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Vapor phase dealloying (VPD) is an environmentally-friendly method for fabricating nanoporous materials
by utilizing the saturated vapor pressure difference of elements to selectively drive sublimation of one or
more components from an alloy. VPD kinetics has not been explored and rate-controlling factors of the
solid-gas transformation within complex nanostructure remain unknown. Using manganese-zinc alloys as
a prototype system, we systematically investigated the dependence of dealloying velocity on temperature
and pressure and presented a model to quantitatively describe the dealloying kinetics. We found that
the dealloying velocity exhibits a linear to power law transition at a critical dealloying depth, resulting
from the interplay between the kinetic process of dealloying and dealloyed microstructure. This transition
bridges ballistic evaporation at early time to Knudsen diffusion of Zn vapor in developed pore channels
where the Zn partial pressure at the dealloying front reaches the local equilibrium between the solid
and vapor phases. By comparing activation energies for VPD and bulk zinc sublimation, the entire energy
landscape of VPD is measured. The fundamental understanding of VPD kinetics paves an effective way to
design dealloyable precursor alloys and to optimize dealloyed microstructure of VPD materials for a wide
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range of applications.
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1. Introduction

Dealloying is a convenient process to fabricate bicontinuous
porous structures with a large specific surface area [1], a high den-
sity of low-coordinated surface atoms [2] and high electrical and
thermal conductivities [3,4]. Dealloyed porous materials have been
explored in a wide range of applications including catalysis [5-8],
actuation [9], sensors [10], energy storage and conversion [11-14],
etc. In traditional electrochemical dealloying (ECD), selective etch-
ing and nanopore formation are driven by the standard electrode
potential difference between pore-forming metals and sacrificial
components in precursor alloys [15-17]. Because of the require-
ment of electrochemical corrosion, the resulting nanoporous ma-
terials are mainly noble metals, such as Au, Pt, Pd, Cu, etc [1,4,18-
20]. A second approach, liquid metal dealloying (LMD), has been
developed as a facile method to fabricate porous materials from
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light metals to inorganic materials by using the difference in misci-
bility of alloy components in metallic baths [21-25]. However, high
dealloying temperatures in LMD often lead to coarsened poros-
ity and the technique requires a post-processing chemical corro-
sion to excavate the porous structure from solidified metal baths
[21]. Very recently, vapor phase dealloying (VPD) has emerged as a
versatile and environmentally-friendly method to fabricate porous
materials [26,27]. VPD utilizes the saturated vapor pressure (SVP)
difference between constituent elements in an alloy and selectively
sublimates a high SVP element(s) at appropriate temperatures and
vacuum conditions, accompanied by the spontaneous reorganiza-
tion of the residual elements to form a porous structure with bi-
continuous open porosity [26,27].

The formation of nanoporosity during dealloying is often de-
scribed as the competition between selective dissolution of sacrifi-
cial elements from precursor alloys to surrounding media and the
reorganization of the remaining components at the dealloying front
to form the backbone of the porous structure [15,28-33]. In gen-
eral, dealloying kinetics is possibly governed by two factors: diffu-
sion (or re-organization) of pore forming elements at the interface
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Fig. 1. (a) The relation between temperature and SVP of Zn and Mn. The inset shows the photo of a polished Mn,gZn;, precursor sample. (b) XRD patterns of MnjgZn;, and
Mni,Zngg precursor samples exhibiting a single hexagonal close-packed phase. (c) and (d) The EDS mappings of Mn,gZns, and Mn,Zngg precursors with homogeneously

elements distribution, respectively. Scale bar: 10 pm.

between precursor alloys and the dealloying media, and the trans-
port of sacrificial elements from the precursor alloy to the dealloy-
ing media, both driven by high chemical potentials at dealloying
fronts [15,21]. Sacrificial element transport can be controlled by
the slowest step of diffusion during dealloying and the reactions
at dealloying fronts, depending on the systems under investigation
[21,30,32]. In ECD, the influence of the sacrificial element trans-
port on dealloying kinetics is often minimal because of the facile
oxidation and fast diffusion of sacrificial element ions in aqueous
electrolytes. As a result, the interface velocity in ECD is usually
controlled by the dissolution rate at the electrode/electrolyte inter-
faces and exhibits linear dealloying kinetics [34,35]. For LMD, it has
been found that diffusive transport of the sacrificial elements away
from the dealloying fronts is much slower than in ECD. LMD sys-
tems tend to exhibit long-range diffusion limitations with the deal-
loying interface velocity slowing down as a power law [21,22,36].
Although it has been found that nanopore formation during VPD
can be regulated by the pressure of a dealloying chamber, deal-
loying temperature and dealloying time [26], the dealloying kinet-

ics of VPD has not been systematically studied and a model that
describes the dealloying process of VPD has not been developed.
In contrast with ECD and LMD [37], the dealloying conditions, i.e.,
temperature and pressure, of VPD can be tuned over a wide range,
which provides a unique opportunity to explore the influence of
mass transport on dealloying kinetics. Considering that porous Mn
has not been successfully fabricated by ECD and VPD and, tech-
nically, multi-valence Mn and Mn compounds are important elec-
trode materials for batteries and supercapacitors, in this study we
chose MnygZn;, and Mnq,Zngg alloys as the model systems to in-
vestigate the VPD kinetics (dealloying velocity and porosity evolu-
tion) as they vary with composition, dealloying time, temperature
and pressure.

2. Methods

Binary MnjygZn;; and Mnj,Zngg (atomic ratio) alloys were pre-
pared by induction heating from Mn (99.9+%, Nilaco Co.) and Zn
(99.5%, Nilaco Co.) lumps under the protection of Argon with pos-
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Fig. 2. (a) and (b) The SEM cross-sectional images and the corresponding EDS chemical mappings of partially dealloyed Mn,gZn;, and Mny;Zngg samples at 673 K and 200
Pa for 180 min and 60 min, respectively. Scale bar: 5 um. (c) XRD profiles of partially dealloyed MnjsZn;, and Mn;,Zngg samples at 673 K for 30 min at 200 Pa.

itive pressures. On account of the large difference in the boiling
points and saturated vapor pressures of Zn and Mn, the initially
prepared compositions were Mny3Zn;; and MngZng; (atomic ra-
tio) with the total mass of 20 g per batch to produce the tar-
geted compositions of Mn,gZn;, and Mnj,Zngg, respectively. Cube-
shaped samples with dimensions of 1.5 mm x 1.5 mm x 1.0 mm
were cut by a diamond wheel saw and carefully polished with 0.05
pum Al,03 powder to obtain mirror-finished surfaces. The precur-
sor samples were dealloyed at a series of temperatures under low
vacuum in a home-built vacuum dealloying system consisting of
a high-temperature tube furnace, a condensation unit and a vac-
uum system with pressure adjustable from 1000 Pa to 2 x 10~ Pa
(Supplementary Fig. S1). To maintain a reducing atmosphere, the
vacuum chamber was fed with flowing mixture gas of 200 sccm
Ar and 10 sccm H,. During the heating process, a constant temper-
ature ramping of 20 K/min was used and the temperature fluctua-
tion of the tube furnace was within 1 K for the isothermal heating
process.

The crystal structures of MnygZn;; and MnjpZngg samples
were characterized by X-ray diffraction (XRD) with Cu-K, radi-
ation (Rigaku SmartLab 3 kW). The microstructure and chemi-
cal composition of the samples were investigated using a field-
emission scanning electron microscope (SEM, JEOL JIB-4600F, 15
keV) equipped with an X-ray energy-dispersive spectroscopy (EDS)
system. One side of a dealloyed sample was carefully polished to
show the dealloying depth, which was calculated from the mea-
sured dealloyed area divided by sample widths to achieve an un-
biased value. Meanwhile, averaging ~30 measurements of deal-

w

loying depth from SEM images were recorded, and the calcu-
lated standard deviation was given as the error bars of plots. The
diffusion-limited master curves were collapsed by re-scaled time
t' =t x exp(—E/kgT) from a fundamental thermodynamic equilib-
rium property and the fitting values of activation energy E were
derived by genetic algorithm.

3. Results
3.1. Microstructural evolution during dealloying

Fig. 1a shows the temperature dependence of the SVP of zinc
and manganese [38]. The large SVP difference between zinc and
manganese over a wide temperature window suggests that a se-
ries of convenient dealloying conditions can be employed to se-
lectively remove Zn from the precursor alloys to form porous Mn.
The dealloying kinetics of the two alloys were investigated at three
temperatures of 653 K, 673 K and 723 K and two pressures of
200 Pa and 2 x 10~* Pa. The dealloying experiments include three
stages: heating at a constant ramping rate of 20 K/min to desig-
nated temperatures; maintaining temperature for different periods
of time; and fast cooling. The cross-sections of dealloyed samples
were characterized by SEM to measure dealloying depths and the
morphology of resulting porous microstructures. Fig. 1b shows the
XRD spectra of MnygZn;, and Mny;Zngg samples after heating to
673 K at a dealloying pressure of 200 Pa and immediately cooled
to room temperature. The heating and cooling cycle does not bring
any structural changes of the two precursor alloys. Both Mn,gZnz,
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and Mnq,Zngg have a hexagonal close-packed (HCP) structure. EDS
mappings show that Mn and Zn are homogeneously distributed in
the alloys (Fig. 1c and d). Obvious pores cannot be found on the
sample surfaces after the cycle of temperature rise and cooling at
the pressures of 200 Pa (Supplementary Fig. S2).

Fig. 2a and b are the SEM cross-sectional images and EDS
chemical mappings taken from MnygZn;, and MnjyZngg samples,
dealloyed at 673 K and 200 Pa for 180 min and 60 min, re-
spectively. The dealloyed porous region of MnygZn;, has a rela-
tively sharp interface with the solid precursor alloy compared to
that of MnyyZngg Correspondingly, significant chemical composi-
tion changes can be detected in the porous regions, which are en-
riched with Mn. The residual concentrations of zinc in the porous
regions of the Mn,gZn;, and Mn;,Zngg samples are 1.9 at.% and 4.6
at.%, respectively. XRD spectra of partially dealloyed samples show
the appearance of body-centered cubic (BCC) Mn peaks (Fig. 2c),
further demonstrating the formation of porous Mn by VPD. From
both SEM-EDS chemical mappings and XRD spectra, an interme-
diate phase cannot be seen and it suggests the direct transition
from the precursor HCP Zn-Mn alloys to the porous BCC Mn by
selectively evaporating Zn. Obviously, the two dealloyed samples
present divergent porous morphologies. Mn;;Zngg has a spongy
microstructure with a pore size around 500 - 700 nm while the
dealloyed MnygZn;, sample shows anisotropic porosity, with a
long narrow channel structure and a pore diameter of about 300
- 500 nm (Fig. 2a and b). Therefore, the precursor compositions
apparently influence the dealloyed microstructures.

3.2. The dependence of dealloying depth on time, temperature and
pressure

Dealloying kinetics was investigated by measuring the time de-
pendence of dealloying depth at different pressures and temper-
atures. From the polished surfaces of partially dealloyed samples,
the dealloying depth can be visualized and measured as shown in
the inset of Fig. 3a. At a constant dealloying pressure of 200 Pa,
the dealloying depth increases with time and temperature (Fig. 3a).
Log-log plots of this data are straight lines, showing a power law
relationship between dealloying depth and time. The nearly con-
stant slopes of ~0.4 for both MnygZn;, and Mnj,Zngg alloys are
independent of dealloying temperatures (Fig. 3b). The power-law
relation indicates that the dealloying front migration is more likely
dominated by a long-range diffusion process, rather than inter-
face diffusion and reaction [21,36]. In spite of the identical power-
law exponent of the two alloys at 200 Pa, the dealloying rates,
defined by the dealloying depth per second, strongly depend on
the dealloying temperatures and the compositions of precursor al-
loys (Fig. 3a and b). High dealloying temperatures promote faster
porous layer growth. Moreover, the Mn,Zngg alloy with more Zn
has an obviously higher dealloying rate than MnygZn;, under the
same dealloying temperatures, which is in line with the relatively
large pore size of dealloyed Mnj,Zngg.

Fig. 4a shows the relation between dealloying time and depth
of MnygZns, at 673 K under two different pressures of 200 Pa
and 2 x 10~* Pa. The higher-vacuum condition exhibits a rela-
tively higher dealloying rate across the entire dealloying period. In
comparison with the low-vacuum power-law time-depth curve, the
high-vacuum dealloying time-depth plot shows an apparent linear
period up to the dealloying depth of ~29.5 um at the dealloying
time of ~7,200 seconds. Because the linear period is much longer
than the temperature ramping time of 1,200 seconds before deal-
loying, it cannot be attributed to any pore pre-formation reaction
during sample heating. The existence of the linear period can also
be identified from the log-log plot of dealloying time-depth curves
(Fig. 4b), which presents a distinct discontinuity in the dealloying
kinetics in the early stage of dealloying under the low dealloying

Acta Materialia 212 (2021) 116916

a 50
+ ® 653K
o ¢ 673K
40 | %’ , m 723K §
Eal + !
<
a
0}
(m]
20 L
10
1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000
Dealloying time (min)

b sf . )
40 F = 5’ b4 o)
e g DT P-4 [ ]
w (] s ¢
—~30F > LS 2 ,
IS L ¢ ', Py
= w RO & i /
c 7 = )/‘ o3 ./.
B20f _~ # $ o
o M M & v
° [ pd %, 9 &
g) r v ’ # " Ve
s [ a7t Y é ® 653 K-Mny,Zn,,
=12 4 ,3’* & ® 673 K-MnyZn,,
IR A o ¥ ] B 723 K-MnyZn,,
e 22 P ® 653 K-Mn,,Zng
u(d s @ 673 K-Mn,,Zng
B 723 K-Mny,Zngg
1 1
10 100 1000

Dealloying time (min)

Fig. 3. (a) The relation between dealloying depth and time at 200 Pa and different
temperatures for Mn,gZny,. The inset shows the measurements of dealloying depth
from the cross-section of partially dealloyed MnjgZn;, samples. (b) Correlation be-
tween dealloying time and depth at 200 Pa and different temperatures. The dashed
lines show the same exponent value of 0.4 for both Mnj;Zngg and MnjgZn7;,

pressure. After ~7,200 seconds the dealloying time-depth curves of
both 200 Pa and 2 x 10~ Pa can be well fitted by a power law re-
lation with the exponent of ~0.4 (Fig. 4b). It appears that there is a
transition of dealloying kinetics from linear to power-law relations
with increasing dealloying depth under a low pressure of 2 x 10~4
Pa in the initial stage of dealloying.

This depth-dependent dealloying kinetics is further demon-
strated by the time-depth curves at different dealloying temper-
atures in both MnygZn;, and Mny;Zngg alloys under the low pres-
sure of 2 x 104 Pa (Fig. 4c). Although the linear portions are dif-
ficult to distinguish from the initial stage of the power law rela-
tion in some plots, the noticeable deviation from the power law in
the log-log plots as well as the different tendency from the 200 Pa
data plots (Fig. 4b) indicates the initial stage of dealloying at the
low pressure of 2 x 10~4 Pa does not follow the power law rela-
tion with the exponent of ~0.4. We noticed that the linear deal-
loying process is more obvious at lower dealloying temperatures
for both MnygZn;, and Mny;Zngg alloys as the slower dealloying
rates give longer linear dealloying time in the dealloying depth-
time plots. We have enlarged the linear portion to show the tran-
sition from linear to power law relation in Fig. 4d. The critical
depths for the transition were carefully measured with the esti-
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Fig. 4. (a) The relationship between dealloying depth and time at 673 K with different environmental pressures of Mn,sZns, . The yellow and blue dotted curves with the
same exponent value of 0.4 and the yellow solid line is a guide to the eye. (b) A converted log-log plot of Fig. 4a. (c) Evolution of dealloying depth with a series of dealloying
periods and temperatures at 2 x 10~4 Pa for Mnj,Zngg and MnygZny,. The green and yellow dashed lines and dotted curves are a guide to the eye. (d) The enlargement of
the linear parts from Fig. 4 ¢ for MnjyZngg and MnygZn7;. (e) The correlation of transition depth with dealloying temperatures for Mni,Zngg and Mn,gZn7,. The error bars
were estimated by averaging the median difference values of the critical depth data point with the prior linear data point, and the first power law data point (Supplementary
Figure S3 for details). (f) The estimated activation energies for the evolution of dealloying front at 2 x 10~* Pa.

mation of possible errors. The error bars were obtained by averag-
ing the median difference values of the critical depth point with
the prior and the latter data points (Supplementary Fig. S3 for de-
tails). A higher dealloying temperature gives a larger critical value
but shorter linear dealloying periods (Fig. 4e). The critical depth
changes with the dealloying temperatures from ~23 pm at 653 K
to ~30 um at 723 K (Table 1), which is about 5 to 10 times larger
than that of the corresponding pore sizes. Additionally, the critical
values also show a weak composition dependence of the precursor
alloys, which may be associated with the difference in the deal-

loyed microstructures. After the linear periods with the dealloy-
ing depths larger than the critical values, the time-depth relation
can be well-described by the power law relation with the expo-
nent value of 0.4 (the dotted fitting curves in Fig. 4b ), which is
the same as that of the VPD at 200 Pa (Fig. 3b).

3.3. Kinetic analysis of vapor phase dealloying

It has been suggested that the linear relation between dealloy-
ing depth and time (a constant dealloying rate) originates from
interface-limited kinetics and a power law relation is due to a
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Table 1
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Experimental and calculated transition depths for the MnygZns, and Mny;Zngg systems.

Experimental critical Calculated critical

Corresponding average v

Composition depth x; (xm) depth (xm) pore size d; (nm) xe/d; Ty Tortuosity
Mn,gZn7,-653 K 23.64+2.1 229 285+44 82.8 0.095 7.58
MnysZn7,-673 K 29.543.6 37.6 429+61 68.8 0.156 14.99
MnygZns,-723 K 29.8+4.1 46.3 482480 61.8 0.191 20.43
Mni,Zngg-653 K 23.24+4.2 15.0 396+44 58.6 0.051 5.75
Mni,Zngg-673 K 27.84+2.4 22.1 479+59 58.0 0.075 8.55
MnyZngg-723 K 31.6+2.5 28.0 673+£147 46.9 0.095 13.39

The corresponding average pore size d; at the critical depth, the ratio of x./d;,

diffusion-limited process in the dealloying medium [21,34]. The
transition from linear to power law with dealloying depth un-
der a lower pressure indicates that the dealloying kinetics may
be controlled by an interface-limited process in the initial stage
and changes to a long-range transport governed one with the de-
velopment of pore channels after the sublimation of Zn. Linear
interface-limited kinetics is described by an Arrhenius-type expres-
sion [28,39]:
Vs = AeikElTﬂT

(1)

where vy is the dealloying front velocity, A is a concentration de-
pendent prefactor, E, is the activation energy for dealloying front
propagation, kg is the Boltzmann constant and T is the dealloy-
ing temperature. From the linear relationship between In(vy) and
1/T for both MnygZn;, and Mn,Zngg (Fig. 4f), we can estimate
the dealloying activation energies within the linear kinetic regime:
E.;;=0.91 eV for MnygZn;, and E;»=0.95 eV for Mny;Zngg. The
measured activation energy for the sublimation of pure Zn under
the dealloying conditions is ~0.88 eV (Supplementary Fig. S4 and
Supplementary Text for details). Considering the slightly higher
bonding energy of Zn-Mn than Zn-Zn, the dealloying activation en-
ergies are close to that of the Zn sublimation from Zn-Mn alloys
and, thus, the interface-limited process is likely dominated by the
Zn sublimation from the precursor alloys at the dealloying fronts.
Dealloying kinetics within the power law regime at time and
depths greater than the critical values in Fig. 4e and Table 1 were
analyzed by scaling the plots of dealloying depth vs time at dif-
ferent temperatures of each pressure using the re-scaled time t’
t x exp(—E/kgT) [21,22]. All the experimental data from different
temperatures fall on one master curve for each alloy dealloyed un-
der different pressures (Fig. 5). It is important to stress that this
collapse is independent of the fit parameters linked to porosity and
tortuosity involved in the commonly used analytical expression for
Knudsen diffusion in pore channels. The activation barrier within
the power law regime can be obtained by fitting the scaled power
law relation and are estimated to be 1.20 eV for MnygZn;, and 1.34
eV for Mny,Zngg at the 200 Pa, and are about the same, 1.19 eV for
MnygZny, and 1.25 eV for Mn;,Zngg at 2.0 x 10~ Pa (Fig. 5).

4. Discussion
4.1. Kinetic model of diffusion-limited vapor phase dealloying

Our experimental observations and analyses suggest a hy-
pothesis that the rate-limiting kinetics in VPD changes from an
interface-controlled process to a long-range diffusion controlled
one at the critical dealloying depth after the formation of porous
microstructure. The long-range transport of sublimated Zn within
pore channels may be the origin of the power-law relation in the
time-dependent dealloying process. Under dealloying conditions of
653 K and 200 Pa, the mean free path of Zn as calculated by the
kinetic theory of gases is larger than 195 pm, orders of magnitude
larger than the pore size of nanoporous Mn (hundreds of nanome-

[

Ty

and the tortuosity are listed above.

ters). This means that diffusion through the pores as the dealloying
front penetrates into the bulk can be approximately described by
Knudsen diffusion where the diffusive flux J(x,t) of Zn in the pore
channels at depth x follows Fick’s 15t Law:

Jx,t) = —DKM

X (2)
where n(x, t) = P?"(x,t)/RT is the average concentration of Zn
atoms in the vapor at depth x that varies from zero at the outer
edge of the dealloyed layer (used here as a fixed origin of the x-
axis) to x;(t) > 0 at the dealloying front, Dy is the Knudsen diffu-
sivity, P27 is the vapor pressure of zinc and R is the gas constant;
with this choice of origin of the x-axis, a diffusive flux of Zn atoms
away from the dealloying front towards the outer dealloyed layer
corresponds to J(x,t) < 0 in Eq. (2). Mass conservation at the deal-
loying front requires that the dealloying rate is balanced by the
diffusive flux at the dealloying front, yielding

—J (x5 (). 1) Q = v,C" (3)

where Q is the atomic volume of Zn, CZ" is the atomic fraction of
Zn in the precursor alloy, and vy = dx;/dt>0 is the velocity of the
dealloying front.

The position of the dealloying front can be obtained by solving
a one-dimensional (1D) free-boundary problem analogous to the
one describing diffusion-limited LMD kinetics [21,22]. Here, this
problem consists of solving the 1D diffusion equation g—’; = D,(gZT’;,
which follows from Eq. (2) with the continuity relation ?T? + g—{( =
0, together with three boundary conditions corresponding to the
mass conservation condition at the dealloying front (Stefan condi-
tion defined by Eq. 3) and the concentrations n(xy, t) :Pgl”/RT =
n;" and n(0,t) = ng at the dealloying front and the edge of the
dealloyed layer, respectively, where ng = Py/RT is the background
concentration of Zn in the chamber environment. When impos-
ing the boundary condition n(x;,t) = nefq, we are assuming that
the equilibrium vapor pressure has reached its equilibrium value
at dealloying depths larger than a critical transition value x; of the
order of a few ligament widths. For x; > x;, sublimating Zn atoms
are confined inside the nanoporous structure and undergo multi-
ple reflections from surfaces, thereby allowing sufficient time for
the vapor at the dealloying front to reach local thermodynamic
equilibrium by the balance of detachment (sublimation) and re-
attachment of Zn atoms. In contrast, for Xp <X, a significant frac-
tion of evaporating atoms can escape the dealloyed layer by bal-
listic motion with initially no reflection and thus negligible re-
attachments. In the initial stage of dealloying, the front velocity
is expected to be controlled by the detachment rate and thus to
be approximately constant with the activation energy of Zn sub-
limation following Eq. (1), consistent with our experimental ob-
servation of a linear relation in early dealloying regime x ot for
xp < x; followed by a diffusion-limited regime x; o t1/2 for x; > x;.

To complete our analysis of the latter diffusion-limited regime
and use the result later to estimate x;, we assume that diffusion in-
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side the dealloyed layer is fast compared to the time scale of deal-
loying (x;v¢/Dk « 1). Hence the concentration inside the dealloyed

layer can relax quickly to the solution of the quasi-static diffusion
d2n(x)
dx?

(o

Xy (t)
Combining Egs. (2), (3) and (4) yields the differential equation
for x{t)

equation = 0, which gives the linear profile

nx,t) = + np, (4)

dx(t) _ DxQ (nefq — o)

dt - an Xf(t) (5)
with solution
2 _ 2D (B —R) 6)
= RT CZn ’

after converting from concentration to partial pressure using the
ideal gas law. Next, we use the standard expression for the Knud-
sen diffusivity

ed (8RT\'?
Dx=—z(— 7
k=73 (nM ) ’ )

where d is the pore size and M is the mass of Zn in kg/mol. The

factors ¢ and t are the porosity and tortuosity factors, respectively

[40]. Substituting Eq. (7) into Eq. (6) gives the final prediction for

the dealloying depth during diffusion-controlled VPD in terms of

basic morphological and control parameters:

2 ed ( 8 )”2 Q

2_ <« < (= n__
=3t \amM i (P —R)t. (8)

In previous publications, the square root of time relation for the
dezincification (mainly «- and S- brasses) is commonly explained
by the Kirkendall effect by assuming that void formation is caused
by the difference between the large outward flux of Zn atoms and
the inward flux of Cu atoms [41,42]. However, the proposed mech-
anism of VPD involves the diffusive transport of Zn atoms in the
vapor phase constrained inside the pore channels and driven by
the concentration gradient from the dealloying front, where the
vapor concentration of Zn atoms is determined by the equilibrium
partial pressure, to the outer edge of the dealloyed layer where
the concentration is determined by the environmental pressure.
This new mechanism is supported by the collapse of the dealloying
depth versus scaled time plots at different temperatures (Fig. 5),
where the scaled time uses quantitatively the Arrhenius law for
the equilibrium Zn vapor pressure.

4.2. Application to nanoporous Mn

The equilibrium vapor pressure appearing in Eq. (8) can be cal-
culated from the Gibbs free energy difference between the solid
and vapor phases via P = P, je2%Re=AH/RT “where B¢ is the
standard pressure (10> Pa). Due to the steady gas flow (Ar: 200
sccm, Hy: 10 sccm) and continuous evacuation by the vacuum sys-
tem during the dealloying process, dealloying occurs under forced-
convection conditions and P; is negligible. Therefore, the dealloy-
ing depth vs. time is given by:

2edys 8\ Q
2 <4 & df o AS/R ,— AH/RT
Xp=13 Cint <nM) JRT ¢ ¢ L ©)
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Less than 5% residual zinc was found in all samples after
dealloying, so the porosity in any given sample will be approxi-
mately the alloy concentration, i.e., & ~ CZ", The atomic volume of
zinc is 9.16 cm3/mol. The entropy and enthalpy of sublimation of
pure Zn are well-known and available as a function of tempera-
ture from the NIST Chemistry WebBook [43]: ASZ"/R =13.8 and
AH?"=128 KkJ/mol (1.33 eV/atom). Note that the value of 1.33 eV
is close to the estimated barrier energies of power law relations
for both Mnj,Zngg and MnygZns, precursors. The only unknowns
in Eq. (9) are d and t, so we plot xfp vs. the right-hand side of
Eq. (9) divided by (d/t), as shown in Fig. 6a and b. Good data col-
lapse is seen for all three temperatures, with no fitting parameters
for both Mn{,Zngg and Mn,gZn7,. The approximately linear mas-
ter curves suggest that the morphology and topology of dealloyed
porous microstructure for each alloy are similar at different deal-
loying temperatures, as reflected in the similar (d/t) values. Fig. 6¢

and d show representative micrographs of samples at a scaled time
of 3.1 x 1072 for MnygZn7, and 3.2 x 10~2 for Mnj,Zngg with sim-
ilar morphologies, respectively. In contrast, the large difference in
the slopes of the master curves of Mnj;Zngg and MnjygZny, in in
Fig. 6a and b suggests that the morphology and topology of the
dealloyed porous microstructure strongly depend on the chemical
compositions of the precursors, which is well consistent with the
SEM micrographs displayed in Fig. 6¢ and d. Fig. 6e and f show the
evolution of d/t with scaled time for MnygZn;, and Mnj,Zngg, re-
spectively. Over the course of porosity formation, d/t reduces from
a high value of ~40, leveling off near 10 for MnygZn;,, and from
45 to 25 for Mny,Zngg. If the mean free path in the porous struc-
ture is a constant, this means there is an increase in tortuosity over
the course of porosity formation with a factor of 4 and 1.8, respec-
tively. If the final value of ranges over the typical 7~3-4 value, that
would imply a mean free path in the pore size of order 100 nm,
which is consistent with the length scale of porosity in the micro-
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graphs. Moreover, the reduced d/tr, on account of the increasing
of the tortuosity, could slow the growth of dealloying depth and
modulate the diffusion-limited behavior with the development of
dealloying (Eq. (9)). Consequently, the continuous changes of the
tortuosity with dealloying may be the underlying reason that the
experimental power law exponential (0.4) is lower than the theo-
retically yielded value of 0.5, which warrants future study in de-
veloping a comprehensive dealloying kinetic model with the con-
sideration of the microstructural evolution during dealloying.

The Knudsen diffusion-based model for the interface velocity
in VPD is consistent with both the thermodynamics and morphol-
ogy of the materials under consideration here. It is interesting that
the enthalpies of sublimation in the model assume local equilib-
rium between the vapor and solid at the dealloying front, and
that Knudsen transport through the porous layer is essentially bal-
listic, with reflective walls. That there is possible deposition/re-
sublimation along the channels of the dealloyed microstructure is
likely reflective of the phase change in the porous Mn layer. The
local interface equilibrium condition is more unusual in the con-
text of evaporation into a vacuum. Indeed, when we measured
the velocity of irreversible pure Zn evaporation (i.e., that does not
form porosity) and extracts an activation energy of sublimation, we
found a value of AH~0.9 eV (Supplementary Fig. S4). The apparent
energy barrier for the power-law process of VPD is thus not an ac-
tivation barrier at all, but the difference in the enthalpies of Zn in
the solid and vapor phases, respectively; as such it should equal
to the cohesive energy of Zn, which it does (1.35 eV). Microscopic
reversibility thus suggests that the enthalpy difference between a
Zn atom in the bulk and a Zn atom on the surface is approximately
0.4 eV, completing the energy landscape of evaporation in this sys-
tem.

4.3. Cross-over between interface- and diffusion-limited dealloying
kinetics

According to experimental observations and the kinetic model,
the VPD of the Zn-Mn alloys involves two stages: (i) an interface-
limited nonequilibrium dealloying process with the continuous in-
crease of Zn partial vapor pressure at the dealloying front for deal-
loying depth x; < x; with the front velocity described by Eq. (1);
and (ii) a diffusion-limited dealloying process with the Zn vapor
pressure at the dealloying front equal to its equilibrium value Pé"
at the dealloying temperatures for x; > x; with the front veloc-
ity described by Eq. (8) (or Eq. (9) using the expression for PEZ‘J”).
While describing the complex transition regime where x; ~ X
would require a considerably more elaborate model, a first rough
estimate of the transition depth x; can be obtained by computing
the depth at which the front velocities for interface- and diffusion-
limited dealloying processes have comparable magnitude. Setting
dxg(t)/dt with xg(t) predicted by Eq. (9) equal to vy predicted
by Eq. (1) yields the estimate:

@A /Ro—MH/RT (10)

. d(8RT)”2 g Q
‘T 37t\nM/) CI"RTy;

To test this prediction quantitatively, we used Eq. (10) to com-
pute x; using measured values of the front velocity vy in the
linear interface-limited regime listed in Supplementary Table to-
gether with the other parameters previously determined to char-
acterize the diffusion-limited regime. The predicted values are
listed in Table 1. For comparison, the critical transition depths and
the corresponding pore sizes at different dealloying temperatures
were carefully measured (Table 1). The experimental and predicted
depths are reasonably consistent with each other and present a
monotonic increase with dealloying temperature. When the envi-
ronmental (dealloying) pressure is lower, this stage will be more
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Fig. 7. The dealloying diagram showing the T and P, dependence of the critical
transition depth x; for (a) MnygZn;;; and (b) Mny,Zngg.

obvious as a larger critical dealloying depth is required for a sys-
tem to reach the dynamic equilibrium state at the dealloying front
at which the Zn partial pressure is close to the saturated one at
the corresponding dealloying temperatures. To further investigate
the transition from linear to power law kinetics, we plotted the
dealloying diagram on the basis of the Eq. (10), which presents
the temperature T and environmental pressure P, dependence of
the critical depth for MnygZn;, and Mny;Zngg (Fig. 7). As a general
tendency, the critical depth is more sensitive to temperature at a
lower pressure. While, at a higher temperature it changes signifi-
cantly with pressure. Based on the calculated critical depths x; and
measured pore sizes d;, we can estimate the ratio of x;/d;. For both
alloys, the ratios decrease with the increase of dealloying temper-
ature. Meanwhile, since the ratio x;/d; can also be estimated by:

1 PrefeAS/Re—AH/RT

Xe/dr o« — ) (11)
T \/T\)f
By eSS/Re~ AH/RT
VTvg
loyed porous microstructure at the critical depth can be calculated

(Table 1). In contrast to the drops of x;/d; with the increase of deal-
feAS/Re—AH/RT

JTv
the tortuosity increases with dealloying {emperature and environ-
ment pressure, further verifying that the dealloyed microstructure
evolves with the dealloying conditions and depends on the chemi-
cal compositions of precursor alloys.

the value of and thus the tortuosity 7 of deal-

. P, .
loying temperature, the value of - increases. Therefore,
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5. Conclusions

In summary, we systematically investigated the kinetics of VPD
using Zn-Mn alloys as the model system. The kinetics of VPD not
only depends on the thermodynamic variables of pressure, temper-
ature and precursor composition but also the depth and tortuosity
of resulting pores. The interplay between dealloying kinetics and
resulting microstructure results in the transition from interface-
limited kinetics to diffusion-limited transport kinetics at a critical
dealloying depth where Knudsen diffusion works. Our experimen-
tal observations and theoretical modeling suggest that the develop-
ment of porous microstructure restricts vapor transport and leads
to the linear increase of Zn vapor partial pressure from the envi-
ronmental (dealloying) pressures to the saturated partial pressure
of Zn at the dealloying front. Activation energy measurements ver-
ify that interface-limited kinetics is controlled by the evaporation
of Zn at dealloying fronts while diffusion-limited kinetics are con-
trolled by the mass transport of Zn in the pore channels with the
effective activation barrier equal to the enthalpy difference of Zn
in the solid and vapor phases.
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