Similar crystal structure was also re- 

orted in other nanostructured Au-Pt systems [9,21,24] . Only fcc 

u-Pt solid solution phases are observed. That observation is rep- 

esentative for our entire study, and specifically none of our exper- 

ments – X-ray or TEM – detected the γ (Pt-Ag) intermetallic phase 

35] . The single set of fcc reflections prevails until peak splitting 

ecomes apparent after annealing at 450 ◦C. The interval of scatter- 

ng angles, 2 θ , between 60 ◦ and 90 ◦ is magnified in Fig. 3 (b). The

houlder in the 220-reflection of that figure’s 400 ◦C graph implies 

hat noticeable unmixing starts already at that annealing step. 

After annealing at 450 ◦C, each peak has split, with the stronger 

omponent at lower angle. When the annealing temperature in- 

reases, that stronger component shifts towards the standard pat- 

ern of Au, whereas the weaker one shifts to that of Pt. 

.3. Element distribution 

The element distribution in np Au-Pt was analyzed by EDS, and 

epresentative results are shown in Fig. 4 . The EDS data suggests 

 uniform distribution of Au and Pt throughout the bulk of the 

s-dealloyed specimen (overlay of Au and Pt in Fig. 4 (a)), demon- 

trating a nanostructured Au-Pt solid solution after dealloying. The 

DS also reveals 10 ± 5 at.% Ag, where the error bars denote scat- 
 versus scattering angle 2 θ . Reflections of face-centered cubic Au-rich and Pt-rich 

rtical lines: standard diffraction patterns of elemental Au (JCPDS 04-0784) and Pt 

ferences to color in this figure legend, the reader is referred to the web version of 
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Fig. 4. Element-resolved transmission electron microscopy. Columns: micrographs of nanoporous Au-Pt (a) in as prepared state (labeled ”25 ◦C ”) and isothermally annealed 

at (b) 300 ◦C, (c) 450 ◦C and (d) 600 ◦C. From top row to bottom row: high-angle annular dark-field (HAADF) images, corresponding superimposed elemental maps of Au 

and Pt, Pt (green) chemical maps, Au (red) chemical maps, Ag (blue) chemical maps. Note the difference in scale bars for different annealing stages. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 
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er over all samples of this study. The fraction of residual Ag agrees 

ith earlier observations of Ag-Au-Pt dealloying in reference [8] . 

For the specimen annealed at 300 ◦C ( Fig. 4 (b)), the microscopy 

hows incipient unmixing. That is remarkable since the X-ray 

iffraction pattern in that state still suggests a single-phase struc- 

ure. The Pt- and Au-rich domains have irregular shapes and ap- 

ear to form a bicontinuous structure. The specimen annealed at 

50 ◦C ( Fig. 4 (c)) exhibits a similar microstructure. Apart from the 

rregular domains, a few equiaxed Pt-rich particles are here ob- 

erved, as indicated by arrows. After annealing at 600 ◦C, most of 

he Pt-rich regions tend to be equiaxed and randomly arranged in 

u-rich ligaments ( Fig. 4 (d)). 

Close inspection of Ag distribution in annealed specimen is dis- 

layed in Fig. 5 . The residual Ag tends to aggregate in Au-rich re-

ions, as revealed by the overlay of Au, Pt and Ag in Fig. 5 (b). Four

t-rich particles are marked out by arrows in Figs. 5 (b-e). In those 

egions, a high Pt fraction correlates with low Au and low Ag. 
4 
The atom fractions of Au, Pt and Ag in Au-rich regions and 

t-rich regions measured by EDS are plotted as a function of an- 

ealing temperature, as shown in Fig. 6 . Note that regions overlap 

long the electron beam path, so that each measurement will nec- 

ssarily intermix signals from both types of regions. Therefore, we 

xpect the true composition difference between the regions to be 

arger than what the EDS spectra indicate. All the data were mea- 

ured in thin regions (e.g. near the edge of a ligament) to reduce 

he overlap and thus minimize the error. Each point in Fig. 6 rep- 

esents the average of the measurements in at least ten positions. 

In the as-dealloyed specimen (the 25 ◦C data point) with ho- 

ogenous element distribution, the atom fractions of Au and Pt 

re almost equal. After annealing, the fractions of Au and Ag in 

u-rich region gradually increase and the fraction of Pt decreases 

ith increasing temperature, as indicated by the points on the 

olid lines. The compositions of the two types of regions in speci- 

ens annealed at the temperatures ranging from 300 ◦C to 450 ◦C 
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Fig. 5. Magnified TEM micrographs of nanoporous Au-Pt isothermally annealed at 600 ◦C. (a) High-angle annular dark-field (HAADF) image. (b) Corresponding superimposed 

elemental maps of Au, Pt and Ag. (c) Pt (green) chemical map. (d) Au (red) chemical map. (e) Ag (blue) chemical map. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Energy-dispersive spectroscopy results for atom fractions in Au-rich and Pt- 

rich regions versus annealing temperature. Open symbols linked by solid lines: Au- 

rich regions. Closed symbols linked by dashed lines: Pt-rich regions. Each data point 

represents an average over measurements at least 10 positions; error bars indicate 

standard deviation. 25 ◦C data points: as-dealloyed state. 

a

s

a

o  

t

o

f

r

s

t  

o

c

a

(

i

3

a

b

Fig. 7. Lattice parameters of Au-Pt, Au-rich and Pt-rich phases versus ligament size. 

Closed, unconnected symbols: results from X-ray diffraction (XD). Open symbols 

linked by solid lines: estimated based on energy-dispersive spectroscopy (EDS) and 

Vegards’ law. Dashed horizontal lines: estimated lattice parameters of bulk terminal 

solid solutions at equilibrium at 600 ◦C [12] . Roman numerals denote separate parts 

of the graph, as discussed in the main text. 
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re close, yet even higher temperatures bring an enhanced compo- 

ition difference. The fraction of Au in Au-rich region reaches 60 

t. % when the specimen is annealed at 600 ◦C, and the fractions 

f Pt and Ag are 21 at. % and 19 at. % , respectively. In comparison,

he fraction of Pt in Pt-rich region is much higher than the fraction 

f Au in Au-rich region in the same annealing condition, and the 

ormer one reaches 80 at. % after annealing at 600 ◦C. 

The difference of the composition between Au-rich and Pt-rich 

egions reflects the equilibrium alloy phase diagrams, where the 

olubilities of Pt and Ag in Au are indeed substantially higher than 

he solubility of Au or Ag in Pt [12,35,36] . In view of the lever rule,

ur observation of a larger volume fraction of Au-rich region is also 

onsistent with the phase diagrams. As a result, after high temper- 

ture annealing, the Au-rich Bragg reflections have a larger area 

 Fig. 3 ), and the Pt-rich regions form isolated particles distributed 

n the continuous Au-rich matrix ( Fig. 4 ). 

.4. Lattice parameters 

Since the lattice parameters of Au-Pt solid solutions are well 

pproximated by Vegard’s law [12] , their values may be estimated 

ased on the EDS-compositions of Au-rich and Pt-rich regions of 
5 
ig. 6 . As a consistency check, Fig. 7 compares that data to the X-

ay lattice parameters. The estimate includes the residual Ag; note 

hat the Ag lattice parameter is nearly identical to that of Au (lat- 

ice mismatch 0 . 17% ). That is, the lattice parameter of the Au-Pt-Ag 

olid solution was computed as a = a Au (1 − x Pt ) + a Pt x Pt , where x Pt 

s the atom fraction of Pt documented in Fig. 6 , and a Au = 408 pm,

 Pt = 392 pm are the literature values for the lattice parameters of 

ure Au and pure Pt, respectively [12] . 

The plot in Fig. 7 can be divided to three parts. Part I is for the

s-dealloyed state, ligament size 4 nm. Here, the lattice parameters 

stimated based on the EDS and directly measured by the X-ray 

iffraction agree. This is consistent with a homogeneous solid so- 

ution state in part I. Part II groups the states annealed at 300 ◦C

nd 400 ◦C, with ligament sizes ranging from 12 nm to 20 nm. 

ere, the EDS results reveal a two-phase system, while only one 

hase is detected by X-ray diffraction. The apparent disagreement 

alls for a closer inspection with high-resolution TEM, see below. 

he specimens annealed at 450–600 ◦C, with the ligament sizes 

 26 nm, are grouped in part III. Here, two separate phases are 

etected by both approaches. Yet, the X-ray and TEM-based lattice 
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arameters differ, especially for the Pt-rich phase. It is plausible 

hat the overlap of Pt-rich and Au-rich regions leads to error in 

he EDS composition, explaining the smaller lattice mismatch for 

he EDS results. The measurement error of composition should be 

arger for the small Pt-rich particles, as they tend to be covered 

y thick Au-rich matrix regions. This explains the deviation in this 

art of the graph. 

Overall, the lattice parameters of the two phases do tend to 

onverge towards what is expected based on the equilibrium phase 

iagram as the decomposition proceeds. Specifically, at the high- 

st annealing temperature, the X-ray lattice parameters agree quite 

recisely with what is predicted (dashed lines in Fig. 7 ) by the al-

oy phase diagram combined with Vegard’s law. 

An obvious hypothesis explaining the inconsistency between 

he EDS and X-ray diffraction results in part II is that the Au- 

ich and Pt-rich regions are coherent, leading to a single set of X- 

ay diffraction peaks. The two regions might also be semicoherent 

ith a very small lattice mismatch, so that their peaks cannot be 

istinguished in X-ray diffraction patterns. 

.5. Crystallographic relationship 

Next, we inspect the crystallography of the Pt-rich regions 

hat precipitated during annealing. We start out by noting that 

anoporous metals made by dealloying typically retain the crystal 

attice of the master alloy. Grain sizes in the nanoporous material 

re typically in the order of tens of micron, much larger than the 

ore size [8,37–39] . Thus, nanocrystalline regions are not expected 

ere. Of interest is in how far the two phases emerging from the 

ecomposition remain crystallographically coherent. 

Fig. 8 analyzes a region of the 300 ◦C annealed sample, showing 

he HAADF image in its part (a). Similar to Fig. 4 (b), both Au-rich

nd Pt-rich regions are observed in Fig. 8 (b). The corresponding se- 

ected area electron diffraction (SAED) pattern in Fig. 8 (c) shows a 

ingle crystal structure, in other words, the two phases have iden- 

ical crystallographic orientation. 

The highlighted area of Fig. 8 (a) and (b) is displayed at higher 

agnification in Fig. 8 (d) and (e). Those images, along with their 

igh-resolution TEM image and its Fourier transform ( Fig. 8 (f)) fur- 

her demonstrate that neighbouring Au-rich and Pt-rich regions 

ave the same crystallographic orientation. 

The intensity profile along the white dashed line with < 200 > 

irection across the interface in Fig. 8 (f) is displayed in Fig. 8 (g) as

n approach to the local {200} interplanar spacing in each region. 

he distance between 10 lattice planes for each region is measured 

or enhanced accuracy. The {200} interplanar spacings in Fig. 8 (g) 

re identical, suggesting that the Au-rich and Pt-rich regions are 

oherent. This agrees well with the single lattice parameter in the 

-ray diffraction data. Similar findings were obtained in other re- 

ions. 

To understand the crystallographic evolution at higher tem- 

eratures, a similar TEM analysis for the specimen annealed at 

00 ◦C is shown in Fig. 9 . We focus on an area containing both

u-rich and Pt-rich regions in Fig. 9 (b). The corresponding SAED 

attern in Fig. 9 (c) also shows a single crystal structure, indicating 

hat the identical crystallographic orientation between the two re- 

ions is maintained. In this state of the sample, the X-ray data in 

ig. 7 suggests a relative lattice mismatch between the phases of 

.9 % ; that small difference could not be distinguished in the SAED 

attern. The identical orientation of Au-rich and Pt-rich regions in 

his specimen is further confirmed by high-resolution TEM image 

 Fig. 9 (e–f)). 

The difference of the lattice parameters between the two re- 

ions is revealed by the intensity profile in Fig. 9 (g). The ten times

111} interplanar spacings in Fig. 9 (g), 2.33 nm and 2.26 nm for the
6

u-rich and Pt-rich regions, respectively, imply a lattice mismatch 

f about 3 % , in good agreement with the X-ray diffraction data. 

To summarize, the results in Figs. 3 –9 suggest that the mi- 

rostructure of the decomposed alloy contains Au(Pt,Ag) and 

t(Au,Ag) solid solutions with identical orientation. The respective 

omains start out coherent and with identical lattice parameters. 

pon annealing, lattice parameters start to differ and evolve to- 

ards those of the equilibrium terminal solid solutions at the an- 

ealing temperature. 

.6. Coherency length and microstrain 

We have investigated the issue of crystallographic coherency 

urther by analyzing X-ray line broadening, using results for 

anoporous gold [30] as a benchmark. Even though the grain size 

f dealloyed nanoporous metals is much larger than the ligament 

ize, L , the loss of coherent lattice sites in the pores lead to reflec-

ion broadening that can be analyzed for L . Fig. 10 (a) shows the

illiamson-Hall coherent scattering length [33] , D W −H , versus L as 

etermined from the TEM data of Fig. 1 . Also shown is the bench-

ark data for nanoporous gold. It is seen, that the data for np Au- 

t in its as-prepared and 300 ◦C annealed states is within the trend 

eld of nanoporous gold. By contrast, D W −H of the 400 ◦C annealed 

ample is noticeably below the trend field. That reduction of the 

oherent scattering length suggests a loss of coherency as a conse- 

uence of precipitation, indication of semi-coherent interfaces be- 

ween matrix and precipitates [40] . 

The Williamson-Hall analysis also supplies estimates for the 

oot-mean-square microstrain, and this data is plotted versus 

 W −H in Fig. 10 (b). The data is consistently above the trend 

ine for nanoporous gold. This can be understood as the conse- 

uence of the atomic size misfit in the random solid solutions. 

train fields at coherent or semi-coherent interfaces might further 

ontribute. 

.7. Surface composition 

We have used cyclic voltammetry for estimating the Pt and Au 

tom fractions at the surface. Fig. 11 (a) shows cyclic voltammo- 

rams (CVs) of np Au-Pt in different conditions. The two desorp- 

ion peaks in the cathodic (negative-going) branches of all graphs 

re consistent with oxygen desorption peaks for Pt and Au, respec- 

ively [8,9,41] . The Pt/Au peak area ratio against annealing tem- 

erature is shown in Fig. 11 (b). The fractional occupancy of the 

urface sites for the two elements can be roughly estimated from 

he charges of oxygen desorption (obtained from oxygen desorp- 

ion peak areas) and the converting factors (390 μC / cm 

2 for Au 

nd 420 μC / cm 

2 for Pt) [42] . That data is also plotted in Fig. 11 (b).

he surface fraction ratio starts out at 4.6, suggesting that the sur- 

ace is strongly enriched in Pt in the as prepared state. This is 

n agreement with reports for other nanostructured Au-Pt alloys 

7–9,43] . The figure also shows that the ratio decreases strongly 

uring annealing, reaching about 1.5 after annealing at the highest 

emperature. This implies that the surface Pt atom fraction in the 

00 ◦C annealed state approximates the equimolar composition of 

he bulk. 

. Discussion 

.1. Uniform solid solution after dealloying 

As was pointed out in the introduction, Au-Pt with the nomi- 

al composition of our nanoporous system after dealloying is not 

iscible at equilibrium except at very high temperatures, far from 

hose of the room-temperature dealloying process. What is more, 
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Fig. 8. TEM micrographs of nanoporous Au-Pt isothermally annealed at 300 ◦C. (a) High-angle annular dark-field (HAADF) image and corresponding (b) superimposed 

elemental maps of Au (red) and Pt (green). (c) Selected area electron diffraction pattern (SAED) along [011] zone axis corresponding to (b). (d) Magnification of the square 

area in (a). (e) Magnification of the square area in (b). (f) High resolution TEM image corresponding to the square area in (e). Fourier transform pattern is inserted. (g) The 

intensity profile along the dashed line across the interface in (f), revealing {200} interplanar spacing for each region. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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he alloy is within the region of spinodal instability in the alloy 

hase diagram. It is therefore remarkable that X-ray diffraction lat- 

ice parameters and TEM elemental maps consistently provide ro- 

ust signatures for a uniform, single-phase solid solution in the 

ulk of the nanoporous material. 

It is well established that the nanostructure formation during 

ealloying requires rearrangement of the more noble element (the 

omponent which is not corroded and forms the nanoporous prod- 

ct structure) at the scale of the ligament size. During aqueous 

ealloying, that rearrangement is carried by surface diffusion. The 

resence of substantial rearrangement suggests that the failure to 

ecompose into the equilibrium phases cannot be explained by the 

ere lack of atomic mobility. Instead, one is led to suspect the 

resence of nucleation barriers. 

Spinodal instability suggests pathways in configuration space 

or demixing that are free of nucleation barriers. Yet, coherency as 

ell as confinement may act to suppress spinodal decomposition. 

ith that in mind, we here present estimates of the upper convo- 

ute temperature, T S , of the coherent spinodal and of the character- 

stic spinodal wavelength. The estimates are based on the following 

aterials parameters: critical composition x C = 0 . 61 and critical 

emperature of the equilibrium miscibility gap T C = 1260 ◦C [12] ; 

oung’s moduli Y = 69 and 140 GPa [44] , Poisson’s ratios ν = 0 . 42

nd 0.39 [45] . Furthermore, we took the composition-strain cou- 

ling parameter as η = 2(a Au − a Pt ) / (a Au + a Pt ) = 0 . 040 . As com-

ared to the critical temperature, T , of the equilibrium phase dia- 
C r

7 
ram’s miscibility gap, T S in solids is lower by [46] 

T S = − 1 

2 R 

�η2 Y 

1 − ν
(1) 

here R and � denote the molar gas constant and the atomic vol- 

me, respectively. With the above materials parameters of the ele- 

ents, and estimating the materials parameters of the solution at 

 = x C by composition-weighted linear interpolation, one obtains 

T S = 163 K . In other words, the upper convolute temperature of 

he coherent spinodal is at ∼ 1097 ◦C , very much above room tem- 

erature. We conclude that coherency energy effects cannot ex- 

lain a stabilization of the equimolar solid solution against spin- 

dal decomposition at room temperature. 

Next, we ask whether the decomposition may be suppressed 

ecause the spinodal wavelength is possibly much larger than the 

s-prepared ligament size. To this end, we approximate Au-Pt as a 

egular solution and obtain the solute-solute interaction energy pa- 

ameter, ω, as 2 RT C . Applying the equation for the fastest-growing 

avelength, λm 

, in [47] to the regular solution, one has 

 m 

= 

1 

2 

2 / 3 

√ 

1 − τ

�2 / 3 
(2) 

or the wave vector, q m 

= 2 π / λm 

, where τ = T /T C . This suggests

hat, within the temperature range of our dealloying and anneal- 

ng experiments, λm 

varies between 2.9 nm (during dealloying at 

oom temperature) and 4.3 nm (during annealing at the highest 
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Fig. 9. TEM micrographs of nanoporous Au-Pt isothermally annealed at 500 ◦C. (a) High-angle annular dark-field (HAADF) image and corresponding (b) superimposed 

elemental maps of Au (red) and Pt (green). (c) Selected area electron diffraction pattern (SAED) along [011] zone axis corresponding to the circle in (b). (d) Magnification 

of the square area in (a). (e) Magnification of the square area in (b). (f) High resolution TEM image corresponding to the square area in (e). Fourier transform pattern is 

inserted. (g) The intensity profile along the dashed line across the interface in (f), revealing {111} interplanar spacing for each region. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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emperature, 600 ◦C). The as-prepared ligament size is already ∼
 nm, permitting more than a full spinodal wavelength within each 

igament, even in the radial direction. We conclude that even the 

xtremely fine structural length scale of our as-prepared np Au-Pt 

amples is not small enough for suppressing spinodal decomposi- 

ion. 

.2. Role of residual silver 

Our nanoporous material contains around 10 at.% of residual sil- 

er from the master alloy. It is therefore significant that the ternary 

g-Au-Pt alloy phase diagram [11] suggests that the binodals of the 

u-rich and Pt-rich solid solutions shift only slightly when small 

ractions of Ag are added. Adding Ag displaces the miscibility gap 

lightly towards the Pt-rich side, and specifically the phase field 

f the Au-rich solution is widened. The small effect of Ag and the 

idening of the Au-rich solution’s stability range are both qualita- 

ively consistent with our discussion above. 

.3. Bulk depletion by surface segregation 

As the spinodal decomposition is not observed in spite of the 

nstability of the bulk solid solutions with the net composition of 

ur alloy, we are led to investigate other decomposition modes. 

ere, it is relevant that the cyclic voltammetry points towards 

trong Pt enrichment at the surface. It is well-known that inter- 

ace segregation in nanomaterials can substantially change the bulk 
8 
omposition, with important consequences for the stability of bulk 

hases [48–50] . We now present an estimate of the impact of the 

t enrichment at the surface for the Pt atom fraction in the bulk of 

ur nanoporous alloy. We introduce surface and bulk site fractions, 

f S and f V with f S + f V = 1 and corresponding Pt atom fractions, x S 
nd x V . Those atom fractions relate to the net platinum fraction in 

he alloy, x net , by 

 S f S + x V f V = x net (3) 

he fraction of the surface sites relates to the ligament size 

hrough f S = α d 111 . Here, α denotes the volume-specific surface 

rea (area per volume of the solid phase) and d 111 the interpla- 

ar spacing of the densest-packed crystallographic plane. By ap- 

roximating the ligaments as cylinders, so that α = 4 /L , we obtain 

f S = 4 d 111 /L . Thus, we estimate that 23% of all lattice sites in the

s-prepared material ( L = 4 nm) are surface sites. We note that the 

t/Au ratio at the surface as shown in Fig. 11 (b) implies x S ≈ 0 . 82

n that state. This allows us to solve Eq. 3 for the bulk Pt frac-

ion x V in the as-prepared state. The result is x V = 0 . 35 . That bulk

omposition is outside of the chemical spinodal [12] and, thus, also 

utside of the coherent spinodal (which is the relevant one here). 

The just-mentioned argument lets us conclude that the ob- 

erved surface enrichment in Pt is sufficient for depleting the bulk 

f the ligaments in the as-prepared state in Pt, to an extent that 

oves the bulk out of the instable region of the phase diagram 

nd into the metastable region between binodal and spinodal. Dur- 

ng dealloying, the temperature is low and it is thus sensible to as- 
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Fig. 10. Evaluation of the X-ray Bragg reflection broadening. (a) Williamson-Hall 

coherent scattering length, D W −H , versus ligament size, L , derived from electron mi- 

croscopy. Diamonds: nanoporous (np) Au-Pt, this work. Dashed: identity line. (b) 

Root-mean-square microstrain, 〈 ε2 〉 1 / 2 , versus D W −H . Colored symbols: nanoporous 

Au-Pt, analysis of single phase solid solution reflections (diamonds) and of sepa- 

rate reflection sets for Au-rich (squares) and Pt-rich (triangles) reflection sets. Open 

circles and shaded regions in (a) and (b): nanoporous gold, reference [30] . 
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Fig. 11. (a) Cyclic voltammograms of current density j versus voltage E of 

nanoporous Au-Pt in different conditions. Electrolyte is 1 M HClO 4 solution and the 

scan rate is 1 mV/s. RHE means reversible hydrogen electrode. OH-desorption (OD) 

peaks for Pt and Au are marked out. (b) OD peak area ratio (diamonds linked by 

dashed line) and surface fraction (hexagons linked by solid lines) of Pt to Au versus 

annealing temperature. 25 ◦C data: as-dealloyed state. 
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ume that nucleation of the Pt-rich phase in the bulk is kinetically 

uppressed. 

When solute is found to be enriched at the surface of or at an

nternal interface in a solid solution, then the driving force is typ- 

cally the heat of segregation, which energetically favors solute in 

urface sites. With increasing temperature, the entropy of mixing 

ill start to dominate, and this typically diminishes the enrich- 

ent ratio, in other words, the local solid fractions in the surface 

nd the bulk sites will approach a common value. Our observa- 

ion of a reduced enrichment ratio with increasing annealing tem- 

erature is naturally compatible with that expectation, and it sug- 

ests an increased bulk Pt fraction in the annealed samples. That 

ncrease is further enhanced by the severe loss of surface sites that 

esults from coarsening. Both factors thus cooperate in pushing Pt 

nto the bulk, enhancing the driving force for the formation of Pt- 

ich regions. TEM and X-ray scattering results in our study demon- 

trate that process. 
9 
.4. Microstructure evolution during annealing 

Annealing of dealloyed nanoporous metals gives rise to 

urvature-driven, diffusion-mediated coarsening. We find L in- 

reasing threefold (from 4 nm to 12 nm) already at the lowest an- 

ealing temperature, 300 ◦C. As the volume of the surviving liga- 

ents has increased 3 3 = 27 -fold, only about 4% of the initial liga-

ents have survived. With the possible exception of the 4% atoms 

n their core, every atom must have moved by distances in the 

rder of the final ligament size. That is, the kinetics is sufficient 

or phase decomposition already after the lowest annealing step in 

ur experiments. Yet, only an incipient signature of demixing is de- 

ected after the early stages of annealing. The aforementioned ar- 

ument thus re-emphasizes that, during the early stages of anneal- 

ng, the driving forces for the evolution of the composition field do 

ot effciently push the system towards the equilibrium phases of 

he alloy phase diagram. 

The apparently bicontinuous domain morphology after the 

00 ◦C anneal resembles that of early-stage spinodal decomposi- 

ion. Yet, the decomposition pathway may here differ from classic 

pinodal decomposition. Data for Au self-diffusion [51] suggest the 

ulk diffusion coefficient D = 1 . 6 × 10 −21 m 

2 / s at T = 300 ◦C. During

he 1 h anneal, the diffusion distance is then 

√ 

6 Dt ≈ 6 nm , so bulk 

iffusion can indeed contribute to the decomposition, on top of 

urface diffusion along the migrating surface. Yet, gradients in the 

ean curvature provide a separate driving force for microstructure 

volution. Thus, the decomposition concurs with important coars- 

ning. Incipient Au- or Pt-enriched regions will be dissolved when 

mall ligaments vanish; these regions need to be reassembled at 

he surface of growing larger ligaments. In view of this frustrated 
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Fig. 12. Schematic illustration of phase decomposition in nanoporous Au-Pt. 
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nmixing situation, it is not surprising that the decomposition pro- 

eeds slowly. 

Annealing at higher temperatures accelerates coarsening and 

hase decomposition, leading to the loss of coherency and the 

hange in the phase morphology. The initially irregular Pt-rich re- 

ions evolve into more equiaxed ones which minimize the area of 

nterface and thus reduced the net interfacial excess energy. 

. Summary 

Our evaluation of the microstructure of as-dealloyed np Au- 

t and of its evolution during coarsening reveals that dealloying 

ransforms the homogeneous, ternary bulk solid solution Ag-Au-Pt 

nto a single-phase np Au-Pt solid solution. That solution would 

e immiscible at thermodynamic equilibrium, and its composition 

s within the alloy phase diagram’s regime of spinodal instability. 

pon annealing-induced coarsening, the initially single-phase solu- 

ion evolves to a semicoherent two-phase state by way of an inter- 

ediate, coherent two-phase state. The findings for the formation 

nd decomposition mechanisms can be summarized as follows (see 

lso the schematics in Fig. 12 (a)–(d)): 

(1) In the as-dealloyed state ( Fig. 12 (a)), surface segregation of 

t depletes the bulk of that element. Because of the extremely 

mall ligament size and the many surfaces, the depletion is im- 

ortant enough to move the bulk composition into the metastable 

wo-phase region of the alloy phase diagram, outside of the spin- 

dal. Nucleation barriers for precipitation cannot be overcome at 

he low temperature of the dealloying, explaining why the bulk of 

he as-dealloyed material exhibits a uniform, single-phase state in 

pite of the substantial atomic rearrangements that accompany pri- 

ary and secondary dealloying. 

(2) Composition redistribution in np Au-Pt takes place upon 

nnealing-induced coarsening. As the number of surface sites de- 

reases, originally segregated Pt is pushed back into the bulk. The 

eneric trend of segregation isotherms for surface enrichment fac- 

ors to decrease in magnitude with increasing temperature pro- 

ides a further driving force for the bulk Pt fraction to increase 

ith increasing annealing temperature. 

(3) In our sequence of annealing steps, the increase of the 

t-fraction in the bulk initially (up to ligament sizes of 12 nm) 

eads to crystallographically coherent Au-rich and Pt-rich regions 

 Fig. 12 (b)). The phase morphology resembles that of early-stage 

pinodal decomposition, yet the unmixing is here frustrated, as it 

oncurs with the dissolution of entire ligaments and the transport 

f their content to other, growing ligaments. The domains of dif- 

erent composition are then repeatedly dissolved and they have to 

eform elsewhere. 
10 
(4) Upon further coarsening, the fraction of Pt in surface sites 

ecreases while that in the bulk continues to increase. The surface 

egregation of Pt becomes insubstantial after annealing at 450 ◦C. 

he initially coherent regions are now gradually replaced by semi- 

oherent ones ( Fig. 12 (c and d)). That process accompanies an in- 

rease in the lattice mismatch. It goes along with a change in the 

hase morphology, the initially irregular shape of the Pt-rich re- 

ions evolving into more equiaxed ones that have minimized their 

rea of interface and thus reduced the net interfacial excess energy. 

Based on the formation and decomposition mechanisms above, 

anostructured alloys with high kinetic stability and tunable sur- 

ace composition can be designed. By appropriate annealing, the 

urface area and phase component can be tailored to obtain de- 

ired material properties. 
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