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Nanoporous Mo film was prepared by dealloying 

immiscible Mo-Zn system. The successful dealloying owed to 

the long-distance diffusion of Mo atoms (~600nm) in 

nanocrystalline Zn layer during annealing. The obtained 

NPMF exhibited a good activity toward hydrogen evolution 

reaction, with a Tafel slope of 85 mv dec
-1

.  

 

 

Chemical/electrochemical dealloying, as a well-known process 

for the selective dissolution of one or more active metal 

components from alloys, is widely used to generate three-

dimensional (3D) porous metals with bicontinuous ligament-pore 

structure, which have attracted great interest in a lot of 

technological applications such as catalysis, full cells, surface-

enhanced Raman scattering (SERS),
1-3

 owing to their high surface 

area and high strength. To date, numerous nanoporous metals such 

as np-Au,
4 

np-Ag
5 

and np-Pt
6
 have been prepared through 

dealloying and all of these materials have some excellent 

performance in certain applications. 

Although dealloying has been extensively studied and many 

valuable research results have been achieved in this field, more 

investigations are still needed to be done. For example, many non-

precious metals have a lot intriguing physical and chemical 

properties. Fabricating those nanoporous metals through dealloying 

would be of great importance in some application fields. Although 

some non-noble porous metals including Ni, Cu, Ti, Fe, Cr, Bi, Ga, Sn 

have been fabricated through dealloying,
7-11

 it is still meaningful to 

prepare more new non-noble porous metals. In addition, besides 

common solid solutions, intermetallic compounds and metallic 

glasses, more alloy systems which are suitable for dealloying to 

fabricate nanoporous metal should be developed. 

Here we report a new nanoporous metal by dealloying an 

immiscible alloy system. Unlike ordinary miscible alloy systems, the 

heat of mixing of immiscible alloy systems is positive(ΔHm＞0 ),
12

 

which means that the elements of immiscible alloy systems are, in 

general, difficult to diffuse even at high temperature, in other 

words, immiscible alloy systems cannot be utilized to dealloying 

unless there is a sufficient diffusion among the components of 

immiscible alloy systems to form new compounds . 

To solve the difficulty for the elements diffusion of immiscible 

alloy system, nanocrystallization of one or both of the immiscible 

elements seems to be an appropriate way. On the one hand, in 

contrast to their coarse-grained polycrystalline counterparts, the 

atomic diffusivities in nanocrystalline materials are often several 

orders of magnitude larger.
13, 14

 For example, Wang and his 

coworkers
15

 prepared a layer of nanocrystalline Fe on the top of an 

iron plate and they found the diffusion coefficient for Cr in 

nanocrystalline Fe was 7-9 orders of magnitude larger than that in 

coarse-grained Fe.  

In this work, a novel nanoporous Mo film (NPMF) was 

successfully formed by dealloying immiscible Mo-Zn system (the 

Mo-Zn phase diagram is illustrated in Fig. S1). The as-prepared 

NPMF shows good activity for hydrogen evolution reaction, 

indicating it a promising non-precious electrocatalyst for hydrogen 

evolution reaction (HER). 

Mo foils (12μm thickness) were cleaned in solution of 0.9M 

H2SO4 and 0.6M HCI for 3 min and then dipped into solution 

containing 0.8M Cr
6+

 and 2.5M H
+
 for 10 min to remove oxide film. 

Then a Zn layer was cathodic electrodeposited on Mo substrates 

(9cm
2
 exposed area) in the electrolyte solution with 0.4M ZnCl2, 

2.7M KCl, 0.4M H3BO3 and 20ml L
-1

 Zn-plating softening agent at 

room temperature. The electrodeposition process was conducted in 

a two-electrode cell, with Zn plate as counter electrode, the current 

density was set to 20mA cm
-2

 and the deposition time was 

controlled to be 5 min. After being rinsed extensively with 

deionized water and dried in a vacuum chamber, the Mo/Zn 

bilayered samples were annealed at 400°C for 5h under the 

protection of Ar gas. Then the selective dissolution of Zn was 

conducted by immersing the annealed Mo/Zn bilayered samples in 

concentrated nitric acid. Finally, the as-dealloyed samples were 

immersed in 2% NaOH aqueous solution for 5 min to remove the 

oxide film which was generated during dealloying and then rinsed 

by deionized water and dried in a vacuum chamber again for 
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further analysis. After that, the microstructure and chemical 

analysis of as-obtained NPMF was characterized by scanning 

electron microscopy (SEM, Hitachi S4800) equipped with an energy-

dispersive X-ray spectrometer (EDS). N2 adsorption/desorption 

experiment was conducted at 77K using a BK132F surface analyzer 

to obtain the pore size distribution of the as-obtained NPMF. The 

phase structure was analyzed by X-ray diffraction (XRD, Rigaku 

D/max 2500 CuKα). The composition distribution of the annealed 

Mo/Zn bilayered sample was detected by means of Auger depth 

profiles (AES, PHI-700, sputtering rate for SiO2/Si is 25nm/min). The 

microstructure of Mo-Zn interface was investigated by transmission 

electron microscopy (TEM, Tecanai G2 F20 S-Twin) operating at 

200kv. Line scanning of EDS analysis was performed from the 

electrodeposited Zn layer to Mo substrate across the Mo/Zn 

boundary to obtain the composition gradient.  

The electrochemical reduction of hydrogen was carried out in a 

0.5M H2SO4 aqueous solution using an electrochemical workstation 

(Gamry Interface 1000). A platinum plate and a saturated calomel 

electrode (SCE) were used as counter electrode and reference 

electrode, respectively. The NPMF and a cleaned smooth Mo foil 

were used as working electrodes, respectively. The area of the 

working electrodes immersed into the electrolyte solution was 

controlled to be ~1cm
2
. 

The microstructure of NPMF is illustrated in Fig.1 (a-c). Crack-

free NPMF with an average pore size of ~200nm (Fig.1a) and a film 

thickness of ~300nm (Fig.1b) was fabricated by immersing 400°C 

annealed Mo/Zn bilayered sample in concentrated HNO3 for 4h at 

room temperature. The composition of nanoporous film was 

characterized by EDX analysis and only ~2.68 at.% Zn still remained 

(Fig.1c). The residual Zn was probably existed in the surface region 

of Mo substrate which was passivate during dealloying. Fig.1d 

presents nitrogen adsorption/desorption isotherm obtained on the 

as-dealloyed sample. Obviously, the absorption isotherm is 

classified as type III. Pore size distribution of NPMF (inset of Fig.1d) 

was estimated by the Barrett-Joyner-Halenda (BJH) method.
16 

One 

can see that the main pore radius is over 100nm and the max pore 

radius is ~ 240 nm which is consistent with SEM observation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 (a) plane view and (b) section view SEM images of Mo-Zn 

bilayered samples annealed at 400°C for 5h and then dealloyed in 

concentrated nitric acid for 4h; (c) EDS spectrum of the dealloyed 

Mo-Zn sample, (d) N2 adsorption-desorption isotherm for the 

dealloyed Mo-Zn sample; adsorption-solid symbol, desorption-

hollow symbol, the inset shows the pore size distribution of the 

obtained NPMF. 

 

Now, the intrinsic reason why the annealed Mo/Zn bilayered 

sample can be successfully dealloyed is discussed. The XRD patterns 

of Mo/Zn bilayered samples before and after annealing as well as 

the as-dealloyed sample are shown in Fig.2a, from which it can be 

seen the patterns of the samples before and after annealing are all 

consisted of metallic Mo and Zn.  Besides, it is clear that only a body 

centered cubic (b.c.c) Mo phase can be identified in the dealloyed 

sample.  Considering the strong signal of Mo substrate may cover 

some extra information, GIXRD, a unique technology to evaluate 

the phase structure of thin film was used to analyse the phase 

structure of Mo/Zn bilayered samples. Fig.2b shows the GIXRD 

patterns of Mo/Zn bilayerd samples before and after annealing as 

well as the dealloyed sample. It can be seen that the sample before 

annealing is just consist of metallic Zn and Mo and the dealloyed 

sample only contains Mo phase, while some light diffraction peaks 

of MoZn22 intermetallic phase are observed for the sample 

annealed at 400°C. All the above results indicate that the content of 

MoZn22 is very low, thus, the MoZn22 has very limited contribution 

to the dealloying and the formation of NPMF. Besides, there is one 

more evidence supporting that MoZn22 has little influence on the 

dealloying process to fabricate NPMF, i.e. the content of noble 

element (Mo) of this phase is only ~ 4.4at%, indicating that the 

material which was even composed of homogeneous MoZn22 

cannot be used to prepare bicontinuous nanoporous structure 

through dealloying.
17

 Thus, we consider that there should be 

another key issue for the successful dealloying of immiscible Mo-Zn 

system. 

 

 

 
 
 
 
 
 
 
 

 
Fig.2 (a) XRD and (b) GIXRD patterns of Mo-Zn bilayered samples as 

well as the dealloyed samples. The incident angle in the GIXRD 

experiment was 2°. 

 

The typical Auger depth profiles of Mo, Zn elements in the 

annealed Mo-Zn bilayered samples are illustrated in Fig. S2, which 

confirm that the obvious diffusion occurred between the immiscible 

Mo and Zn elements in the Mo-Zn bilayered sample after annealing 

at 400°C for 5h. Since the details of the diffusion are still unclear, 

thus, the microstructure of Mo-Zn interface was further 

investigated by TEM, and the results was shown in Fig.3. Fig.3a 

displays a cross-sectional TEM view of the interface of annealed 

Mo/Zn bilayered sample, Fig.3b shows the selected area electron 

diffraction (SAED) pattern of the region marked with “A” in Fig.3a, 

Page 2 of 5RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

verifying that the region A is composed of Mo, and Fig.3c displays 

the SAED patterns of the region marked with “B” in Fig.3a, verifying 

that the region B is composed of hcp-structured Zn. Fig.3d shows 

the composition profiles obtained by performing a line-scanning 

along the white arrow marked in Fig.3a. It can be seen that Mo 

atoms diffused a long distance (~600nm) in Zn layer which is much 

deeper than the results obtained in other similar work, such as 

Cu/Fe (25nm),
18

 Cu/Ta (10nm)
19 

and even swift heavy ion irradiated 

UMo/Mg (110nm).
20

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 (a) cross-sectional TEM observation of the interface of Mo 

substrate and electrodeposited Zn layer; (b) and (c) shows the 

SAED patterns of Mo substrate and Zn layer, the diffraction area 

correspond to the square a and b in Fig.3(a), respectively; (d) line 

scanning curves along the white arrow in Fig.(a), the dash line 

corresponds to the Mo-Zn boundary in Fig.3(a). 

 

We speculate the long-distance diffusion of Mo atoms in Zn 

layer could be attributed to the nanocrystalline structure of Zn 

layer. Firstly, the average grain size of Zn layer after annealing is 

calculated to be 32.6nm by using Scherrer analysis according to the 

peak width of (100), (101) and (110) of the diffraction pattern 

shown in Fig.2a, which is comparable with those observed from the 

high magnification TEM view of Zn layer (15-50nm) shown in Fig. S3, 

indicating there are a great deal of grain boundaries in 

nanocrystalline Zn layer. These defective grain boundaries can 

provide “short-circuit” channels for atomic diffusion.
21 

Secondly, 

when the Mo/Zn bilayered sample was annealed at 400°C, some 

small Zn grains was in semi-solid state due to the size-dependent 

melting point phenomenon,
22

 then some atoms in instability area 

would get enough energy and break away from the original 

equilibrium position, leading to the formation of vacancies.
23

 

Simultaneously, the atomic thermal migration in normal crystal 

lattice near the melting point would also cause the formation of 

vacancies.
24

 All these vacancies would promote the diffusion of Mo 

atoms in Zn layer.  

It is obvious that the diffusion depth of Mo atoms should be 

longer than the thickness (~300nm) of the obtained NPMF (Fig. 1b), 

The long-distance diffusion of Mo atoms in Zn layer is propitious to 

the agglomeration and integration of Mo atoms during dealloying, 

which is good for the formation of the nanoporous layer on the 

substrate. According to the above discussions, we consider the 

intrinsic reason of successful dealloying of annealed Mo/Zn 

bilayered sample could be attributed to the long-distance diffusion 

of Mo atoms in Zn layer.    

Fig.4a presents the linear scan voltammograms polarization 

curves for as-obtained NPMF, smooth Mo foil and bare platinum 

electrode. It can be seen that NPMF exhibits better HER activity 

than smooth Mo since NPMF have much more specific surface area 

than smooth Mo. Tafel plots of these catalysts were recorded with 

the linear regions fitted into Tafel equation (η= blog j+a, where j is 

the current density and b is the Tafel slope). A smaller Tafel slope 

means a faster increase of HER rate with the increase of applied 

potentials. The Tafel slopes for smooth Mo, NPMF and bare 

platinum electrode are 164, 85 and 62 mv dec
-1 

(Fig. 4b), 

respectively. Obviously, NPMF presents a much faster electron 

transfer rate than smooth Mo due to its lower Tafel slope which is 

close to those of CoP (76mv/dec),
25

 Ni2P (70mv/dec)
26

 and WC 

(84mv/dec),
27

 indicating NPMF is a promising electrocatalyst for 

HER. Furthermore, the obtained NPMF could serve as a nanoporous 

skeleton for decorating other nanoparticles which are efficient in 

HER, due to its relative large pore/ligament size. 

 

 
 
 
 
 
 
 
 

 
Fig.4 (a) LSV polarization curves for NPMF, smooth Mo and bare 

platinum plate, the scan rate is 2mv/s; (b) Tafel plots of NPMF, 

smooth Mo and bare platinum plate. 

 
In summary, a new dealloying approach based on an 

immiscible alloy system is presented in this paper. Nanoporous Mo 

film was prepared on Mo substrate by a three step process 

involving electrodeposition of a layer of nanocrystalline Zn on 

molybdenum substrate, annealing at high temperature and finally 

etching of Zn atoms. The nanocrystallization of zinc grains is 

necessary for the adequate diffusion of Mo atoms in Zn layer and 

the following dealloying process. The obtained NPMF possesses 

superior catalytic performance than smooth Mo foil in hydrogen 

evolution reaction, indicating it a promising non-precious electro-

catalyst for HER.  
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Graphical and textual abstract 

Nanoporous Mo film was prepared by dealloying immiscible Mo-Zn system and it shows superior 

catalytic activity towards hydrogen evolution reaction than smooth Mo foil. 

 

Page 5 of 5 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


