The comparative analysis of electromagnetic shielding efficiency of graphene oxide composites with different silver nanostructures
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The electronic devices and gadgets that emit electromagnetic waves are omnipresent in the modern society. Their causing the saturation of the environment with electromagnetic waves that might jeopardize human health, emphasizing the need to seek effective electromagnetic shielding materials. This study provides a comparative analysis of the electromagnetic interference shielding effectiveness (EMI SE) of graphene oxide (GO) composites with two distinct silver nanostructures: AgNWs and AgNPs. AgNWs were synthesized using the "polyol" method and combined with GO, while AgNPs were directly formed on GO through low-dose gamma irradiation. By applying different microscopy and spectroscopy characterization techniques, the morphological and structural properties of the prepared composites were examined. The EMI SE measurement revealed a superior EMI SE of GO-AgNW composites compared to GO-AgNPs. This difference may be attributed to the structural differences between the Ag nanostructures.
1. Introduction
The use of modern devices and gadgets has significantly increased in the past few decades. Apart from making life more comfortable and easier, they saturate our environment with electromagnetic waves. Those waves are omnipresent in the urban population and might have harmful effects on human health, resulting in sleep deprivation, increased stress, and anxiety 1[]
. Additionally, the electromagnetic interference (EMI) can affect other surrounding electronic devices, which can result in malfunction and sensitive information leak 2[]
. Hence, to prevent a redundant exposure to electromagnetic radiation, the fabrication of an effective shielding material is required. The shielding effectiveness (SE) of a material is defined as the power loss expressed in decibels (dB) resulting from the interaction between the incident wave and the material. As the minimum requirement for commercial applications, a total SE of 20 dB was defined, which corresponds to 99% blocking of incident waves 3[]
. 

Among various materials tested for EMI shielding 4[]
, a special attention has been devoted to composite materials composed of graphene oxide (GO) or reduced graphene oxide (rGO) and silver nanomaterials 
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[5, 6]
. Silver in the form of nanowires (AgNWs) has high surface area and good electrical conductivity and EMI SE. However, the lack of environmental stability presents a bottleneck for their successful application for EMI shielding. Therefore, they are often combined with GO or rGO to isolate Ag nanoparticles from air and moisture. Apart from providing a protection barrier from environmental conditions, GO and rGO have high electrical and heat conductivity, mechanical strength, good flexibility, and chemical inertness, which are desirable properties for commercial EMI shielding material 7[]
. Kumar et al. investigated AgNWs sandwiched between graphene layers 8[]
, while Yan et al. reported AgNWs aligned and wrapped in graphene for EMI shielding 9[]
. Li et al. applied graphene/silver nanoparticles to a reflective layer of Al film and measured an EMI SE of 92.29 dB 10[]
. 

In this work, we present a comparative analysis of EMI SE of graphene oxide composites with two different silver nanostructures: silver nanowires and silver nanoparticles (AgNPs). Composites of GO and AgNWs were prepared by mixing the dispersions of GO and AgNWs in different volume ratios, while the composites of GO and AgNPs were prepared by the reduction of silver nitrate by low-dose gamma irradiation in the presence of GO. The study includes different microscopy and spectroscopy characterization techniques to examine the morphological and structural properties of the prepared composites. 
2. Experimental
2.1. Preparation of GO/AgNW composites
A detailed experimental procedure for GO/AgNW composites was reported elsewhere 11[]
. Briefly, GO was prepared using modified Hummers’ procedure, while AgNWs were obtained following the "polyol" method 12[]
. The water dispersion of GO and ethanol dispersion of AgNWs were mixed in different volume ratios to obtain the volume and mass ratios in % of GO to AgNWs of 5:5, 4:6, 3:7, 2:8, and 1:9, respectively. After stirring for 30 minutes, the mixtures were filtered on a vacuum filtration system using IsoporeTM membrane filter (pore size 0.22 μm) and obtained free-standing films were dried in air. The samples are labeled as GO-AgNWs 5:5, GO-AgNWs 4:6, GO-AgNWs 3:7, GO-AgNWs 2:8, and GO-AgNWs 1:9 regarding their content.
2.2. Preparation of GO/AgNP composites
Experimental procedure for GO/AgNP composites was described in 13[]
. In short, silver nitrate with the concentration of 0.001 M was irradiated by gamma rays at the doses of 1-20 kGy in the presence of GO obtained by modified Hummers’ method and isopropyl alcohol as a scavenger of emerging oxidative species during irradiation. After the irradiation, the samples were filtered using IsoporeTM membrane filter (pore size 0.22 μm) and dried in air. 
3. Results and discussion
GO produced by modified Hummers’ method exhibits a sheet-like structure, characterized by a thickness of approximately 1 nm and lateral dimensions ranging from 300 to 800 nm, with a small fraction of GO flakes displaying larger lateral dimensions of up to 1.2 µm (Figure 1a). The GO sheets showed the homogeneous distribution of oxygen indicating the uniform oxidation. AgNWs appear straight and long, with diameters between 100 and 200 nm and lengths of several micrometers (Figure 1b, c, and d). On the other hand, AgNPs are mostly spherical and uniformly distributed over the GO surface (Figure 2). The majority of AgNPs have sizes between 10 and 50 nm, with a certain portion of particles having sizes between 50-100 nm. The increase in the irradiation dose resulted in a minor increase in the fraction of larger particles. 
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Figure 1. SEM images (top and side view) of free-standing films of GO (a), GO-AgNWs 5:5 (b), GO-AgNWs 3:7 (c), and GO-AgNWs 1:9 (d). Reproduced with permission 11[]
. Copyright: Int. J. Mol. Sci. 2024.
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Figure 2. TEM images of (a) GO-AgNPs - 1 kGy, (b) GO-AgNPs - 20 kGy. Reproduced with permission 13[]
. Copyright: Nanomaterials 2024.
For GO-AgNW composites, the simple mixing is sufficient to create the interactions between the sp2 region and functional groups of GO with the AgNW surfaces. The theoretical investigation of GO-AgNWs interactions suggests that AgNWs bind more firmly to the GO sheets than to the ideal graphene 11[]
. The charge transfer from the graphene core to the AgNWs is responsible for stabilization of AgNWs via passivation. The difference in electrical conductivity between GO sheets and AgNWs is the main cause of interfacial polarization which enables charge redistribution across the contact surface. On the other hand, for AgNPs grown directly at the GO surface, oxygen-containing functional groups are of great importance 14[]
. They serve as the nucleation centers, but also stabilize formed AgNPs after growth. Therefore, oxygen-rich graphene material, such as GO, is advantageous for the synthesis of AgNPs by this method compared to rGO or graphene.
GO itself shows negligible EMI SE in the frequency range from 8-12 GHz. The addition of AgNWs to GO greatly improved the EMI SE due to the higher electrical conductivity of AgNWs compared to GO (Figure 3). Composites with higher concentrations of AgNWs exhibit increased total shielding effectiveness and reflective shielding effectiveness (SET values of 0.9, 1.4, and 4.0, and SER values of 0.4, 0.8, and 2 dB for GO-AgNWs 5:5, GO-AgNWs 3:7, and GO-AgNWs 1:9, respectively). As the amount of AgNWs in the composites increases, there is a slight rise in the measured SEA values, which increase from 0.4 dB to 1.9 dB in respect to the AgNWs content.
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Figure 3.  SET, SEA, and SER values for GO-AgNWs 5:5 (a), GO-AgNWs 3:7 (b), and GO-AgNWs 1:9 (c), measured in the frequency range of 8-12 GHz. Reproduced with permission 11[]
. Copyright: Int. J. Mol. Sci. 2024.

Contrary to GO-AgNWs, GO-AgNPs did not show significant improvement of EMI SE compared to GO in the frequency range 0-18 GHz 13[]
. This might be due to the differences in morphology between AgNWs and AgNPs. Since AgNWs have a high aspect ratio and lengths in micrometer scale, their contribution in EMI SE due to their higher electrical conductivity is more pronounced compared to spherical AgNPs.  
4. Conclusion
This work presents a comparative analysis of EMI SE of graphene oxide composites with two different silver nanostructures: AgNWs and AgNPs. While AgNWs were prepared using the "polyol" method and mixed with GO, AgNPs were synthesized directly on GO by applying a low-dose gamma irradiation. In both GO-AgNW and GO-AgNP composites, Ag nanostructures form interactions with GO sheets. Oxygen-containing groups at the GO surface are responsible for the nucleation and stabilization of emerging AgNPs, which resulted in their uniform coverage of GO. GO-AgNW composites showed superior EMI SE compared to their GO-AgNPs counterparts. The difference in EMI SE between GO-AgNWs and GO-AgNPs might be due to the structural differences between Ag nanostructures.
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