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Abstract

:

Polymer composites with electrically conductive inclusions are intensively developed for microwave shielding applications, where lightweight and elastic coatings are necessary. In this paper, dielectric properties of hybrid polyethylene composites containing cobalt nanoparticles and multi-wall carbon nanotubes (MWCNT) were investigated in the wide frequency range of 20–40 GHz for electromagnetic shielding applications. The percolation threshold in the hybrid system is close to 6.95 wt% MWCNT and 0.56 Co wt%. Cobalt nanoparticles (up to highest investigated concentration 4.8 wt%) had no impact on the percolation threshold, and for the fixed total concentration of fillers, the complex dielectric permittivity is higher for composites with bigger MWCNT concentrations. Moreover, the microwave complex dielectric permittivity of composites with high concentration of fillers is quite high (for composites with 13.4 wt% MWCNT and 1.1 wt% Co ε′ ≈ ε″ ≈ 20 at 30 GHz, it corresponds to microwave absorption 50% of 1 mm thickness plate); therefore, these composites are suitable for electromagnetic shielding applications.
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1. Introduction


Fast progress of telecommunications and electronics leads to the broad use of electromagnetic waves in various areas. The issues of electromagnetic interference become principal since various apparatuses work in the same or neighbor frequency ranges and are due to the generation of electromagnetic waves by some natural phenomena (for example lightning); moreover, the power of electromagnetic waves increases with the number of apparatuses working in the same place and by the fast growing industry of telecommunications, where higher frequencies and herewith higher power are needed for the transference of a larger quantity of information [1,2]. The electromagnetic interference can cause damages to electronic devices and can be harmful for human health [3]. In addition, the electromagnetic waves can be used for unsanctioned information collecting or tracking of peoples or vehicles. Traditional electromagnetic shielding materials involve highly electrically conductive metals such as Al, Cu [4]. The main drawbacks of metals for such applications are the high density, easy corrosion, poor flexibility and big reflected part of electromagnetic radiation. In contrast, coatings based on polymer composites filled with various electrically conductive inclusions are lightweight, easy processable and chemically inert [5].



Composites with various carbon nanoinclusions (single-wall carbon nanotubes (SWCNT), multi-wall carbon nanotubes (MWCNT), carbon black, graphene and onion-like carbon) have been widely investigated for electromagnetic shielding and electrical conductivity applications [6,7,8]. Indeed, such composites exhibit low percolation thresholds (the lowest concentrations at which composites are electrically conductive) and big electromagnetic shielding at concentrations substantially higher than the percolation threshold [9,10]. The main drawback of composites with carbon nanoinclusions is that often nanoparticles inside the polymer matrix form bigger or smaller clusters and, therefore, the electromagnetic properties of composites are determined by clusters of nanoparticles [11]. To overcome this drawback, other types of nanoparticles can be added to the composites matrix. Indeed, it was demonstrated that the addition of insulating MgO nanoparticles can change the electrical conductivity of composites with MWCNT by several orders [12]. Moreover, the addition of magnetic nanoparticles to composites with carbon nanoinclusions can cause additional electromagnetic shielding due to magnetic losses [13]. For composites with several nanoparticle types, the synergy effect becomes important, which is the enhancement of composite properties due to interactions of nanoparticles inside the polymer matrix [14,15]. For example, in hybrid composites, the percolation threshold can be substantially lower, while electromagnetic properties are significantly better than in composites with one type inclusions [16]. Cobalt nanoparticles are widely used for electromagnetic shielding applications [17,18,19]. However, electrical conductivity values of polymeric composites with cobalt nanoinclusions are not big enough [19] and the addition of other more conductive nanoparticles is required to reach the sufficient electromagnetic shielding [20,21]. However, the impact of cobalt nanoparticles on broadband dielectric properties of composites with MWCNT in wide temperatures is still unknown.



The aim of this paper is to investigate broadband dielectric properties of polyethylene composites with MWCNT and Co nanoparticles in a wide temperature range. Investigations were performed for composites with relatively low Co nanoparticles concentrations (not bigger as 4.8 wt%); at these concentrations, the electrical percolation in composites with cobalt nanoparticles is not expected [22], and various MWCNT concentrations range up to 13. 6 wt%.




2. Materials and Methods


2.1. Co/MWCNT-PE Composites Preparation


The Co/MWCNT-PE composites preparation procedure consisted of two main stages. Initially, Co/MWCNT hybrids were prepared with various cobalt content. The MWCNTs used for preparation of Co/MWCNT were synthesized by chemical vapor deposition (CVD) of ethylene gas over bimetallic Fe-Co catalysts at 680 °C [23]. The obtained nanotubes had a wall number of 12–15 and an average outer and inner diameter of 9.4 and 4 nm, correspondingly. The characteristics of the used MWCNTs are described in more detail in [24,25]. After the growth, the MWCNT were purified from catalyst particles by boiling in a 15% solution of hydrochloric acid. Subsequently, the MWCNT were oxidized in concentrated nitric acid for 2 h to obtain functionalized nanotubes with about 2.4 carboxylic groups per nm2, a surface area of 260 m2 g−1 and a purity above 99% [26]. Co/MWCNT samples containing from 3.5 to 14.5 wt% of cobalt were prepared by a one-step incipient wetness impregnation with cobalt nitrate solutions (Co(NO3)2 × 6H2O, 98%, Sigma-Aldrich (St. Louis, MO, USA) with a required concentration. In order to obtain samples with a high Co content, multiple sequential impregnation was used. For this, a 7.5 wt% Co/MWCNT sample was impregnated with aqueous solutions of cobalt nitrate, followed by drying at 110 °C and re-impregnation until the required cobalt content was obtained, taking into account that about 7.5 wt% of Co was added in one impregnation. Depending on the number of impregnations, Co/MWCNT samples were obtained with a cobalt content from 14.1 to 51 wt%. Then, all the samples obtained were calcined at a temperature of 350 °C for 3 h, and after that, they were reduced in a flow of hydrogen at a temperature of 350 °C for 4 h. After cooling, the reduced samples were purged with argon for 20 min and transferred into glass ampoules, which were sealed without contact with air immediately after the reduction procedure. The obtained samples were stored in glass ampoules until the polymerization procedure. The procedure for the synthesis of Co/MWCNT hybrids is described in more detail in [20,21,26]. The exact Co content was determined by X-ray fluorescence (XRF) using an ARL Perform’X (Termo Fisher Scientific, Waltham, MA, USA) sequential X-ray tube spectrometer with Rh anode [27]. The obtained samples were denoted as follows: x Co/MWCNT-Ox, where x reflects the cobalt content in wt%.



The synthesis of Co/MWCNT-PE composites was carried out using an in situ polymerization technique based on the preliminary adsorption of a Ti-containing polymerization catalyst on the surface of the Co/MWCNTs hybrids followed by ethylene polymerization. All procedures for the preparation of composites were carried out in an argon atmosphere according to the standard Schlenk techniques. The in situ polymerization technique and the technology for preparing Co/MWCNT-PE composites are described in more detail in [21,28,29]. The polymerization reaction was carried out to obtain a composite material containing about 10 wt% of x%Co/MWCNT additive. The resulting product was separated from the reaction mixture, washed with heptane and ethanol and dried to constant weight. Thus, powders of Co/MWCNT-PE composites with different ratios of Co:MWCNT:PE components were obtained.



The composites were denoted as y% (x% Co/MWCNT), where y% refers to the content (x% Co/MWCNT) of the hybrid (i.e., total fillers concentration) in the composite, and x% to the Co content in the hybrid, where y-x is the mass concentration of MWCNT in wt%. Investigated composites photos are presented in Figure S1.




2.2. Structure Characterization of Co/MWCNT-PE Composites


The structure of the x% Co/MWCNT hybrids was characterized by transmission electron microscopy (TEM) on a JEOL JEM-2010 microscope (Akishima, Tokyo, Japan) operating at an accelerating voltage of 200 kV, which provides a nominal resolution of 0.14 nm. The Co particle size distribution in Co/MWCNT hybrids was estimated by analyzing TEM images containing about 200–400 Co particles at ×50,000 and ×400,000 magnifications.



The morphology of the Co/MWCNT hybrids and Co/MWCNT-PE composites, as well as the homogeneity of distribution of Co/MWCNT hybrids in a polyethylene matrix, were characterized by scanning electron microscopy (SEM) using a JSM6460LV JEOL microscope (Akishima, Tokyo, Japan) with an accelerating voltage of 25 kV. Hot pressed composite films were used for SEM studies as described in Section 2.3 below. The composite films were cut into pieces of 8 × 3 × 0.5 mm3 and then attached with silver glue to a copper support so that the cut-out section was facing the beam.




2.3. Electrophysical Characteristics of Co/MWCNT-PE Composites


To study the electrical properties of Co/MWCNT-PE composites, films prepared from the obtained powders of composite materials by hot pressing using a hand press between two polished steel plates covered with a Teflon film and a 0.5 mm thick copper frame were used.



In the frequency range from 20 Hz to 1 MHz, investigations were done using an LCR meter (HP4284) (Hewlett-Packard, Palo Alto, CA, USA) measuring the capacitance and the loss tangent. Measurements were performed on cooling from 300 K down to 30 K. In the frequency range from 1 MHz to 3 GHz, measurements were performed by coaxial dielectric spectrometer with a vector network analyzer (Agilent 8714ET) (Agilent Technologies, Santa Clara, CA, USA) by measuring the complex reflection coefficient. The silver paste was used for contacts.



Microwave measurements (27 GHz–40 GHz) were carried out with a scalar network analyzer (R2-408R, ELMIKA, Vilnius, Lithuania) measuring complex reflection and transmission modules.





3. Results


3.1. Structure of Composites


As it is known, the electrophysical characteristics of composite materials are influenced by various factors, including the composition of the composite material, as well as the uniformity of additive distribution in its composition. The way fillers are introduced into the polymer is a decisive factor affecting their distribution and the properties of the final product. Previously, we carried out a comparative study of the influence of the homogeneity of MWCNT distribution on the electrical properties of MWCNT-polyethylene composites obtained by mechanical mixing in a polymer melt, coagulation precipitation and in situ polymerization of ethylene using a Ziegler-Natta catalyst supported on MWCNT. It has been shown that in situ polymerization produces composite materials with a more uniform distribution of MWCNT in the PE matrix as compared to other methods. The study of the electrophysical properties of the composites showed that the uniform distribution of MWCNTs in polyethylene provides high values of conductivity, which correlate with high values of the complex dielectric permittivity [30].



It should be noted that obtaining excellent electromagnetic interference shielding performance of polymer composites requires achieving a uniform distribution (which can be determined by various techniques, for example SEM [12]) of both dielectric and magnetic fillers in their composition. In this work, a uniform distribution of Co/MWCNT hybrids was provided using the in situ polymerization technique, whereas a uniform distribution of cobalt nanoparticles was achieved by using oxidized MWCNTs, which are characterized not only by hydrophilic surface properties, but also by the presence of structural defects in the walls that serve as centers for nanoparticles fixation [26].



In our previous studies, it was shown that varying the cobalt content in Co/MWCNT hybrids from 3.5 to 14.5 wt% leads to an increase in the particle size on the MWCNT surface, as well as a redistribution of the cobalt particles population in the MWCNT (inner channels/surface) [20,21]. Thus, in the case of a sample containing 3.5 wt% of cobalt, all nanoparticles are localized in the internal channels of MWCNTs, while for a sample containing 14.5 wt% Co, the population of particles in the internal channels is only 20% (Figure S2). A further increase in cobalt content leads to the formation of larger particles predominantly on the MWCNT surface (Figure S3). SEM micrographs of Co/MWCNT hybrids with a cobalt content of 21 to 51 wt% are shown in Figure S4. It should be noted that in samples with a high cobalt content, the formation of metal nanoparticles occurs not only on the surface of single MWCNT, but also in internodes formed by the interweaving of individual MWCNTs (Figure S4c,d).



The uniformity of Co/MWCNT hybrids distribution in the resulting composites was assessed using SEM (Figure 1). Analysis of SEM images of sufficiently low magnification allows us to see individual MWCNTs and their possible aggregates (visible as white “worms”); however, cobalt nanoparticles are not visible in Figure 1 due their size (Figures S2–S4). On the other hand, MWCNT covers a significant cross-sectional area of the composite. Analysis of the obtained images showed a uniform distribution of nanotubes over the cross section and the absence of MWCNT aggregates on various fillers concentrations (Figure 1).




3.2. Dielectric Properties at Room Temperature


The frequency dependencies of dielectric permittivity ε′, dielectric losses ε″ and electrical conductivity σ of composites with MWCNT/Co inclusions are presented in Figure 2 and Figure 3. The dielectric permittivity and the electrical conductivity increases with MWCNT concentration and together decreases with Co concentration in a wide frequency range for the same total filler concentration of 10 wt% (Figure 3). The dielectric permittivity and the electrical conductivity of composites with 5.2 wt% of MWCNT and 4.8 wt% of Co are low enough, and no frequency independent DC conductivity is observed in the conductivity spectra. Therefore, these composites are below percolation. In contrast, for composites with 7.2 wt% MWCNT and 2.8 Co wt%, the frequency of the independent conductivity plateau is observed. The similar conductivity plateau is observed for composites with 6.95 wt% of MWCNT and 0.56 wt% of Co inclusions (Table 1). Therefore, it can be concluded that the percolation threshold is close to 6.95 wt% of MWCNT and 0.56 wt% of Co in the system, while Co addition did not have an impact on the electrical percolation. Moreover, the impact of nanoparticles is expressed more at lower frequencies (below 1 MHz). It also should be admitted that, in our composites, the concentration of the Co nanoparticles is much smaller than the electrical percolation in composites with only these nanoparticles [22,31]. At such small Co concentrations, the dielectric permittivity of the composites is very small [22,31].



The values of the complex dielectric permittivity of the composites with a high concentration of MWCNT (above percolation threshold) in microwaves is quite high (for example, for composites with 13.4 wt% MWCNT and 1.1 wt% Co ε′ ≈ ε″ ≈ 20 at 30 GHz, it corresponds to microwave absorption 50% of 1 mm thick plate in the waveguide [32]) (Figure 2); therefore, these composites are suitable for electromagnetic applications. The electromagnetic properties of these composites in microwaves are comparable with the best properties of the composites published in literature [32,33]. The dielectric spectra of all investigated composites can be explained by Maxwell–Wagner polarization [34].



The electrical conductivity of composites above the percolation threshold can be described as frequency independent, DC conductivity and frequency dependent AC conductivity, determined by Jonscher‘s power law [35] (Figure 2 and Figure 3):


  σ =  σ  D C   + A  ω s  =  σ  D C   +   ( ω /  ω H  )  s   



(1)




where    σ  D C     is the DC conductivity, A is the pre-exponental constant,  ω  is the angular frequency, ωH is the hopping frequency and s is the power law exponent, where 0 < s < 1 [36]. The critical frequency fcr was determined as the frequency at which the AC conductivity becomes 10% higher that the low frequency conductivity plateau (DC) value. The obtained parameters are summarized in Table 1.



All fit parameters non-monotonically depend on the total filler concentration. However,    σ  D C    , fcr and ωH correlate with each other, for bigger DC conductivity values are observed bigger fcr and ωH values [16]. For the fixed total filler concentration, values of abovementioned parameters decrease when the Co nanoparticles concentration increases. Values of s parameters are typical for hopping conductivity [36].




3.3. Electrical Conductivity at Low Temperatures


In Figure 4, it is clearly observed that on cooling the DC conductivity strongly decreases. On cooling, the critical frequency also decreases.



Temperature dependencies of the DC conductivity of various composites are presented in Figure 5. These dependencies fit the electrical tunneling model [37]:


   σ  D C   =  σ 0  e x p      T 1    k   T +  T 0        ,  



(2)




where    T 1    is the energy for an electron to cross the insulator gap between the conductive particles, and    T 0    is the temperature above which thermally activated conductivity over the barrier occurs. The obtained tunneling model fit parameters are listed in Table 1. Only at low fillers concentrations (i.e., 6.6 wt% MWCNT and 3.4 wt% Co, 6.3 wt% MWCNT and 3.9 wt% Co) are discrepancies observed from the tunneling model fit, i.e., an increase of the electrical conductivity on cooling due to the rapid shrinkage of polyethylene above the glass transition temperature [38]. The tunneling model parameters    T 1    and    T 0    are related with microscopic parameters:


   T 1  = w A  β 0  / 8 π k ,  



(3)






   T 0  = 2  T 1  / π χ ,  



(4)




where   χ =     2 m  V 0      0.5   / h   and    β 0  =  V 0  / e w  ;  m  and  e  are the electron mass and the charge, respectively;    V 0    is the potential barrier amplitude;  w  is the interparticle distance (gap width) and  A  is the area of capacitance formed by the junction. From Equations (3) and (4), it follows that    T 1   /   T 0    is proportional to the gap width  w  and the potential barrier    V 0    amplitude. Tunneling fit parameters are presented in Table 2.    T 1   /   T 0    decreases with the increase of the total concentration of filler particles and the total electric conductivity σ. Thus, the distance between the particles is decreasing with its total concentration. However, for composites with the same total concentration of fillers 10% MWCNT/Co, the ratio T1/T0 is lower for composites with a bigger MWCNT concentration. Therefore, Co nanoparticles increase the potential barrier for electron tunneling between MWCNT clusters.





4. Conclusions


Dielectric properties of hybrid polyethylene composites containing cobalt nanoparticles and carbon nanotubes were investigated in wide frequency range 20–40 GHz. It was determined that the percolation threshold in the hybrid system is close to 6.95 wt% MWCNT and 0.56 wt% Co. Cobalt nanoparticles had no impact on the percolation threshold and, for the same total concentration of fillers, the complex dielectric permittivity is higher for composites with a bigger MWCNT concentration. The microwave complex dielectric permittivity of composites with a high concentration of fillers is quite high (for composites with 13.6 wt% MWCNT and 1.1 wt% Co ε′ ≈ ε″ ≈ 20 at 30 GHz, it corresponds to microwave absorption 50%); therefore, these composites are suitable for electromagnetic shielding applications.
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Figure 1. SEM images of composite materials at various magnification: 9.5% (3.5% Co/MWCNT)-PE, 12% (14.5% Co/MWCNT)-PE and 11% (34% Co/MWCNT)-PE. 
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Figure 2. Frequency dependence of the real and the imaginary part of the complex dielectric permittivity and electrical conductivity for composites with various fillers concentrations. 
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Figure 3. Frequency dependence of the real and the imaginary part of the dielectric permittivity and electrical conductivity for composites with total filler concentration 10 and 9.5 wt%. 
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Figure 4. Frequency dependencies of electrical conductivity at various temperatures of composite with 9.4 wt%. MWCNT and 1.6 wt% Co nanoparticles. Solid lines are fits of Jonscher‘s power law (Equation (1)). 
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Figure 5. Temperature dependence of DC conductivity for composites. Solid lines are fits of the tunneling model. Numbers indicate T1/T0 values and total concentration of the filler particles. 
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Table 1. Jonscher‘s power law fit parameters of conductivity spectra for composites above the percolation threshold and at room temperature.
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	Total Concentration/MWCNT/Co, wt%
	σDC
	fcr
	ωH, THz
	s





	7.5/6.95/0.56
	0.24 mS/m
	42 kHz
	5.64
	0.92



	8.5/7.86/0.64
	0.17 mS/m
	2.7 kHz
	32.8
	0.82



	9.5/9.2/0.3
	0.21 S/m
	2.39 MHz
	175.7
	1.04



	9.5/7.5/2
	0.04 µS/m
	1.4 kHz
	0.06
	0.74



	9.7/9.7/0
	0.55 mS/m
	17.7 kHz
	251.2
	1.05



	9.9/6/3.9
	2.2 µS/m
	0.16 kHz
	0.06
	0.67



	10/7.2/2.8
	97.6 µS/m
	1.2 kHz
	102.7
	0.91



	10/6.6/3.4
	3.19 µS/m
	2.43 kHz
	0.22
	0.73



	10.5/10.5/0
	2.1 mS/m
	37.2 kHz
	995.7
	1.26



	11/9.4/1.6
	0.92 mS/m
	91.2 kHz
	24.4
	0.99



	11.5/11.5/0
	20 mS/m
	356.6 kHz
	1265
	1.49



	12/11.1/0.9
	46.6 mS/m
	596 kHz
	832.9
	1.32



	14/12.4/1.6
	71 mS/m
	459.7 kHz
	859.3
	1.16



	14.5/13.4/1.1
	0.62 S/m
	4.01 MHz
	476.9
	1.06



	14.7/13.6/1.1
	2.1 mS/m
	470.7 kHz
	556.6
	1.84
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Table 2. Tunneling model fit parameters.
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	MWCNT Concentration/Co Concentration, wt%
	Ln {σ0, S/m}
	T1, K
	T0, K
	T1/T0





	7.86/0.64
	−9.89
	136
	43
	3.13



	10.26/1.74
	−5.57
	41
	20
	2.05



	12.4/1.6
	−4.11
	37
	19
	1.9



	7.2/2.8
	−10.78
	109
	32
	3.41



	9.4/1.6
	−8.37
	100
	28
	3.57



	7.1/2.8
	−15.28
	114
	31
	3.68



	6.6/3.4
	−12.03
	123
	26
	4.73



	6/3.9
	−14.27
	154
	36
	4.72
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