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Introductions: Ink based on metallic nanoparticles has been widely used so far for the fabrication of electronic circuits and devices 
using printing technology. This study aimed at the analysis of the effect of the silver shell thickness of nickel@silver core@shell 
(Ni@Ag) nanoparticles (NPs) on the fabrication and conductive properties of deposited coatings.
Methods: The process of the synthesis of Ni@Ag NPs with various silver shell thicknesses was developed. The physicochemical 
properties (size, stability against aggregation process) of synthesized Ni@Ag nanoparticles were analyzed. The films based on ink 
containing Ni@Ag NPs with different silver shell thicknesses were fabricated and sintered in a temperature range of 120–300 °C and 
at times from 15 to 90 min. The dependence of their conductive properties on the applied temperature and time as well as silver shell 
thickness was evaluated.
Results: Ni NPs were coated with 10, 20, 30, 35, 45, and 55 nm silver shell thickness. The resistivity of coatings based on obtained 
NPs depends on the thickness of the Ag shell and the sintering temperature. After sintering at 300 °C, the highest decrease in its value 
(at an optimal sintering time of 60 min) from about 100 µΩ·cm to 9 µΩ·cm was observed when the thickness of the shell increased 
from 10 to 55 nm. At the lowest sintering temperature (120 °C) the highest conductivity (about 50% of that for bulk nickel) was 
obtained for films based on Ni@Ag NPs with 45 and 55 nm of the silver shell thickness.
Discussions: The analysis of the resistivity of the sintered films showed that higher conductivity was obtained for the coatings formed 
from Ni@Ag NPs with the thicker Ag shell; moreover, thicker shells allowed a lowering of sintering temperature due to higher 
conductivity and a lower melting point of silver in comparison to nickel NPs.
Keywords: core@shell nanoparticles, the thickness of the silver shell, thermal sintering, conductive properties, metallic coatings

Introduction
Traditional methods of fabrication of electronic devices such as photolithography, vacuum deposition, or electroless 
plating processes are multi-stage, require high-cost equipment, and form large amounts of waste. As an alternative 
method of manufacturing conductive circuits, eco-friendly, simple, and highly productive printing technology has been 
proposed. Printed electronics as a low-cost and environment-friendly research and industrial field is promising for large- 
scale fabrication of conductive patterns and devices.1–4

The process of the formation of conductive ink is the most important stage of printing electronic technology to 
achieve conductive patterns with high quality and electrical conductivity.5,6 The main component of conductive ink is 
a functional material, usually highly conductive micro- or nano-grade metal particles.7,8 Currently, silver is the most 
widely used material for utilization in conductive inks due to its high conductivity and stability against the oxidation 
process. However, due to the presence of insulating organic material, which is necessary for the NPs array stability, the 
conductivities of the as-deposited ink based on nanoparticles are generally poor. Therefore, a post-deposition treatment is 
needed to enhance them, which is generally achieved by applying heat, usually in a hot air oven or hot plate.9,10 This 
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sintering phenomenon is usually attributed to the reduced melting point of NPs and the high self-diffusion coefficient of 
their atoms.11 Under optimal conditions, the conductive properties of coatings formed from ink based on Ag NPs are 
comparable with the conductivity of bulk metal.2,3,12 However, due to the high cost of silver, a major challenge in this 
field is to replace them with cheaper ones, such as nickel or copper.4 In addition, materials based on Ag NPs show poor 
mechanical stability, which can limit their application in the production of electronic devices, while the ones composed of 
Ni NPs are more resistant to failure or plastic deformation.13 The disadvantage of such non-noble metallic nanoparticles 
like nickel and copper is a tendency to oxidize at ambient conditions, due to their low standard redox potential, which 
causes a decrease or loss of electrical conductivity of the printed pattern. Protection of Ni or Cu NPs can be obtained by 
coating the individual nanoparticles with a dense layer of capping agents, such as surfactants, polymers, alkanethiols, and 
long-chain carboxylic acids.14–16 However, those methods only minimize the oxidation process of NPs but do not provide 
their long-term stability. In this context, the best approach is the formation of a shell of a noble metal on the surface of 
oxidizable metallic nanoparticles, which results in the obtaining of core@shell bimetallic NPs. This process is usually 
performed by using a displacement (transmetalation) reaction, which is based on the difference in the redox potential of 
two metals (core and shell), where the surface of the core nanoparticles acts as a reducing agent for the noble metal 
deposited on their surface.17–20

In the last year, a growing interest in the fabrication of conductive coatings or patterns formed from ink based on 
Cu@Ag and Ni@Ag NPs as the promising pathways for the fabrication of printed electronic devices has been observed. 
Jing et al21 prepared a conductive film from a paste based on Ni@Ag NPs with an average size of 104 nm after sintering 
at 650 °C. The obtained coating had a sheet resistance of 11 mΩ/□, which is superior to that of the nickel pastes, and 
close to that of the silver pastes. The aqueous dispersion of stable Cu@Ag core@shell NPs as conductive and decorative 
inks for printing metallic patterns on various substrates was used.22 Gang et al23 prepared a stable Cu@Ag-based ink that 
was successfully screen-printed onto a flexible polyimide (PI) substrate. They observed a decrease in the resistivity of the 
Cu@Ag pattern about 15 times in comparison to bulk copper when the sintering temperature was raised to 290 °C.

he ability to control the shell thickness of metallic core@shell NPs can open up attractive opportunities for the 
fabrication of a broad range of new materials with tunable properties. Therefore, the studies of this subject are important 
from scientific as well as industrial point of view. Xie et al24 the dependence of the thickness of the platinum shell of 
Pd@Pt nanostructures on their catalytic activity toward oxygen reduction detection was studied. They observed that 
nanocubes of palladium coated with 2–3 platinum layers showed higher specific activity and durability toward the 
oxygen reduction reaction than the one containing only one Pt layer. A significant improvement of photovoltaic 
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parameters of solar cells based on Ag@Au NPs with increasing thickness of gold shell was observed by Wali et al.25 The 
effect of the shell thickness of Cu@Ag NPs on their sintering process was also investigated by using the atomistic 
sintering simulation method. Besides experimental works, theoretical studies on the dependence of properties of 
core@shell NPs on the thickness of their shell were performed. The effect of the shell thickness of Cu@Ag NPs on 
their sintering process was investigated by using the atomistic sintering simulation method. It was noticed that thinner 
silver shells prevent the contribution of the plastic deformation mechanism to sintering and the proportion of amorphous 
Ag atoms at the sintering neck increases.26 Sarkar et al27 studied the dependence of the tensile properties of crystals of 
Cu@Ag core@shell nanowire on the thickness of Ag shell using molecular dynamics simulations. The highest yield 
strength for nanowires with a shell thickness of 2 nm and a core diameter of 10 nm was observed, while the Cu@Ag 
nanowires with a thickness of the shell of 10 nm and 8 nm with the same core diameter showed the highest ultimate 
tensile strength and the highest Young’s modulus, respectively.

In the context of the potential application of metallic nanoparticles in various industrial areas, an important issue is 
their impact on human health and the environment. It is known that nanoparticles due to their small size can enter the 
human body through the lung, intestinal tract, or skin, and can be toxic to the brain, causing lung inflammation or heart 
disease.28 Metallic nanoparticles can enter the environment during the fabrication of materials based on them, their 
application, or following the disposal of products containing nanoparticles.29 Moore30 as well as Hund-Rinke and 
Simon31 suggested that NPs have the potential to cause harmful effects on biota by the formation of reactive oxygen 
species that could affect biological structures. However, the toxicity of nanoparticles depends on many factors such as 
their size, composition, surface functionality, crystallinity, or aggregation degree.

In the present work, we mainly focused on the analysis of the dependence of the formation process as well as the 
resistivity of the coatings based on Ni@Ag NPs on the thickness of their silver shell after the thermal sintering 
process to obtain highly conductive metallic films. We observed that the values of resistivities depend on the 
thickness of the silver shell as well as the sintering temperature. The highest conductivity was obtained for the 
coatings formed from Ni@Ag NPs with the thickness of Ag shell of 35 nm and 45 nm after the sintering process at 
180 and 120 °C, respectively. The improvement of conductivity of coatings by using Ni@Ag NPs with thicker silver 
shells, to the best of our knowledge, is reported for the first time and may represent a new approach for obtaining 
printed electronics.

Materials and Methods
Materials
Nickel sulfate hexahydrate (NiSO4·6H2O), sodium borohydride (NaBH4), sodium carboxymethyl cellulose (MW 90000, 
NaCMC), silver nitrate (AgNO3), citric acid (CA), and aminomethyl propanol (AMP) were supplied from Sigma-Aldrich 
(Poznań, Poland). A wetting agent, Surfynol PSA 336 (acetylenic-based formulated surfactant), was purchased from 
Evonik (Essen, Germany). Distilled water was used for the preparation of all solutions.

Fabrication of Conductive Coatings Based on Ni@Ag NPs
The process of preparation of metallic coatings involved three stages: (1) synthesis of Ni@Ag NPs; (2) ink formulation; 
(3) preparation of coatings and their sintering.

Synthesis of Ni@Ag NPs
Ni@Ag NPs were obtained by the method developed in our lab and detailed presented in our previous papers.32–34 The 
process consists of two steps: (1) synthesis of an aqueous dispersion of Ni NPs, (2) silver shell formation.

In the first step, 30 mL of 0.5% of stabilizer (NaCMC), 12 mL of 5.2% of Ni NPs precursor (NiSO4), 12 mL of 1.4% 
of citric acid, and 5 mL of 80% of AMP (complexing agents), were mixed. Then, a peristaltic pump was used to inject 
30 mL (2 mL/min) of an aqueous solution of NaBH4 (0.2%), as the reducing agent, into the reaction mixture, which was 
followed by stirring at 850 rpm for 60 min. As a result of this process, Ni NPs were synthesized.

In the second step, the silver shell is formed by the transmetalation (displacement) reaction resulting in the formation 
of Ni@Ag NPs. Silver shell precursor ie aqueous solutions of AgNO3, at concentrations ranging from 0.02 to 0.1 M and 
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a constant volume of 45 mL, were added to the freshly synthesized dispersion of Ni NPs. The synthesis was performed 
for 60 min at room temperature while stirring at 850 rpm. Then, the obtained dispersions of Ni@Ag NPs were washed by 
centrifugation/redispersion process (two times, 7000 rpm, 20 min) with distilled water, where an excess of stabilizer and 
other additives was removed.

Ink Formulation
To prepare inks, the dispersions of Ni@Ag NPs were concentrated to 25 wt% and their wetting properties were optimized 
by using Surfynol PSA 336 at a concentration of 0.025%. The obtained inks were homogenized by using an ultrasonic 
bath for 30 min at 20 kHz.

Preparation of Coatings and Their Sintering
The ink formulation was deposited on glass substrates by bar coating with the use of K-Hand Coater (Kontech, Łódź, 
Poland).35 The deposited ink coatings were dried on a hot plate at 80 °C for 15 min and finally sintered by heating 
(thermal sintering process) at elevated temperatures (120–300 °C).

Characterization Methods
The size of metallic nanoparticles (Ni and Ni@Ag NPs) was measured by the dynamic light scattering (DLS) method. 
The experiments were carried out using Zetasizer Nano Series (Malvern Instruments, Malvern, Worcestershire, UK) with 
a detection angle of 173° in optically homogeneous square polystyrene cells. Each value was obtained from the three runs 
with at least 20 measurements at 25 °C. The optical properties of the dispersions of Ni and Ni@Ag NPs were studied by 
UV–Vis spectrophotometry (UV-1800, Shimadzu, Kyoto, Japan). The morphological properties of the obtained nano-
particles and their coatings were analyzed by scanning high-resolution field emission scanning electron microscope 
(SEM, JEOL JSM-7500F) equipped with an energy-dispersive X-ray spectroscopy system (EDS-INCA PentaFETx3) 
enabling qualitative and quantitative information about the elemental composition and element location/distribution. The 
thicknesses of deposited films were measured by the EDXRF technique (FISCHERSCOPE X-RAY XDL 230, 
Worcestershire, UK). The values of sheet resistance of the sintered metallic coatings were measured using a 4-point 
probe technique (Milliohm Meter, Extech Instruments, Nashua, NH, USA). In this method, the values of sheet resistances 
were automatically measured for four equally spaced by manual contact of the collinear Calvin probes with the coated 
films, resulting in electrical contact.36 The values of resistivities of sintered films were calculated by multiplying the 
values of their sheet resistance by the thicknesses.6

Results and Discussion
The oxidation stability of metallic NPs is a crucial property for their practical applications for conductive coatings and 
printed electronics, therefore the main disadvantage of Ni NPs nanoparticles is a tendency to oxidize at ambient 
conditions. Protection of Ni NPs can be gained by the formation of a silver shell on the surface of nanoparticles, 
which results in obtaining core@shell Ni@Ag bimetallic NPs. In our previous works32–34 where the process of Ni@Ag 
NPs formation was presented in detail, it was found that the thickness of the Ag shell can be controlled by the appropriate 
selection of Ag precursor concentration, whose thickness increases with increasing concentration of Ag ions, respec-
tively. Moreover, the minimal thickness of the Ag shell that improved long-term stability against oxidation for Ni NPs 
with size ~210 nm was ~20 nm.

In this paper, we focus on the analysis of the effect of the thicker silver shell on nickel@silver (core@shell) 
nanoparticles on the fabrication and conductivity of ink-based coatings. A scheme for preparation of conductive coatings 
composed of Ni@Ag NPs with different thicknesses of the silver shell is presented in Figure 1.

Firstly, Ni NPs were synthesized by reduction of Ni2+ in the complex with AMP and citric acid by NaBH4, in the presence 
of sodium carboxymethyl cellulose as a stabilizer. The synthesis was performed at the deficiency of the reducing agent, which 
is crucial for the stage of the formation of a silver shell. NaBH4 is fully consumed in the process of formation of Ni NPs, which 
prevents the reduction of Ag+ to Ag NPs, instead of their reduction on the surface of Ni NPs with the formation of a core@shell 
structure by transmetalation reaction. We found that the obtained Ni NPs with size 180 nm were not stable and oxidized in 
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aqueous dispersion after a few hours of storage. To stabilize Ni NPs, a protective silver shell was formed on the surface of 
freshly prepared Ni NPs, which results in the formation of the core@shell structure. The Ni@Ag core@shell NPs were 
synthesized by the transmetalation process, in which on the surface of previously obtained Ni NPs, Ag ions are reduced due to 
the difference in the redox potential between those two metals. The DLS measurement (Figure 2A) indicates that the average 
sizes (as the value of three subsequent runs of the instrument) of obtained Ni@Ag NPs increase from about 180 to 280 nm with 
increasing concentration of silver salt (0.02–0.1M) added to Ni NPs. The delivery of a higher amount of AgNO3 as a source of 
silver ions for shell formation results in the fabrication of core@shell NPs with a thicker Ag layer on the surface of nickel NPs. 
It was shown in Figure 2B that as the concentration of Ag salt increased from 0.02 to 0.1 M, the thicknesses of the silver shell 
increased from 10 to 55 nm.

In Figure 3 the UV–vis spectra of the Ni and Ni@Ag NPs are presented. In the spectrum of bare Ni NPs, no peaks 
were observed, while the spectra of Ni@Ag core@shell NPs are characterized by distinct peaks with maximum bands at 
about 420 nm, which is typical for surface plasmons of silver with the size of nano.37 The UV–vis spectra of Ni@Ag NPs 
are much wider than those of Ag NPs. This phenomenon is similar to that obtained by the extended Mie theory for 
core@shell nanoparticles and indicates the formation of the core@shell structure.38,39 The dependence of the maximum 
absorbance intensity on the thickness of the silver shell in the spectra of Ni@Ag NPs was observed and as can be seen in 
Figure 3, their intensities increase with increasing thickness of the Ag shell, which suggests the formation of a thicker 
silver layer on the surface of Ni NPs. Similarly, Jackson et al38 observed an increasing magnitude of the extinction 
spectrum as more silver was deposited on the surface of the silica particles. Besides, they noticed shifting of the plasmon 
resonance to longer wavelengths with increasing thickness of the Ag shell. As can be seen in Figure 3, the absorption 

Figure 1 Scheme of the fabrication of the conductive coatings based on Ni@Ag NPs with various thicknesses of Ag shells.

Figure 2 The dependence of the size of Ni@Ag NPs (A) and thickness of silver shell (B) on the concentration of AgNO¬3 in the reaction mixture.
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bands in the UV–vis spectra of Ni@Ag NPs with various thicknesses of silver shell were almost located at the same 
wavelengths. Titkov et al40 have observed a similar phenomenon for copper@silver NPs, with only a change in the 
absorption intensity ratios with increasing ratios of copper to silver.

The long-term stability of metallic nanoparticles against the aggregation process is important for the fabrication of 
printed conductive materials; therefore, the dependence of the size distribution of Ni@Ag NPs with thickness shells of 
10, 20, 30, 35, 45, and 55 on the storage time was analyzed. The size distribution was investigated using the DLS 
technique. The synthesized dispersions of Ni@Ag NPs with various silver shells were weekly measured. As can be seen 
in Figure 4 the size of Ni@Ag NPs with thickness shells of 20, 35, and 45 nm almost did not change after 30 days of 
storage, which indicates their long-term stability regarding aggregation. In addition, in agreement with our previous 
work,32 the NPs with 10 nm silver shell thickness were not stable against oxidation over time, while thicker silver shell 
nanoparticles present superior stability against this process.

Figure 3 The UV-Vis spectra of the dispersion of the Ni and Ni@Ag NPs with various thicknesses of the silver shell (10–55 nm).

Figure 4 Example of the dependence of the size distribution of Ni@Ag NPs (applied for the fabrication of coatings with optimal conductivity) on the storage time.
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Ni@Ag NPs with 20 nm shell thickness were almost monodisperse with a spherical shape, as can be seen in the 
presented SEM image (Figure 5A). In the EDS spectrum of such NPs (Figure 5B), characteristic peaks of nickel and 
silver can be observed, which suggest the formation of core@shell structure.

To prepare inks, the formed dispersions of Ni@Ag NPs with various silver shell thicknesses were concentrated to 25 
wt%, while their wetting properties were optimized by adding Surfynol PSA 336 at a concentration of 0.025%.34 The 
prepared inks were deposited on glass substrates by bar coating with the use of a K-Hand Coater. Then deposited 
coatings were dried on a hot plate at 80 °C for 15 min and finally sintered by heating at elevated temperatures (120–300 
°C). The optimal sintering time was determined for each case and, as can be seen in Figure 6A, the resistivity of coatings, 
formed from Ni@Ag NPs with various thicknesses of Ag shell and sintered at various temperatures, decreased with 
sintering time up to 60 min, longer sintering time, even for 90 min, were characterized by almost the same conductive 
properties. In this context, the optimal sintering time – 60 min was selected for obtaining and characterization of metallic 
films. Figure 6B presents the dependence of values of resistivities of films formed from various Ni@Ag NPs on the 
sintering temperature at the optimal time (60 min). In addition to better showing the changes in resistivity of coatings 
formed from Ni@Ag NPs with thicker Ag shell (30–55 nm) Figure 6C is presented.

In our previous work,33 we found out that the optimal conditions of the thermal sintering process of coatings based on 
Ni@Ag NPs at the size distribution of 220 nm (about 20 nm of Ag silver shell), which enables obtaining the best 
conductivity (about 48% of that for a bulk nickel), were temperature of 300 °C, and the value of resistivity of a metallic 
film with a thickness of about 2 µm was about 14 µΩ·cm. Using this concept, in the presented work, we started an 
analysis of the effect of Ag silver shell thickness on the conductivity of metallic coatings sintered at 300 °C. In Figure 6B 
can be noticed that the resistivity depends on the thickness of the Ag shell. The highest decrease in its value from about 
100 µΩ·cm to 14 µΩ·cm was observed when the thickness of the shell increased from 10 to 20 nm. It is worth 
mentioning that Ni@Ag NPs with 10 nm Ag shell thickness were not stable against oxidation and the influence of oxides 
is clearly visible in conductive properties. Further growth of Ag shell thickness up to 55 nm affects the lowering of the 
resistivity to 9 µΩ·cm. In the context of the future application of conductive coatings in printed flexible electronics as 
well as from an economic point of view (lower temperature uses less energy), we additionally analyzed the resistivity of 
coatings formed from Ni@Ag ink with various Ag shell thicknesses at the lower sintering temperature (120–250 °C). It 
was noticed that coatings formed from ink based on Ni@Ag NPs with the thinnest silver shell (20 nm) started to be 
conductive after the sintering process at the temperature of 180 °C. The coatings based on nanoparticles with silver shell 
thickness from 30 to 55 nm showed conductive properties at a much lower sintering temperature of 120 °C. This is the 
result of the presence of a higher amount of metallic silver, which improves the conductivity of nickel as well as the 
formation of necks between NPs. In addition, bulk silver has a lower temperature (~961 °C) melting point than bulk 
nickel (~1451 °C), while their melting temperature at nano size is much lower.41,42 Therefore, Ni@Ag NPs with thicker 
Ag shells should be more easily merged at lower ranges of temperatures than the ones with thinner shells. Li et al43 

noticed that during the sintering process of Cu@Ag NPs, the plastic deformation mechanism mainly occurred in the 
silver shell. Therefore, a thicker Ag shell increases the significance of the plastic mechanism, which can improve the 

Figure 5 The characterization of the dispersion of the Ni@Ag NPs (thickness 20 nm of Ag shell): example of SEM image (A), EDS spectrum (B).
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thermal sintering process. The effect of silver shell thickness on the conductivity of metallic films is clearly visible for all 
sintering temperatures, and a thicker silver shell gives lower resistivity. For example, the resistivities of coatings sintered 
at 120 °C decrease from about 110 to 14 µΩ·cm with increasing silver shell thickness from 30 to 55 nm, respectively.

Figure 6 The dependence of the resistivity for coatings formed from Ni@Ag ink with various Ag shell thicknesses (10–55 nm) on (A) the sintering time (selected examples 
show conductive properties at lowest sintering temperature) and the temperature: (B) for Ag thickness shell from 10 to 55 nm; (C) for Ag thickness shell from 30 to 55 nm.

Table 1 The Dependence of the Conductivity [%] (in Comparison to That for 
Bulk Nickel) on the Thickness of the Silver Shell and Sintering Temperature at 
Optimal Sintering Time (60 min)

Thickness of  

Ag Shell [nm]

120 °C 130 °C 150 °C 180 °C 200 °C 250 °C 300 °C

Conductivity [%]

10 – – – – – 3.5 7

20 – – – 3 4 12 35

(Continued)
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In Table 1 the dependence of calculated conductivity (in comparison to that for bulk nickel) of coatings based on 
Ni@Ag NPs on their shell thickness and sintering temperature is presented. As can be clearly seen, similar conductive 
properties at all applied sintering temperatures showed coatings containing core@shell NPs with silver shell thickness of 

Table 1 (Continued). 

Thickness of  

Ag Shell [nm]

120 °C 130 °C 150 °C 180 °C 200 °C 250 °C 300 °C

30 6 13.5 15 17 22.5 24 29

35 12 22.5 24 34 37 45 72

45 50 52 52 51 52 53 73

55 50 52 51 52 51 54 75

Figure 7 Examples of SEM images obtained for coatings based on Ni@Ag NPs with Ag thickness shell of 20 nm: (A) after drying (80 °C, 15 min), (B) after sintering at 300 
°C; 35 nm: (C) after drying (80 °C, 15 min), (D) after sintering at 180 °C; and 45 nm: (E) after drying (80 °C, 15 min), (F) after sintering at 120 °C.

Nanotechnology, Science and Applications 2023:16                                                                            https://doi.org/10.2147/NSA.S435432                                                                                                                                                                                                                                                                                                                                                                                                      81

Pajor-Świerzy et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



45 and 55 nm. Besides, we noticed that the sintered coatings based on such Ni@Ag NPs (with silver shell thickness of 
about 45 and 55 nm) showed similar conductive properties (50% of that for bulk nickel) as the one obtained in our 
previous research33 (with the conductivity of 48% in comparison to bulk nickel) for the thinner silver shell, but lower 
temperature (120 vs 300 °C) was needed to form that conductive coating. Generally, depending on the application that 
determines the sintering temperature, the optimal silver shell thickness should/could be chosen. For applications, where 
the temperature of sintering has to be as low as possible a thicker silver shell should be selected, while for applications 
where a higher temperature could be applied a thinner silver shell could be chosen.

Research on the dependence of conductive properties of coatings based on Ni@Ag NPs on the thickness of their shell 
has not been presented so far. However, the most similar conductive materials were obtained by Bai.43 In the performed 
study the resistivity of Ni, Cu, and Cu@Ni powders was analyzed and compared. After their sintering process at 200 °C the 
lowest value of resistivity of 4.6·10−6 Ω·m for Cu@Ni material was obtained and was slightly higher than the one achieved 
for coatings based on Ni@Ag NPs with a silver shell of 55 nm after sintering at lower temperature (120 °C). In addition, 
a comparison of the resistivity (9 µΩ·cm) of coatings containing Ni@Ag NPs with the thicker Ag shell (55 nm) after 
sintering at the highest temperature (300 °C) obtained in the presented work to the resistivity (25.5 µΩ·cm) of Cu@Ag 
patterns sintered at 290 °C reported in another study.44 As was noticed, the value achieved in our research was much lower.

The morphology of metallic coatings composed of the Ni@Ag NPs, with various Ag shell thicknesses, before and 
after the sintering process was examined by SEM. Examples of such coatings are presented in Figure 7. It is clearly seen 
that before sintering the Ni@Ag NPs were still not merged, and the continuous layer was not created while after the 
sintering, the connection between NPs is improved, which provides good conductivity of sintered coatings. Moreover, 
after sintering the single Ni@Ag nanoparticles are not present in the coatings, which should decrease the risk related to 
the use of nanomaterials and decrease the potential impact on the environment.

Conclusions
In our work, we evaluated the effect of the thickness of the Ag shell on the surface of Ni NPs on the formation and 
conductive properties of coatings based on such Ni@Ag NPs. The temperature needed for the formation of conductive 
coatings by thermal sintering decreases; moreover, improvement of conductivity of metallic films can be achieved by 
using NPs with thicker Ag shells. Depending on the final application optimal thickness of the silver shell can be selected. 
For heat-sensitive substrates, where the temperature of sintering should be as low as possible, thicker silver shell will be 
optimal while for other applications where the higher temperature could be applied thinner silver shell should be chosen.
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