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Abstract

The purpose of this work was the fabrication of a conductive carbon nanotube (CNT) ink.
The proposed CNT ink remained remarkably stable over several months. The method
includes combining the covalent and non-covalent functionalization, resulting in ink that
exhibits excellent storage stability. The covalent functionalization was performed in the
acid medium using H;SO4 and HNOs, while the non-covalent functionalization used sodium
dodecyl sulfate (SDS) and ultrasonication. The materials were characterized by Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), electro-
chemical impedance spectroscopy (EIS), and cyclic voltammetry (CV). FTIR and SEM
confirmed that at the non-covalent functionalization, SDS was successfully adsorbed on
the f-CNT surface, while at the covalent functionalization, the functional groups (-COOH,
C=0 and -OH) were inserted into the CNT surface. Voltammetry and EIS indicated that SDS
in the presence of functional groups facilitates electron transfer by improved electrical
conductivity. The final product was a well-dispersed CNT ink with an average ohmic
resistance of 18.62 kQ. This indicates that CNT ink can be used in the fabrication of
electrochemical sensors.
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Introduction

The carbon nanotube (CNT) was first discovered by lijima in 1991 [1]. He was studying the
synthesis of fullerenes using the arc discharge technique when a “new type of finite carbon structure
consisting of needle-like tubes” was discovered. CNTs are good conductors of electricity, so they can
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be used to fabricate conductive inks. However, it is very hard to prepare good dispersions with CNTs,
because CNTs tend to agglomerate uncontrollably and are usually found in the form of bundles due
to van der Waals attractions. Weak dispersibility and insolubility of CNTs in solvents can limit their
application [1-3].

In order to obtain homogeneous dispersions, several alternatives are being used to disperse
CNTs, including mechanical and chemical methods. There are studies published using surfactants to
improve the dispersions, such as sodium dodecylbenzene sulfonate (SDBS), sodium dodecyl sulfate
(SDS), lithium dodecyl sulfate (LDS), sodium carboxymethyl cellulose (SCMC), polyvinylpyrrolidone
(PVP) and others. Covalent functionalization is also used to change the dispersibility properties by
adding functional groups to the CNT surface. To separate CNTs, mechanical methods such as
ultrasonication and agitation can be applied [4-14].

In this work, the carbon nanotube ink was fabricated using functionalization. The functionalization
of CNTs consists of attachments of organic or inorganic moieties to their structure. The objective is to
improve the wetting, dispersion or adhesion characteristics since their application has been limited
due to poor interactions [15]. The approaches available to modify the CNTs surface can be divided into
covalent and non-covalent functionalization.

The covalent functionalization is based on the formation of covalent bonds between functional
groups and the CNT surface. The non-covalent functionalization involves the wrapping or adsorption
of molecules on the tubular surface of CNT. It is based on hydrogen bonds, van der Waals forces,
electrostatic forces, m-mt stacking interactions, and others. Therefore, the non-covalent functionali-
zation introduces fewer defects in the CNT structure, preserving the extended m-network of the
tubes [16,17]. The aim of this work was to obtain a well-dispersive and cheap conductive ink with
great long-term stability. The article explains didactic step-by-step of the fabrication, showing
photos and schemes of the process and including a well-explained characterization study.

Experimental

Reagents

All reagents used were of analytical purity. SDS was obtained from Sigma-Aldrich (Brazil); HNOs3,
NaxHPO4-7H,0 and NaH,POs from Synth (Brazil). H,SO4 was purchased from Neon (Brazil). The
MWCNT (purity 99 %, 6-13 nm diameter, 3.5-20 um length) were acquired from Nanocyl (Brazil).
Photo Paper Matte A4 108 g from Spiral (Brazil). All solutions were prepared with water by the
Millipore Milli-Q system.

Covalent functionalization of CNT

To achieve a carbon nanotube (CNT) ink with great long-term stability, the CNT was functionalized
by covalent and non-covalent means. The methodology for the covalent functionalization was
developed based on previous works published [18-21]. The functionalized carbon nanotube (f-CNT)
was produced from a multi-walled carbon nanotube (MWCNT) and a mixture of H,SO4/HNO3 (3:1). A
schematic illustrating the steps involved is shown in Figure 1.

In this method, 0.5 g of MWCNT, 62.5 mL of HNO3 and 187.5 L H,SO4 were placed into a 500 mL
flask. The mixture was sonicated for 2 hours and then left to rest for 20 hours. Next, the mixture
was added carefully into a flask containing 500 ml of deionized H;0 and left decant for 2 hours.
Finally, the suspension was repeatedly washed with H,O in centrifugation (4000 rpm) to purify the
material. This process was repeated 10 times. Then the material was vacuum filtrated and dried at
110 °C for 3 hours. The final product was a black powder called f-CNT.
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Figure 1. Representation of steps involved in the synthesis of f-CNT with H,SO4/HNO3

Non-covalent functionalization of CNT

The final step to synthesize the CNT ink was non-covalent functionalization. For that, an aqueous
solution containing 8.0 mg mL?! of sodium dodecyl sulfate (SDS) was prepared and sonicated for
15 minutes. Then, f-CNT (8.0 mg mL?) was added to the solution and sonicated for 15 hours. The
SDS and f-CNT concentrations were previously optimized. After sonication, the dispersion was
centrifuged at 4000 rpm for 30 minutes to remove undispersed CNT and the supernatant was
recovered using a dropper. Finally, the resulting solution was vacuum filtrated to guarantee a well-
dispersive medium. The final product was the CNT ink (f-NCT/SDS). Figure 2 shows the steps of non-
covalent functionalization.

Ink Composition
SDS + Water f-CNT f-=CNT
80 mg Bath 30m Bath 15h Bath 15h
f-CNT

Centrifugation
4000 rpm

Aserate
supernatant

10 mL

E Milli-Q

Water
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80 mg ﬁ]trat] on
SDS

Figure 2. Representation of non-covalent functionalization of CNT using f-CNT/SDS

Characterization tecniques

The samples of SDS, CNT, f-CNT, CNT/SDS and f-CNT/SDS were characterized using different
techniques. The Fourier transform infrared spectroscopy (FTIR) spectra were obtained in the region
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4000 - 400 cm™ by a Perkin-Elmer FTIR-8300 (Brazil) of Shimadzu using KBr pallets, only the SDS used
ATR. The Scanning electron microscopy (SEM) images were recorded using JEOL JSM 300-LV (Brazil).

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were carried out
using Autolab PGSTAT204 controlled by NOVA 2.1 (Brazil). The three-electrode cell used carbon
paste electrode (working electrode), Ag/AgCl (reference electrode) and platinum wire (auxiliary
electrode). The carbon paste electrode (CPE) was modified with the samples (SDS, CNT, f-CNT,
CNT/SDS and f-CNT/SDS) and dried at 60 °C. A solution with a redox probe [Fe(CN)g]3/[Fe(CN)es]™*
was used and purged with N for 15 minutes.

The electrical properties were evaluated qualitatively and quantitatively. First, the CNT ink was
used to draw a conductive path on a piece of paper, a LED was connected to the path and lit up
using a battery. Then a digital two-point multimeter was used to measure the ohmic resistance of
the CNT ink. UV-Vis was performed by the Shimadzu spectrophotometer UV-2550 using a quartz
cuvette of 3.5 mL in the range 300 - 800 nm.

Results and discussion

Synthesis of carbon nanotube ink

There are many challenges involved in the synthesis of water-based CNT ink. First, the hydrophobic
surface of CNT has to be changed to hydrophilic to be efficiently dispersed in water [22,23]. The
approach used in this work was a covalent and non-covalent functionalization to improve the carbon
nanotube's dispersion stability in water. The result is called carbon nanotube (CNT) ink.

Each type of functionalization has some drawbacks and advantages. The covalent functionaliza-
tion can severely degrade the mechanical properties of CNTs, while concentrate acids and/or strong
oxidants used are not eco-friendly. Also, it disrupts the surface conjugated network, which can cause
conductivity deterioration. However, the covalent bonding between functional groups and the CNT
skeleton is stronger than the non-covalent interactions. Therefore, by combining covalent and non-
covalent approaches, a better dispersion can be fabricated [1,18].

The most frequent method employed to functionalize is the covalently defect functionalization
of CNTs by nanotube oxidation. Strong acids can break the bonds between carbon atoms by
inserting functional groups on the sidewalls of CNTs [19]. There are several procedures where acids,
time, stirring and temperature are varied. A common procedure is to immerse CNTs in sulfuric acid
(H2S04) and nitric acid (HNO3s) in the range 3:1 [18-21]. This functionalization method was performed
and the photos of the process are presented in Figure 3.

Figure 3. (a) Suspension of f-CNT after 20 hours; (b) after addition of water; (c) 2 hours after
addition of water; (d) f-CNT after centrifugation; (e) f-CNT after vacuum filtration

The CNT powder was added to H.SO4/HNOs suspension and sonicated. The sonication accelerates
the oxidation process. This procedure results in the formation of carboxylic acid (-COOH), hydroxyl
(-OH) and carbonyl (-C=0) groups on the surface of nanotubes. The covalent functionalization causes
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the change of hybridization from sp? to sp? by incorporating the groups onto the CNT surface [22].
This process is illustrated in Figure 4(a).

"ot ?

Hydrophobic Tail Hydrophilic Head

Side View Cross section View

Figure 4. (a) Covalent functionalization of carbon nanotube using H.SO,and HNOs medium;
(b) schematic SDS encapsulation of CNTs during non-covalent functionalization

After the suspension rest for 20 hours, the functionalization process was over. Figure 3(a) shows
the suspension of f-CNT. However, f-CNT still need the purification step. First, as presented in Figure
3(b), water was added and let decanted for a couple of hours. The result is shown in Figure 3(c). The
excess water was removed using a pipette, and the material was centrifuged at 4000 rpm to separate
the supernatant from the precipitate. Then the supernatant was washed five times with water to
remove impurities. The resulting product was black and very granular, as shown in Figure 3(d). The
last step was to mechanically grind the product in water with mortar and pestle. Then it was vacuum
dried. The final product, called f-CNT, presented a more refined powder, as shown in Figure 3(e).

Next, non-covalent functionalization of -CNT was performed in order to improve the dispersion
ability in the water. Non-covalent functionalization does not destroy the conjugated system of CNTs,
preserving their aromatic structure. The process involves van der Waals, -t or CH-1t interactions
between the molecule and CNT surface [24]. Nowadays, two classes of molecules are mainly used
for CNT dispersion: polymer wrapping and surfactant attachment.

Surfactants, such as sodium dodecyl sulfate (SDS), tend to lower the surface tension of liquids in
a dispersion, preventing the formation of aggregates. The SDS molecule consists of two parts: the
head part formed by hydrophilic groups and a tail formed by hydrophobic groups. The hydrophobic
tail absorbs the surface of CNT and the hydrophilic head associates with water to improve the
dispersion. This process is shown in Figure 4(b) [22,25,26].

However, the surfactant attachment in CNT dispersion may not occur spontaneously, and
sonication can be used to agitate CNT particles and lower the agglomeration or bundles. In
combination with the surfactant attachment, that mechanical method can promote the formation
of uniform dispersion [28-30].

The sonication process converts the electric voltage into mechanical vibrations. That vibration is
transferred to the dispersion of f-CNT/SDS and results in the formation and collapse of cavitation
bubbles. The ultrasonic bath generates microscopic bubbles inside the liquid, filled with vapour or
gas, also known as cavitation. The bubbles are periodically compressed and expanded as the
ultrasonic waves are applied. Under unstable size, the bubble collapse and forms a hotspot with
temperature and pressure over 5000 K and 500 atm. These hotspots attack the CNT surface and
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break large aggregates. Then the SDS micelles wrap around the f-CNT, causing the dispersion in
water [27,31-33]. This process can be seen in Figure 5.
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Figure 5. (a) Representation of the growth and collapse of cavitation bubbles due to applied
acoustic field and associated pressure wave; (b) dispersions before and after sonication

Another possible explanation is that the mechanical energy provided by the ultrasonic bath
overcomes attractive forces between aggregates of carbon nanotubes, leading to the dispersions of
f-CNT in water [27].

Therefore, sonication in combination with the surfactant attachment can promote uniform
dispersion of f-CNT in water. Although this method can shorten the CNT and cause defects, it is the
most used method for CNT dispersion, especially in ink fabrication, where the dispersion must be
without agglomerations or bundles. To ensure the uniformity, the dispersion was sonicated for 15
hours. Since studies have shown that the longer is the sonication time, the better is CNT dispersion
and smaller is the particle size [27-29].

Then the dispersion was centrifuged to remove CNTs that did not disperse. The supernatant
collected was also vacuum filtered to separate any agglomeration or bundles left, ensuring a well-
dispersed dispersion [24]. The final product is called CNT ink. The dispersion before and after the
sonication process can be observed in Figure 5(b).

Dispersion studies

Generally, non-polar compounds are most soluble in non-polar solvents and polar compounds in
polar solvents. That is, solids that have similar polarities tend to be soluble in each other. Therefore,
the character of a molecule or compound affects dispersion forces in solute-solvent interactions
[33,34]. Dispersion studies were conducted to evaluate the efficiency of dispersing material in
aqueous solutions. Figure 6(a), (b) and (c) shows dispersions 5 minutes after sonication, 24 hours
after sedimentation, and after centrifugation at 4000 rpm, respectively.

The hydrophilic head in SDS exhibits characteristics of a polar compound. Thus, SDS is soluble in
water (200 mg/ml), yielding a clear, colorless solution [35]. The solution was highly stable, even after
centrifugation.
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CNT naturally exhibits an entire hydrophobic surface due to the sp? hybridized bonds. The CNTs
tend to form bundles, ropes and agglomerates, becoming insoluble in water due to the Van der
Waals attraction forces between nanotubes [36]. However, 5 minutes after sonication, the
dispersions were apparently good. This can be explained because the ultrasonic bath exfoliates CNTs
improving their dispersion. But this effect did not last long since CNT dispersion starts to sediment
after a few hours and completely aggregates after centrifugation [37,38].

Figure 6. SDS, CNT, f-CNT, CNT/SDS, f-CNT/SDS dispersed in water: (a) 5 minutes after
sonication; (b) after 24 hours; (c) after centrifugation at 4000 rpm; (d) zoom of CNT/SDS and f-
CNT/SDS after centrifugation at 4000 rpom

However, this behavior can be avoided. The functionalization allows CNTs to disperse more easily.
Several functional groups (-COOH, -OH and -C=0) were randomly distributed on the CNT surface,
increasing the polarity and making the compound more hydrophilic [38]. The f-CNT formed a relatively
stable dispersion in water that was kept that way after sonication but after centrifugation the f-CNT
sediments. Therefore, only the covalent functionalization was not enough to form a stable dispersion.

Similar behavior was observed for CNT/SDS. SDS improves the dispersion of CNTs through
hydrophobic/hydrophilic interactions [1,14]. The dispersion was more stable than f-CNT in water.
Nevertheless, after centrifugation, most CNT was at the bottom of the test tube. This behavior can
be seen more clearly in Figure 6(d). Also, the non-covalent functionalization alone was not enough
to disperse CNTs effectively.

Consequently, combining the covalent and non-covalent functionalization, it was possible to
fabricate a carbon nanotube ink (f-CNT/SDS) that exhibits excellent storage stability. As previously
discussed, this method includes the insertion of functional groups and absorption of the
hydrophobic tail of SDS in the CTN surface. As can be observed, even after centrifugation, the CNT
ink remains well-dispersed. Thus, the dispersion studies made possible some speculation about
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changes according to the dispersion composition and helped to verify that the combination of both
functionalizations was the most effective way to fabricate a stable CNT ink.

The CNT ink fabricated remained remarkably stable over several months. Also, before use, it is
not required to sonicate or stir the ink. This resulted in a conductive ink with long-term stability.
Although other researchers have already proposed routes for CNT ink using SDS, most of them do
not address the stability issue and how only SDS may result in CNT ink with low stability.

Infrared spectroscopy

After dispersion studies, the materials were characterized by infrared (IR) spectroscopy. The
spectra of SDS, CNT, f-CNT, CNT/SDS and f-CNT/SDS were used to investigate the composition and
structure of each sample, as shown in Figure 7. The results can also be used to prove the efficiency
of covalent and non-covalent functionalization processes.
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Figure 7. IR spectra of SDS, CNT, CNT/SDS, f-CNT, f-CNT/SDS at 4000-750 cm™

The SDS spectrum shows a band at 3464 cm™ assigned to OH asymmetric stretching and at
1657 cm™* due to OH bending vibration. These bands are probably associated with the hydroxyl groups
of physically adsorbed water molecules [40,41]. The spectrum has another three bands related to C-
H symmetric stretching vibration (1468 cm?), C-H symmetric (2850 cm™) and asymmetric (2914 cm™)
stretching vibration of CH,. These can be attributed to the chain of 12 carbon atoms in the SDS
molecule [42]. The SO, asymmetric vibration (1213 cm™) due to the sulfate group of SDS is the most
intense band in the spectrum. This band is a combination of several overlapping peaks, and usually, it
can observe a shoulder. The band at 1082 cm™ corresponds to the SO, symmetric vibration [43-45].

The spectrum from pristine CNT shows an intense band at 3458 cm™, characteristic of the OH
stretch of the hydroxyl group of water. The peak at 1638 cm™ assigns carbonyl (C=0) stretching
vibration of carboxyl groups [46,47]. This band may be due to ambient moisture. All the samples (SDS,
CNT, f-CNT, CNT/SDS and f-CNT/SDS) were sonicated in water and then dried before characterization
to ensure a homogeneous material and compare materials in the same preparation conditions.
Another explanation is that the bands are attributed to the initial purity of CNTs. Therefore, it can be
observed that CNTs contain defects due to functional groups, which may be formed during their
fabrication process. Also, the band at 1462 cm™ is assigned to the C=C stretching of CNT. This indicates
the presence of carbon double bond (C=C), confirming the sp? structure of CNTs [48,49].
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As expected, the bands of CNT at 3473 cm™ (OH stretch), 1657 cm™ (C=0 stretch) and 1469 cm™
(C=C stretch) are present in the CNT/SDS spectra. Also, the characteristics bands of sulfate groups
(1216 and 1066 cm?) of SDS are both present in the CNT/SDS, indicating the existence of surfactants
on the CNT surface [43,50].

During the covalent functionalization, the carbon hybridization of CNTs changed from sp? to sp*
causing the breakage of C=C. As shown in the f-CNT spectrum, the band disappeared, indicating the
covalent functionalization. The f-CNT also presents a very broad band at 3453 cm™ attributed to the
OH stretch of the hydroxyl group from different oxygenated functional groups [51]. The band at
1632 cm™ from C=0 stretching bonds indicates that the CNT has a carbonyl group due to the
functionalization treatment. The band at 1383 cm™ originates from OH stretching in the introduced
-COOH due to the covalent functionalization [52,53]. A small peak at 1087 cm™ can be associated
with the C-O bond related to alcohol groups introduced in the functionalization processes [54].
These results confirm that the carbon nanotubes have been well functionalized with carboxyl
functional (-COOH), carbonyl (C=0) and hydroxyl (-OH) groups [55,56].

The f-CNT/SDS spectrum shows the bands of SDS related to sulfate groups (1249 and 1121 cm™),
implying that SDS was successfully adsorbed on the f-CNT surface. The stretching vibration of CH; (2901
and 2829 cm) attributed to the carbon chain of SDS is also observed. However, the intensity of the
bands related to the C-H became significantly weak after the addition of SDS. This happens because the
SDS has been adsorbed by hydrophobic interaction between surfactant hydrocarbon chains and CNT
surface [57]. The bands of OH stretch of the hydroxyl group (3421 cm™) and C=0 stretching vibration of
carboxyl groups (1638 cm™) decreased due to the interaction between f-CNT and SDS. However, the
presence of these bands indicates the presence of functional groups (-COOH, C=0 and -OH).

The interpretation of spectra in the IR region suggests that the covalent and non-covalent
functionalizations were effective in the CNT ink fabrication. The CNT structure presented several
functional groups such as carboxylic acid (-COOH), hydroxyl (-OH) and carbonyl (-C=0). Meanwhile,
the surfactant SDS was attached to the previously functionalized CNT. As shown before, the
combination of two ways of functionalization allows the formation of well-dispersed ink.

Scanning electron microscopy

The scanning electron microscopy (SEM) technique was used to study the topography of
materials SDS, CNT, f-CNT, CNT/SDS, and f-CNT/SDS. The goal was to evaluate the effectiveness of
the covalent and non-covalent functionalization and the homogeneity of the material. The results
are presented in Figure 8.

f-CNT/SDS

CNT/SDS

Figure 8. SEM images of SDS, CNT, f-CNT, CNT/SDS and f-CNT/SDS

http://dx.doi.org/10.5599/jese.1134 113



http://dx.doi.org/10.5599/jese.1134

J. Electrochem. Sci. Eng. 12(1) (2022) 105-126 MULTIWALLED CNT INK FOR ELECTROCHEMICAL SENSORS

The SDS morphology revealed main blocks with plate-like appearance and regular edges. The SDS
thickness is around 1.7 to 3.3 um. At high magnification, SDS shows a dense surface without pores
or particular features [58,59]. The image of pristine CNT shows a surface with bundles of tangled
tubes. It reveals uniform morphology without any agglomeration. The CNTs are not aligned in
parallel to one another and the distribution is individual and randomly oriented. The size of tube
diameter ranged from 14 to 39 nm [60,61]. The diameters of CNT/SDS are much higher than the
CNT. That means the SDS surfactant layer was grafted to the surface of CNTs and changed their
shape. SDS keeps the CNTs apart, preventing their entanglement and agglomeration, resulting in a
rod-like homogeneous surface [62].

The morphology of CNTs slightly changed after the covalent functionalization. As seen in the f-
CNT image, the surface presents a rougher surface structure due to the attachment of oxygenated
functional groups. More agglomeration can be observed on the f-CNT surface than the pristine CNT.
The sidewalls of f-CNT are considerably defected. There were no obvious impurities on its surface
left during the acid treatment [63,64]. Also, the functional groups on f-CNT surface reduce van der
Waals forces, reducing the strong tendency to form bundles [65].

The f-CNT/SDS image shows spherical geometry with diameters near 1.75 um formed by irregular
agglomerates of f-CNT. Since the concentration of SDS was above the critical micelle concentration
(CMC), the change in the f-CNT shape was observed due to the effective micelle formation. As
expected, the structure aggregates to form cylindrical micelles. In the background, the remaining
SDS was observed [64-66]. This result indicates that both covalent and non-covalent functiona-
lization in the fabrication of CNT ink was effective.

Electrochemical characterization

The materials SDS, CNT, f-CNT, CNT/SDS and f-CNT/SDS were evaluated for electrochemical
properties using cyclic voltammetry. For that purpose, the conventional carbon paste electrode
(CPE) was modified with each material, dried at 60 °C, and used in a three-electrode cell with
Ag/AgCl reference electrode and a platinum wire auxiliary electrode. The cyclic voltammograms are
presented in Figures 9(a) and 9(b).
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Figure 9. (a) Cyclic voltammograms (scan rate= 25 mV s) of 1.0 mM Ks[Fe(CN)s] in 0.1 M PBS,
pH 7.0 at CPE modified with: (a) SDS, CNT, CNT/SDS; (b) f-CNT and f-CNT/SDS; Insets: oxidation
peak intensity vs. modifier material

SDS is a synthetic organic compound. Due to the covalent bonds in its structure, electrons cannot
move around freely, and therefore SDS does not conduct electricity. That is confirmed by the
absence of electrochemical behavior in the voltammogram. This result indicates the electrical
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isolation nature of SDS [68]. The voltammogram for the CNT modifier exhibited the characteristic
oxidation and reduction peaks for the redox couple Fe(CN)g]>/[Fe(CN)g]*. Since the carbon atom
has four electrons and only three are used to form the covalent bonds, a remaining electron is highly
mobile and available for electrical conduction [69,70]. As a consequence, CNT is an excellent
electrical conductor, which results in good electrochemical behavior. As observed in the
voltammogram of CNT/SDS, the presence of SDS improves the peak current by 177 % compared to
the CNT response. This enhances indicates that SDS plays an important role in facilitating the
electron transfer kinetics at the electrode/solution interface. That happens because of the high
specific area, porous structure and suitable pore size of SDS, resulting in a higher peak current [71].
As can be observed for f-CTN behavior, the redox peaks increased 22 % after the covalent
functionalization compared to the CNT response. The presence of functional groups facilitates the
electron transfer improving the electrical conductivity. That confirms the effective introduction of
functional groups in the CNT surface through the acid treatment [72,73].

Finally, the behavior of the CNT ink that contains both f-CNT and SDS was evaluated. The
electrochemical response showed an increase of 315 % compared to the f-CNT voltammogram. As
discussed, the presence of SDS facilitates the electron transfer kinetics resulting in a higher peak
current. That behavior is observed in the f-CNT/SDS response. Also, a sudden change in the shape
of the voltammogram to a more resistive profile is noticed. The inclination and small distortion are
results of the SDS isolation nature [74]. The voltammetric behavior indicates that the use of both
functionalizations showed a better electrochemical response. This demonstrates that the
composition of the CNT ink (f-CNT/SDS) can be used to fabricate a conductive ink.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was used to investigate each material's
conductivity and interface resistance [75]. Figure 10(a) and 10(b) presents the Nyquist plots of CNT,
f-CNT, CNT/SDS and f-CNT/SDS.

The experiments were conducted in a three-electrode cell using differently modified CPE as WE
in PBS containing 1.0 mM of Ks[Fe(CN)e], at 0.185 V. First of all, it is important to mention that the
EIS of SDS was impossible to conduct. This can be explained due to the high solubility in water, where
SDS may probably leach to the electrolyte. However, the isolated nature of SDS was already proved
using cyclic voltammetry [76,77].

The diameter of the semicircle in the Nyquist diagram corresponds to the charge transfer resistance
(Rct) of redox reaction at the electrode surface. The larger is the diameter of the semicircle, the higher
is Ret as a consequence of the higher resistance of the modifier material. As observed, the semicircle
decreases from CNT to f-CNT. As discussed in the last topic, CNT is an excellent electrical conductor.
Nevertheless, the functional groups improve the electron transfer, consequently decreasing the
charge transfer resistance. This results in a smaller R« value, compared to the CNT plot [78,79]. The
Nyquist plots of CNT and f-CNT were fitted to the Randles equivalent circuit, shown in Figure 10(c),
and the resulting values are presented in Figure 10(d). The constant phase element (CPE) related
parameter increases from CNT to f-CNT, confirming the lower impedance after covalent functiona-
lization [80].

Although CNT and f-NTC displayed a large semicircle, the EIS of CNT/SDS and f-CNT/SDS showed
straight lines. The absence of the semicircle in the Nyquist plots is indicative of fast electron transfer,
resulting in good conductivity and small interface resistance [76,80]. So, the Bode plots will be used
to evaluate the impedance of CNT/SDS and f-CNT/SDS.
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Figure 10. (a) Nyquist diagram; (b) Nyquist diagram in a different scale; (c) Randles equivalent circuit used
to fit impedance data; (d) EIS fitting impedance parameters of CNT and f-CNT; (e) Bode magnitude plots and
(f) Bode phase angle plots for CNT, CNT/SDS, f-CNT, f~-CNT/SDS modified CPE in 0.1 M PBS, pH 7.0,
containing 1.0 mM Ks[Fe(CN)e]

Bode plots allow the examination of the absolute impedance and phase angle () as a function
of frequency. It is desirable to use Bode plots when data scatter prevents adequate fitting of the
Nyquist semicircle. The results are shown in Figures 10(e) and 10(f). The low-frequency impedance
decreased from CNT to CNT/SDS since SDS facilitates the electron transfer by improving the
electrical conductivity. This behavior is also observed comparing f-CNT and f-CNT/SDS plots. The
low-frequency impedance decreased due to the presence of SDS too. It is also seen that the
impedance rarely varies at high frequencies but increases sharply with the decrease in frequency.
Therefore, the high-frequency impedance is mostly stabilized for all materials [80-82].

Concerning the phase angle plot, the maximum phase angle decreases at lower frequencies due to
the influence of charge transfer resistance. This is related to the resistance of each material. The
results are in agreement with the other plots, where CNT is the most resistive material and f-CNT/SDS
is the most conductive [79]. In conclusion, the CNT ink (f-CNT/SDS) has a better composition for good
conductive ink.

Electrical properties

As the goal is to use CNT ink as conductive ink, it is crucial to evaluate the conductivity of the ink.
For this, the CNT was used to paint a conductive path on a piece of photo paper (108 g) with the
help of a paintbrush, as seen in Figure 11(a). Then the CNT path painted in the paper substrate was
used to light up a light-emitting diode (LED), demonstrating the conductivity of ink empirically, as
shown in Figure 11(b).

To quantify the ink conductivity, the ohmic resistance was measured using a two-point
multimeter. Grisales et al. [83] discussed some variables that can affect the measurement using the
multimeter and how to avoid them. The main variables were thickness, drying, distance and
pressure. Hence, to measure the ohmic resistance of the CNT ink, those factors were kept constant.

First, the number of layers or thicknesses of CNT ink painted on the paper substrate was chosen.
The conductivity of the CNT ink is dominated by the inherent conductivity of nanotubes. It was
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observed that the resistance was reduced after each layer of ink. But there is a critical thickness
when the resistance cannot decrease much further [83]. This behavior was observed at 20 layers of
CNT ink in the paper substrate.

e T

(d) Before sintering After sintering
Ohmic resistance, kQ2
Measuremet 1 18.68 18.71
Measuremet 1 18.62 18.65
Measuremet 1 18.55 18.74
Average £ SD 18.62 £ 0.05 18.70 £ 0.04

Figure 11. (a) Painting a piece of paper with CNT ink; (b) simple test of ink conductivity using LED;
(c) measuring the ohmic resistance of CNT ink using multimeter; (d) values of ohmic resistance before and
after the sintering process

Then it is important to make sure that the water evaporates completely and the ink is completely
dried at the time of measurement. For that purpose, the painted substrate can be left to dry at room
temperature for 30 minutes or dried in a laboratory oven at 70 °C for 10 minutes [84]. The value of
the resistance is measured between two points. The CNT was painted on a piece of paper of
1.5%x2.0 cm and the probes of the multimeter were placed at 1 cm separation. It is relevant to
maintain this separation constant in each measurement [83,85].

Finally, the pressure applied with the probes can affect the results. To minimize these variations,
only one person performed all measurements and the value was registered after 10 seconds to allow
the resistance to become stable [83]. Considering all these variables, the ohmic resistance was mea-
sured three times, as shown in Figure 11(c), resulting in the average resistance of CNT ink of 18.62 kQ.

Usually, the conductive inks require the sintering process post-printing. In this process, the
particle in ink will coalesce to form a continuous electrical contact. Also, the sintering removes
dispersant and auxiliaries, which will affect the electrical conductivity [85]. Therefore, a simple test
of how the ohmic resistance behaves before and after the sintering process is shown in Figure 11(d).

The sintering process was conducted at 100 °C for 20 minutes. That temperature was chosen
since it is the highest possible without burning the paper substrate. As observed, after the sintering
process, the ohmic resistance of the CNT ink does not change, indicating that CNT ink does not
require the sintering process. This is an appealing result since it facilitates the use of CNT ink,
excluding the additional step.

Because of high conductivity, the CNT ink is often used to develop electrochemical sensors.
Therefore, to evaluate the electrochemical behavior of the synthesized ink, the CNT ink was used to
fabricate the working electrodes of an electrochemical sensor. For that, a piece of paper painted with
CNT ink was cut into the dimensions of 4x1.5 cm, as shown in Figure 12(a). Then this paper was used
as the working electrode (WE) of a three-electrode cell, seen in Figure 12(b). The cyclic voltammogram
is presented in Figure 12(c). The voltammetric studies were carried out in the presence and absence
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of K3[Fe(CN)s]. As shown in the cyclic voltammogram recorded in the presence of Ks[Fe(CN)e], two
peaks corresponding to the redox couple [Fe(CN)g]*/[Fe(CN)s]>~ are observed. However, the
voltammogram profile exhibits a small distortion and inclination. This resistive behavior is due to the
presence of SDS in the ink composition [87]. No voltammetric peaks and a low background current are
observed in the absence of Ks[Fe(CN)e]. This indicates that the synthesized CNT ink has a prominent
potential to fabricate electrochemical sensors.

{ ——Blank
[Fe(CN)J*"*

1 i 1 N I . I N I i I N I

-0.15 0.0 0.15 0.30 0.45 0.60 0.75
Potential, V

Figure 12. (a) The working electrode (WE) fabricated with CNT ink; (b) three-electrode cell
containing CNT ink on the paper as WE, platinum wire as an auxiliary electrode (AE) and
Ag/AqgCl as reference electrode (RE); (c) CVs (scan rate = 25 mV s) of CNT ink in presence and
absence of 1.0 mmol L? K3[Fe(CN)s] recorded in 0.1 mol L™* PBS, pH = 7

CNT ink optimization

The proportion of modifiers in CNT ink can significantly affect its electrical performance.
Therefore, it is important to optimize a value where the f-CNT and SDS concentrations result in
better dispersion and good conductivity. The ultraviolet-visible (UV-Vis) spectroscopy was used to
evaluate this. This technique is used to obtain the absorbance spectra of a compound in solution. In
this work, the purpose is to study the dispersing effect of the concentration of f-CNT and SDS and
to determine the optimal initial amount of carbon nanotubes in the solution. Figure 13 shows the
UV-visible spectra for different concentrations of CNT (a) and SDS (b).

As observed in the spectra, the absorption of CNT ink appeared at 252 nm. The previous literature
data concerning the absorbance of carbon nanotubes dispersion relate this absorption to different
transitions. Rance et al. [88] and Zeinabad et al. [89] associate that band to the plasmon resonances
in the free electron of the nanotubes & electrons. To put it another way, the band is imputable to
n-n* transitions due to electrons of the double bonds in the CNT. However, Jiang et al. [90] and
Yadav et al. [91] related the band to the transition due to an unshared pair of electrons of the -C=0
bond in the carboxylic groups (-COOH) on the CNT surface.

The spectra presented in Figure 13(a) show that increasing the concentration of f-CNT results in
an increasing absorbance intensity. When the concentration is 10 mg mL™, the absorption is the
highest. A higher quantity of f-CNT in the dispersion can enhance the dispersing effect. However,
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there is a limit when the concentration of f-CNT reaches a certain degree that the dispersion effect
is reduced. That is observed since the concentration difference between the absorbance at 8 and
10 mg mLtis minimum [91].

(b) ]

0.20

0.15 4

0.10

4mgmL" 252 nm —4mgmL’
0.50 | 6 mg mL’ ! ——6mg mL"
-3 !
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Figure 13. UV-Vis spectra for CNT ink as a function of: (a) f-CNT concentration and (b) SDS
concentration. The solutions are diluted by a factor of 10 when taking UV-Vis measurements

As seen in Figure 13(b), the highest absorbance is obtained for the SDS concentration of 8 mg mL
L due to the higher f-CNT concentration in dispersion. After that, the absorbance decreases. At lower
SDS concentrations, there is not enough SDS to coat the f-CNT surface to prevent agglomeration.
On the other hand, higher SDS concentrations can harm the dispersion since there is a limit of f-CNT
that can be dispersed. After that, the exceeds of SDS will only decrease the conductivity of the ink
[91]. This behavior is demonstrated using the cyclic voltammogram and ohmic resistance.

To evaluate the electrochemical behavior of the CNT ink in different concentrations, several
working electrodes were fabricated using different inks. Figure 14(a) show the electrodes made with
different concentration of f-CNT. The resulting ohmic resistance is presented in Figure 14(b). As
noticed, at 8 mg mL! the ohmic resistance reaches the minimum value, resulting in more conductive
ink. That behavior is also observed in Figure 14(c) and Figure 14(d), when the electrode was used in
a three-electrode cell in the presence and absence of an electrochemical probe.

The optimal concentration of f-CNT is 8 mg mL?. At this concentration, the electrochemical
behavior exhibited the best voltammetric profile and highest peak current variation. Although UV-
Vis experiments show higher f-CNT dispersion in 10 mg mL?, the electrochemical behavior and
ohmic resistance proved that the CNT ink conductivity is higher at 10 mg mL™ [91,92]. Therefore,
the chosen f-CNT concentration in the CNT ink was 8 mg mL™.

Concerning the SDS concentration, Figure 15(a) presents the electrodes constructed using different
SDS concentrations. The ohmic resistance of each electrode was measured and the results are pre-
sented in Figure 15(b). The SDS concentration at 8 mg mL*! has the lowest ohmic resistance. That result
is in agreement with the electrochemical behavior in Figures 15(c) and Figure 15(d). At 8 mg mL?, the
peak current variation is the highest, proving the best ink conductivity at this concentration [92,93].

In summary, the optimized composition of carbon nanotube was 8 mg mL? of f-CNT and
8 mg mL1of SDS. The concentration optimization is significant to find the ideal condition for printing.
The conductive ink with the greatest possible electrical properties can be used to fabricate circuits,
electrochemical sensors, for screen-printing and other applications.
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Measurement 1 49.26 36.43 18.68 21.26
Measurement 2 49.23 36.52 18.62 21.36
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Figure 14. (a) Electrodes fabricated with different concentrations of f-CNT; (b) ohmic resistance
values; (c) CVs (scan rate = 25 mV s) of CNT ink with different concentrations of f-CNT with 1.0
mmol L Ks[Fe(CN)s] recorded in 0.1 mol L' PBS pH = 7; (d) peak current intensities

(b) Csps / mg ml?

(@)
4 6 8 10
Ohmic resistance, kQ2
Measurement 1 34.03 22.61 18.68 25.31
Measurement 2 33.97 22.55 18.62 25.37
Measurement 3 34.10 22.59 18.55 25.43

4mgmL?! 6mgmL! 8mgmL!10mgmL! Average +SD 34.03+0.05 22.58+0.03 18.62+0.05 25.37+0.05
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Figure 15. (a) Electrodes fabricated with different concentrations of SDS; (b) ohmic resistance
values; (c) CVs (scan rate = 25 mV s) of CNT ink with different concentrations of SDS with 1.0
mmol L K3[Fe(CN)e] recorded in 0.1 mol L™ PBS (pH 7); (d) peak current intensities

Comparision with previous works

Some examples of CNT inks taken from already published papers are presented in Table 1. The
most used surfactant in the fabrication of CNT ink is SDS. Costa et al., Chen et al. and Tortorich et al.
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synthesized CNT ink using only SDS in deionized water [10-12]. Although other researchers have
already proposed routes for CNT ink using SDS, most of them did not address the stability issue and
how the use of only SDS may result in CNT ink with low stability. That is why some authors are using
more than one modifier in the fabrication of CNT inks, besides SDS. For example, Menon et al. [12]
fabricated a MWCNT ink using ethanol, SDS and PVP, while Matsuzawa et al. [13] used SWCNT with
SDS, sodium chlorate (SOC) and deoxy chlorate (DOC).

Table 1. Review of CNT inks synthesized in the past decade and their electrical properties

Conductor Functionalization Additives Solvent Reference
SWCNT Non-Covalent SDBS Water [3]
MWCNT Non-Covalent PVP Water [4]
MWCNT Non-Covalent SCMC Water [5]
MWCNT Covalent HNO3/H2504 Water [6]
MWCNT Non-Covalent Chitosan/Acetic Acid Water (7]
SWCNT Non-Covalent TX100/CMC/PAA Water [8]
SWCNT Non-Covalent SDS Water [9]
SWCNT Non-Covalent SDS Water [10]
SWCNT Non-Covalent SDS Water [11]
MWCNT Non-Covalent SDS/PVP Ethanol [12]
SWCNT Non-Covalent SDS/SOC/DOC Water [13]
MWCNT Covalent and Non-Covalent HNO3/H>504 and SDS Water  This work

SWCNT: Single-wall carbon nanotube; MWCNT: multi-wall carbon nanotube; SDBS: sodium dodecylbenezenesulfonate; PVP:
polyvinylpyrrolidone; SCMC: sodium carboxymethyl cellulose; TX100: triton X-100; CMC: carboxymethylcellulose; PPA: polyacrylic
acid; SDS: sodium dodecyl sulfate; SOC: sodium chlorate; DOC: deoxy chlorate

Conclusions

In this work, a CNT ink was fabricated using both covalent and non-covalent functionalizations.
The covalent functionalization was performed in the acid medium using H,SO4 and HNOs. The non-
covalent used SDS and ultrasonication. The combination of inserted functional groups and the
absorption of SDS hydrophobic tail in the CTN surface resulted in a well-dispersed ink with excellent
storage stability over several months.

The electrode modifier materials (SDS, CNT, CNT/SDS, f-CNT and f-CNT/SDS) were characterized
by FTIR, SEM, electrochemical measurements and EIS. FTIR results indicated that in the non-covalent
functionalization, the SDS was successfully adsorbed on the f-CNT surface, while in the covalent
functionalization, the functional groups (-COOH, C=0 and -OH) were inserted in the CNT surface.

The SEM images show that the SDS keeps the CNTs apart, preventing their entanglement and
agglomeration. Meanwhile, the covalent functionalization resulted in a rougher surface structure
due to the attachment of oxygenated functional groups.

Electrochemical measurements including EIS indicate that SDS and the presence of functional
groups facilitate electron transfer by improving electrical conductivity. The electrical properties
were investigated and the CNT ink showed a good conductivity, with an average resistance of CNT
ink is 18.62 kQ. The CNT ink was used to fabricate a working electrode and the electrochemical
behaviour was evaluated. The behaviour showed the peaks corresponding to the redox couple
[Fe(CN)s]*/[Fe(CN)e]3~ with a small resistive profile and low background current.

The CNT ink fabricated remained stable over several months. Even though other researchers have
already proposed routes for CNT ink using SDS, most of them do not address the stability issue and
how the use of only SDS may result in CNT ink with low stability.
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In summary, the CNT ink fabricated is conductive, with good dispersion and excellent stability.

Therefore, it can be used in several areas, including the goal of this work, the fabrication of
electrochemical sensors.
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continuous support of our research.
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