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Abstract

:

Multiwalled carbon nanotubes (MWCNTs) are a one-dimensional nanomaterial with several desirable material properties, including high mechanical tensile modulus and strength, high electrical conductivity, and good thermal conductivity. A wide variety of techniques have been optimized to synthesize MWCNTs and to fabricate thin films of MWCNTs. These synthesis and fabrication methods vary based on precursor materials, process parameters, and physical and chemical principals, and have a strong influence on the properties of the nanotubes and films. Thus, the fabrication methods determine the performance of devices that can exploit the advantageous material properties of MWCNTs. Techniques for the fabrication of carbon nanotubes and carbon nanotube thin films are reviewed, followed by a discussion of the use of MWCNTs as an electrode material for electrochemical double-layer supercapacitors (EDLCs). EDLCs feature high power density, excellent reversibility and lifetime, and improved energy density over electrolytic capacitors. Beyond surveying fabrication techniques previously explored for MWCNT electrodes, an alternative approach based on inkjet printing capable of depositing a small amount of active material is discussed. Such an approach allows for a high degree of control over electrode properties and can potentially reduce cost and active material waste, which are essential components to the gradual conversion to green energy.
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1. Introduction


Carbon nanotubes are a one-dimensional nanomaterial and have been extensively studied since their initial discovery in the soot of evaporated graphite by Iijima [1] in the early 1990s. There are two primary variants of carbon nanotubes: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). SWCNTs consist of a single cylinder of graphitic carbon, while MWCNTs are composed of several concentric layers of graphene. While SWCNTs have outer diameters in the range of around 1–2 nm [2], MWCNTs have larger outer diameters, often on the order of 10–100 nm [3]. Lengths of nanotubes can reach the order of micro- or millimeters. Because nanotubes are synthesized from readily available carbon precursor materials, their cost can be low compared to other nanomaterials. In general, MWCNTs can be synthesized via a wide variety of physical and chemical processes with less stringent requirements on materials and synthesis parameters compared to SWCNTs. For example, with deposition-based synthesis techniques such as CVD, catalyst particle sizes can be larger for MWCNTs than for SWCNTs. Catalysts are not required at all to synthesize MWCNTs from methods such as arc discharge and laser ablation [4].



The thin film device topology, which is defined as a layer of material whose thickness is on the order of nanometers to microns [5], allows for a high surface area-to-volume ratio, low material usage, and features enhanced material properties in the normal direction. These are advantageous for several applications of carbon nanotubes, including sensors, gas separators, and electrically conductive devices. Several methods have been used to fabricate thin films of multiwall nanotubes including direct synthesis on the application substrate, transfer from an initial substrate to the application substrate, and a variety of wet deposition techniques that deposit previously synthesized nanotubes onto the application substrate. The adhesion between nanotube materials and substrate, properties of the thin film, and performance in various applications are determined by the film fabrication method and parameters.



A crucial application for carbon nanotube thin films is in energy storage materials. In 2003, energy derived from fossil fuels, which are nonrenewable and known to increase atmospheric concentration of CO2 and other “greenhouse gases” [6], made up 95% of the global energy consumption [7]. Renewable forms of energy, such as hydroelectric, wind, and solar, typically generate power intermittently and therefore require energy storage technologies such as fuel cells, batteries, and supercapacitors to supply the electrical grid during downtimes [8]. Compared to fuel cells and batteries, supercapacitors store less energy per active material mass because they operate based on the principle of electrostatic energy storage as opposed to chemical storage [9]; however, supercapacitors can deliver more power per active material mass because of the more facile and reversible charge transfer through ionic transport and electronic conduction at the electrodes [10]. Due to its high electrical conductivity and compatibility with electrolytes, carbon is a desirable electrode material. In lithium batteries, graphite is a common commercial anode material. In double layer supercapacitors, electrodes are typically composed of high-specific surface area carbons [11]. Multiwalled carbon nanotube thin films therefore provide enhanced energy storage due to higher available surface area onto which ions can adsorb.



In this article, previous investigations into the synthesis and supercapacitor applications of MWCNTs and their thin films are discussed, with an emphasis on the use of nanotube materials in supercapacitor electrodes for electrical energy storage. An experimental section describes the fabrication, simulation, electrical, and electrochemical characterization of MWCNT electrodes spin-coated and inkjet-printed onto photopaper. Following is an outline of the sections of the paper.



Section 2 overviews MWCNTs as a nanomaterial. The most prominent techniques for their synthesis are highlighted. MWCNTs can be synthesized via physical routes, i.e., the evaporation of graphite or other carbon precursors by electric current or laser sources, or via chemical routes, i.e., the growth of nanotubes on metallic catalyst particles from gas precursors. This is followed by a brief overview of their mechanical and electrical properties.



Section 3 focuses on MWCNT thin films. The broad classes of MWCNT thin film synthesis techniques—direct growth, substrate transfer, and wet deposition—are discussed, with emphasis on wet deposition. Wet deposition techniques are of interest in thin film fabrication because they can be performed with commercial nanotubes, which lowers cost, shortens fabrication time, and offers flexibility in substrate selection. Following fabrication techniques, the mechanical, electrical, and other properties of MWCNT thin films are presented. MWCNT thin films possess enhanced properties because of the intrinsic material properties of MWCNTs.



Section 4 discusses the application of MWCNT thin films in supercapacitor electrodes. The double-layer capacitor device is introduced. Some methods to improve the electrochemical performance of electrodes, including acid functionalization, compositing with pseudocapacitive components, is overviewed. An experimental section follows that details the fabrication of a double-layer supercapacitor using spin-coating and inkjet-printing methods, which have not been extensively studied in the literature.




2. Multiwalled Carbon Nanotubes


2.1. Synthesis


Several techniques have been used to synthesize MWCNTs. These techniques have been previously reviewed [12,13,14]. Among these methods, arc discharge, laser ablation, and chemical vapor deposition are representative of the synthesis of MWCNTs in the laboratory. Other methods include flame synthesis, electrolysis, and high-pressure carbon monoxide (HiPCO) synthesis.



2.1.1. Arc Discharge


MWCNTs were first discovered after synthesis by arc discharge [1]. In this technique, a graphite anode is sublimated by an applied dc current in a low-pressure, high-temperature atmosphere, and nanotubes are extracted from the negative electrode (cathode). A schematic of a typical arc discharge synthesis is shown in Figure 1. Several parameters affect the quality and morphology of nanotubes, including the atmospheric gas, pressure, gas flow rate, input current, and electrode configuration. The effects of various parameters have previously been reviewed [15].



An important parameter in nanotube growth with arc discharge is the choice of atmosphere. In previous works, nanotubes have been synthesized in helium, argon, nitrogen, hydrogen, and mixtures between these and other gases. At high temperatures, gas excited by the applied electric current ionizes, allowing for vaporized carbon to mobilize from the anode toward the cathode. Gases with higher ionization energies, such as helium, require a larger electrical potential between the electrodes to ionize. The potential, in turn, depends on the applied current and electrical conductivity of the induced plasma.



Besides the choice of atmosphere, gas pressure affects the morphology of nanotubes, as it determines the concentration of ionized gas in the discharge chamber. Cadek et al. [16] have determined that in helium atmosphere, both yield (characterized by electron paramagnetic resonance and thermogravimetric analysis of nanotubes purified by a PmPV/toluene suspension) and purity of nanotubes increased increasing pressure up to 500 Torr. Zhao [17] determined that 500 Torr was also an optimal pressure for yield in arc- discharge nanotube synthesis in hydrogen atmospheres. On the other hand, Kim and Kim [18] have found that in air atmosphere, decreasing the air pressure from ambient to 300 Torr increased the MWCNT yield.



Another important parameter in arc discharge is the applied dc current. Electrical current causes the vaporization of the anode; the current density determines the concentration of carbon precursor that is vaporized from the graphitic anode. Furthermore, electrical current induces excitation of the atmosphere to cause ionization of gas into plasma, which carries the carbon vapor to the cathode, where it is deposited. As assessed by their Id/Ig defect intensity ratio, nanotubes synthesized via arc discharge with higher currents up to 70 A were found to have a reduced isotropic effect, resulting in more ordered nanotubes [19].




2.1.2. Laser Ablation


Another technique for MWCNT synthesis is laser ablation, which is similar to arc discharge in that both methods involve a graphitic precursor. However, instead of electrical current, a laser (either continuous or pulsed) vaporizes the graphite target in an inert atmosphere. As the vapor condenses on the walls of the reactor, nanotubes are formed. Laser ablation is a high-yield process, and nanotubes produced by laser ablation are generally of high quality [14]. Interestingly, however, while single-walled nanotubes have been frequently synthesized by this method, to the best of the authors’ knowledge, no previous works have synthesized MWCNTs with laser ablation. Possible reasons for this include the large amount of energy required by laser methods, low yield compared to chemical methods, and the similarity of nanotube properties to those synthesized by arc discharge, which requires less specialized equipment and may thus be lower cost.




2.1.3. Chemical Vapor Deposition


Unlike arc discharge and laser ablation, chemical vapor deposition (CVD) promotes growth of nanotubes on metallic catalysts rather than graphite. In CVD, an inert carrier gas brings hydrocarbon gases such as benzene and acetylene into the reaction chamber, which is heated at elevated temperatures to decompose the reactants, forming nanotubes on the catalysts. The morphology and diameters of the nanotubes depend heavily on the catalysts used. Due to the lower temperature and power requirements of CVD, it is a scalable synthesis technique for MWCNTs. Synthesizing nanotubes via thermal CVD in oxidizing conditions, such as in air, was found to yield nanotubes free of amorphous carbon [20]. Other process parameters, such as the catalytic growth rate and secondary pyrolysis rates, also govern the structure and quality of nanotubes.





2.2. Properties of Individual Nanotubes


The geometry of SWCNTs can be described by the chiral vector, which points in the direction that a graphene sheet (hexagonal tessellation of sp2-hybridized carbon) would have to be rolled to form the same helical structure as the nanotube [21]. Since the graphene sheet is two-dimensional, the chiral vector has two components and is expressed with respect to a basis consisting of two vectors pointing at 30 and 90 degrees relative to the edge of one hexagon in the graphene sheet. The three main classes of SWCNT geometries are armchair (with coordinates (n, n)), zigzag (with coordinates (n, 0)), and chiral (all coordinates that are not reduceable to armchair or zigzag). These geometries and the conventional basis elements (a1, a2) used to describe chiral vectors are illustrated in Figure 2. The angle between the locus of zigzag vectors and that of armchair vectors is 30 degrees. Vectors that form angles outside the range of [0, 30] degrees with respect to the locus of zigzag vectors are always congruent to one in this range with an appropriate change of basis. For example, a chiral vector (0, n) is congruent to (n, 0)—a zigzag nanotube—when the basis elements are rotated clockwise by 60 degrees.



2.2.1. Mechanical Properties


The mechanical properties of MWCNTs and their composites have been reviewed [22]. Due to the strength of other carbon compounds, carbon nanotubes were proposed to have a high tensile modulus and mechanical strength. Indeed, Treacy et al. [23] obtained a Young’s modulus of 1.8 TPa (standard deviation of 1.4 TPa) for a series of 11 individual MWCNTs, which were found to be much higher than for other carbon fibers. Yu et al. [24] have determined moduli for 19 individual MWCNTs in the range of 270 GPa–950 GPa, and strengths in the range of 11 GPa–63 GPa. Furthermore, strains at failure were as high as 12%. Nanotubes were loaded in a scanning electron microscope (SEM) and attached to the tips of two AFM cantilevers by the deposition of a carbonaceous material [24]. Stress–strain curves for the individual nanotubes are shown in Figure 3. The discrepancy in the tensile strengths obtained in the two experiments [23,24] may be explained primarily by structural defects on the nanotubes, loading mode, and strain rate, and less importantly by experimental uncertainties in the estimation of nanotube lengths. It has been shown theoretically that structural defects are known to reduce the tensile modulus [25,26]. Yu, et al. [24] used a tensile-testing approach to find the elastic modulus, which was found to apply the most stress on the outermost layer of the MWCNTs as evidenced by the “sword-in-sheath” failure where the inner layers remained mostly intact after the nanotube broke. In contrast, Treacy et al. [23] deduced the modulus by observing the variation in cantilever vibration amplitude with temperature with the nanotube fixed at the base. Differences in the testing mode results in loading of different regions of the nanotube, which is radially anisotropic. This can result in different measured values of the modulus.



Salvetat et al. [27] found a relationship between tensile modulus and disorder in MWCNTs. The disorder in MWCNTs is controlled by synthesis process, with arc-discharge producing the most uniform nanotubes with the smallest number of defects, and catalytic CVDs producing nanotubes with a high concentration of defects and impurities. With a higher degree of disorder, the modulus decreases by several orders of magnitude, and the variation in modulus increases. In addition to structural defects, chirality and nanotube size have also been shown to affect the tensile strengths of nanotubes [28]. A tensile test of several nanotubes with different chiralities and diameters revealed that armchair nanotubes and nanotubes with smaller diameter had higher strengths [28]. As shown in Figure 4, the tensile strength was found to depend strongly on the chiral angle, which was attributed to the variation in the stress experienced by carbon–carbon bonds due to the orientation of those bonds relative to the axis [28]. Nanotubes with bonds oriented at a greater angle relative to the tensile axis experience a smaller effective stress; this angle is maximized at 30 degrees for armchair nanotubes. The dependence of strength on diameter followed an inverse-square root relationship [28], suggesting that nanotubes with smaller diameters have higher strengths.




2.2.2. Electrical Properties


The electrical properties of MWCNTs are unique because of their one-dimensional carbon structure. Single SWCNTs are either semiconducting or metallic, and the behavior solely depends on their geometry as determined by the chiral vector. The definition of the chiral vector was shown in Figure 2. All armchair nanotubes are conducting, as well as zigzag nanotubes with n evenly divisible by 3, and generally, chiral nanotubes with a difference between the coordinates that is divisible by 3. This is due to the periodicity of carbon atoms about the circumferential direction of the nanotube, resulting in only a few allowable wavevectors in that dimension, which contrasts with graphene, an infinite 2-dimensional plane. The periodicity determines the conduction and valence bands of the nanotube and the resulting electronic density of states [29]. Therefore, assuming a random distribution of chiral vectors, one out of three nanotubes will be metallic, while two-thirds will exhibit semiconducting behavior. While the preferential synthesis of metallic or semiconducting nanotubes is difficult, it is possible by tuning the shape and size of catalyst particles [30], substrate [31], and other growth conditions.



MWCNTs are composed of several concentric layers of SWCNTs and therefore allow for electronic conduction in the radial direction as well as along the nanotube axis. As such, at sufficiently high temperatures (above ~10 K), the electrical behavior of MWCNTs is very similar to that of bulk graphite, a mix between metallic and semiconducting [32].






3. MWCNT Thin Films


3.1. Fabrication


Several thin film fabrication methods exist for MWCNTs. Fabrication techniques for carbon nanotube thin films have previously been reviewed [13]. There are three general categories for MWCNT thin film synthesis methods. In the first, nanotubes are directly grown (via methods discussed in Section 2) on the final substrate. In another method, known as substrate transfer, nanotubes are grown on one substrate, which is subsequently removed and replaced with the final substrate. Finally, films can be created by depositing a slurry or a suspension that is composed of nanotubes onto the final substrate. Table 1 summarizes different techniques for MWCNT film synthesis that have been previously investigated.



3.1.1. Direct Growth


MWCNTs can be directly grown on the substrate used for the final application. Methods for nanotube growth were outlined in Section 2. The advantages of directly growing nanotubes on the final substrate include stronger adhesion, fewer processing steps leading to faster overall production from nanotube precursor materials to the final device, and more uniform films. Furthermore, the geometry of nanotubes themselves can be more precisely controlled by the synthesis technique, whereas other techniques typically cannot control individual nanotube geometries. This is important for applications that require specific material properties at the nanoscale. However, direct growth methods can be expensive because they require specialized equipment used in nanotube synthesis, such as CVD furnaces or arc discharge apparatuses. Furthermore, nanotube synthesis can be time-consuming and is generally less scalable for high-throughput production compared to other techniques.




3.1.2. Substrate Transfer


Films grown on one substrate can be subsequently transferred to another substrate. The transfer occurs by exploiting the surface energy differences between nanotubes and substrate. In several cases, carbon nanotubes were synthesized by CVD on a suitable catalyst substrate, then transferred to another substrate more suitable for the final application. Cole et al. [33] synthesized vertically-aligned MWCNT by thermal CVD on Si/SiO2 substrate sputter-coated with Al2O3/Fe catalyst. A schematic of the process is shown in Figure 5. To transfer the MWCNT to the final PET substrate, a quartz roller compressed aligned MWCNTs against the PET substrate forming a dense aligned film of MWCNTs [33]. Honda et al. [34] prepared a thin film of MWCNTs by transferring from an Si substrate initially coated with Fe CVD catalyst to an aluminum substrate required for the final electrode application. The alignment of the MWCNTs on the initial substrate was maintained following the transfer by applying a homogeneous coating of phenolic glue containing graphitic carbon [34]. SWCNTs have been similarly transferred from an aluminum oxide filter to PET using a wet-transfer process that utilizes the difference in wettability between the substrates [35]. It was also observed that nanotubes could also be transferred to other substrates including glass, PMMA, and PVDF, which are uncommon substrates for direct growth by first reducing their surface energies through techniques such as octadecyl trichlorosilane treatment [35].




3.1.3. Wet Deposition


Wet deposition methods, illustrated in Table 1, involve first the synthesis of MWCNTs followed by the dispersion in a suspension or the mixture into a slurry. Suspensions have lower concentrations of MWCNTs and thus tend to have lower viscosities and densities than slurries. As such, deposition methods are usually only applicable to either suspensions or slurries. Wet deposition techniques are advantageous because they can be used to form films from commercial, pre-synthesized nanotubes; no specialized equipment to directly synthesize nanotubes from precursor materials is required. Furthermore, wet deposition methods are generally faster to perform than direct growth or substrate transfer. Therefore, these methods are typically more scalable than other thin film fabrication methods.



However, challenges still exist for wet deposition. For suspension-based depositions, nanotubes should be uniformly dispersed in the solvent to form uniform thin films. Uniform dispersion of nanotubes is difficult due to their one-dimensional geometry and high aspect ratio, which results in significant van der Waals attractive interactions. To address this issue, nanotubes can be charged via functionalization, resulting in electrostatic repulsion that counters the van der Waals attraction, or dispersed in a surfactant, which breaks apart adjacent nanotubes and lowers the surface tension between the nanotubes and solvent. Slurry-based methods are also faced with the challenge of removing agglomeration of solid particles. Slurry-based methods are also sensitive to the specific fabrication steps and result in films with greater variation in local properties, which may not be desirable for certain applications. Finally, because the nanotube wet mixture is deposited onto the substrate, interactions between the dispersion and the substrate are critical. Deposition parameters must be tuned to achieve good uniformity and utilization of active material.



Dip coating is a popular technique thin film synthesis from sol–gels [36], but it has also been applied to thin-film fabrication from MWCNT dispersions. In this technique, the substrate is initially submerged in the dispersion then withdrawn at a specified velocity. As the substrate leaves the dispersion, the solvent is removed from the substrate via two physical processes: evaporation due to contact with the air, and vertical draining due to gravity.



Like dip coating, drop casting deposits material through the evaporation of solvent from dispersion on a substrate. In this technique, a small quantity of solution is first dropped on the substrate. Optionally, the droplet can be flowed over the substrate by orienting the substrate at an angle with respect to the vertical or flowing gas across the substrate to propel the droplet. By patterning the substrate, a preferred nanotube orientation can also be achieved.



Spin coating is another dispersion deposition technique. However, unlike in dip coating and drop casting, the relative motion between the dispersion and the substrate is not linear. Rather, a small volume of liquid mixture is dropped at the center of a substrate that is rotating at a specified speed. The high shear rate of the substrate simultaneously spreads a volume of liquid in the lateral direction and reduces its thickness. This results in a highly uniform thin film whose thickness can be controlled by the rotational speed and the spinning time [37,38].



In inkjet printing, a small volume of dispersion is ejected by a piezoelectric excitation along the nozzle [39]. The droplet size and velocity are controlled by the properties of the ink and the nozzle voltage profile. Inkjet printing has the potential to be very cost effective since commercial inkjet printers can simply be used after modifying the cartridge to be compatible with MWCNT dispersions. Although similar in principle, inkjet printing is distinct from drop casting because of the very small volume of liquid in each droplet. Furthermore, unlike other thin film fabrication techniques, inkjet printing also allows for high precision in the droplet location. Thin films with highly specific geometries can be printed, which is ideal for applications such as thin-film transistors and patterned sensors and electrodes. Nonetheless, several challenges remain for the effective use of inkjet printing in nanotube deposition. Because of the very small nozzle orifice diameter, the ink cannot contain agglomerates that are larger than about 10% of the orifice [39]. As-made dispersions must be filtered before printing, and depending on the dispersion technique, the filtering process can remove a significant number of nanotubes, resulting in low material utilization.



Screen printing is a method similar to inkjet printing in the sense that it is capable of controlling the location of the deposited inks. Instead of depositing the ink drop-by-drop, the ink is pressed using a squeegee against a screen containing an open mesh with the desired pattern. The substrate below the screen receives the ink in the open areas and after evaporation, the film is formed.



Meyer rod coating, also known as metering rod coating, creates a thin film by spreading a slurry over a surface [40]. A suspension or dispersion cannot be used because the viscosity is too low. The rod is threaded with a uniform diameter, leaving a small space between adjacent threads. As the rod is pulled over the substrate, a film with uniform thickness on the order of the thread diameter is formed behind the rod.



A similar technique to Meyer rod coating for slurry-based thin film fabrication is doctor blading, otherwise known as tape casting [41]. Instead of a threaded rod, however, a doctor blade is used that consists of a plane set at a uniform distance from the substrate. Optionally, a reservoir fixed to the back of the blade supplies the dispersion. The blade mechanism can be pulled over the substrate, or the substrate can be moved relative to the blade. The gap distance between the blade and substrate is the primary factor in controlling the thickness of the film.



Table 1 summarizes MWCNT thin-film wet deposition fabrication methods. The operating principles are described, and schematics display the general configuration of the substrate and dispersion. Common applications of films produced via the methods are provided in the final column [42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71]. While the primary process parameters controlling film properties are listed, the mechanisms by which the thin film is formed in each case are often dependent on dispersion properties as well. For instance, after the dispersion droplet has been ejected from the nozzle of an inkjet printer, the dynamics of the droplet as it impacts the substrate and the solvent begins to evaporate. These quantities are characterized by the Reynolds, Weber, and Ohnesorge numbers [42], where the Reynolds number represents the dispersion viscosity, the Weber number represents the surface tension of the droplet’s contact with the substrate and the air, and the Ohnesorge number is a function of the Reynolds and Weber numbers. Likewise, the qualities of doctor bladed films are dependent on several factors, including the blading mechanism and the dispersion’s fluid properties. While the thickness of the film is primarily controlled by the gap between the substrate and blade, the wet thickness of the cast is different from the film thickness because of solvent evaporation and dry shrinkage, which are affected by casting speed, pressure, and several other parameters [41].





3.2. Properties of Multiwalled Nanotube Films


The properties of MWCNT films fabricated from different techniques vary widely, and therefore have a significant bearing on the specific applications for the film. For instance, inkjet printing and screen printing allow for patterned deposits of nanotubes, which is essential for sensors and other devices requiring specific placement of nanotubes. For other applications, such as electrochemical supercapacitors, much larger quantities of active material are needed than can be efficiently deposited by printing techniques. As such, slurry-based methods such as lamination, Meyer rod coating, and doctor blading have been preferred [51,71]. In this section, different properties of MWCNT thin films synthesized through various techniques are reviewed and connected to potential applications.



3.2.1. Mechanical Properties


A study by Ma et al. [73] determined the mechanical properties of pure MWCNT films using the digital speckle correlation method (DSCM). In this approach, paint with known mechanical properties was sprayed on the surface of the film. Tensile tests were performed using the paint speckles as indicators of the displacement field and correcting for the effect of paint on the mechanical properties. MWCNT thin film was fabricated by filtration of a MWCNT:PVA dispersion and subsequent removal of the microporous substrate. The stress–strain curve is shown in Figure 6. It was determined that the corrected elastic modulus of the film was ~1.04 GPa and the tensile strength was ~26.6 MPa, showing good agreement with theoretical analyses [73].



MWCNTs have been used to increase the strength of polymer thin films. In a study by Xu et al. [74], spin coating a dispersion of 0.1 wt% MWCNT in chloroform with EPON SU-8 photoresist epoxy increased the elastic modulus of the thin film over the pure epoxy by 20%, from 4.2 GPa to 5 GPa. The authors attribute the strong interfacial adhesion between the MWCNTs and epoxy to (1) nanomechanical locking between twisted MWCNTs and epoxy, partially caused by a mismatch in the thermal expansion coefficient and (2) level bond and nonbond interactions [74]. The spin coating process realigned the MWCNTs to be parallel to the thin film plane and perpendicular to the crack direction through the centrifugal force, but was limited by the concentration of solution that could be deposited. Koval’chuk et al. [75] fabricated nanocomposite thin films by hot pressing powders of either unidecyl-functionalized nanotubes (C11–MWCNT) or unfunctionalized nanotubes (MWCNT). They used eiher isotactic polypropylene (iPP) or syndiotactic polypropylene (sPP) and found an increase in the Young’s modulus by 37%, 66%, 30%, and 84% for iPP/MWCNT, sPP/MWCNT, iPP/C11–MWCNT, and sPP/C11–MWCNT composites, respectively, compared to uncomposited iPP and sPP [75], shown in Figure 7. It was observed that the Young’s modulus increases more significantly at low MWCNT loading (<~1 wt%) but plateaus upon higher loading amounts. Tensile strength was also affected by MWCNT loading, although less significantly. At high loading, strength was adversely affected by MWCNTs, which was attributed to nanotube agglomeration [75]. Sun et al. [76] investigated the mechanical properties of multilayered chitosan/MWCNT composite films prepared using the sublimation and compression method (SAC) and casting-evaporation (CE) method. The precursor dispersion was a mixture of acid treated MWCNT dispersion and a 1.0 wt% aqueous chitosan solution. Films produced by both SAC and CE showed increased modulus and ultimate tensile strength after compositing with MWCNTs, from 484 to 502 MPa and 1288 to 1613 MPa, respectively. Tensile strength was similarly improved from 4.43 to 9.82 MPa for films produced by SAC and from 8.86 to 12.36 MPa for films produced by CE. The improved mechanical properties are attributed to the suppression of cracks caused by crazing by the added MWCNTs [76].




3.2.2. Electrical Properties


The electrical properties of MWCNT thin films are important for applications in transistors and electrodes. Lau et al. [77] investigated the effect of nanotube functionalization by thermal treatment, acid treatment, and UV–ozone treatment on electrical conductivity. The MWCNT mat was fabricated on glass filter paper by filtration and drying. The electrical conductivity of the unmodified nanotube mat was ~49.5 S/cm [77]. In the case of thermal treatment, increasing the treatment time with temperature held fixed at 500 °C increased the thermal conductivity to ~4000 S/cm at 6 h [77]. Similarly, increasing the temperature of the thermal treatment with time held fixed at 1 h increased the electrical conductivity to ~2800 S/cm at just above 500 °C [77]. Similar trends in the conductivity were observed for increasing treatment time and temperature for acid treatment as well as increasing treatment time and ozone flow rates for UV–ozonolysis. The maximum conductivity observed was over 16,000 S/cm for ozone treatment at 300 °C for 30 min and an ozone flow rate of 5 L/min [77].



Because of its high electrical conductivity, MWCNTs have been used to improve the conductivity of polymer films. Chen et al. [78] dispersed acid-treated MWCNTs in DMAc and reacted with sorbitol and PEDOT:PSS. The mixture was spin coated onto silicon wafers. With increasing reaction time from 0 to 6 h, the resistivity of the film decreased from 8.3 × 105 Ω·cm to 260 Ω·cm due to increased homogeneity of the distribution of MWCNTs in the PEDOT:PSS matrix [78]. Ram et al. [79] composited MWCNTs with PVDF in DMF and solution-casted the mixture. The DC conductivity of the film increased to ~10−3 S/cm (resistivity ~1000 Ω·cm) with 5 wt% MWCNT, with a percolation threshold at ~1 wt% MWCNT. Furthermore, the AC conductivity for composites less than 1 wt% MWCNTs were found to increase monotonically with frequency, which was attributed to insulating behavior and the contribution of “electron hopping” to conductivity [79]. Chen and Tao et al. [80] determined the conductivity of PDMS-backfilled MWCNT-graphene aerogels fabricated by vacuum filtration to be ~6.3 S/cm (resistivity of 0.16 Ω·cm), and this was irrespective of the number of tensile or bending cycles the films were subjected to. The film also showed more stable conductivity with applied strain compared to graphene-PDMS or MWCNT-PDMS composites, with a ~30% decrease in conductivity at 30% tensile strain [80]. Kim et al. [81] prepared MWCNT-PMMA films using a solution casting technique from hydrochloric acid-treated MWCNTs sonicated with PMMA and PVP in DMF, with a PET substrate. The sheet resistance of the sheets, as measured by 2-probe multimeter, was observed to decrease from 4 × 104 kΩ/□ for 1.0 wt% MWCNTs to ~250 kΩ/□ for 4.0 wt% MWCNTs [81]. Vacuum filtration of polyurethane–MWCNT composites has been explored by Fernandez-d’Arlas et al. [82], and the DC conductivity was found to follow a percolation pattern with a percolation threshold of 2.5% volume ratio MWCNTs and a maximum observed conductivity on the order of 10−2 S/cm (resistivity ~100 Ω·cm) at 10.5% volume ratio MWCNTs. Spray-coated, and melt-mixed thin films of MWCNT composites with various polymers were investigated by Staudinger et al. [83]. The electrical resistivities of melt-mixed PC–MWCNT, PMMA–MWCNT, and PVDF–MWCNT all drastically decreased with MWCNT concentration below 1 wt% and more gradually at higher concentrations, and beyond 2 wt% MWCNT loading, the resistivity for each composite was on the order of 10 Ω·cm [83].



Okimoto et al. [62] prepared SWCNTs by dispersion in DMF. When deposited at varying thicknesses via inkjet printing, the nanotubes changed properties, from a semiconducting material at low thicknesses to metallic at high thicknesses, an effect attributed to the emergent interactions between nanotubes when the coverage is uniform and complete. The IV response is shown in Figure 8. The electrical characteristics were found to depend strongly on areal coverage, which is explained by the variation in carrier mobility due to coverage [62]. Mustonen et al. [63] also investigated inkjet-printed carbon nanotube TFTs. The charge mobility in the TFTs was between 1.6 and 4.2 cm2/V-s. The on–off current ratio for the TFTs was on the order of 105. Similar results were obtained by another group investigating flexible TFTs using a top-gate geometry and silver electrodes. Kim et al. [64] developed an inkjet-printed hybrid TFT using zinc oxide as the n-channel material and SWCNT as the p-channel material on both glass (SiO2) and plastic (polyimide) substrate. The performance of the TFT was rigorously tested using a 5-stage complementary-ring oscillator, revealing a propagation delay of only 140 ns, as shown in Figure 9. The voltage behavior for the CNTs printed on SiO2 is evidently more stable than for those on the polyimide substrate, but on both substrates, the static power consumption of the TFTs is exceptional (<0.25 W at 5 V) [64].



Multi-walled carbon-nanotubes printed on paper with different pore sizes have been demonstrated by Muhlbauer et al. [61] to have a wide range of electrical properties, especially in response to ac inputs. The effect of different number of deposition layers was also explored, and it was concluded that four layers provided a uniform, consistent, and interconnected network of nanotubes. Depositions on papers with smaller pores were found to have a lower impedance, attributed to higher material retention during filtration. This is reflected in Figure 10, which shows a much lower impedance magnitude for MWCNTs deposited on 410 and 413 filter papers than on 415 and 417 papers. The study demonstrated that samples produced by drying carbon nanotubes all displayed an RL equivalent network in series with another resistor as part of an RC segment. This interesting behavior of high-frequency inductive behavior was attributed to the wrapping of the nanotubes around pores in the paper substrate [61]. For vacuum-filtered carbon nanotubes deposited on paper, a constant-phase element parallel to resistor branch was observed to explain the region of the Nyquist plot that contains a negative imaginary part of the impedance. Vacuum-filtered depositions on paper were characterized to be more insulating in nature (i.e., resistive more than reactive) due to the large pore size and more inhomogeneous surface [61].




3.2.3. Other Properties


While mechanical and electrical properties of MWCNT thin films are of primary interest for general film applications, other material properties are also influenced by the fabrication technique. Optical transmittance is important for optoelectronic films and transparent films. Many investigations into the electrical properties of MWCNT thin films have also measured the optical transmittance, since a common application for thin films is as transparent conductors. It has been found that increasing the MWCNT concentration tends to decrease the transmittance because of the high absorbance and scattering of light by carbon nanotubes. Chen et al. found a decrease in the optical transmittance by more than 10% across the visible spectrum after compositing with nanotubes, but the transmittance could be improved ~5% by increasing the MWCNT/sorbitol/PEDOT:PSS reaction time from 2 h to 4 h, and by ~10% by increasing the reaction time to 6 h [78]. Ram et al. [79] discovered a more drastic decrease in transmittance with nanotube concentration in PVDF composites, down to 0% transmittance across the visible spectrum for 5.0 wt% MWCNT. For PET and PMMA composites, Kim et al. [81] found a gradually decreasing transmittance with increased nanotube concentration, in the range of 64% to 89% at 550 nm when increasing the MWCNT weight ratio from 1.0 wt% to 4.0 wt%. Staudinger et al. [83] observed lower transmittances ranging from 37% to 50% for 8 layers of 2 wt% MWCNTs spray coated on PVDF, 22% to 30% for 8 layers of 4 wt% MWCNTs on PC, and 6% to 10% for 8 layers of 3 wt% MWCNTs on PMMA. The differences were attributed to varying qualities of the MWCNT dispersions, since nanotube agglomerates in PMMA with sizes on the order of the wavelength of visible light can adversely affect the transmittance, in addition to differences in the surface roughness of the composites [83]. The optical transmittance of MWCNT thin films generally decreases as the electrical conductivity increases, which is reasonable since carbon nanotubes tend to absorb visible light but have higher electrical conductivity than the substrate [84,85,86]. Treatments of the device with alcohol spray [84] could simultaneously increase both the transmittance and electrical conductivity.



The thermal properties of carbon nanotube films have also been previously investigated. Hone et al. [87] measured the variation of thermal conductivity with temperature of a magnetically-aligned SWCNT film. At 300 K, the thermal conductivity was almost 220 W/m-K, which was much higher than a film with unaligned SWCNTs, with thermal conductivity of less than 50 W/m-K [87]. Yang et al. [88] investigated mechanical and thermal properties of MWCNT/epoxy composites and found a nearly linear variation of the thermal conductivity with nanotube volume fraction, up to 0.9 W/m-K for commercial MWCNTs and 1.3 W/m-K for TETA-treated MWCNTs. Pradhan et al. [89] synthesized MWCNTs with CVD on anodized aluminum oxide and removed the template with NaOH. The effective thermal conductivity of aligned MWCNTs was nearly an order of magnitude higher than randomly oriented MWCNTs and had a less significant temperature dependence.






4. Multiwall Carbon Nanotube Thin Films for Supercapacitor Applications


Carbon nanotubes are ideal for use in energy storage devices due to excellent conductivity that improves the power density; their one-dimensional geometry; mechanical strength that allows them to support the electrode and withstand stresses during electrochemical cycling; high specific surface area that increases the contact between electrode and electrolyte and promotes charge transfer; and low mass density [90]. Several reviews have discussed the use of carbon materials in supercapacitors and micro-supercapacitors [91]. Table 2 summarizes some of the previous publications that have investigated carbonaceous materials in supercapacitor electrodes, as well as properties obtained in our group with MWCNTs. Previous research efforts have used a wide variety of electrode fabrication techniques (e.g., pressing, lamination, and direct synthesis on the current collector), electrolyte systems (e.g., aqueous, organic), and substrates (both conducting and insulating), so direct comparison of the active material performance is difficult. Furthermore, few investigations have explored spin coating and inkjet printing techniques for fabricating electrodes because overall capacitance generally improves with increased loading of the active material and a limited interest in extremely lightweight energy storage. However, as shown in Figure 11, the specific capacitance is overall not heavily influenced by the electrode mass. Figure 11 also reveals that among different carbon materials, single-walled carbon nanotubes (SWCNTs) generally feature the highest specific capacitances, while MWCNTs have similar or slightly better performances compared to other carbon materials. However, the merit of using MWCNTs as supercapacitor electrode materials arises from their lower cost relative to single-walled nanotubes [92].



4.1. Electrochemical Double-Layer Capacitors


Electrochemical double-layer supercapacitors (ECDL) are energy storage devices that store electrical energy in the double-layer interface that forms between the solid electrode and electrolyte. As depicted in Figure 12, the Helmholtz layer is composed of the outer surface of the charged electrode and a layer of oppositely charged ions in the electrolyte solution electrostatically attracted to the electrode [101,102]. Depending on the concentration and size of the ions in solution and the surface area of the Helmholtz layer, the capacitance of the Helmholtz layers on both electrodes in the capacitor dominates the ECDL capacitance. The diffuse layer forms outside of the Helmholtz layer and consists of a concentration gradient of solvated electrolyte ions [103]. The concentration gradient of charge carriers results in a gradual potential gradient directed towards the electrode, which also contributes to the capacitance, although generally not as significantly as the Helmholtz capacitance.



An et al. [104] fabricated carbon nanotube thin film pellet capacitor electrodes by pressing CNTs synthesized by arc discharge with PVC binder in THF and subsequent high-temperature heat treatment. They achieved a high specific capacitance of 180 F/g, high energy density of 6.5 Wh/kg, and low equivalent series resistance (ESR) of 105 mΩ using a polished Ni foam current collector. Li et al. [105] also treated carbon nanotubes with sulfuric and nitric acid, resulting in high specific surface area of 279 m2/g and specific capacitance of 56.5 F/g. Chen et al. [106] grew carbon nanotubes directly on graphite foil substrate, followed by acid treatment. The nanotubes were found to be densely packed on the surface of the graphite. Highly rectangular CV curves are obtained, and a specific capacitance of 147 F/g was achieved at a scan rate of 25 mV/s, affirming the excellent capacitive properties of carbon nanotubes. Adding even a very small weight percentage (0.15 wt%) of MWCNTs to activated carbon (AC) electrode resulted in a significant decrease in supercapacitor impedance and increased the specific capacitance [107]. The improved electrochemical performance was explained by the ability of a small amount of MWCNTs to reduce the size of macropores and prevent the blocking of micropores in AC after the binder is added in the slurry-based electrode fabrication process. The increased micropore volume facilitates charge transfer.




4.2. Compositing Carbon Nanotubes with Conducting Polymer and Metal Oxides


Although carbon nanotubes alone have shown exceptional performance as electrical double-layer capacitor electrodes, capacitances and specific energies can be further increased by introducing conducting polymers or metal oxides on the nanotubes. This resulted in the so-called pseudocapacitance effect, wherein ions in the electrolyte de-solve and adsorb onto the electrode via Faradaic charge transfer [108]. For example, Frackowiak et al. [101] deposited polypyrrole (PPy), a conducting polymer, onto nanotubes to increase the specific capacitance from 80 F/g to 170 F/g, with a clear two-step charging mechanism. The potentiostat scans of the supercapacitors are shown in Figure 13, which shows much higher currents for the composite electrode. In addition to increasing the capacitance, the compositing of polypyrrole increased the operable voltage range for the charge and discharge, which is important for practical applications of the supercapacitor [109]. Kong et al. [110] synthesized MWNT/PANI composite via an in-situ chemical oxidation polymerization technique. The composite electrodes had a specific capacitance of 224 F/g. Other groups [111,112,113] have investigated the performance of carbon nanotube-metal oxide composites and have found that the addition of metal oxides to carbon nanotubes improves the specific capacitance, specific energy, and stability of the electrochemical capacitor. Teresawa, et al. [114] found that compositing MWCNT capacitor electrodes with RuO2 using a solution evaporation fabrication process increased the capacitance beyond that of SWCNT electrodes due to the pseudocapacitive redox reactions between the electrolyte ions and the mesoporous texture of the MWCNTs. The enhanced capacitance allowed the electrode to support higher mechanical strains and stresses [115].




4.3. Other Improvements to the Carbon Capacitor Electrode


While compositing nanotubes with conducting polymer increases the capacitance through the pseudocapacitive effect, it has the side effect of increasing the resistance of the electrode and thus decreasing the power density of the capacitor [115]. To avoid this, one method previously explored in the literature is the purposeful functionalization of surface groups on nanotubes, such as carboxyl (–COOH), hydroxyl (–OH), and carbonyl (=C=O:) groups [116]. Functionalization is conducted through treatment with a mixture of sulfuric acid and nitric acid [117] and is typically performed at elevated temperatures. For instance, Du, Yeh, and Pan [116] produced MWCNT electrodes by electrophoretic deposition (EPD), and the functionalized groups not only improved the capacitance but also increased the uniformity of the EPD suspension by increasing the mutual repulsion of nanotubes in dispersion. Ma et al. [118] found that functionalizing the electrode with sulfuric and nitric acid removed impurities, and more importantly increased the pore size, allowing better penetration of the electrolyte. Yun et al. [118] fabricated monolayer graphene/MWCNT electrodes via spray coating and functionalization with significantly increased surface area (~160 times) and lowered internal resistance compared to unmodified monolayer graphene electrodes. As shown in Figure 14, monolayer graphene/functionalized MWCNT electrodes exhibited much higher specific capacitance and energy and power densities than monolayer graphene electrodes.



A distinct process from functionalization that can be used to introduce pseudocapacitive redox reactions on MWCNT electrodes is ammoxidation in ammonia and air [92]. While functionalization alters the physical structure of nanotubes by breaking the walls and introducing mesopores to improve the specific surface, ammoxidation was observed to preserve the structure of nanotubes but modify the chemical composition of nanotubes [92], which allows for pseudo-faradaic charge transfer like the type that occurs in conducting polymer and metal oxide compounds. In another investigation, Geng et al. [119] observed that ammoxidation decreases the surface area and may not be as effective as functionalization and pretreatment by ball milling for the improvement of capacitance.



Table 2 below reviews carbon-based double-layer supercapacitors from the literature. The most common deposition processes for electrodes are pressing and lamination, but less conventional methods such as dip coating, direct growth on the substrate, and evaporation have also been explored. Depending on the deposition method, various amounts of active material are incorporated into the electrode. As discussed previously and shown in Figure 11, though the specific capacitance varies by several orders of magnitude across studies from ~1 F/g to ~200 F/g, it is not significantly affected by the mass of the electrode but does vary significantly with the material composition and electrolyte. Although the thickness of the electrode is not commonly reported by the literature, this suggests that the specific capacitance does not depend heavily on electrode thickness. Other design considerations, such as the choice of the substrate, additives, and electrolyte, in addition to post-processing treatments, should have a greater impact on device performance. Additives such as conducting polymers allow for charge storage through adsorbed ions and can significantly increase the specific capacitance. The substrate choice is also important, as it affects the impedance of the overall electrode. The electrolyte determines the ionic conductivity and stability of the supercapacitor.




4.4. Spin-Coated and Inkjet-Printed MWCNT Capacitor Electrodes


To further investigate their conductivity and performance in electrochemical devices, multiwall carbon nanotubes were dispersed in aqueous solvent with a surfactant. The dispersion was spin-coated and inkjet-printed onto commercial photo paper substrate. While these techniques have not been extensively used for supercapacitor electrode fabrication in previous investigations, they offer alternative methods for low-cost fabrication of miniature charge storage devices.



4.4.1. Experimental


Materials


Multiwall carbon nanotubes (Cheaptubes, purity >95%) synthesized by combustion CVD and purified using acid treatments were used without further modification. Deionized (DI) water (Thermo Scientific purifier) was used as solvent. Sodium dodecylbenzene sulfonate (SDBS) and sodium chloride (NaCl) were used as surfactant and electrolyte salt, respectively. The substrate is inkjet-compatible Epson glossy photo paper with a thickness of 230 μm (9 mil) and sheet density of 183 g/m2. Photo paper was cut into desired sizes, treated with UV–ozone before deposition to eliminate contaminants, activate polymers on the surface [120], and improve the hydrophilicity of the paper, which is essential for depositing a water-based ink [121]. Filter paper (410, VWR) with particle retention of 1 μm was used as the separator material for capacitive devices.




Multiwall Nanotube Ink Dispersion Preparation


Nanotube ink was prepared using a formulation described previously [122]. A mixture of 1 mg/mL MWCNTs added to DI water is ultrasonicated for 20 min. Sodium dodecyl benzenesulfonate (SDBS) is added to the suspension at a concentration of 5 mg/mL to disperse the nanotubes by reducing aggregation caused by the van der Waals interactions between adjacent nanotubes [123]. The resulting dispersion is magnetically stirred for 12 h, after which the inks appeared visually uniform.




Spin Coating


MWCNT dispersion was spin coated (CEE/Brewer Science 100) onto photo paper substrate (1.5 cm × 4 cm) at a rotational speed of 6000 RPM. 25 μL of the MWCNT dispersion was pipetted onto the substrate after accelerating to the steady-state speed. After deposition, the substrate was spun for 30 s to promote evaporation of the solvent. Additional layers were casted immediately on top of previous layers. The final depositions were dried in atmospheric conditions for 24 h before electrical measurements and further processing.




Inkjet Printing


MWCNT dispersion was inkjet-printed (Microfab Jetlab II, nozzle orifice diameter 50 μm) onto photo paper substrate. A 5 cm (2 in.) square of photo paper was placed flat on an unheated platen. To prevent flocculation of the nozzle, the ink was filtered using a 5 μm nylon Luer-lock syringe filter, which removed all visible nanotube agglomerates from the ink. The supernatant ink was subsequently loaded into an inkjet vial. Steady drop formation and ejection velocity of ~2.5 m/s was achieved using a dwell voltage of 50 V, dwell time of 30 μs, and no echo pulse. Uniform rectangular grid patterns with an inter-droplet spacing of 50 μm were printed using on-the-fly deposition technique, which consists of simultaneously ejecting droplets and continuously moving the platen. Additional layers are printed immediately on top of previous layers. The final depositions are let to rest in atmospheric conditions for 24 h before electrical measurements and further processing.




Device Fabrication


Capacitive devices were constructed from as-deposited MWCNT inks on photo paper substrate. Because photo paper is non-conducting—the AC impedance at 0.1 Hz was measured to be ~1011 Ω—the active nanotube material was used as the current collector. Two identical rectangular electrodes (1.5 cm × 3 cm) were either spin-coated or inkjet-printed. The electrodes were overlapped with an area of 1.5 cm × 2 cm, leaving 1.5 cm × 1 cm of active material exposed at either end for interfacing with electrochemical characterization devices. A small sheet of 410 filter paper (separator) was spin coated on both sides with a total of 60 μL of NaCl: DI water electrolyte solution. The wetted filter paper was inserted between the electrodes, and the paper stack was clamped using alligator contact clips to avoid evaporation of electrolyte.




Material and Sample Characterization


The diameter distribution of the multiwall nanotube starting material was estimated using transmission electron microscopy (TEM) and the ImageJ image processing software. Due to the limited number of discernable nanotubes from TEM, which results from the clustering and transparency of the nanotubes, statistical bootstrapping was used to approximate the diameter distribution of the nanotube population used in the study.



Deposited MWCNT films were observed using optical microscopy (Pentaview). Electrical properties of the films were measured using four-point probe (Keithley 6221 DC current source with Keithley 2182-A nanovoltmeter) operated in the delta mode and impedance spectroscopy (Solartron 1260 frequency response analyzer with Solartron 1296 dielectric interface) with AC impedance magnitude of 100 mV and frequency range from MHz to 10 mHz. Electrochemical characterization of the capacitor device was performed with a Gamry IFC5000 potentiostat operated at a scan rate of 100 mV/s and a potential window of −0.5 V to 1.0 V.




Computational Simulation of Thin Films


The electric currents (ec) physics interface of COMSOL Multiphysics 5.6 was used to simulate the electrical resistance of MWCNT thin films with different layer counts assuming isotropic metallic conduction. The thin film was simulated as a thin cylindrical disk with diameter of df = 0.692 cm, which roughly corresponds to the area of spin-coated and inkjet-printed films in the experimental study. The thickness was approximated to be proportional to the number of layers at a per-layer thickness of tl = 2.5 × 10−8 m, based on a previous report of an inkjet-printed MWCNT film [124]. The governing system of equations is shown in Equations (1)–(3).
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where J is the current density, Je is the external current density, E is the electric field, and V is the electric potential. The conductivity of the film material is specified as σ = 143 S/m, reported previously as the bulk conductivity of MWCNTs synthesized via CVD for 12 h [125].



Four point-terminals are defined along the x-axis diameter on the top surface of the model with spacing of s = 0.155 cm, the inter-probe spacing on the 4-point probe used in experimental measurements. Viewed from the top, the left outer terminal (Terminal 1) is a current source I0 (set to 100 μA and 1 μA), and the right outer terminal (Terminal 4) is a grounded boundary (V0 = 0 V). The remaining terminals (Terminals 2 and 3) are for sense measurements. All other boundaries are insulating.





4.4.2. Results and Discussion


Material Structure and Deposition Morphology


The TEM images of the MWCNT material (Figure 15) show randomly oriented nanotubes with variation in both inner and outer tube diameters. To determine the mean outer diameters of the MWCNTs, several measurements were made along nanotubes in the micrograph using the ImageJ image processing software. The mean diameter of the nanotubes is 15.5 nm, with a standard deviation of ~4 nm. This is comparable to the MWCNT dimensions reported in previous investigations of electrical properties [126,127]. The random orientation and curling of the nanotubes are desirable for creating dispersions; however, agglomeration of the nanotubes, as seen in the leftmost region of Figure 15, are undesirable for inkjet printing due to the possibility of clogging the nozzle [128]. This justifies use of surfactants to disassemble agglomerates and uniformly disperse the active material [123,129,130].



It is important to note that due to the low viscosity of the MWCNT ink, some of the deposited ink was centrifuged away from the substrate during the deposition of each layer by spin-coating. As a result, the active material loading deposited on the substrate is less than the nominal amount contained in the dispersion. Nonetheless, the depositions appear uniform across the surface of the substrate. Individual film layers dry quickly, allowing for layers to be deposited continuously.



Figure 16 shows optical microscope images of MWCNT thin films with various numbers of layers produced by spin-coating. Even though nanotubes can be observed to cover the substrate area at each layer count, there are several particulates on each sample that suggest agglomeration still exists to some degree in the ink dispersion, despite the use of surfactant. These regions become more prevalent as the number of layers is increased, which supports the assumption that layers are deposited independently of one another on the existing surface. Agglomerates are proposed to contribute to electrical conductivity of the spin-coated samples, since connected regions can form conductive paths. In addition to the agglomerates, the dispersion can also be observed to wet the paper, as indicated by the grey regions behind the agglomerates. The degree of wetting increases with higher layer counts. However, the presence of non-wetted, lighter regions on the substrate indicate that the spin-coated films are mostly non-homogeneous.



Due to the nature of inkjet printing, which deposits a small volume of ink at each location, no active material was lost during the deposition process. As in spin-coating, the short drying time of the dispersion compared to the layer deposition time allowed layers of MWCNT to be printed continuously. Figure 17 shows optical images of the inkjet-printed films with various number of layers. Unlike the spin-coated films, the inkjet-printed films show no visible agglomerates, even at high layer counts. This is because inks for inkjet-printing were filtered before printing to prevent flocculation and subsequent clogging of the nozzle. Despite the lack of agglomerates, the optical images of the highly uniform films produced by inkjet printing confirm that the ink has absorbed into the substrate, which contributes to the electrical conductivity of the films.



The inkjet printing technique used in this study, known as on-the-fly, continuously deposits ink while moving the platen. Another technique, known as drop-on-demand, halts the platen at every print location and ejects a single droplet of ink before moving to the next position. Drop-on-demand is not investigated in the present study because of the associated long printing times, which may not be scalable for practical applications.




DC Electrical Characterization and Simulation of MWCNT Films


Figure 18 shows the sheet resistances of spin-coated and inkjet-printed films as measured by dc 4-point probe. Film resistance is strongly dependent on the number of layers, which correlates with the total amount of conductive material deposited onto the photo paper. As the number of layers increases, the sheet resistance falls rapidly, indicating the formation of conductive pathways. With 20 layers of spin coating, a sheet resistance of 1.64 kΩ/□ is achieved. With 20 overwritings of inkjet printing, the sheet resistance of 2.69 kΩ/□ is slightly more than one order of magnitude larger than that of the analogous spin-coated sample. The higher sheet resistance is attributed to the increased uniformity and lack of agglomerates, which are proposed to increase the conductivity in spin coated films. Increasing the number of overwritings of inkjet printing, a minimum sheet resistance of 166 Ω/□ is achieved. These resistances are comparable to sheet resistances obtained through spin coating and vacuum filtration on several filter papers (~1 kΩ for 20 layers) [131].



Potential distributions and normalized electric field lines within the simulated MWCNT films with 10, 40, and 100 layers are shown in Figure 19. As expected, the profiles are symmetric about the x-axis diameter, and the potential along the y-axis diameter is halfway between the potentials at the working terminals. The effect of the finite sample size is clearly indicated by the electric field lines, which are nearly tangent to the circular sample boundary at radial positions near the edge of the sample. It is important to note that the similarity between the color distributions in the three cases suggests a linear current-voltage response at the terminals, which is necessary for the characterization of sheet resistance with 4-point probe. This agrees with the linearity of the governing equations and boundary conditions. Even though the potential can be quite high (on the order of ~5 V) in some areas of the low-layer count models when excited with 100 μA, which are not encountered in experimental 4-point probe measurements, the calculated film resistances are independent of the input current. Simulating the system with a reduced current of 1 μA results in reduced but nonetheless dimensionally similar potential distributions, as discussed further below.



Figure 20 shows the potentials along the diameter of the simulated film at a depth of half of the film thickness for films with 20, 40, 60, 80, and 100 layers when the input current was set to 1 μA. The boundaries of the plot represent the edges of the film. The working (1, 4) and sense (2, 3) terminals are labeled. The potential difference between the sense terminals is used to compute the sheet resistance of the simulated film, which were plotted alongside the experimental measurements in Figure 18. Because the resistivity of the film material is held constant, the simulated sheet resistance is inversely proportional to the thickness. Furthermore, because the thickness in the simulation is proportional to the number of layers, the sheet resistance is also inversely proportional to the layer count. This contrasts with the inverse-square relationship between sheet resistance and layer count for spin-coated and in inkjet-printed films. If the thicknesses of MWCNT films scale linearly with layer counts, which is applicable if layers adsorb independently and identically to the existing surface, then the resistivity of the material varies inversely with the layer count. Such a behavior is comparable to the variation of resistivity with thickness reported for thin films of metallic conductors [132,133]. However, the thicknesses of deposited films are not expected to scale exactly linearly with the number of layers because of the relatively low active material loading in the ink and a correspondingly low surface layer density of nanotubes. The reduced sheet resistance likely arises from an increased number of interlayer conductive pathways formed on the substrate. Film thicknesses will be measured in future work and will help elucidate the resistive and nature of charge-transfer in MWCNT thin films.




AC Characterization of MWCNT Films


Impedance spectroscopy data for the spin-coated and inkjet-printed MWCNT films (Figure 21) show that all films exhibit purely resistive behavior at low frequencies, which is indicated by a constant impedance magnitude and a phase angle of nearly 0, and a transition to a capacitive reactance beyond the corner frequency. The capacitive reactance is indicated by (1) the magnitude decreasing by one order of magnitude for each decade in frequency and (2) the phase angle approaching −90 degrees. Near the corner frequency, the impedance angles for all films become positive. This indicates that some inductive charge transfer effects are occurring within the film, which can likely be attributed to the tubular nanostructure of MWCNTs, resulting in coiled conductive pathways [59].



For both spin coating and inkjet printing, films with only one layer of deposition appeared to have insulating behavior. This is evidenced by the high impedance magnitude at 0.1 Hz (which approximates DC conditions) low corner frequency, and predominantly capacitive behavior across all measured frequencies. Films with only one layer do not contain enough conducting pathways to provide acceptable conductivity. Increasing the number of layers—depositions in the case of spin coating or number of overwritings in the case of inkjet printing—introduces additional conducting pathways via the random positioning and alignment of nanotubes across different layers throughout the film. When the number of layers becomes large, critical conductive networks have already been formed, but the film impedance continues to decrease because of the formation of additional conductive paths. The effect diminishes with increasing layers, which agrees well with the general theory of percolation. For a spin-coated film with 20 layers, the impedance at DC approaches 1.2 × 104 Ω. For an inkjet-printed film with 40 layers, the impedance at DC approaches 3.5 × 104 Ω. The spin-coated films exhibit lower impedances for the same number of layers compared to the inkjet-printed films, which agrees with the trends observed for the DC sheet resistances. This is because, the amount of material deposited for spin coating is significantly larger compared to inkjet printing. Furthermore, as discussed previously, agglomerates in spin-coated films are absent in inkjet-printed films, and agglomerates may contribute to enhanced in-plane conductivity.




Electrochemical Capacitor


To demonstrate one application of inkjet-printed MWCNT thin films, a simple capacitive device was fabricated using only two inkjet-printed electrodes and an electrolyte-soaked separator. A schematic and picture of the device are shown in Figure 22. Unlike typical capacitor electrodes with rigid metallic current collectors, the active material in the present work is deposited on photopaper, allowing for flexible operation. The active area with liquid electrolyte is clamped but not thoroughly sealed, as shown in Figure 22, and measurements are performed immediately after the device is constructed.



The cyclic voltammogram for the device obtained with only 10 inkjet-printed layers is shown in Figure 23. Compared to previous works utilizing carbon nanotubes as active material (Table 2), the devices fabricated in the present work utilize far less weight of active material due to the lower active material concentration in dispersion, the use of thin film deposition techniques, and low layer counts. For the 10-layer electrode used here, the active mass of each electrode is 1.6 × 10−5 g, compared to typical masses on the order of several milligrams for previous works shown in Table 2. Additionally, no additives are used in the synthesis of the electrode film, other than the SDBS surfactant during ink preparation. Due to low material utilization and high resistivity of electrical contacts, the specific capacitances obtained for the device (0.22 F/g) are significantly lower than electrodes fabricated using conventional techniques, such as pressing and lamination. The high resistance of the device is indicated by the sloped profile of the CV curve, which contrasts with the box-shaped profiles typical of electric double-layer supercapacitors [134]. Nonetheless, the device demonstrates the application of conducting films in flexible charge storage. To enhance the electrochemical performance of inkjet-printed thin film devices, the contact between the active material and electrolyte can be improved, and substrates with improved electrical conductivity and external electrode contacts will be investigated in the future.







5. Summary and Outlook


In this review, the major synthesis techniques for generating MWCNTs and depositing MWCNT thin films were discussed. Due to their unique geometry and mechanical and electrical properties, multiwall carbon nanotubes exhibit excellent performance when used as active components in electrochemical energy storage. Spin coating and inkjet printing were investigated as techniques for MWCNT supercapacitor electrode fabrication. Electrical measurements revealed that nanotube films were conductive, and that the film conductivity increases with increasing material loading. Multiwall nanotube thin films were used as electrodes in symmetric double-layer flexible capacitors. The thin film electrodes exhibited acceptable charge storage, achieving similar performance as electrodes formed from other fabrication techniques, such as pressing and casting, which utilize a much higher amount of active material as well as additives. This suggests that spin coating and inkjet printing are viable techniques for producing high-performance flexible capacitors for small-scale energy storage. To further improve the performance of carbon nanotubes in electrochemical capacitors, different electrolyte systems with higher working potential ranges, as well as different substrate materials and device configurations, will be further investigated in the future. The quality of the ink dispersion, which greatly influences the quality of deposited films, can be improved by using different surfactants and mixing techniques. Fine control over thin film properties enabled by low-volume deposition techniques will become increasingly important as devices are diversified and miniaturized.
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Figure 1. Schematic of arc discharge synthesis of MWCNTs [15]. Reproduced with permission from Elsevier. 
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Figure 2. Illustration of the typical basis (vectors a1 and a2) and the chiral vectors of zigzag, armchair, and general chiral single-walled nanotubes on a sheet of graphene. 
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Figure 3. (A) Loading configuration and (B) stress–strain curves for four individual MWCNTs showing high tensile moduli and strengths [24]. Used with permission from The American Association for the Advancement of Science. 
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Figure 4. Relationship between tensile strength and nanotube geometry, showing the dependence of strength on the chiral angle and diameter [28]. Used with permission from Springer Nature. 
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Figure 5. Schematic of the substrate transfer technique of MWCNT film synthesis [33]. Starting substrate sputtered with Fe and Al2Ox (a). MWCNTs synthesized on the starting substrate with CVD (b). Final substrate aligned and pressed against grown MWCNTs (c). Final CNT film on target substrate (d). Used with permission from Hindawi. 
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Figure 6. Stress–strain curve of an MWCNT film obtained by the digital speckle correlation method [73]. Used with permission from Elsevier. 
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Figure 7. Elastic moduli as a function of unfunctionalized and functionalized MWCNT loading in polypropylene composites: (a) iPP/MWCNT, (b) iPP/C11–MWCNT, (c) sPP/MWCNT, and (d) sPP/C11–MWCNT [75]. Reprinted with permission from A.A. Koval’chuk, V.G. Shevchenko, A.N. Shchegolkhin, P.M. Nedorezova, A.N. Klyamkina, A.M. Aladyshev, Effect of Carbon Nanotube Functionalization on the Structural and Mechanical Properties of Polypropylene/MWCNT Composites, Macromolecules 2008, 41, 7536–7542. Copyright 2008 American Chemical Society. 
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Figure 8. Inkjet-printed carbon nanotube thin-film transistor characteristics [62]. Figure (a) shows the output characteristics of the print with higher areal coverage, while figure (b) shows the output characteristics of the print with lower coverage. Figures (c,d) show the transfer characteristics of the prints and the on-off ratio dependence on coverage, respectively. Used with permission from John Wiley and Sons. 
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Figure 9. Five-stage ring oscillator network built with inkjet-printed CNT thin-film transistors with a drain voltage of 2.5 V [64]. (a) image of device (b) equivalent circuit (c) Voltage profile for devices built on SiO2 and polyimide. Reprinted with permission from B. Kim, S. Jang, M.L. Geier, P.L. Prabhumirashi, M.C. Hersam, A. Dodabalapur, High-Speed, Inkjet-Printed Carbon Nanotube/Zinc Tin Oxide Hybrid Complementary Ring Oscillators, Nano Letters 14 (6), 2014, 3683–3687. Copyright 2014 American Chemical Society. 
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Figure 10. Nyquist plots for frequency response of multi-walled carbon nanotubes deposited on 410 and 413 (inset), and 415 and 417 filter papers [61]. Used with permission from Springer Nature. 
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Figure 11. Relationship between specific capacitance and the mass of active material per electrode (either directly measured or estimated based on other measurements) from previous investigations of carbon-based supercapacitor electrodes. Data taken from references: [50,71,93,94,95,96,97,98,99,100]. 
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Figure 12. Helmholtz layer comprising the inner and outer Helmholtz surfacers and diffuse layer developed on the interface between the electrolyte and a charged electrode [102]. Used with permission from Elsevier. 
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Figure 13. Potentiostats of MWCNT electrodes without (a) and with (b) polypyrrole (Ppy) in 1 M H2SO4 electrolyte [109]. Reprinted with permission from Elsevier. 
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Figure 14. Electrochemical performance of supercapacitors with MWCNT and monolayer graphene composite electrodes in all-solid-state supercapacitors (PVA-H3PO4 gel electrolyte) [118]. Cyclic voltammetry is shown in (a). The variation of area-specific capacitance with scan rate is shown in (b). Impedance spectra are shown in (c). Specific energy and specific power are plotted in (d). Used with permission from Elsevier. 
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Figure 15. Transmission electron microscope images of multiwall nanotubes used to make electrodes. Inset shows the CNT diameter distribution as determined by statistical bootstrapping from the nanotubes in the images. 
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Figure 16. Optical microscope images of spin-coated MWCNT films on photo paper with varying layer counts (1–20 as labeled in each panel), showing visible agglomerates. 
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Figure 17. Optical microscope images of inkjet-printed MWCNT films on photo paper at 50 μm drop spacing and varying layer counts (1–40 as labeled in each panel), showing both center and edge regions of films. 
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Figure 18. DC four-point probe measurements of sheet resistance for spin-coated and inkjet-printed MWCNT thin films, and the simulated sheet resistance. 
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Figure 19. Potential and electric field color plots of simulated thin films. 
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Figure 20. Electric potentials along the half-thickness of the simulated film. Terminal 1 is the current input. Terminal 4 is grounded. Terminals 2 and 3 are the sense terminals. 
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Figure 21. Electrical impedance spectroscopy for spin-coated samples (magnitude in (a) and phase in (b)) and inkjet-printed samples (magnitude in (c) and phase in (d)). 
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Figure 22. Photo and schematic of the capacitive device connected to the electrochemical measurement workstation. Thicknesses of layers in the schematic inset are exaggerated for visibility. 
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Figure 23. Cyclic voltammetry of the capacitive device built with inkjet-printed MWCNTs. 
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Table 1. Schematics and applications of thin-film fabrication techniques for MWCNT dispersions and slurries.
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	Fabrication Technique
	Description
	Schematic
	Applications





	Dip coating
	Substrate extracted from dispersion

Thin film formed by evaporation and gravitational draining
	 [image: Carbon 07 00070 i001]
	Chemical sensing [43,44]

Corrosion resistance [45]

Biomedical [46]

Supercapacitors [47,48]



	Drop casting/Drying
	Dispersion droplet placed on substrate

Droplet optionally moved across substrate

Evaporation removes solvent
	 [image: Carbon 07 00070 i002]
	Chemical sensing [49]

Supercapacitors [50,51]

Electrically conductive films [52]

Gas separation [53]

Photovoltaics [54]



	Spin coating
	Dispersion dropped onto rotating substrate

Shearing force from rotation spreads dispersion over surface

Evaporation removes solvent
	 [image: Carbon 07 00070 i003]
	Transparent films

Photovoltaics [55,56]

Electromagnetic shielding [57]



	Inkjet printing
	Electrical potential applied across piezoelectric nozzle, ejecting droplets on substrate

Evaporation removes solvent
	 [image: Carbon 07 00070 i004]
	Electrically conductive films [58,59,60,61]

Transistor devices [62,63,64,65]



	Screen printing
	Ink squeezed through open areas of a screen

Ink is deposited on substrate

Evaporation removes solvent
	 [image: Carbon 07 00070 i005]
	Piezoresistive pressure sensors [66,67,68]

Bio sensing [69,70]

Chemical sensing [43]

Photovoltaics [55]



	Meyer rod coating
	Slurry is cast behind threaded rod

Rod is translated without rotation over substrate
	 [image: Carbon 07 00070 i006]
	Supercapacitors [71,72]



	Doctor blading
	Slurry is cast in front of blade or in a reservoir

Doctor blade is drawn over substrate

Thickness of film is related to distance between blade and carrier
	 [image: Carbon 07 00070 i007]
	Supercapacitors
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Table 2. Summary of previous investigations of carbon material-based electric double-layer supercapacitors.
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	Active Material
	Additives
	Deposition Process
	Active Material Details
	Substrate Material/Surface Treatments
	Post-Proessing
	Electrolyte
	Specific Capacitance [F/g]
	Ref.





	MWCNT
	SDBS (surf.)
	Spin coating/Inkjet printing
	Spin coating:

400 μg (25 μg/layer, 8 layers)

Inkjet printing:

60 μg (6.0 μg/layer, 10 layers)
	Photo paper/UV ozone
	N/A
	1 M NaCl in H2O
	0.02
	Current Work



	MWCNT (acet. decomp.)
	PVDF (bind.); acetylene black (cond.)
	Pressing
	3.4–8.5 mg (85 wt% MWCNT, 4–10 mg total electrode mass)
	Stainless steel
	N/A
	6 M KOH
	4–135
	[93]



	MWCNT (CCVD)
	PTFE (bind.); carbon black (cond.)
	Lamination
	51 mg (85 wt% active material, 15 mg/cm2, 4 cm2)
	Aluminum/polyurethane paint (cond.)
	N/A
	1.5 M NEt4BF4 in acetonitrile
	18
	[71]



	MWCNT
	PVDF (bind.); acetylene black (cond.)

Activation with KOH
	Pressing
	1.7–17 mg (85 wt% active material, 2–20 mg total)
	Gold
	N/A
	1 M H2SO4
	90
	[94]



	MWCNT
	Mg(NO3)2 (EPD electrolyte)
	Electrophoretic deposition
	0.8 cm × 0.8 cm (electrode area)
	Nickel foil
	Ar/H2 gas treatment
	6 N KOH
	21
	[135]



	MWCNT
	N/A
	Colloid deposition and evaporation
	2.67 mg (26.7 mg/mL, 0.1 mL)
	Nickel foil
	Drying at room temperature
	6 M KOH
	20
	[50]



	MWCNT
	Nitric acid treatment
	Drying
	25 μm (thickness), 800 mg/mL (MWCNT density)
	N/A
	Drying; thermally cross-linking
	38 wt% H2SO4
	102
	[51]



	MWCNT
	Phenolic resin (PF) (bind.), nitric acid treatment
	Molding
	1 g/cm3 (bulk density)
	Graphite
	Carbonization; Immersion in sulfuric/nitric acid
	38 wt% H2SO4
	15–25
	[109]



	MWCNT (aligned)
	PPy (polymerization on MWCNTs)
	Direct growth via pyrolysis of toluene and ferrocene
	100 μm (aligned MWCNT length); 0.16 cm2 (electrode area)
	Gold-coated Mylar
	N/A
	0.5 M KCl
	2.55 [F/cm2]
	[136]



	MWCNT/PPy
	PPy (polymerization on MWCNTs)
	Direct growth with Ni catalyst
	8–10 μm (aligned MWCNT length)
	Titanium
	Soaking in distilled water; bubbling in nitrogen (eliminate oxygen)
	0.1 M LiClO4
	N/A
	[137]



	MWCNT (in-plane aligned)/PPy
	PPy (polymerization on MWCNTs)
	MWCNT solution as polymerization
	0.2–2.5 μm (MWCNT length); 60 wt% MWCNTs
	Graphite
	N/A
	0.5 M KCl
	192
	[138]



	SWCNT
	Sulfuric acid/nitric acid treatment
	Dip coating
	61.2 mg (by weighing)
	Non-woven cotton paper
	Drying at room temperature
	PVA/phosphoric acid (solid)
	116
	[95]



	SWCNT
	SDBS (surf.)
	Inkjet printing
	300 μg (0.3 mg/cm2, 1 cm2)
	Newspaper; Kodak photo paper/PVDF coating
	N/A
	1 M LiPF6 in EC: DEC
	3–33
	[96]



	SWCNT
	PVDC (bind.); THF (solv.)
	Pressing
	150 μm (thickness of pellet), 750 mg/mL (SWCNT density)
	Nickel foil/foam; Polishing
	N/A
	38 wt% H2SO4
	180
	[96]



	SWCNT
	SDS (surf.)
	Suspension deposition and evaporation
	141 ng (by QCM)
	Platinum
	Heating in oven
	0.1 M TBAPF6
	283
	[97]



	SWCNT
	N/A
	Dip coating
	0.85 mg/cm2
	NTP
	N/A
	3 M NaCl
	37.3
	[139]



	SWCNT/PPy
	PPy(polymerization on SWCNTs), PTFE (bind.), super P (cond.)
	Pressing
	250 μm (electrode thickness)
	Nickel foam
	Vacuum drying
	7.5 M KOH
	265
	[140]



	Activated Carbon (AC)/MWNT
	PVDA or PVA (bind.)
	Film application
	120 μm (thickness of AC/MWNT)
	Aluminum foil
	N/A
	1 M TEABF4
	120
	[72]



	Nanostructured Carbon
	N/A
	Cluster beam deposition
	3.17 mg (1 g/cm3 density, 6 cm × 6 cm × 0.8 μm)
	Aluminum
	N/A
	Quartenary ammonium salt in PC
	75
	[98]



	Graphene
	N/A
	Inkjet printing
	890 μg (8.9 μg/layer, 100 layers)
	Titanium foil
	Reduction of GO in flowing N2
	1 M H2SO4
	48–132
	[99]



	Graphene/MWNT
	Functionalized with nitric/sulfuric acid
	Spray coating of MWCNTs onto CVD-grown graphene
	500 nm (thickness of MWNT film)
	Polyethylene terephthalate (PET)
	N/A
	PVA-H3PO4 (gel)
	2.54 [mF/cm2]
	[110]



	Graphene/MWNT foam
	Activation with KOH
	Foam grown via one-step ambient pressure CVD
	
	Nickel foam
	Cooling to room temperature
	6 M KOH
	286
	[141]



	Graphene/PANI
	SDBS (surf.)
	Inkjet printing
	1.62 mg (800 × 800 array, 13 μm separation, 1.5 mg/cm2)

5 layers
	Quartz; carbon fabric
	N/A
	1 M H2SO4
	82
	[100]
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