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The effectiveness of the galvanic replacement method for decorating a porous surface with 

metal nanoparticles and nanostructures is considered. It is shown that depending on the functional 
purpose, foam, porous, and dendritic metal 3D substrates are mainly used for modification by 
galvanic replacement. In particular, these are nickel and copper substrates on which noble metals 
are deposited. The peculiarities of the formation of nanosized deposits on porous copper and nickel 
surfaces depending on the structure of the latter and the conditions of galvanic substitution are 
given. The main areas of their application are specified. 

Key words: porous metals; foam; nanodendrite; galvanic replacement; metal nanoparticles; 
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Introduction 

In the last decade, porous metal surfaces have 
attracted the attention of researchers, primarily due 
to the peculiarities of their structure and large 
specific surface area [1–6]. This determines their 
unique functional properties and, accordingly, wide 
areas of use, in particular, catalysis and energy 
storage. The active surface area of porous metals is 
especially effective for electrochemical applications. 
For the latter, in addition to the specific surface area, 
an important role is played by the penetration of 
liquids into the pores. Moreover, the geometry of the 
latter significantly affects the diffusion processes in 
porous electrodes. Thus, with a decrease in pore size 
from micron to submicron-nano-sized and nano-
sized pores, the BET surface area increased up from 
2 to 17 and 101 m2×g−1, respectively [7]. However, 
with an increase in the specific surface area, the 
permeability of liquids into pores gets more 
complicated, and it is especially low in nanoporous 
metals. So, there is a collision between pore sizes 
and mass transport. One of the ways to solve this 
problem is to decorate the porous surface with metal 
nanoparticles (MNPs) and nanostructures [8–13]. 
The most studied are pore modification by 

electrochemical deposition and galvanic replacement. 
Moreover, the latter method has advantages over 
electrodeposition, namely as follows. The uniformity 
of metal deposition on the relief surface of the 
substrate is much better. The process does not 
require an external supply of electric current, which 
makes it possible to decorate porous substrates of 
various geometries, which is important in the 
technological aspect. 

Galvanic replacement proceeds according to 
the total reaction (1), the electromotive force (DE) of 
which is identical to the rate of the process and 
depends on the difference in the values of the 
electrode potentials of the deposited (M1) and 
sacrificial (M2) metals:  DЕ = - . 
The shape and size of the particles of the deposited 
metal also depend on the value of DЕ – the larger it 
is, the smaller the particles are, up to nano-sized ones 
[14–17]   

++ +«+ mn nMmMnMmM 2121 ,        (1) 
Galvanic replacement makes it possible to 

decorate the porous surface in stages by depositing 
one, two or more metals (Fig. 1). This makes it 
possible to form bi-, tri- and polymetallic structures 
that are effective in catalysis. 
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Fig. 1. Illustration of the preparation process of PdAg/Ni foam electrocatalysts [18]  

 
Depending on the functional purpose, the 

following metal 3D substrates are preferably used for 
decorating with nanoparticles and nanostructures by 
galvanic replacement: foam, porous, and dendritic. In 
most cases, these are nickel and copper substrates on 
which noble metals are deposited. The values of the 
standard electrode potentials of the specified sacrificial 
metals ((E0Ni2+/Ni = –0.25 V; E0Cu2+/Cu = 0.34 V) are 
significantly lower than the E0 values of the deposited 
metals (E0Ag+/Ni = 0.799 V; E0Pd2+/Pd = 0.987 V). So, the 
rate of the electrogenerating reaction (2) at the anode 
areas provides the conditions for the formation of 
nanostructures for reaction (3) at the cathode areas. 

menMnM m +® +
22 ,                  (2) 

11 mMnemM n ®++
.                 (3) 

The aim of the work is a critical analysis of 
the scientific literature on the decoration of 3D nickel 
and copper substrates by the galvanic replacement 
method with nanoparticles and nanostructures of 
noble metals. 

 
1. Sedimentation of nanosized metal particles  

on 3D nickel substrates 
As a 3D nickel substrate, nickel foam is most 

often used [18–22], and electrochemically formed 
porous and dendritic deposits are less common [12]. 
In addition to copper, such surfaces are decorated 
only with noble metals – Ag, Pd, PtAu. Nanosized 
particles can be deposited in solutions of hydrated 
and complex ions of reducible metals on the surface 
of a 3D nickel substrate at millimolar concentrations 
of a metal precursor (Table 1). Galvanic replacement 
makes it possible to decorate the entire area of the 
nickel foam carcass, but the distribution of deposited 
nanoparticles is not uniform. The density of filling 

on flat fragments of the carcass is much lower 
compared to filling on the rib’s surface (Fig. 2). This 
is caused, first of all, by the higher surface energy of 
the latter, which is a factor of acceleration of the 
electron-generating reaction (2). As a result, the rate 
of metal recovery by reaction (3) is increased. 

 

 

 
 

Fig. 2. SEM (A: ×100 times; B: ×500 times)  
and elemental mapping (C) images of the synthesized 

Pd55Ag45/Ni foam [18] 
 
Due to the large difference in the standard 

electrode potentials between the deposited metal (for 
example, palladium) and the sacrificial metal (nickel), 
as well as the factor of increasing the rate of galvanic 
replacement on the edges of the nickel carcass, the 
conditions for the formation of nanodendrites are 
achieved (Fig. 3). 
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Table 1 

Ni/M – Conditions for decorating 3D nickel substrate by galvanic replacement,  
the geometry of the deposited metals (M) and the use of Ni/M composites 

M Main reagents t, oC t 
The geometry of the 

deposited metal Use Ref. 

Cu 
CuSO4 20 75 min nanofilm for electrocatalytic activity 

towards glycerol oxidation 
reaction 

[12] 

1) AgNO3; 
2) [Ag(S2O3)2]3–; 
3) [Ag(S2O3)2]3– + PVP  
4) [Ag(NCS)4]3– 

25–45 1) 1–50 h 
2) 5–30 min 
3) 1–15 min 
4) 5–30 min 

Ni 3D substrates with 
typical particle sizes 
of Ag < 100 nm 

Ag-modified Ni foam electrodes 
for reductive dechlorination of 
chloroacetanilide herbicide [19] 

Ag 
AgNO3 20 10 min Ni 3D substrates with 

Ag nanoparticles  
ternary PdAg/Ni architecture for 
methanol catalytic 
electrooxidation 

[18] 

PdCl2 20 40 min spongy Pd-arrays on a 
Ni foam substrate 
 

Pd2/NF-PMS is an effective 
anode for the catalytic oxidation 
of methanol 

[20] 
Pd 

PdCl2 + HCl 20 60 min porous Ni/Pd catalytically active electrodes for 
ethanol oxidation [21] 

PtAu 

Na[AuCl4] + K2[PtCl4] - - PtAu nano- or 
microstructures on 
the surface of Ni 
foam 

PtAu-Ni electrocatalytic 
electrodes for glycerol oxidation [22] 

 

 
Fig. 3. Respectively, FESEM images of bare NF, NF-PMS, and Pd2/NF-PMS in low (A, B, C) and  

high (D, E, F) magnification [20] 
 

The high BET surface area of the sacrificial 
metal substrate is enhanced by the highly developed 
surface of the formed nanodeposit. This contributes 
to the synergism of the functional properties of 

such nanostructured materials. The high efficiency 
of the latter is confirmed by the nickel foam 
substrate decorated with palladium nanoparticles 
(Fig. 4). 
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Fig. 4. Chronoamperometry in 1M NaOH + 1M ethanol 
addition for flat and porous Ni samples with and without 

the surface modification with Pd2+ ions. Modification 
time: 3600 s. E = 1.6 V [21]  

 
In recent years, there has been increasing interest 

in the 3D substrate prepared by electrolysis in the mode 
of formation of porous and porous-dendritic deposit. 
Thus, work [12] showed that in electrolytes containing 
NH4

+ ions, the value of the cathodic current density 
(icathode) has a controlled effect on the morphology of 
deposited nickel, in particular on the pore sizes and the 
geometry of nanodendrites. During electrolysis, the 
following two parallel reactions take place on the 
cathode: the electroreduction of nickel (4) and the 
formation of gaseous products – NH3 and H2 (5). With 
an increase in the icathode value, the proportion of 
reaction (5) also increases. This leads to the formation 
of a more porous surface up to the formation of 
nanodendrites. 

 

Ni2+ + 2e ® Ni,                        (4) 
2 NH4

+ + 2 e ® 2 NH3 + H2.             (5) 
 

2. Sedimentation of nanosized metal  
particles on 3D copper substrates 

Almost all types of copper surfaces (foam, 
porous, dendritic) with a high specific area are used 
with 3D copper substrates, which are decorated with 
metal nanoparticles and nanostructure (Table 2). A 
feature of copper substrates is that the surface of this 
metal is catalytically active in many processes. Thus, 
for the electrochemical reduction of CO2, copper 
cathodes are characterized by high efficiency [30]. 
In addition, the electrocatalytic activity in the 
conversion of carbon (IV) is also enhanced by CuO 
[25] and Cu2O [27, 31, 32] on the copper cathode. 
So, the high efficiency of decorated 3D copper 
substrates is often the result of the synergistic action 
of copper and oxides and nanoparticles on its surface 
(Fig. 5). 

Galvanic substitution on 3D copper substrates 
containing fixed CuO and Cu2O on a metal 
conductor under conditions that ensure uniform 
distribution of oxide nanoparticles and deposited 
metal nanoparticles. An example of this implementation 
is the preparation of a modified Cu/CuO-Ag copper 
foam surface (Fig. 6). However, the issue of ensuring 
the uniform distribution of the specified decoration 
components to the depth of the 3D substrate, which 
is caused by the diffusion factor, is problematic and 
little studied. 

 

      

a                                                                                               b 
 

Fig. 5. Electrocatalytic carbon dioxide reduction performance on Cu/CuO, Cu/CuO-Ag and Cu foil catalysts [25] 
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Table 2  

Conditions for decorating a 3D copper surface by galvanic replacement, the geometry  
of deposited metals (M) and the use of Cu/M nanomaterials 

M Basic 
reagents substrate t, oC t 

The geometry of the 
deposited metal Application Ref. 

AgNO3 

electrolytic 
copper 
nanodendrites 20 

10; 20; 
30 min 

silver-plated copper 
nanodendrites 

high electrocatalytic ability 
for H2O2 reduction, which 
was important for the 
design of a NaBH4-H2O2 
battery 

[23] 

AgNO3 + 
ПАР 

copper 
nanodendrites 20 

30 s bimetallic Cu-Ag alloy 
on nanodendritic Cu 
nanostructures 

photocatalytic efficiency 
for decolorization of azo 
dye avid violet 7 

[24] 

electrolytic 
copper foam 20 

1; 3; 
5 min 

surface composition of 
Cu/CuO–Ag with a 
porous structure 

to the design of efficient 
tandem catalysts for 
electrochemical CO2 
reduction 

[25] 

Ag 

AgNO3 
porous copper 

20 
15–45 

s 
surface porous Cu/Ag 
composition with 
nanostructured silver 

catalytically active cathodes 
for the electrochemical 
reduction of CO2 

[26] 

porous 
surface 
Cu/Cu2O 

22 
1–5 min Nanostructured 

Cu/Cu2O/Au surface 
for electrodes in 
electrochemical catalysis 
processes 

[27] 

Au H[АuCl4] copper 
nanofabrics 
(Cu@Fabric) 

20 
1 h Gold-decorated copper 

nanofabrics (Cu-
Аux@Fabrics)  

effective for photocatalysis 
[28] 

PdPt 

PdCl2, 
PtCl4 in 
solution 
HClO4 

copper foam 

20 

- Binary nanosystem 
Pd65Pt35 (NFC) 

stable nanofoam catalyst for 
electroreduction of 
hydrogen [29] 

 

 
Fig. 6. SEM images (a) and (b) of Cu/CuO (c) and (d) SEM images  

of Cu/CuO-Ag (e–h) EDX images of overlap, Cu, O and Ag of Cu/CuO-Ag [25] 
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The galvanic substitution on the dendritic 
copper structure is little affected by the diffusion 
factor. Therefore, as a sacrificial substrate, you can 
use nanodendrites, characterized by a highly developed 
surface, a high specific area and a variety of geometries. 
The last factor contributes to the increase of catalytic 
centers. Therefore, decorated nanodendritic structures 
are often more effective than nanoparticle-decorated 
2D surfaces. Evidence of this is the high catalytic 
activity of anodes based on dendritic Pd/Ag in 
electrocatalytic oxidation of ethanol [33]. However, 
the energy unevenness of the surface of the dendrites 
causes a different speed of the galvanic substitution 
process (1). Thus, the highest density of filling with 
silver nanoparticles and their agglomerates is observed 
on the ribs (Fig. 7). Moreover, this regularity is 
observed regardless of the geometry of copper 
nanodendrites.      
 

 
a                                             b 

 
c                                             d 

 
e                                             f 

Fig. 7. Typical SEM images of Ag–Cu nanostructures 
obtained at different Cu ion deposition potentials:  

a, b – 0.6; c, d – 0.7 and e, f  – 0.8 V versus SCE. The 
electrolysis time is 600 s, Ag ion concentration is 10mM, 

and the displacement reaction time is 10 min [23]  
 

The authors of [26] established that the current 
density of reduction of carbon (IV) oxide on porous 
copper samples modified with nanosized silver is three 

times greater than the density of reduction on smooth 
copper and twice that on porous ones (according to 
E = –1 V). Therefore, the porous copper surface modified 
with nanosized silver due to the higher permeability of 
the electrolyte is characterized by significantly higher 
catalytic activity compared to the brass surface and the 
porous copper surface, and it can be used as a 
catalytically active cathode in the electroreduction of 
CO2 in KHCO3 solution. 

Electrolytic porous copper and copper dendrites, 
despite the large specific surface area, are characterized 
by low mechanical strength. Therefore, they cannot 
always be used as substrates for decorating 3D 
electrodes with nanoparticles. Therefore, sacrificial 
substrates based on copper nanofibers [28], an array of 
nanotubes [34], and nanowires [35] are promising in 
this regard. In addition to a large specific surface area, 
they have high performance characteristics due to 
mechanical durability. Galvanic replacement on such 
substrates takes place with uniform deposition of 
nanoparticles on the side surface of nanothreads (Fig. 8). 
This is explained by the energy homogeneity of the 
cylindrical surfaces of copper nanowires and nanotubes. 
 

 

a b 

d e 

c f 

 
Fig. 8. SEM images obtained from the bimetallic  

Cu-Mx@Fabrics after GR reactions: a –  Cu-Au10@Fabric; 
b –  Cu-Au100@Fabric; c – Cu-Au1000@Fabric;  

d – Cu-Ag10@Fabric; e – Cu-Ag100@Fabric;  
and f – Cu-Ag1000@Fabric. Scale bars correspond to  

20 µm for the main figure and 200 nm for the inset [28]  
 
The effectiveness of the combination of the 

binary PdPt system deposited by galvanic substitution 
on electrolytic copper foam is shown on the example of 
the electrochemical production of hydrogen in a sulfuric 
acid solution (Fig. 9). Comparing the values of cathodic 
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currents on decorated and undecorated copper, it can be 
seen that the latter is catalytically less active and 
practically performs the function of only a substrate. 
The authors of [29] showed that Pd65Pt35 NFC is 
superior to Pt NFC in terms of electrocatalytic activity 
by approximately 1.5 times, which is due to higher 
permeability of the electrolyte and lower cost. The 
binary system also showed high stability during long-
term electrolysis.   
 

 
Fig. 9. LSVs of:  a –  bare Cu electrode; b –  Cu 

nanofoam;  c – Pd NFC; d – Pt NFC; e – Pd65Pt35 NFC in 
0.5 M H2SO4 solution at scan rate 50 mV/s–1. Inset: CVA 

for Pd65Pt35 NFC in 0.5 M H2SO4 solution [29] 
 

Conclusions 
3D metal surfaces are characterized by a large 

BET surface area, which determines their unique 
functional properties. Decoration of such materials 
with nanoparticles of metals and nanostructures and 
bimetals contribute to synergism, which is most 
observed in electrochemical catalysis. One of the 
technologically effective methods of applying MNPs 
to a 3D metal substrate is the galvanic replacement 
process. The latter is most studied on nickel and 
copper substrates with a large specific surface – 
foams, metals with submicron pores, nanodendrites 
and nanofibrous structures. Most often, decoration is 
carried out by noble metals (silver, gold, palladium, 
platinum), which ensure high catalytic activity and 
operational stability of decorated 3D materials. 
These metals are characterized by high values of 
standard electrode potentials, which provides a large 
electromotive force (DЕ) of the process of galvanic 
substitution in solutions of their precursors. 
Accordingly, it contributes to the formation of MNPs 

and their nanostructures of these metals on 3D 
substrates.      
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ДЕКОРУВАННЯ 3D ПОВЕРХНІ НІКЕЛЮ ТА МІДІ МЕТАЛЕВИМИ НАНОЧАСТИНКАМИ  
ТА НАНОСТРУКТУРАМИ ГАЛЬВАНІЧНИМ ЗАМІЩЕННЯМ. МІНІОГЛЯД  

 
Розглянуто ефективність методу гальванічного заміщення для декорування поруватої поверхні 

металевими наночастинками та наноструктурами. Показано, що залежно від функціонального при-
значення для модифікації гальванічним заміщенням переважно застосовують пінні, поруваті та ден-
дритні металеві 3D субстрати. Зокрема це нікелеві та мідні субстрати, на які осаджують noble metals. 
Наведено особливості формування наноромірних осадів на поруватих мідній і нікелевій поверхнях 
залежно від структури останніх та умов гальванічного заміщення. Зазначено основні сфери їх засто-
сування. 

Ключові слова: пористі метали; піна; нанодендрит; гальванічна заміна; металеві наночастин-
ки; наноструктури; поверхні нікелю та міді. 
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