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The review is focused on bimetallic nanoparticles composed of a core formed by low-cost metal having high
electrical conductivity, such as Cu and Ni, and a protective shell composed of stable to oxidation noble metal
such as Ag or Au. We present the chemical and physical approaches for synthesis of such particles, as well as the
combination of the two, the stability to oxidation of core-shell nanoparticles at various conditions, and the
formulation of conductive compositions and their application in conductive coatings and printed electronics.

1. Introduction

In recent years, printed electronics, i.e. application of 2D and 3D
coating and printing technologies for the fabrication of various 2D and
3D electronic devices, has acquired great interest and is a successfully
growing field of materials science and technology [1-8]. The applica-
tions span from electrical circuits, transparent conductive films, thin-
film transistors, solar cells, RFID tags, flexible touch panels and light-
emitting displays, electrochemical storage devices, supercapacitors, to
electrical actuators. Among noncontact techniques are inkjet printing,
electrohydrodynamic, and aerosol jet printings which are often used
[1,2,6-12], while screen, gravure, and flexographic printings are ex-
amples of contact-based techniques [1,5,13-16]. In addition, conductive
patterning can be performed by electroless plating, drop-casting, dip-
coating, spray-coating, bar(rod)-coating, spin-coating, thermal nano-
imprint lithography, vacuum filtration followed by film transfer, or
transferring from an etched substrate, and by electrophoretic deposition
followed by hot pressing transfer [5,14,17-24]. Each of these techniques
has advantages and disadvantages, and the patterning method is usually
determined by the features of the functional material and ink formula-
tion to be deposited, as well as by the substrate characteristics and the
required properties of fabricated devices.

The functional material to be used for conductive coatings may be
metal nanoparticles (NPs) and nanowires (NWs) [2,5,25-27], carbon
nanotubes (CNTs), both single-walled (SWCNT) and multi-walled
(MWCNT) [2,5,25,28-30], graphene sheets [2,5,25,28,29], conductive
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polymers (dissolved or dispersed) [28-30] as well as organometallic
compounds and complexes as precursors, which convert to metal upon
post-printing treatment [2,5,26,31-34].

The selection of the conductive material is usually determined by the
required performance of the fabricated device. For example, if optical
transparency is an important parameter, thin films or grids of conductive
material should be deposited on a proper substrate [5,35]. Excellent
materials for obtaining transparent conductors are Ag and Cu NWs
[19,27,35,36]. Because of the superior mechanical properties of indi-
vidual CNTs, thin films made of randomly distributed CNTs show
excellent mechanical performance such as flexibility, stretchability, and
foldability that makes them together with metal NWs an effective ma-
terial for the fabrication of flexible electronic devices [5].

However, one of the most important characteristics of such coatings
is their conductivity. The highest conductivity is usually obtained while
using metallic NPs and NWs. Highly conductive metals which are stable
to oxidation, such as silver (c = 6.3 x 10 Q 'm ') and gold (o = 4.42
x 107 @' m™1) are the best for utilization in conductive inks, and
currently silver is the most widely used material. At optimal conditions,
including proper post-printing sintering process, the conductivity of
coatings obtained with the use of Ag NPs is comparable with the con-
ductivity of bulk metal [2,5]. For example, the conductivity of silver
tracks deposited on PEN (polyethylene naphthalate) substrate was as
high as 40% and 60% of that for bulk silver after the combination of
photonic and microwave or plasma and microwave sintering, respec-
tively [37,38]. However, due to the high cost of silver and other noble
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metals, a major challenge in this field is to replace them with cheaper
ones, such as copper (6 = 5.96 x 107 Q! m_l), aluminum (o = 3.78 x
10’ Q 'm 1) ornickel (6 = 1.43 x 10’ Q' m™1). This would depend on
the success in avoiding oxidation of these metals under ambient condi-
tions, otherwise an inert atmosphere would be required during the
fabrication and coating processes [2,31,39,40]. For example, aluminum
undergoes rapid oxidation in the air forming a dense thin amorphous
AlyO3 layer with a thickness of 2-6 nm [41,42], that results in the loss of
electrical conductivity and makes aluminum NPs inapplicable for
conductive ink formulations. Oxidation of copper NPs is less rapid as
compared with aluminum, especially in the presence of an excess of a
reducing agent [43]. Protected copper NPs can be obtained by coating
the individual particles with a dense layer of capping agent (such as
alkanethiols, long chain carboxylic acids, surfactants and polymers)
[40,44-46]. However, this approach does not result in long-term sta-
bility but only in minimization of oxygen penetration to the metal NPs
and retarding their oxidation. In this respect, the best method is the
deposition of a layer of a noble metal, which forms a protective shell on
the surface of oxidizable metallic NP i.e. synthesis of core-shell NPs
(hereinafter, Mcore @MghelD)-

There are numerous reports on the synthesis of various core-shell
NPs: Pd@Ag, Pd@Pt, Ag@Au, Au@Ag, Ag@Pt, Au@Pd, Ru@Pt,
Co@Pt, [2,47-49]. Many of such NPs are characterized by enhanced
catalytic or photocatalytic performance, unique optical properties as
well as by antibacterial activity [49-51]. However, to the best of our
knowledge, there is no review, which summarizes the synthesis and
properties of low-cost metallic core-shell NPs to be applied for
conductive coatings and printed electronics.

Therefore, in this review we focused on bimetallic nanoparticles
composed of core formed by high-conductivity, low-cost metals, such as
Cu and Ni, and stable to oxidation protective shell formed by a noble
metal such as Ag or Au [40,43,52-58]. We will describe the methods for
their synthesis, stability to oxidation, formulation of conductive com-
positions and their application in conductive coatings and printed
electronics.

2. Synthesis of metallic NPs (general overview)

Conventionally, metal NPs, both noble and non-noble, are formed by
breaking the bulk metal into small particles (top-down approach) or by
reaction of a metal precursor (ions or molecules) with a proper reducing
agent as well as by decomposition of precursors such as salts and
organometallic molecules (bottom-up approach).

Top-down methods include mechanical grinding, laser ablation in a
proper liquid, electro-explosion of a metal wire followed by condensa-
tion of metal vapors, plasma excitation of metal plates, powders, or
wires followed by transport of the formed NPs with a stream of inert gas
into a proper liquid or onto a solid substrate [2,5,57-61].

The bottom-up approach is mainly based on “wet” chemical pro-
cesses, and the liquid medium can vary from water to polar and
nonpolar solvents, polyols, and also ionic liquids [62-65]. As to pre-
cursor decomposition, several metal salts and organometallic com-
pounds (such as carbonyldibenzylidene acetonates, acetyl acetonates,
formates, complexes of metals with fatty acids) can decompose either
spontaneously upon heating, or in the presence of a reducing agent, e.g.
gaseous hydrogen, with the formation of metal NPs [31,33,34,66-69].

Wet chemistry methods yield a great variety of dispersions with
various particle characteristics such as size distribution, morphology,
stability towards aggregation and sedimentation, etc. These are
controlled by tailoring the experimental parameters of the reaction, such
as concentration of reagents, redox potentials of the reducing agent,
temperature, pH, rate of reagent addition, the presence of pre-formed
seeds, type and concentration of protective agents [62,70-73].

The first step in the formation of metal NPs in liquid from the cor-
responding ions is their reduction to metal atoms. The reaction is
possible only if the reduction potential of the reducing agent is more
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negative than the reduction potential of the metal precursor. In aqueous
medium, cations of strongly electropositive metals, such as Ag* (E® =
0.8 V), Au*" (E° = 1.5 V), Pt*" (E® = 1.2 V), and Pd*" (E® = 0.99 V) [74]
can be reduced by relatively mild reducing agents. Cations of moder-
ately electropositive metals, for example, Cu®* (E® = 0.34 V), require
stronger reducing agents, while cations of electronegative metals, such
asNi>" (E° = -0.23 V), and Sn?* (E® = —0.14) [74] can be reduced only
by strong reducing agents, and the reaction proceeds usually at elevated
temperatures [62,75-79].

Among the reducing agents, the most often used are sodium boro-
hydride, NaBHy4, and hydrazine, NoH4, which are more effective in
alkaline medium (E® = —1.24 V and —1.16 V, respectively), citrate (E°
= —0.56 V), and ascorbic acid [62,74]. Metal ions can also be reduced by
organic compounds containing oxidizable hydroxyl and carbonyl groups
(alcohols with a-hydrogen, aldehydes, carbohydrates) and organic
amines [62,80]. Sodium phosphinate was also used as a reducing agent
for the synthesis of metal NPs [81,82].

Reduction of metal ions with the formation of NPs can also be per-
formed by electrolysis of a metal salt in solution [83,84], as well as by
sonochemical [85,86] and sonoelectrochemical [87,88] methods. High
energy radiations (UV-, y-, and electron beam) [89-92] and microwave
irradiation [93-96] are also applied to obtain dispersions of metal NPs.

To overcome the oxidation problem during the synthesis of easily
oxidizable metals, such as Cu, Ni, and Sn, the process is often performed
in organic solvents such as polyols [52,63,81,82,94,97,98] and under
inert atmosphere (Ar, Ny) [44,46,56,96,99-102].

An important parameter, which determines the application of NP
dispersions is their stability to aggregation and precipitation. To prevent
these undesirable processes, a stabilizing agent (dispersant) should be
added to the reaction mixture. Selecting the proper stabilizer and the
composition of the reaction medium are of great importance since these
components affect the shelf-life and the overall performance of
conductive inks. There are three main mechanism of protective action:
(i) electrostatic, providing stabilization of charged molecules due to
repulsion of electrical double layers surrounding particles (DLVO the-
ory); (ii) steric, that is achieved by surrounding the particles with a layer
of bulky molecules, such as molecules of a surfactant or a polymer
mostly of nonionic type, which create a barrier preventing the contact of
particles and (iii) electrosteric, that combines both electrostatic and
steric mechanisms and is especially effective in aqueous dispersions and
water-based ink formulations (an effective electrosteric stabilization can
be achieved by using polyelectrolytes). A detailed description of stabi-
lization mechanisms and types of stabilizing agents are presented in [2,
5, and references therein]. We will indicate the specific stabilizing
agents while describimg the synthesis of core-shell NPs.

Moreover, as was previously noted, another characteristic of metallic
NPs, which is especially important while formulating the inks for
conductive coatings and printed electronics is their long-term stability
against oxidation. The best approach for the stabilization of easily
oxidizable metals is the formation of a conductive protective shell that is
stable to oxidation and is composed of a noble metal, i.e. metal-metal
core-shell structure.

3. Synthesis of metallic core-shell NPs

In this section, we discuss the current routes that are utilized for the
formation of core-shell NPs consisting of noble metal shells (Ag, Au),
which protect the cores composed of non-noble NPs (Cu, Ni) and make
them suitable for the formulation of cost-effective conductive inks for
printed electronics.

Table 1 presents the details of core-shell NPs synthesis to be used for
conductive coatings including the main components of the reaction
mixtures.
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Table 1
Methods of synthesis of core-shell NPs which can be used for conductive coatings.
core synthesis shell SVThGSiS
Type of Precursor Stabilizer | Reducing ' Method Precursor | Reducing | Atmosphere Size Ref
NPs/NWs agent agent [nm]
Cu@Ag CuSOs PVP glucose co-reduction/ [Ag(NH3)2]" | glucose air 100- [103]
ascorbic one-pot ascorbic 300
acid acid
Cu@Ag Cu(CO2CH3)2 PVP EG co-reduction/ AgNO; EG Ar 32-48 [104]
one-pot
Cu@Ag CuClz PVP NaBH4 co-reduction/ AgNOs3 NaBH4 Ar ~25 [105]
trisodium one-pot trisodium
citrate citrate
Cu@Ag Cu(OAc)2 PVP EG co-reduction/ AgNO; EG N2 ~81 [101]
one-pot
Cu@Ag CuSO4 PVA NaBH4 co-reduction/ [Ag(NH3)2]" NaBH4 air 32-40 [106]
ascorbic one-pot ascorbic
acid acid
Cu@Ag CuSOs4 PVP NaH>PO> co-reduction/ AgNO; NaH>PO> air 1100- [107]
CTAB one-pot 1700
Cu@Ag CuSOs4 none NaBH4 co-reduction/ AgNO; NaBH4 air ~17 [108]
one-pot
Cu@Ag CuSO4 gelatin NazS204 co-reduction/ [Ag(NHs)2]" | Na2S204 air ~15 [109]
one-pot
Cu@Ag CuSO4 B-CDs ascorbic co-reduction/ [Ag(NH3)2]" | ascorbic air 100- [110]
— acid one-pot acid 150
<
E J| Cu@Ag Cu(NO3)2 EDA glucose co-reduction/ AgNO; ascorbic air ~245 [113]
> NWs one-pot acid
S
Cu@Ag CuNWs none none co-reduction/ AgNO; ascorbic air ~92 [114]
(commercial) one-pot acid
Cu@Ag Cu(NO3)2 PAANa N2Ha transmetalation AgNO; none air 40 [43]
Cu@Ag Cu(NO:s)2 PAANa SFS transmetalation | [Ag(NHs)2]" none N2 ~913 [50]
Cu@Ag CuSOq4 PVP EG transmetalation | [Ag(NHs)2]* none air 30-80 [119]
NaH2PO:2
Cu@Ag CuSOs4 PVP N2Ha transmetalation AgNO; none air ~5000 [120]
Cu@Ag Cu(NO3)2 MEEAA N2Ha transmetalation AgNO; none Ar ~10.2 [121]
Cu@Ag CuSOs4 CTAB NaBHa4 transmetalation AgNO; none N2 3-55 [122]
Cu@Ag CuSOs4 PVP NaBH4 transmetalation AgNO; none N2 ~10 [123]
[Ag(NH3)2]"
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core synthesis shell synthesis
| |
[ Il
Cu@Ag Cu(CO2CH3)2 OAm OAm transmetalation AgNOs none Ar 13.5 [124]
Cu@Au Cu NWs none none co-reduction/ HAuCly ascorbic air ~93 [114]
(commercial) one-pot acid
Cu@Au CuCl2 Brij30 NaBH4 co-reduction/ HAuCly NaBH4 Ar 15-25 [115]
one-pot
Cu@Au Cu(AOT):2 NaAOT N2Hs co-reduction/ HAuCly N2Ha N2 ~8 [56]
one-pot
Cu@Pt Cu NWs none none co-reduction/ KaPtCle ascorbic air ~183 [114]
(commercial) one-pot acid
Ni@Ag NiCl none N2H4 co-reduction/ AgNO3 N2H4 air 15.4- [112]
EG one-pot EG 19.7
Ni@Ag NiClz PEI SES co-reduction/ [Ag(NH3)2]" SES air ~7 [51]
PVP one-pot N2Ha
Ni@Ag NiClz CTAB N2Hs co-reduction/ [Ag(NH3)2]* N2Ha air 16 [52]
— one-pot
]
=
g Ni@Ag Ni(CH3COO)2 SDS N2Hy co-reduction/ AgNOs tartaric air 107.7- [53]
g one-pot acid 121.5
B>} transmetalation
Ni@Ag Ni(CH3COO)2 PAANa NaBH4 transmetalation | [Ag(NH;3)2]* none air ~280 [54]
[116]
[117]
Ni@Ag NiSOs CMCNa NaBH4 transmetalation AgNO3 none air 220 [118]
Ni@Au NiClz Brij30 NaBH4 transmetalation HAuCl4 none Ar 15-30 [55]
Ni@Pt NiClz tetraoctyla triethyl co-reduction/ PtCl2 triethyl air 4-8 [111]
mmonium lithium one-pot lithium
bromide borohydri borohydri
—_ de de
g Cu@Ag Cu(acac)z PVA none e-beam AgNOs none air ~200 [125]
‘B irradiation
=
= Cu@Ag Cu(OAc)2 PVP glycerol microwave AgNOs none air ~90 [93]
polyol process
transmetalation
— Cu@Ag Cu(NOs)2 PVP glycerol microwave AgNOs none air 40-50 [94]
§ transmetalation
j2¢]
E Cu@Ag Cu(NOs)2 sodium sodium microwave AgNOs none air ~44 [95]
_:‘ | acrylate acrylate transmetalation
=
< Cu@Ag Copper PVA none microwave Silver none Ar 12-30 [96]
'§ myristate transmetalation myristate
o=
E Cu@Ag CuSOs4 none none sono and Ag0 none air 10-8 [87]
-3 electrochemical
transmetalation

Abbreviations: PVP — polyvinylpyrrolidone, EDA — ethylenediamine, EG — ethylene glycol, CTAB - cetyltrimethylammonium bromide, NaAOT - sodium bis(2-
ethylhexyl)sulfosuccinate, PAANa - polyacrylic acid sodium salt, SDS — sodium dodecyl sulfate, PEI — polyethyleneimine, p-CDs — p-cyclodextrins, CMCNa - so-
dium carboxymethy]l cellulose, Brij30 — polyoxyethylene lauryl ether, Cu(acac), — copper acetylacetonate, Cu(OAc), — copper acetate, OAm - oleylamine, SFS — sodium
formaldehyde sulfoxylate dihydrate, MEEAA — 2-[2-(2-methoxyethoxy)ethoxy]acetic acid.
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3.1. Chemical methods

Chemical methods are based on the formation of both metallic core
and shell in solution, by reduction of their precursors. In this section we
consider the general chemical approaches for the synthesis of metallic
core-shell NPs, with various modifications.

3.1.1. Co-reduction (one-pot) method

At this approach, at the first stage, a non-noble metal precursor of the
core particle is reduced with a proper reducing agent, and then the shell
precursor is added to the same reaction mixture, in some cases together
with an additional amount of a reducer. Such an approach is widely used
for the fabrication of Cu@Ag, Ni@Ag and Ni@Pt NPs
[51,101,103-112]. An analogous procedure was applied for the syn-
thesis of Cu@Ag, Cu@Au, and Cu@Pt NWs [113,114].

In a typical procedure of one-pot simultaneous reduction [105], a
coppers salt, CuCly, was dissolved in water together with a stabilizing
agent, polyvinylpyrrolidone (PVP) while stirring at 100 °C under Ny
atmosphere. Then the solution containing the reducing agents, sodium
borohydride and trisodium citrate, was added, and the reaction mixture
was stirred again at 100 °C. Afterward, the resultant solution was cooled
slowly under N atmosphere, and silver nitrate (Ag:Cu atomic ratio 1:8)
was added while stirring for 10 min at 100 °C.

The core-shell NPs can also be prepared by the water-in-oil micro-
emulsion method [52,55,56,115]. For example, the Cu cores were pre-
pared by reduction of copper ions within the aqueous phase of reverse
water-in-isooctane microemulsion stabilized by AOT, with the use of
hydrazine as a reducing agent, and then Au shell was formed after
addition of an aqueous solution of HAuCl [56].

One-pot method is widely used and, in some cases, leads to obtaining
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NPs and NWs with well-defined core-shell structures [53,110,113,114].
For example, Fig. 1 shows the SEM and TEM images of Cu@Ag and
Cu@Au NWs obtained by reductive deposition of Ag and Au shells onto
preformed Cu NWs [114]. The distinct core-shell morphology is clearly
seen.

Nevertheless, this method has some disadvantages, which may affect
its efficiency in the preparation of high-quality core-shell NPs. First, the
addition of a shell precursor into the reaction mixture containing a
reducing agent can lead to the reduction of this precursor with the for-
mation of dispersed NPs of the noble metals such as Ag and Au in the
liquid phase, and not on the surface of the core particle. A preferential
process is determined by the electromotive force, which is the difference
in reduction potentials (AE®) of metal ions and the reducing agent.

For example, AE® values for the pairs Ni/Ag and Cu/Ag are 1.05 and
0.46 V, respectively, while for hydrazine/Ag or NaBH4/Ag they are 1.96
V and 2.04 V, respectively. Therefore, the preferred reaction will be
electron transfer to the ions of noble metals from the reducing agent and
not from the surface atoms of core nanoparticles, at least in the case of
strong reducing agents. It means that NPs of noble metals will be formed
in the volume, and shell deposition is suppressed. Therefore, frequently
observed two peaks in plasmon spectra and XRD patterns of synthesized
NPs are not the correct indications of core-shell structure, since it can
indicate a mixture of two types of NPs, not core-shell structure. Sec-
ondly, very small NPs of a noble metal can be formed and grow on the
surface of larger core particles as centers of nucleation that will lead to
the formation of core-shell structures with uniform core particles coated
with a shell of more or less densely packed NPs of a noble metal. It seems
that this is exactly the situation depicted in Fig. 2, where small Ag NPs
are clearly seen on the surface of Cu and Ni core particles [53,110]. In
addition, as to TEM images, it is often difficult to distinguish the core

Cu-Ag NWs
D'=92 + 23 nm

Fig. 1. SEM images of Cu NWs (A), Cu@Ag NWs (B) and Cu@Au NWs (C) and TEM-EDS images of Cu@Ag (D) and Cu@Au (E) NWs. [114]. Reprinted with

permission of The American Chemical Society.
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Fig. 2. (A) Field Emission-SEM image of Cu@Ag NPs obtained by sequential reduction of ammonia complexes of copper and silver [110] (Reprinted with permission
of Elsevier) and (B) TEM image of Ni@Ag NPs obtained by reduction of AgNOj3 in the dispersion of Ni powder [53] (Reprinted with permission of Taylor and Francis).

and shell since the difference in the contrast between metals such as Cu
and Ag is too low when Ag serves as a shell, especially in the case of thin
shells [43,96].

3.1.2. Transmetalation method

Transmetalation, or galvanic displacement, is apparently the most
effective wet chemistry method for fabrication of metallic core-shell
NPs. By this process, as schematically presented in Fig. 3, the surface
of the preformed core functions (and is sacrificed) as a reducing agent
for the second metal with higher reduction potential, thus resulting in
the formation of solely metal shell on the surface of the metallic core.
Due to a large difference between the reduction potentials of non-noble
metals such as Cu an Ni, and noble metals, such as Ag and Au, this
method is especially effective in the preparation of relevant core-shell
NPs.

An important challenge while using this method is the presence of
the rest of the reducing agent in the reaction mixture after the core NPs
synthesis. To address this issue, several approaches are usually applied:
(i) using stoichiometric amount or a minor deficiency of the reducing
agent while synthesizing the core NP; (ii) thorough rinsing of the pre-
pared core NPs by sequential rinsing-centrifugation steps before shell
deposition; (iii) removing the excess of the reducing agent by its
decomposition or by addition of a proper chemical reagent prior to the
addition of a shell precursor, and (iv) obtaining core particles by
decomposition of a core metal precursor without using an external
reducing agent.

The stoichiometric amount and minor deficiency of a reducing agent
relative to precursor were effectively used for producing core Ni NPs
(complexes of Ni>" with ammonia or aminomethyl propanol as metal
precursors and NaBH4 as a reducing agent) [54,116-118].

Thorough washing by sequential rinsing-centrifugation steps was
used, for example, to obtain a dispersion of core Cu NPs free of a
reducing agent, formaldehyde sulfoxylate [50], and hypophosphite
[119], and for obtaining the dispersion of Cu NWs free of hydrazine
[120]. Ni core NPs free of hydrazine were also obtained by washing

before Ag coating [53].

Removal of the excess of the reducing agent by adding a proper
chemical reagent was for the first time successfully performed by
treatment of aqueous dispersion of Cu NPs containing an excess of hy-
drazine, with acetaldehyde [40,43]. Following coating resulted in
obtaining a dispersion of Cu@Ag NPs, which did not contain Ag NPs
(Fig. 4). The same approach was reported in [121]. These NPs demon-
strate characteristic XRD patterns and plasmon spectra. As seen in
Fig. 4c, EDS analysis in STEM mode by scanning an individual Cu@Ag
NP along its diameter indicates the presence of the two metals in a single
particle: a typical silver profile shows higher intensity at the edges than
at the center, while the same scan for copper shows a complementary
profile with higher intensity at the center [43]. For obtaining Cu@Ag
NPs, HySO4 was also used to remove excess of a reducing agent, sodium
borohydride [122,123].

Ni@Au NPs were produced by the spontaneous decomposition of an
excess of NaBH, after core synthesis in reverse microemulsion followed
by transmetalation reaction after the addition of chloroauric acid [55].

In addition to the above methods, core NPs free of reducing agents
can be produced by the decomposition of a metal salt or coordination
complexes. For example, Cu@Ag NPs were obtained by thermal
decomposition of copper acetylacetonate in oleylamine, and Ag shells
were formed on the surface of as-synthesized Cu NPs by the trans-
metalation method [124,125]. The EDS scanning along the diameter of
these NPs clearly indicates the core-shell structure [125].

3.2. Combination of physical and chemical methods

Physical methods may be especially useful for large-scale fabrication
of NPs since they do not require large amounts of chemical reagents,
which very often are not eco-friendly. However, to the best of our
knowledge, these methods are practically not in use, with the exception
of e-beam irradiation. By using this method, high-quality Cu@Ag NPs
were obtained with copper acetylacetonate and silver nitrate as core and
shell precursors, respectively (their mixture in aqueous solution was

Cu?*

CuNP

2Ag+ +Cu0 9 2Ago + Cu2+ CucoreAgShe// NP

Fig. 3. Schematic illustration of a single Cu NP synthesis and the formation of Ag shell by the transmetalation reaction. The surface copper atoms serve as reducing
agents for the silver ions [43]. Reprinted with permission of The Royal Society of Chemistry.
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Fig. 4. (a) XRD pattern of a dried dispersion of Cu@Ag NPs at room temperature with characteristic d-spacings of copper (2.089, 1.809 and 1.279 A) and silver
(2.355, 1.444 and 1.231 10\). (b) Absorption spectra of diluted dispersions of Cu@Ag NPs at increasing silver to copper atomic ratio (0, solid line and 0.02 to 1.0,
dotted lines to dashed line). (c) STEM image of a 40 nm particle. (d) Copper and silver elemental profile along the particle diameter according to EDS analysis [43].

Reprinted with permission of The Royal Society of Chemistry.

irradiated with e-beam energy of 0.3 MeV) [126]. More success was
achieved while combining physical and chemical methods. For example,
Cu@Ag NPs were successfully synthesized by heating a mixture of
copper nitrate and sodium acrylate in a sealed glass vial to 160 °C in a
microwave reactor followed by a transmetalation reaction with silver
nitrate [95]. An analogous approach was applied for the synthesis of
Cu@Ag NPs in glycerol. After microwave irradiation of the solution of a
copper salt, silver acetate [93] or silver nitrate [94] solutions were
added to coat these NPs with a silver layer [93,94]. In another approach,
Cu@Ag NPs were prepared by ultrasound-assisted electrochemical
method (obtaining Cu NPs by sonoelectrolysis of copper sulfate, their
thorough washing and drying, followed by transmetalation reaction in
solution of a silver salt) [87]. One more method of Cu@Ag NPs fabri-
cation is pulse Cu wire evaporation resulting in obtaining core Cu NPs,
followed by transmetalation reaction in AgNOj3 solution in ethylene
glycol (Fig. 5) [127]. This method can be applicable for the large-scale
production of various core-shell NPs.

4. Oxidation stability of core-shell NPs

As written above, oxidation stability of metallic NPs is a crucial
property for their practical applications in various areas, such as catal-
ysis, magnetic and optical devices, conductive coatings and printed
electronics. In the latter case, the function of the noble metal shell is to
protect the core metal from oxidation at ambient conditions and at
elevated temperatures, which are usually required at the post-printing
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sintering step to provide high electrical conductivity of metallic coat-
ings. In addition, to be of practical and commercial importance, the
shelf-life of liquid inks or powders containing core-shell NPs should be
sufficiently long.

One of the important parameters affecting the oxidation stability of
core-shell NPs, especially at elevated temperatures, is the thickness of
the metallic shell, which is usually tuned by changing the molar ratio of
the core and shell precursors.

As was demonstrated in several reports, for small Cu@Ag NPs
(~10-50 nm), a molar copper to silver ratio of less than 5:1 (at the stage
of shell formation) is required to ensure the oxidation stability
[43,96,121,124,125,128], while for larger NPs with diameter > 100 nm,
the effective protection of Cu core can be achieved at Cu:Ag ratio of
>10:1 [121,127].

The oxidation stability of core-shell NPs is usually evaluated by TG/
DTA, XRD, and, in the case of thin metallic shells, by XPS methods.

4.1. Stability at ambient conditions

The long-term stability in air at room temperature, from several
weeks to several months, was demonstrated for Cu@Ag NPs synthesized
by various methods, with average sizes in the range of 10 to 50 nm
[43,94,96,105,119,121,122,124,125,128,129] as well as for submicron
[50,102,127] and even micron-sized Cu@Ag particles [50,130]. Fig. 6
presents the pattern of the XPS peaks of 2p Cu for a powder of Cu@Ag
NPs with an average diameter of 40 nm and shell thickness in the range
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Fig. 5. Scheme of fabrication of Cu@Ag NPs by pulse Cu wire evaporation followed by transmetalation [127]. Reprinted with permission of Elsevier.
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Fig. 6. XPS analysis of a dried powder of Cu@Ag NPs NPs (solid line), after Ar
etching (dashed line) and after exposure to air (dotted line) [43]. Reprinted
with permission of The Royal Society of Chemistry.

of 2-5 nm (Fig. 4c) [43]. This pattern for as- synthesized NPs is char-
acterized by the peaks typical of both metals and does not show any
indications for the presence of copper oxides. However, etching of the
surface layer with an ionized Ar beam results in a drastic increase in the
intensity of Cu bands, due to the removal of the Ag shell. After exposing
the etched sample to air, the intensity of peaks corresponding to metallic
Cu decreased, and new peaks characteristic of CuO appeared. These
results clearly indicate that the Cu core NPs are indeed protected from
oxidation by the Ag shell, and the stability is preserved during at least
several months [40,43].

As for Ni@Ag NPs, the core Ni, according to the reduction potential,
is much easily oxidizes compared to core Cu. Therefore, during the
transmetalation process at ambient conditions, a certain fraction of
nickel atoms in the core material undergoes oxidation. Nevertheless,
storage of aqueous dispersion of Ni@Ag NPs with average sizes of 50 and
210 nm for six months, lead to a very minor increase in the Ni oxide
content, if at all [116].

4.2. Thermal stability

In numerous cases, the core-shell NPs and NWs possess stability to
oxidation after being heated to elevated temperatures. It should be
noted that the threshold temperatures at which the oxidation starts are
in a wide range of ~120-300 °C
[43,50,96,105,114,119,121,122,127-130] and depend on particle size
and shell thickness (the latter are not indicated in many reports). For
example, copper oxides were not detected while heating small Cu@Ag
NPs with an average diameter of 8 nm and polydisperse NPs with di-
ameters in the range of 12-30 nm [96] to 146.6 °C and 118 °C,
respectively [129]. Oxidation threshold 125 °C was found for Cu@Ag
NPs with size 10 nm and shell thickness 1-2 nm [121], while for 17 nm
particles the characteristic peaks of copper oxides appear at 250 °C
[128]. For 50 nm NPs this threshold was found to be 156 °C [119].
Cu@Ag NPs with wide size distribution (3-50 nm) were stable at heating
up to 130 °C [122]. Submicron [50,103,127] and micron-sized Cu@Ag
[107,130] particles were found to be stable to oxidation at heating up to
200-250 °C and 200-400 °C, respectively.

Cu@Ag NWs also display stability to heating. For example, NWs with
a length of 28 ym, a diameter of 79 nm and shell thickness of 5 nm are
stable at heating to 160 °C [114], while NWs with a length of 5-10 nm
and diameter of 15-200 nm were stable while heated to ~230 °C [120].

As to Ni@Ag NPs, the stability to oxidation while heating up to
280 °C and 300 °C, respectively, was demonstrated for small NPs
composed of 6.2 nm Ni core and 0.85 nm Ag shell [51] and 8 nm Ni core
and 6 nm Ag shell [52]. Larger NPs with 70-80 nm and 250-280 nm
cores and 20 nm and 40 nm shells, respectively, were stable after heating
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to 350 °C [54].

The instability of core-shell NPs to heating is usually related to
destroying the protective shell. Enhanced self-diffusion of surface atoms,
which intensifies with an increase in temperature makes the metal NPs
much “softer” compared to large particles [131,132]. This also results in
a drastic decrease in the melting point of metal NPs and enables their
sintering (welding) at relatively low temperatures [131,133]. Since in
most cases the thickness of the shell is low, not more than several
nanometers, their physicochemical properties may be analogous to
those of NPs, and the mobility of shell atoms increases. In addition, in
the case of Cu@Ag NPs, such a “dewetting” process can occur as a result
of very low mutual solubility between Ag and Cu, resulting from
considerable lattice mismatch [119,121]. As a result, agglomerates of Ag
atoms are formed and grow on the core surface which becomes easily
accessible for oxygen. Such a mechanism of high-temperature destabi-
lization of Cu@Ag NPs is discussed in a number of reports
[43,105,119,122,124,127,128]. An analogous process was shown to
take place during long storage (12 months of aging) of the NPs disper-
sion [124]. A schematic illustration of the process and HR-SEM images
of the Cu@Ag NPs coated on glass slides by inkjet printing and heated
under N at various temperatures are presented in Fig. 7 [43].

It was also demonstrated that at a much higher temperature, 500 °C,
some core-shell particles can be broken exposing the inside of the par-
ticle, and EDS line scan, as well as point analysis, indicate that fragments
attached to the inner surface of the broken particle are composed of Ag
[130].
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5. Conductive coatings
5.1. Formulation of metallic inks

The typical ink for conductive coatings and printing contains a
conductive material (e.g. metallic core@shell NPs), aqueous or organic
liquid vehicle, and various additives that enable optimal printing per-
formance and good quality of the printed patterns [134,135]. The main
and most important component of such nanoink is the conductive ma-
terial. Generally, the higher the NPs loading in the ink, the higher the
conductivity of coating or printed patterns that can be achieved, since
the more concentrated NPs suspension provides more metal in a given
printing pass and a higher number of contact points and percolation
paths between NPs in the metallic film. The loading of metal NPs in
conductive nanoink formulation is typically in the range of 20-80 wt%
[136]. The inks based on core@shell NPs with concentrations of Cu@Ag
NPs of 25-30% [50,119-122,125] and Ni@Ag of 15-25%
[54,117,118,137] and 60% [53] were fabricated so far. Such concen-
trated nanoinks are usually formed by a few-steps process. The disper-
sion of synthesized NPs can be concentrated by centrifugation/
precipitation followed by redispersion in a proper amount of liquid
vehicle such as toluene [125], propylene glycol [50], ethylene glycol
[50,119,122], water [54,117,118] ethylacetate-terpineol [138],
acetone, n-butanol, and propylene glycol monobutyl ether [121] to
obtain the highly concentrated nanoink. An important parameter is the
remaining non-conductive materials after the evaporation of the solvent.
Therefore, it is essential to perform the synthesis at the lowest possible
ratio of dispersants to metal particles. To minimize the amount of
remaining dispersion agent and other non-conductive additives, the

Fig. 7. Schematic illustration of the growing silver crystallites on the copper core (upper image) and HR-SEM images of the Cu@Ag NPs inkjet printed on glass slides
and heated under N, at various temperatures [43]. Reprinted with permission of The Royal Society of Chemistry.
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excess of the stabilizing agent and other organic additives is usually
removed by washing the precipitated core@shell NPs with a proper
solvent, such as  diethylhydroxylamine [114], ethanol
[53,103,104,114,122,130], hexane [125], or water
[50,53,54,103,116-118,122,138]. In a number of the processes of
nanoink preparation, after removing (washing out) of the supernatant,
the drying of solid precipitates in air [121,138], vacuum
[53,103,104,119], or in desiccator [130] was carried out. The properties
of the metallic ink should be also optimized to provide a good coating/
printing process, optimal wetting and adhesion to the substrate, which
are required to obtain uniform conductive films. For example, to obtain
high-quality coatings, inks containing Ni@Ag NPs, were tailored by
adding Surfynol PSA 336 [118] or TEGO WET KL 245 [54,117,137] as
wetting agents.

It should be also noted that in addition to the metallic core-shell NPs,
the conductive ink contains various additives such as rheology and
surface tension modifiers, humectants, binders, and defoamers that
enable optimal conditions for the fabrication of conductive patterns or
coatings [2,5]. For example, in the case of inkjet printing, the optimal
ink viscosity and surface tension should be in the range of 1-15 cP and
25-35 mN/m, respectively [135]. Furthermore, the size of the NPs
should be tailored according to the printing and wet-deposition
methods. For example, it should be less than 0.01-0.1 of the diameter
of the printhead orifice (20-50 pm) of inkjet printer to avoid its blockage
[2,5].

5.2. Formation of conductive coatings and printed patterns

In general, to obtain metallic conductive patterns, two steps are
usually required: (1) deposition of the metallic ink by coating or printing
on a proper substrate and (2) sintering of the metallic particles within
the pattern, that often enables removing organic additives and the sta-
bilizing agent, which, being adsorbed on the surface of particles, pre-
vents inter-particle contacts. Sintering results in desorption and/or
decomposition of the insulating organic materials, and a tightly packed
or welded metallic layer with high conductivity is formed [2,5,7]. This
can be achieved by various techniques: heating at elevated temperature,
applying intense light pulse, microwave radiation, plasma, high elec-
trical field, and action of chemical agents [2,5,7]. As a characteristic of
conductive coatings, sheet resistance measured by a four-points probe is
usually used (results presented as Q/sq. or Q/[]). To obtain the re-
sistivity of the conductive layer, the sheet resistance should be multi-
plied by the film thickness.

The deposition of Cu@Ag NPs-based conductive inks was performed
by a variety of methods, including roller pen [122], spin coating [125],
bar coating [50,114], inkjet [25,43] or screen printing [104,114,135].
Inks based on Ni@Ag NPs were deposited on various substrates by bar
coating [54,117,118,137] and screen printing [53,117] techniques.

The most common method of sintering the films formed by core-shell
NPs is their heating to elevated temperatures. It is based on a two-step
process. In the first step, thermal decomposition and evaporation of
organic additives occur, that leads to the formation of necks and inter-
particle connections. In the second step, grains of core-shell NPs grow
as the result of inter-particle atomic diffusion, which provides conduc-
tivity resembling the properties of a bulk metal [25,139]. It should be
noted that although most common, thermal sintering is limited to ap-
plications utilizing heat resistant substrates, such as glass, ceramics or
polyimide, and is not applicable to paper and heat-sensitive polymeric
substrates, such as PEN and PET, which are often used in flexible
electronics.

The final conductivity/resistivity of thermally sintered coatings or
patterns formed by inks composed of core@shell NPs depends on a
number of factors, such as size of nanoparticles, molar core-to-shell
ratio, the type and concentration of organic additives (e.g. polymeric
stabilizers), but the most important is the sintering temperature. In
many cases, the reported electrical characteristics of conductive
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coatings are difficult to compare, since the resistivity should be calcu-
lated from the measured sheet resistance only if the film thickness is
known. Therefore, it is more desirable to report the resistivity values or
at least the % of bulk resistivity of the pure metal. In the following
section, we will describe, in more details, the characteristics of
conductive coatings formed by two types of particles, Cu@Ag and
Ni@Ag.

5.2.1. Cu@Ag particles

In the case of Cu@Ag NPs, the sintering temperature, at which highly
conductive coatings are formed, is usually in the range of 15 0-350 °C.
For example, the resistivity of patterns that were inkjet printed onto
glass slides decreased from 3-10* pQ-cm to 11 pQ-cm (which is only 7
times greater than that of bulk copper) with increasing sintering tem-
perature from 150 °C to 300 °C [43]. Such ink was shown to be suitable
for the fabrication of RFID antenna as shown in Fig. 8 [40]. Similarly, a
decrease in resistance from 2.84 Q/[] (56.73 pQ-cm) to 0.60 /[ (12.0
pQ-cm) with an increase in the sintering temperature from 200 °C to
350 °C was observed [125]. The lowest resistivity is very similar to the
resistivity of commercial Ag conductive inks (2.34-15.9 pQ-cm) [31],
although the Ag content in Cu@Ag NPs was only about 20%.

Pen-drawn electrical circuit with resistivity of 13.8 pQ-cm formed by
Cu@Ag NPs ink sintered at 150 °C for 1 h in Ny was shown to be effective
in ordinary small bulb operation (Fig. 9) [122].

Film formed by Cu@Ag nanoink on a polymeric substrate, poly-
imide, by screen printing and sintered at 200 °C, had a resistivity 8.2
pQ-cm that is only about 5 times higher than the resistivity of bulk
copper [127].

In addition to NPs, submicron and micron-sized Cu@Ag particles
were tested as the conductive components of inks and pastes. For
example, a paste containing 100-1000 nm particles and screen printed
onto a glass substrate, formed conductive films with a resistivity of 255
and 142.5 pQ-cm after sintering at 250 and 350 °C, respectively [138]. It
was also found that the addition of carboxylic acids to the ink based on
submicron Cu@Ag particles stabilized by polyacrylate leads to improved
conductivity of films deposited on a glass substrate and heated at 250 °C
(11.7 and 6.9 pQ-cm for films formed by ink without and with oleic acid,
respectively). The function of the acid was supposed to be a destabili-
zation of a layer of polyacrylate causing its detachment from the parti-
cles surface [140].

As an alternative method to thermal sintering, photonic sintering
was applied. The advantages of this method in comparison to thermal
sintering are a very short exposure time and a high power that can be
used to control the temperature that reduces the risk of heat-sensitive

Fig. 8. A flexible RFID antenna inkjet printed on photopaper using ink con-
taining 25 wt% Cu@Ag [40]. Reprinted with permission of MDPL
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Fig. 9. The conductive circuit drawn on photo paper by using a roller pen and
sintered at 150 °C for 1 h in N, atmosphere and ordinary small bulb operation.
Inset: high-resolution of the conductive pattern [122]. Reprinted with permis-
sion of Springer.

substrates destruction. An intense pulse light was used for sintering of
films formed by Cu@Ag NPs, and the obtained resistivity was as low as
15.18 pQ-cm, nine times higher than the resistivity of bulk copper [141].
The studies on the fabrication of electrodes for OPV devices by using
intense pulsed light, demonstrated that the copper-to-silver molar ratio
strongly affects the film resistance, which increases with the increase of
copper concentration, that can be related to the increase in content of
copper oxides [104].

One more method for obtaining tightly packed conductive Cu@Ag
films (64.24 pQ-cm) was pressing the as-prepared NPs under an axial
pressure of 20 MPa [142].

Highly conductive patterns were obtained by using a hybrid ink
composed of a mixture of micron-sized Cu@Ag particles and individual
Ag NPs with an average size of 60 nm [107]. Patterns drawn on a photo-
paper by a brush pen and sintered at 160 °C for 2 h had resistivity 5
pQ-cm that is only 3 times higher than the silver bulk resistivity.

Typical changes of the deposited films morphologies and the elec-
trical resistivities after sintering at various temperatures are presented in
Fig. 10. As seen, an increase in temperature results in the formation of a
film with more tight packing of Cu@Ag NPs and its distinct welding at
300 and 350 °C [125].

In addition to experimental works, theoretical studies on the sin-
tering process of core-shell NPs were performed. The multiple sintering
model of Cu@Ag NPs with molecular dynamics was used to present the
dependency of the sintering process of NPs on their size, porosity,
crystallinity, and applied temperature, as well as mechanical and ther-
modynamic properties of the sintered structures [139]. The effect of

200 °C 250 °C
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shell thickness of Cu@Ag NPs on their sintering process was also
investigated by using the atomistic sintering simulation method. It was
found that thinner shells prevent the contribution of the plastic defor-
mation mechanism to sintering, and the proportion of amorphous Ag
atoms at the sintering neck increases. Furthermore, at higher sintering
temperature the diffusion of Cu atoms near the core-shell interface can
occur, especially for the Cu@Ag with a thin shell [143].

In regard to NWs, it was shown that Cu@Ag, Cu@Au, and Cu@Pt
NWs rod-coated onto glass slides were conductive immediately after
coating and after following heating at 160 °C in a dry oven for 24 h
[114]. Incorporation of Cu@Ag NWs into polycaprolactone with a
melting point in the range of 59-64 °C resulted in the formation of fil-
aments suitable for 3D printing of conductive patterns with a resistivity
of 2.10° pQ-cm, without any post-printing treatment [113]. Fig. 11
shows a 3D printed inductive charging coil, powering a LED using a
wireless charging dock.

5.2.2. Ni@Ag particles

A conductive paste containing 65 wt% of Ni@Ag NPs with an
average size 104 nm was screen printed on a polycrystalline silicon
substrate, and the obtained film had a sheet resistance of 11 mQ/[] after
sintering at 650 °C. This value is superior to this of the Ni paste, and
close to that of the Ag pastes [53]. The obtained results can be explained
by improved oxidation stability of Ni@Ag NPs and their tighter packing
in the sintered film compared to the film formed by Ni paste, in which a
number of defects and voids are clearly seen in SEM images.

The conductivity of Ni@Ag NPs ink coatings (average sizes of NPs

A

Inductive,
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W Wi
a2charging dock

Fig. 11. Demonstration showing how the Cu@Ag NW filament can be used for
3D printing of an inductive charging coil to wireless power of LED [113].
Reprinted with permission of Wiley-VCH.
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0.60 Q/o

1.00 Q/o

Fig. 10. SEM images of surface morphology and sheet resistance of Cu@Ag films spin coated onto glass slides and sintered at various temperatures [125]. Reprinted

with modifications and permission of IOP Publishing.
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obtained in the processes with excess and deficiency of a reducing agent
were 80 and 280 nm, respectively) on glass substrate after the sintering
at various temperatures, was analyzed [54]. Sintering of coatings ob-
tained with larger NPs at 350 °C resulted in lower resistivity compared
to smaller nanoparticles, and the lowest value was found to be 63 pQ-cm.
This finding was explained as a result of a higher atomic percentage of
metallic unoxidized nickel in the dispersion of larger than smaller
Ni@Ag NPs [116]. Fig. 12 shows the morphologies of coatings after
sintering at various temperatures for 30 min. The obtained images
clearly indicate the formation of a uniform layer composed of tightly
packed and welded Ni@Ag NPs being sintered at 350 °C [54].

To improve the conductivity, the use of Ni@Ag ink with the bimodal
size distribution was evaluated. It was hypothesized that smaller parti-
cles will fill the voids between larger particles thus providing more
tightly packed films. By using ink containing Ni@Ag NPs with average
sizes 70 and 250 nm and 1:1 mass ratio, metallic films were formed on
glass slides by bar coating and screen printing, and such films that were
sintered at 300 and 350 °C, respectively, were found to have a con-
ductivity that is 80% higher compared with films formed by mono-sized
Ni@Ag NPs [117].

The ink formulation containing three types of Ni@Ag NPs (Fig. 13)
demonstrated very high efficiency in obtaining conductive coatings
[137]. It was found that the conductivity of films on a glass substrate
obtained by bar coating with the use of optimal ink composition (mass
ratio of 110, 220, and 420 nm particles 1:1.5:0.5) and sintered at 300 °C
was much higher compared to that of coatings formed by monodisperse
inks and is 9.9-10° S/m, i.e. as high as ~69% of bulk nickel.

The same idea, to improve NPs packing in the deposited metallic
film, was realized by the formulation of conductive ink containing
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Ni@Ag NPs with an average size of 220 nm and doped with smaller Ag
NPs (30 nm) [118]. Such ink containing 1 wt% of Ag NPs and coated on
glass slides provided film conductivity of 6.1-10% S/m (35% of the bulk
Ni conductivity) after sintering at temperature as low as 150 °C. The
similar conductivity was obtained while using ink containing 0.5 wt% of
Ag NPs, but the sintering temperature was higher, 200 °C.

The possibility to obtain conductive patterns at low heating tem-
peratures makes such inks suitable for printing on heat-sensitive plastic
and paper substrates.

6. Outlook

The main reason for using core-shell NPs as a functional component
of conductive inks is to replace an expensive silver, which is used
currently in most conductive metallic inks in printed electronics. Among
the non-noble metals, copper possesses high electrical conductivity,
which is only ~6% lower than conductivity of silver. Another highly
conductive metal, aluminum, undergoes very rapid oxidation with the
formation of a dense oxide layer that makes it very difficult to handle as
core material for fabrication of core-shell NPs. Nickel, the conductivity
of which is ~23% of silver conductivity can be also considered as an
attractive material, for producing core-shell nanoparticles.

As follows from the above review, there is remarkable scientific and
technological progress in the fabrication of oxidation-resistive metallic
core-shell materials, especially Cu@Ag NPs. However, there are several
issues to be addressed before the effective integration of such materials
into large-scale industrially printed 2D and 3D electronic devices, with
an estimated market of more than $73 billion in 2027 [144]. One of the
main challenges is the development of efficient low-cost methods for the
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Fig. 12. SEM images of ink coatings composed of Ni@Ag NPs with an average size 280 nm after sintering at various temperatures for 30 min [54]. Reprinted with

permission of IOP Publishing.
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Fig. 13. Scheme of preparation of the conductive coatings based on Ni@Ag NPs: (a) optimization of the process of synthesis of Ni NPs with different size distri-
butions; (b) formation of Ni@Ag NPs by transmetalation method; (c) preparation of ink containing Ni@Ag NPs with various sizes; (d) fabrication of conductive

metallic films by bar coating [137]. Reprinted with permission of MDPI.

fabrication of the core-shell NPs. It seems that eco-friendly physical
methods, which do not require large amounts of chemical reagents are
the most promising. Of great importance is also developing new and
simple methods for post-printing treatment, which will be compatible
with substrates, which are sensitive to elevated temperatures and which
enable preserving the original chemical composition of the cores and
shells.

We expect that the progress in producing and utilization of core-shell
particles, methods of coating/printing and post-printing treatment will
lead to low-cost and large-scale fabrication of highly effective 2D and 3D
electronic devices, conductive components of which are based on
metallic core-shell materials.
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