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Abstract

:

Reduced graphene films have attracted widespread commercial interest due to high electrical conductivity toward (EMI) shielding. At present, the preparation path of reduced graphene film is to use graphene oxide (GO) as the raw material through self-assembly and high-temperature heat treatment. However, the thickness of reduced graphene films is not high and uniform because of the higher mobility of the graphene oxide slurry, which destroys the reliability of the membrane in the field of electromagnetic interference shielding. Here, we propose the use of sodium carboxymethyl cellulose (CMC) to increase the viscosity of graphene oxide to prepare reduced graphene films with high and uniform thickness. After modification with sodium carboxymethyl cellulose, the EMI shielding effectiveness (EMI SE) of reduced graphene oxide films stabilized at 91–96 dB at 8–12 GHz, which is higher than pure graphene films. Meanwhile, the addition of CMC does not affect the structure of reduced graphene films. This work broadens the application of reduced graphene films in electromagnetic shielding.
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1. Introduction


With the development of wireless communication and 5G electronic devices, electromagnetic radiation and interference (EMI) have become increasingly important issues, which can seriously hamper the proper functioning of equipment and even threaten human health [1,2]. At present, multi-material applications have been developed for electromagnetic protection, including lightweight aerogel, metal sheets, foams, and freestanding film [3,4,5,6].



In these materials, metal sheets and foams are less reliable in application due to high bulk density and poor corrosion resistance. On the contrary, the films have a broad application prospect due to their anti-corrosion and light weight, which can meet the requirements of complicated application situations [7,8,9,10]. Recently, rGO can improve absorption properties through dipole polarization and oriented polarization, so rGO films have been widely studied as an electromagnetic shielding material [11,12]. Tai et al. prepared rGO- and ZnO-coated wearable electro-conductive cotton textiles prepared for high microwave absorption, which achieves the highest total EMI shielding effectiveness of ~99.999% (54.7 dB) [13]. A ZnOnws/RGO foam composite that shows good EM wave absorption capability with a wide EAB of 4.2 GHz encompassing the complete X-band was reported by Cheng et al. Furthermore, at 9.57 GHz, the ideal RC is up to −27.8 dB [14]. Now, many measures are studied in order to obtain the freestanding rGO films, which mainly use graphene oxide as the precursor, including vacuum filtration [15], spaying [16,17], wet-spun [18], casting [19], electrostatic spray coating [20], and blade coating [21]. Liu et al. prepared a reduced graphene oxide layer with bubbles [22]. Through a chemical reaction and subsequent thermal annealing at 200 °C, the EMI-shielding rGOF surpassed 54 dB at the 2–18 GHz wideband range and achieved 1167 dB cm3 g−1 in the X-band. Pradip et al. synthesized an (rGO)/Ag NW/rGO triple-layer film (8 mm) using rGO, which has an EMI SE of 38 dB at the X-band [23]. Xiao et al. prepared the rGOF by the one-step reduction self-assembly method. When the reduction time increases from 1 h to 40 h, the EMI shielding effectiveness increases from 12.75 dB to 33 dB [24]. Hou et al. prepared a high solid content graphene oxide slurry by introducing a polymer. The rGOF was prepared by blade coating and thermal annealing procedures, which show an enhanced EMI shielding performance of 55–65 dB [25]. But the thickness of the rGOF is less than 0.1 mm. Of these methods, the blade coating combined with high-temperature treatment to prepare rGO films is the most economical way to realize large-scale production. However, the great fluidity of the GO slurry affects the homogeneity of the thickness of the film, which in turn affects the EMI shielding properties of the films.



In this work, we introduced CMC into the GO slurry to prepare a graphene film with uniform thickness and high EMI shielding effectiveness. After the addition of CMC, the GO slurry has higher viscosity and better rheological properties. Meanwhile, the GO sheet layer does not agglomerate, and CMC does not damage the crystal structure of the films. The GOF-C with high and uniform thickness is prepared by the GO-C slurry. After carbonization, more pores were generated on the GOF-C due to the gas released between the graphene layers. The EMI shielding performance of the rGOF-C stabilized at 91–94 dB at 8–12 GHz, which is higher than pure graphene films. This work can provide a guide for the preparation of rGO film for EMI shielding.




2. Experimental Section


2.1. Materials


Graphite is used as the raw material in a modified version of Hummer’s process to make graphene oxide (GO) [26,27]. Sodium carboxymethyl cellulose (CMC) is purchased from Shanghai Acmec Biochemical Co., Ltd., Shanghai, China.




2.2. Preparation of GO-C-1, GO-C-2, GO-C-3, and GO-C-5


The 2 g of CMC was added to 98 mL H2O, which was mixed by stirring for 48 h [28,29]. The different masses of the CMC solution (2 wt.%) were added to the GO slurry (15 mg/mL), and then the mixed solution was stirred for 12 h. The mass fraction of CMC in the GO-C slurry was 1 wt% (GO-C-1), 2 wt% (GO-C-2), 3 wt% (GO-C-3), and 5 wt% (GO-C-5), respectively.




2.3. Preparation of GOF


The GO-C-5 slurry was used to be the raw material to fabricate GO film by blade casting and the height of the scraper at around 12 mm. Then, the GO film and GO-CMC films were dried at 40 °C, obtaining GO films (GOFs) and GO-CMC films (GOF-Cs). The thermal reduction process of the GOF and GOF-C is as follows: the GOF and GOF-C were thermally annealed at 1000 °C with a heating rate of 5 °C/min (2 h, Ar atmosphere), which are named rGO films (rGOFs) and rGO-CMC films (rGOF-Cs)




2.4. Characterization


Using a field emission scanning electron microscope (JSM-7900F, Tokyo, Japan) operating at 10 kV, the morphologies of the films were examined. The GO slurry’s rheological behavior was examined using a rotational rheometer (MARS60, Berlin, Germany) fitted with a plate–plate rotor. All of our measurements were finished at 25 °C, which is the temperature that the Peltier system regulates. There was a 1 mm space between the 35 mm diameter parallel panels. To remove the shear history, the GO slurry was first pre-sheared for one minute at a shear rate of 5 s−1. The rheology test was initiated after the GO slurries had stood for five minutes. Utilizing the viscosity curve, which represents the apparent viscosity (η) in relation to the shear rate ((Ý)), the steady shear rheology obtained throughout a 0.01–1000 s−1 shear rate range was analyzed. A further assessment of the thixotropic characteristics of GO slurries is possible with the use of the three-interval thixotropy test (3ITT) [30]. There are three primary steps in the three-interval thixotropy test (3ITT): Initially, a 5 s−1 shear rate was given for 25 s. Next, for ten seconds, the shear rate was kept constant at 1000 s−1. At last, the shear rate was reduced to 5 s−1 for a duration of 175 s. Atomic force microscopy (Innova, Bruker, Berlin, Germany) was applied to assess the size and shape of graphene oxide sheets. The crystal data were obtained using an X-ray diffractometer LabRAM HR Evolution, Horiba, Kyoto, Japan) operating from 5° to 90°. Film defect information was analyzed using Raman spectra (LabRAM HR Evolution, Kyoto, Japan). A zeta potential analyzer (Zetasizer Nano ZS90, Malvern, Britain) was used to examine the zeta potential of GO slurries. EM scattering parameters (S11 and S21) for the samples were measured using an Agilent PNA-N5244A vector network analyzer (Agilent E5071C, Santa Clara, CA, USA). Scattering parameters were used to compute the values of the SE total (SET), SE absorption (SEA), and SE reflection (SER) [31]:
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where R, T, and A denote the reflection coefficient, transmission coefficient, and absorption coefficient, respectively. Equation (1) is used to calculate the reflection coefficient (R) by S parameters, which represents the reflection energy of the material for electromagnetic waves. Equation (2) is used to calculate the transmission coefficient (T) by S parameters, which represents the transmission energy of material for electromagnetic waves. Equation (3) is used to calculate the absorption coefficient (A) by R and T, which represents the absorption energy of the material for electromagnetic waves. Equation (4) is used to calculate the shielding effectiveness reflection (SER), which represents the reflection capacity of the material for the EM wave that enters the material. Equation (5) is used to calculate the shielding effectiveness absorption (SEA), which represents the absorption capacity of the material for the EM wave that enters the material. Equation (6) is used to calculate the shielding effectiveness total (SET) calculated by SER, SEA, and SEM, which represents the total capacity of the shielding EM wave that enters the material. When the SET is greater than 15 dB, SEM can be neglected.





3. Results and Discussion


3.1. Morphology of GO


Figure 1 shows the viscosity change before and after the addition of CMC in GO.



As shown in Figure 1a,b, the viscosity of GO is higher than that of pure GO after the addition of CMC, which indicated that CMC could significantly increase the viscosity of the GO slurry.



The viscosity curve can reflect the flow characteristics of GO and GO-C at different shear rates. As shown in Figure 2a, GO and GO-C show pseudoplastic behavior in which the viscosity decreases with increasing shear rate. At the minimum shear speed, the viscosity of GO-C-5 is 7243 Pa·S, which is higher than GO (2684 Pa·S), GO-C-1 (2817 Pa·S), GO-C-2 (4440 Pa·S), and GO-C-3 (4600 Pa·S). The viscosity of GO-C slurries shows an increase with increasing CMC content. CMC can increase the viscosity of the GO slurry mainly due to the following reasons: the hydrophobic backbone of the polymer is bonded to the surrounding water molecules through hydrogen bonding, which increases the fluid volume of the polymer and decreases the space for the particles to move freely, increasing the viscosity of the system. This is the primary cause of the increase in the viscosity of GO caused by CMC. Additional observations of the viscosity change and recovery of the GO slurry can be made using 3ITT simulation. As shown in Figure 2b–f, for the GO slurry, the statistical time to recover 80% of the starting viscosity is 11 s. Compared to GO, the statistical time to restore 80% of the initial for GO-C-1, GO-C-2, GO-C-3, and GO-C-5 decreases to 10.7, 10.5, 10.1, and 9.7 S, respectively. These results indicate that GO-C-5 has the highest viscosity and the best ability to recover viscosity quickly.



The effect of CMC on the stability of the GO slurry is examined using the zeta potential, a physical characteristic displayed by any substance in a dispersion [32]. As shown in Figure 3a, the zeta potential of GO, GO-C-1, GO-C-2, GO-C-3, and GO-C-5 is −23.37 mV, −27.8 mV, −32.37 mV, −32.46 mV, and −40.21 mV, respectively, which indicates that the zeta potential shows an increase with the increase in CMC content.



The American Society for Testing and Materials (ASTM) standard for colloidal suspension stability states that a medium steady state is defined as a zeta potential between 20 and 30 mV, and a high steady state is defined as a zeta potential above 40 mV [33,34]. These results show that the zeta potential of the GO slurry is increasing with the increase in CMC content. This may be due to the hydrolysis of CMC to produce more negative charge. To further explore the effect of CMC on the aggregation state of GO sheets, the thickness and shape of GO sheets are investigated using AFM. The pre-processing step includes the following: Firstly, the graphene oxide slurry was diluted. The oxide layer on the surface of the mica sheet was removed with tape, after which the diluted graphene oxide suspension was dripped onto the mica sheet. Finally, the mica sheet was placed into an oven for drying. As shown in Figure 3b, the AFM image of GO-C shows a light brown color, which indicates that GO-C is well dispersed. Meanwhile, we can observe an obvious GO sheet from the AFM images. The physical diameter of the GO sheet is 1.6 μm, and the thickness of the GO sheet is 1.2 nm, indicating that the GO sheet in GO-C is close to single-layer [35]. These results prove that the GO sheets do not tend to agglomerate after CMC addition.




3.2. Morphology and Structure of GOF-C and rGOF-C


The GOF and GOF-C are fabricated by blade coating; as shown in Figure 4a, we can clearly observe that the edge of the GOF collapses due to the flow of the GO slurry in all directions. In contrast to this, there is no collapse around the GOF. These results are attributed to the fact that CMC greatly improves the viscosity of the GO slurry. After drying at 45 °C, the morphology of the GOF and GOF-C are investigated by the SEM. The cross-sectional SEM images of the GOF exhibit a layer-by-layer structure (Figure 4c). As shown in Figure 4d, the GOF-C exhibits a layer structure similar to that of the GOF, which indicates that the introduction of CMC does not disrupt the stacking structure of the graphene sheet.



We selected five points from the GOF and GOF-C to measure the thickness, which included the edge of the film and the middle of the film. The average thickness of the GOF-C is 895 μm, which is higher than the GOF (801 μm). As can be seen in Table 1, there is a roughly 100 times difference in the variation in GOF-C thickness (19,898.6) compared to the variance in GOF thickness (208.4). These results indicate that the thickness of the GOF-C from the edge to center is more uniform than the GOF due to the increase in the viscosity of the GO-C slurry. Previous findings state that a high number of pores are created and the film’s interlayer spacing increases as a result of the large volumes of gas released during the carbonization process [36,37,38]. After carbonization, the distinct pores can be observed in both the rGOF and rGOF-C in Figure 4e–f, with pore sizes ranging from a few micrometers to tens of micrometers. The rGO-C has significantly more pores than the rGO, which is because more gases are produced by the decomposition of CMC.



X-ray diffraction (XRD) patterns prove that the d-spacing of the products changed dramatically. As shown in Figure 5a, the characteristic diffraction peak of the GOF is located at 2θ = 13.04°, corresponding to the d-spacing of 0.68 nm. After the addition of CMC, the diffraction peaks at the same position with the GOF is observed, which indicates that CMC has no effect on the d-spacing of the GOF. After high-temperature heat treatment, the peaks of the rGOF and rGOF-C appear at 2θ = 26.52°. This structural change is mainly attributed to the oxygen-containing functional groups on graphene oxide at high temperatures [39,40].



The evolution of structural defects of films are investigated by Raman spectroscopy. As shown in Figure 5b, the two typical peaks of the GOF, GOF-C, rGOF, and rGOF-C appear near 1343 cm−1 (D-band) and 1585 cm−1 (G-band), respectively [41]. The ID/IG is used to represent structural defects of films, which is calculated by the peak area ratio of the D-band to the G-band. After the addition of CMC, the ID/IG of the GOF increases from 1.01 to 1.31, which indicates the increase in the disordered structure of the film. During high-temperature heat treatment, a large number of carbon atoms in the GO sheet are removed in the form of CO2 and CO, resulting in a large number of defects. Thus, the ID/IG values of the GOF and GOF-C increase from 1.01, 1.31 to 1.78, 1.92.



The rGOF and rGOF-C show excellent performance in EMI shielding. As shown in Figure 6a,b, the EMI SE of the rGO and rGO-C is investigated. The rGO has an EMI SET of 74–84 dB at 8–12 GHz; after the addition of CMC, the EMI SET of the rGOF-C is 91–96 GHz at 8–12 GHz. These results prove that the rGOF-C possesses a high and stable EMI shielding at 8–12 GHz. Meanwhile, the EMI SEA of the rGOF-C is 73–78 GHz at 8–12 GHz, which is higher than the 60–69 dB of the rGOF. Compared to the GOF, the EMI SET is higher and more uniform due to the uniform thickness.



We further explored the shielding mechanism of the rGOF and rGOF-C by analyzing the R, A, and T. The R of the rGOF and rGOF-C is more than 0.99, indicating that the rGO and rGO-C EMI SET is dominated by reflection. The A of the rGOF and rGOF-C range from 0.01 to 0.023 and 0.01 to 0.028, respectively, which indicates that the material absorbs less electromagnetic waves (Figure 6d). As can be shown in Figure 6e, the rGOF-C has very low T, which indicates that the rGOF-C has excellent shielding properties. These results indicate that using rGOF as a shielding material will result in more EM waves passing through the shielding material, which are directly radiated to the internal equipment that needs to be protected by the shielding layer. The EMI shielding mechanisms of the rGOF are shown in Figure 6f. After the electromagnetic wave comes into contact with the rGOF, the electromagnetic wave has three main destinations: reflected EM waves, transmitted EM waves, and absorbed waves. Compared to the rGOF, the rGOF-C has a higher and more stable EMI SE. These results could be attributed to the fact that the rGOF has more pores due to the gas released between the graphene layers. In these pores, EM waves can be scattered and reflected many times. Meanwhile, the high shielding performance also results from the high and uniform thickness of the rGOF, which could increase the number of phase interfaces, leading to EM waves being reflected and lost [42,43].





4. Conclusions


In this contribution, we introduced CMC into the GO slurry to increase the viscosity to prepare an rGOF with high and uniform thickness. After the addition of CMC, the GO slurries have higher viscosity and a better ability to recover viscosity quickly. Meanwhile, the addition of CMC facilitates the formation of a more stable colloidal solution for GO slurries. A GOF-C with high and uniform thickness is prepared by the GO-C slurry. After carbonization, more pores were generated on the GOF-C due to the gas released between the graphene layers. The high thickness and pore structure result in the shielding performance of the rGOF-C to be stabilized at 91–96 dB at 8–12 GHz, which is higher and more stable than pure reduced graphene oxide films. This work provides an effective strategy for the preparation of reduced graphene films with high and uniform thickness for EMI SE.
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Figure 1. The macroscopic photograph of (a) GO and (b) GO-C-5. 
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Figure 2. (a) Viscosity for GO, GO-C-1, GO-C-2, GO-C-3, and GO-C-5 slurries displayed as a function of shear rate. (b–f) Viscosity versus time for GO, GO-C-1, GO-C-2, GO-C-3, and GO-C-5 in 3ITTs. 
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Figure 3. (a) The zeta potential of GO, GO-C-1, GO-C-2, GO-C-3, and GO-C-5. (b) The AFM image of GOF−5. The line profile of the GO nanosheets is shown in (c). 
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Figure 4. The macroscopic photograph of the (a) GOF and (b) GOF-C. The cross-sectional SEM image of the (c) GOF, (d) GOF-C, (e) rGOF, and (f) rGOF-C. 
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Figure 5. (a) XRD spectra of GOF, GOF-C, rGOF, and rGOF-C. (b) Raman spectra of GOF, GOF-C, rGOF, and rGOF-C. 
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Figure 6. (a) EMI SE of rGOF in X-band. (b) EMI SE of rGOF-C in X-band. (c) Reflected coefficient, (d) absorption coefficient (A), and (e) transmission coefficient (T) of rGOF and rGO-C. (f) EMI shielding mechanism for rGOF-C. 
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Table 1. Thickness of GOF and GOF-C are measured by micrometer.
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	Sample
	1
	2
	3
	4
	5
	      X  ¯     
	      S   2      





	GO

(μm)
	545
	753
	889
	896
	923
	801
	19,898.6



	GOF-C

(μm)
	889
	873
	915
	894
	906
	895
	208.4
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