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Abstract

:

Carbon nanotubes (CNTs) represent a unique class of nanomaterials with remarkable properties with a wide variety of applications in diverse scientific and technical domains. However, one of the many challenges still requiring improvement is undoubtedly their dispersion stability. The control of the dispersion stability of CNTs is a challenge due to the strong van der Waals forces that lead to their aggregation. Metallic nanoparticles (NPs), such as silver (AgNPs), in the presence of a capping agent, e.g., poly(N-vinyl pyrrolidone) (PVP 10), are recognized as having a key role in the increase of the stability of NP dispersions, and if incorporated in multi-walled CNTs (MWCNTs), may help surpass the MWCNTs’ aggregation problem. The present work reports the enhancement of the stability of MWCNTs upon decoration by AgNPs, using an electrochemical method to generate the silver ions and promote the electrodeposition of silver. To validate the increase in stability of the Ag-decorated MWCNTs, two solvents were used, water and glyceline, a eutectic mixture of choline chloride and glycerol. The time stability of bare MWCNT and AgMWCNT nanofluids was characterized through dynamic light scattering (DLS) and ultraviolet–visible (UV–Vis) spectrophotometry. Compared to commercial MWCNTs, MWCNTs decorated with AgNPs presented a significant stability enhancement, in both water and glyceline. Glyceline also presented higher stability over time, with a retention of UV–Vis absorbance up to 97%, compared to 50% for water media. The DLS and turbidity experiments showed the same trend of MWCNTs’ stability in water and glyceline. In both cases, the use of AgMWCNT materials improved the stability of the dispersions 25× in glyceline and 2.5× in water, when compared to the stability of bare MWCNT dispersions.
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1. Introduction


Carbon nanotubes (CNTs) were first reported by Oberlin et al. [1] and Iijima [2], and have been attracting the attention of the scientific community due to their unique mechanical, electrical and thermal properties. There are three distinctive types of CNTs, namely, single-walled (SWCNTs), double-walled (DWCNTs), and multi-walled carbon nanotubes (MWCNTs).



Even though CNTs are recognized as having promising applications, there are still fundamental problems that need to be solved, namely, the difficulty in obtaining uniform dispersions. Although good stability is a crucial property of a nanofluid in the maintenance of its enhanced properties, the hydrophobic nature of CNTs and the strong van der Waals interaction among adjacent CNTs can cause bundling or aggregation of CNTs and subsequently weak dispersion stability in fluids [3,4]. The dispersion of CNTs for various applications has already been reviewed [5,6].



The addition of surfactants has proven to be an effective way to enhance the dispersibility of CNTs [7,8,9,10,11]. However, the presence of surfactants may cause several new problems. For instance, when using CNTs dispersed in heat transfer fluids [12], the addition of surfactants can contaminate the heat transfer media, and furthermore, surfactants tend to produce foam when heated and deteriorate the system. In addition, the surfactant molecules attach to the surface of the CNTs, enlarging the thermal resistance between the CNT and the base fluid, which limits the enhancement of the effective thermal conductivity.



To fully exploit the superior characteristics of CNTs and to extend the range of applications of CNT-containing nanofluids, it is essential to use a well thought-through method to prepare nanofluids without adding surfactants.



Another possible mechanism to stabilize CNT dispersion is the decoration of CNTs with metal nanoparticles (NPs) [13,14]. Metal nanoparticles (NPs) have higher electrochemical activity, and their dispersion in water is expected to be more stable than CNTs [15]. CNTs are ideal templates to immobilize a variety of nanoparticles, attracting increasing attention from researchers interested in using CNT composites in diverse applications such as batteries, fuel cells, sensors, catalysis, hydrogen storage and heat transfer. Various metals (i.e., Ag, Au and Pt) have been studied for the decoration of CNTs [16,17,18,19]. Ag nanoparticles (AgNPs) have received particular attention [14,20,21,22,23,24,25,26] due to their high conductivity, which leads to their ability to improve the electrical conductivity of CNTs. The potential of AgNPs has already been demonstrated in the development of electrode materials with innovative properties [18], biosensors [27] and antibacterial agents [14,28].



The electrochemical synthesis of AgNPs in aqueous/non-aqueous systems is a cheap and effective way to control the size of the NPs [25,27,28,29]. However, aqueous systems present limitations such as poor dispersion and low electrochemical stability [29]. On the other hand, ionic liquids (ILs) may provide some advantages that can make them more suitable for energy storage applications. Nevertheless, ILs present high production and purification costs, making them less competitive than traditional solvents. To beat this obstacle, Abbott et al. [30,31] developed a eutectic mixture of a quaternary ammonium salt (choline chloride) with amides and glycols (such as ethylene glycol, glycerol, etc.), as hydrogen bond donors (HBDs), creating a cheaper and more eco-friendly alternative to the conventional ILs. These liquids are known as deep eutectic solvents (DESs), and are categorized as IL analogues [32].



Cojocaru et al. [26] proposed for the first time the electrochemical synthesis of AgNPs involving a choline chloride–glycerol-based DES using the pulse-reversed current technique, with poly(N-vinyl pyrrolidone) (PVP) as a capping agent to prevent agglomeration and to control the growth of the AgNPs [33]. The electrochemical synthesis of AgNPs on the surface of MWCNTs was successfully achieved by Brandão et al. [34], through pulse-reverse electrodeposition in a choline chloride–glycerol eutectic mixture as electrolyte. The obtained composites presented a significant enhancement in their electrochemical performance, as demonstrated by the increase in electrode stability and specific capacitance.



Many publications have studied and identified the various factors that influence the stability of nanofluids, such as particle volume concentration [35], particle size [36], shape [37], temperature [38], pH [38], material [39] and fluid type [40].



Dynamic light scattering (DLS) and ultraviolet-visible (UV–Vis) spectrophotometry are fast and easy-to-operate techniques for particle characterization, especially for colloidal suspensions [41,42]. There are several advantages of DLS [43,44] and UV–Vis [45,46,47] techniques, including simplicity, sensitivity and selectivity to NPs, and short time of measurement. Therefore, these techniques are increasingly used for the characterization of NPs in many fields of science and industry [43,48].



Both techniques can provide essential time-dependent dispersion information from DLS and UV–Vis spectra during the dispersion process to quantify suspension quality and understand dispersion mechanisms.



The theory and mathematical bases that allow interpretation of UV–Vis radiation with nanoparticles are well established and can be found in the literature [49]. Nanoparticles have optical properties that are very sensitive to size, shape, agglomeration and concentration changes [49].



DLS measures the light scattered from a laser that passes through a colloid. Next, the modulation of the scattered light intensity as a function of time is analysed, and the hydrodynamic size of particles can be determined [50].



In this work, the stability of AgMWCNT composites in glyceline and water was investigated. The morphology of the AgMWCNT composites was characterized by SEM, while the stability of the AgMWCNT-based fluids was studied by DLS and UV–Vis.



To the best of the authors’ knowledge, this is the first time that the stability of MWCNTs decorated by AgNPs, dispersed in a choline chloride–glycerol eutectic mixture has been studied. The same eutectic was used for synthesising the AgNPs and as dispersant medium to improve the surface wettability of the composite material by the solvent.




2. Materials and Methods


2.1. Chemicals and Preparation of DES


Choline chloride (ChCl, Sigma Aldrich, 99%, Darmstadt, Germany), glycerol (Sigma Aldrich, 99%, Darmstadt, Germany) and poly(N-vinyl pyrrolidone) (PVP 10, Sigma Aldrich, 99%, Darmstadt, Germany) were used as received.



The eutectic mixture was formulated by mixing and heating at 60 °C the ChCl with glycerol, as HBDs, in the molar ratio of 1:2, until a homogeneous and clear liquid was formed. This liquid will be referred to from here on as glyceline.




2.2. Electrochemical AgNP Synthesis


The experimental procedure for the synthesis of AgMWCNT composites has already been presented in detail by Brandão et al. [34]. Briefly, poly(N-vinyl pyrrolidone) (PVP 10, Sigma Aldrich, Darmstadt, Germany) was added to glyceline to prepare a 5 g L−1 solution and stirred until its complete dissolution. Commercial MWCNTs (Sigma Aldrich, 99%, Darmstadt, Germany) were dispersed in this 30 mL mixture, using a 50 mL glass beaker, and were processed in an ultrasonic bath with a peak ultrasonic power of 360 W (Sonica S3, Soltec, Milan, Italy) for 30 min. The electrochemical deposition was performed in a pulse-reverse current mode using a pulse-reverse current power supply (pe 86CB 3HE, Plating Electronic GmbH, Sexau, Germany) at room temperature and a two-electrode cell configuration. Both electrodes were composed of Ag wires with an exposed area of approximately 5 cm2.



Several studies were performed with different applied anodic and cathodic currents, and different on- (tON) and off-times (tOFF). The studied parameters are presented in Table 1.



The pulse-reverse electrodeposition method begins with the application of an anodic current (positive pulse) in which the Ag wires start to dissolve, releasing Ag+ to the glyceline media, followed by an OFF time. Ultimately, a cathodic current (negative pulse) is applied in which the Ag+ is reduced and the Ag nuclei produced are trapped on the MWCNT’s surface. All electrodepositions were performed under magnetic stirring; ultrasound was also used during electrodeposition to understand its effect.




2.3. Morphological Characterization


The morphology and composition of the electrochemically prepared AgMWCNT samples were analysed by scanning electron microscopy (SEM) associated with energy-dispersive X-ray (EDX) analysis (Hitachi SU 8230 equipment, Krefeld, Germany), after separation by centrifugation and multiple-step rinsing.



The average AgNP size was established through particle-size distribution (PSD) analysis, using the scientific image analysis software Image J (version, 1.53), through the analysis of the SEM micrographs. In the Image J software, a band pass filter was applied, followed by thresholding. The histogram data plot was developed using Origin 2016, followed by the Gaussian function, obtaining the average NP size and the standard deviation. The polydispersity (PD) value obtained for the various samples was calculated using Equation (1).


  PD =    Standard   deviation     Average   NP   size    × 100  



(1)








2.4. Stability Characterization


To determine the stability of the AgMWCNTs, the composites were left in suspension (in glyceline and water—0.4 mg cm−3) without agitation. Visual observation was conducted to detect suspended particles or sediment. In addition to visual observation, DLS and a UV–Vis spectrophotometer were used to quantify changes in light dispersion induced by the dispersed nanomaterials.



Dynamic light scattering (DLS, W130i, Avid Nano, High Wycombe, UK) was used to determine the standard deviation throughout the time of analysis. The samples were analysed throughout the experimental period, from 0 to 120 h, to study the dispersion stability of the material in glyceline and water, as reference. All samples were dispersed in glyceline and water to suitable concentrations and analysed in triplicate. The refractive index of the glyceline analysed in this work was 1.3331, and the viscosity was 497 Cp at 20 °C [51].



The absorption spectra of MWCNTs and AgMWCNTs in glyceline and water were also examined over the wavelength of 200 to 600 nm, using an ultraviolet-visible (UV–Vis) spectrophotometer (T60, PG instruments, Leicestershire, UK). The samples were analysed throughout the experimental period, from 0 to 120 h. The absorbance measured over time was used to measure the stability of the suspensions.



The turbidity of the carbon samples was measured using a Hach 2100Q Portable Turbidimeter (Hach, Ames, IA, USA) for MWCNTs and AgMWCNTs (Sample D).





3. Results


3.1. Stability of MWCNT and AgMWCNT Composites’ Dispersion in Glyceline and Water Media


The monitoring of the stability of the dispersion of the AgMWCNT composites in glyceline media is also of significant importance since the electrodeposition process is dependent on the degree of aggregation of the MWCNTs. It has been proved that the decoration of CNTs with AgNPs can enhance the stability of the CNTs’ dispersion, reducing surface energy and van der Waals forces between them [25].



3.1.1. Scanning Electron Microscopy and Polydispersity Determination


Figure 1 presents the SEM images of the commercial MWCNTs and AgMWCNT composites. As previously reported by Brandão et al. [34], the AgNPs were successfully attached to the MWCNTs’ walls (Figure 1b–e), where it is possible to see the morphological differences when using different electrodeposition parameters, with Sample C (Figure 1b) and Sample D (Figure 1e) presenting agglomerated AgNPs, where the increase of the time of the applied current (Sample C: 100 ms to 200 ms) and ultrasound (Sample D) are the key parameters for this phenomenon.



The polydispersity (PD) determination from particle-size distribution (PSD) analysis was obtained through the average NPs diameter and the standard deviation of a static SEM image (Figure 1), not taking into consideration the possible agglomeration of the material.



The average NPs diameter and the PD were calculated using the Image J analysis and applying the PSD method; the results are presented in Table 2.



The PD calculation obtained through SEM image analysis cannot be used as a comparison to the DLS analysis, since SEM images do not reveal details about the dynamics and stability of the solutions. The PD values in relation to the PSD results indicate values up to 40%. This method presents the advantage of allowing the determination of the average AgNP size. A higher AgNP size in Sample D was already obtained by Brandão et al. [34], when ultrasound was used. Even though ultrasound leads to a decrease in MWCNT aggregation and an increase in mass transfer and greater available area for AgNPs, a significant increase in size of AgNPs is observable. The justification for this AgNP size increase may be associated with the fact that ultrasounds may accelerate the rate of AgNP formation, due to the increase in temperature causing faster nuclei growth [52].




3.1.2. UV–Vis Analysis


The UV–Vis spectrum is an effective method to quantitatively evaluate CNT [53,54] and AgNP [55] dispersion at the nanoscale. Individual CNTs are more absorptive in the UV–Vis region [56], while bundled CNTs are barely active in this range. UV–Vis spectroscopy has been successfully employed to investigate the dispersion behaviour of MWCNTs and AgMWCNT composites in both glyceline and water.



Figure 2a,b present the UV–Vis absorption of MWCNT and AgMWCNT (Samples A to D) suspensions in glyceline and water, respectively, at the initial time (t = 0 h). As can be seen in Figure 2a,b, the absorption spectrum of MWCNTs shows predominant peaks at 253 nm and 252 nm for glyceline and water, respectively, which is in good agreement with the literature [57,58]. This peak may be associated with the π–π* transition of the aromatic C–C bonds [56,57,58]. The glyceline medium presents an increase in absorbance (×2) compared to water.



There are two distinct peaks in the absorption spectra of AgMWCNTs. The peaks at 258 nm and 256 nm (for glyceline and water, respectively) are similar to those presented in the MWCNTs spectra. The additional peaks at 434 nm and 432 nm (for glyceline and water, respectively) res attributable to the surface plasmon resonance of AgNPs, which also confirms the successful incorporation of AgNPs, as established by several authors [25,59,60,61,62].



The UV–Vis spectra of AgNPs correlates with the size and shape of AgNPs [61,62], in which spherical AgNPs exhibit a single absorption peak. The single peak around 430 nm associated with the AgNPs in the AgMWCNTs’ spectra shows that the AgNPs have a spherical shape, which agrees with the analysis of the SEM/STEM images. According to Chen et al. [63], with the increase in the AgNPs size, the peak broadens, which is in good agreement with the present results, since Samples C and D present bigger NP size and the associated broadening of the absorption peak.



The translation of the spectra, when comparing the UV–Vis spectra of MWCNT dispersions and those of Ag-decorated MWCNTs is related to the increased stability of decorated MWCNT dispersions, which induce much greater light dispersion and therefore an increased baseline absorption [22,64].



The time dependence of the UV-absorption peaks of MWCNTs and AgMWCNTs in both glyceline and water were used to evaluate the dispersion stability (UV–Vis absorption spectra for the different periods are not shown here). It is widely accepted that absorption intensity is proportional to the concentration of individual CNTs, and small bundles dispersed in the suspension [53]. Further, MWCNT sedimentation will reduce the light scattering and can therefore be used to evaluate dispersion stability. To compare the sedimentation rate of the MWCNT dispersions under study, the UV–Vis spectra were normalized, and Figure 3a,b shows the retention of the initial absorbance of the MWCNTs’ and AgMWCNTs’ UV absorption peaks of the different samples measured at different times, in glyceline and water, respectively, with reference to the UV–Vis peak associated with the MWCNTs (represented in Figure 2a,b).



All samples show a decrease in the absorption peak intensity with time, due to the re-aggregation of individual and small bundles of MWCNTs and AgMWCNTs [65]. The glyceline medium presented better dispersion stability compared to water, with small variance throughout time, and absorbance retention up to 50%; in water medium the absorbance retention was up to 10% with the MWCNT dispersion.



A closer look at the results shows that two stages can be observed in the sedimentation process, with a fast decrease in absorbance retention in the early stage of the study. The shift seems to occur after 10 h in glyceline and 3 h in water, as can be observed in the in-set graphs in Figure 3.



In glyceline, the AgMWCNT samples showed greater stability over time (retaining around 98% of the initial absorbance) and remaining constant after 5 h. In water, in the first 5 h, there was a significant decrease in the absorbance (retaining around 70% of the initial absorbance value) for all the AgMWCNT samples, with a low value of absorbance compared to the samples in glyceline media.



Data from Figure 3a,b was analysed to extract the kinetic parameters for sedimentation of the MWCNTs and decorated MWCNTs in glyceline and water. As reported in the literature [66], the sedimentation of the MWCNTs can be described by an exponential decay fitting function:


  y =  A 1       e     (  − kt  )    +    y   0   








where k is the rate constant of sedimentation (h−1), A1 is the pre-exponential factor and y0 is the value of y when t = t0. The fitting parameters are presented in Table 3.



Bare MWCNTs present the worst stability in both media, which can be easily identified by the lower half-life time (thalf), showing that the incorporation of AgNPs helps the stability of the MWCNTs in suspension. According to Kausar et al. [67], that may be due to the reduction of the van der Waals forces among CNTs by AgNPs. The positive effect of AgNPs on the MWCNTs’ dispersion led to them forming fewer aggregates or entangled bundles. Although the decoration of MWCNTs with AgNPs leads to an improvement in overall stability, it is notable that not all the decorated MWCNTs behave the same way, as can be seen with Sample C presenting a higher half-life time.



The results show that glyceline presents better dispersion stability when compared to water. This outcome is corroborated by Zaib et al. [68], who studied the dispersion of SWCNTs in an aqueous system containing glyceline and observed that a high concentration of glyceline in water (≥80%) leads to SWCNTs uniformly dispersed.




3.1.3. Dynamic Light Scattering Analysis


DLS is a dynamic measurement, extremely sensitive to the dispersion/aggregation behaviour of the particles in solution [69]. It was used to study the stability of the various samples throughout time, in glyceline and water, to understand the effect of the DES on the stability of the AgMWCNT composites.



Figure 4 presents the evolution of the hydrodynamic diameter (Figure 4a) and the polydispersity (Figure 4b) over time, up to 120 h, for MWCNTs and Sample D. The comparison of the evolution of the hydrodynamic diameter over time for both samples shows that Sample D dispersed in glyceline presents better stability over time, compared to water media. Taking into consideration the polydispersity evolution over time, both samples present lower values of polydispersity in glyceline (up to 15%), compared to 70% of polydispersity of MWCNTs dispersed in water.



DLS analysis enables measurement of the hydrodynamic size of particles—in this case, MWCNTs and attached AgNPs. However, the geometric characteristics of the carbon nanotubes, which are far from being spherical particles, do not allow a realistic value for the hydrodynamic diameter to be obtained. Nevertheless, the hydrodynamic equivalent diameter reported by DLS analysis does generate a realistic picture of the evolution of the particles’ dispersion of the light and therefore of the sample stability [65]. Both hydrodynamic equivalent diameter and polydispersity show that samples prepared in glyceline are more stable than those in water. However, the high light dispersion and inadequate data modelling also contribute to the high PD values, which can lead to misinterpretations. Therefore, we evaluated the standard deviation of the DLS data. The evolution of the standard deviation throughout time is presented in Figure 5, for both glyceline and water (Figure 5a and Figure 5b, respectively).



The analysis of the stability of the samples through DLS analysis shows a very notable difference between glyceline and water media. Glyceline presents low values of standard deviation, with higher values for commercial MWCNTs. The AgMWCNT samples present standard deviation values below 40 nm, with stable values throughout time, indicating good stability of the media.



The same does not happen in water. The increase of standard deviation throughout time is highly accentuated, with higher values for commercial MWCNTs, with all AgMWCNT composite samples reaching values from 50 nm to 140 nm, indicating that the suspension tends to agglomerate over time. This shows that glyceline is an excellent medium for the dispersion of MWCNTs and AgMWCNT composites, due mostly to the viscosity of the system. Brandão et al. [51] previously studied the physicochemical properties of the glyceline dispersions containing MWCNTs and AgMWCNTs, showing that glyceline presents a viscosity value 500× higher than water (at 20 °C). However, an interesting trend was found in which the presence of MWCNTs in a glyceline dispersion decreases its viscosity; the same effect is not shown in water. On the other hand, there is a slight increase in the dispersion viscosity with the introduction of AgNPs on the surface of MWCNTs, for both glyceline and water. It is also important to refer that the presence of AgNPs helps to increase the stability of the AgMWCNT composites in both media. This may be due to the protective role [70] of PVP used for AgNPs synthesis, as it retards the growth and agglomeration of NPs by steric effect [71] and obtains a narrow size distribution of metal NPs, as presented previously by Brandão et al. [34].




3.1.4. Turbidity Analysis


The turbidity analysis was based on a comparison of the light intensity spread over the sample under defined conditions, with the light intensity spread by suspension considered standard. Therefore, the greater the intensity of the spread light, the greater the turbidity in the sample under analysis [72]. The turbidity test was performed for MWCNT and AgMWCNT (sample D) dispersions in glyceline and water to determine the amount of carbon material suspended in the fluid throughout time (up to 120 h); the results are presented in Figure 6.



As can be observed in Figure 6, the turbidity of the carbon materials dispersed in both media decreases over time. However, Sample D presents the best stability over time in both media, as observed through the UV–Vis and DLS analysis. The higher variation was seen in the first 10 h of the study, for all samples.




3.1.5. Visual Analysis


Figure 7 presents the visual analysis of the MWCNT and AgMWCNT dispersions in both glyceline and water. A stable dispersion in glyceline was observed for all samples, while in water carbon materials were visible as sediment at the bottom. In glyceline, the colour of the dispersion remained almost constant, while in water it could be seen that the dispersion (even for t = 0 h) was not as good as in glyceline and there was a net difference at t = 120 h.



The visual observations of the samples over time in different media were consistent with the results obtained from the DLS and UV–Vis analysis, showing higher stability using glyceline as a dispersant medium. The viscosity of the medium is intimately related to the stability over time, with glyceline presenting a higher viscosity.






4. Conclusions


Stability tests were performed for dispersions of MWCNTs and AgMWCNT composites in glyceline and water. The DLS and turbidity measurements confirmed the results from the analysis of UV–Vis absorption at 253 nm and 252 nm (glyceline and water, respectively); however, the UV–Vis absorption measurements revealed more details of the stability of MWCNTs and Ag-decorated MWCNTs in glyceline and water.



Both DLS and UV–Vis analysis showed that the incorporation of AgNPs on MWCNTs’ surface increases the stability of the composite in both studied media. A stable dispersion of MWCNTs, even after 120 h, can be prepared in glyceline after the MWCNTs have been decorated with AgNPs, while in water, MWCNT dispersions are significantly less stable. AgNPs presented a positive effect on the MWCNTs’ stability since it leads to the formation of fewer carbon aggregates or entangled bundles.
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Figure 1. SEM analysis of commercial MWCNTs (a) and Samples A to D (b–e) of AgMWCNT composites at ×100k. 
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Figure 2. UV–Vis absorption spectra of MWCNT and AgMWCNT composite dispersion (0.4 mg cm−3) in glyceline (a) and water (b) at t = 0 h, at room temperature. 
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Figure 3. Time dependence of UV–Vis absorption at 253 nm and 252 nm (glyceline and water, respectively) of different samples in glyceline (a) and water (b) media, at room temperature (dispersions prepared from 0.4 mg of MWCNTs or AgMWCNTs in 1 cm3 of each solvent). 
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Figure 4. Hydrodynamic diameter (a) and polydispersity (b) evolution over time for MWCNTs and Sample D dispersed in glyceline and water media. 
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Figure 5. Standard deviation obtained through DLS analysis throughout time (0–120 h) for glyceline (a) and water (b) media, at room temperature, with 0.4 mg cm−3 of MWCNT and AgMWCNT composite samples. 
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Figure 6. Turbidity studies over time for MWCNTs and Sample D dispersed in glyceline and water. 
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Figure 7. Physical observation of MWCNT and AgMWCNT dispersions in glyceline and water at t = 0 h (after sonication) and t = 120 h. 
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Table 1. Parameters for the electrodeposition process of AgMWCNTs. Data from Brandão et al. [34] **.
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Sample

	
tON (Anodic and Cathodic)/ms

	
tOFF/ms

	
Current (Anodic and Cathodic) (iON)/mA

	
Overall Time/min






	
A

	
100

	
200

	
±100

	
30




	
B

	
100

	
±100

	
60




	
C

	
200

	
±100

	
60




	
D *

	
100

	
±100

	
60








* Ultrasound was used during electrodeposition. ** Reprinted from Characterization and electrochemical studies of MWCNTs decorated with Ag nanoparticles through pulse reversed current electrodeposition using a deep eutectic solvent for energy storage applications, Pages No. 342–359, Copyright (2021), with permission from Elsevier [34].
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Table 2. Average diameter and PD obtained through particle-size distribution of the AgNPs of the various AgMWCNT composites, after SEM analysis through the Image J software.
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	Samples
	AgNP Size (nm)
	Polydispersity (%)





	A
	12 ± 5
	40



	B
	16 ± 4
	25



	C
	33 ± 6
	19



	D
	46 ± 7
	15
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Table 3. Fitting parameters for the analysis of the MWCNTs sedimentation kinetics by an exponential decay function.
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Sample

	
y0/a.u.

	
A1/a.u.

	
k/h−1

	
thalf/h

	
R2






	
Glyceline

	
A

	
2.812 ± 0.002

	
0.039 ± 0.003

	
0.314 ± 0.006

	
2.5 ± 0.5

	
0.954




	
B

	
2.843 ± 0.002

	
0.035 ± 0.002

	
0.15 ± 0.04

	
4.8 ± 1.1

	
0.949




	
C

	
2.829 ± 0.005

	
0.050 ± 0.007

	
0.114 ± 0.005

	
6.5 ± 3.1

	
0.839




	
D

	
2.788 ± 0.004

	
0.077 ± 0.006

	
0.17 ± 0.04

	
4.1 ± 0.8

	
0.948




	
MWCNTs

	
0.81 ± 0.01

	
0.596 ± 0.002

	
0.33 ± 0.06

	
2.3 ± 0.1

	
0.991




	
Water

	
A

	
1.04 ± 0.02

	
0.46 ± 0.02

	
0.28 ± 0.02

	
2.5 ± 0.2

	
0.990




	
B

	
1.05 ± 0.02

	
0.48 ± 0.03

	
0.21 ± 0.03

	
3.6 ± 0.5

	
0.975




	
C

	
1.16 ± 0.04

	
0.41 ± 0.04

	
0.24 ± 0.07

	
3.1 ± 0.9

	
0.914




	
D

	
1.11 ± 0.01

	
0.45 ± 0.08

	
0.25 ± 0.07

	
2.6 ± 0.6

	
0.932




	
MWCNTs

	
0.30 ± 0.06

	
0.67 ± 0.08

	
0.33 ± 0.04

	
2.1 ± 2.1

	
0.986








a.u.—arbitrary units.
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