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Abstract

The increasing environmental impact of electronic waste has intensified the pursuit of
sustainable materials for manufacturing green electronics. This study presents the devel-
opment of lignin-based hybrids with multi-walled carbon nanotubes (MWCNTs) via an
environmentally friendly ultrasonication process in aqueous medium. Two hybrid materi-
als containing 10 and 20 wt% MWCNTs were synthesized and thoroughly characterized.
DLS analysis revealed better dispersion and colloidal stability due to strong physicochemi-
cal interactions between lignin and MWCNTs, while SEM and TEM images confirmed a
continuous lignin matrix embedding an interconnected MWCNT network. Raman spec-
troscopy indicated structural ordering within the hybrids. The electrical conductivity of
the hybrids reached 2–5 S/cm as evaluated by four-point probe measurements, despite the
high lignin content (80–90 wt%). Electrochemical analysis suggested significantly enhanced
redox activity and electron transfer kinetics, with measured electroactive surface areas
increasing up to 21-fold larger compared with the unmodified electrode. The synergy
between lignin and MWCNTs enabled the formation of a conductive network, highlighting
these hybrids as promising, cost-effective, and sustainable materials for conductive and
electrochemical applications in next-generation green electronics.

Keywords: lignin; MWCNTs; hybrids; biobased; electrical conductivity; modified
electrodes

1. Introduction
The rapid growth of the electronics industry has led to an increasing demand for

advanced electronic products, resulting in the generation of rising volumes of electronic
waste (E-waste) [1]. E-waste often contains hazardous substances that pose serious envi-
ronmental and health risks if not disposed of properly [2]. Thus, the attention has turned
to the development of “green” electronics manufactured from renewable, biodegradable,
or environmentally benign materials [1].

Materials originating from biomass, such as cellulose, chitin, lignin, and others, have
emerged as promising alternatives for developing greener electronic components. Lignin,
the second most abundant biopolymer after cellulose, is a byproduct of the paper and
pulp industry. Its polyphenolic structure and functional groups (hydroxyl, carbonyl, and
carboxyl groups) vary depending on biomass source (hardwood, softwood, or grass) and
extraction method [3,4]. Due to its chemical structure, abundant functional groups, and
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biodegradability, lignin is increasingly employed as a sustainable alternative to fossil-based
materials for various applications [5–7].

MWCNTs consist of multiple graphene sheets in a coaxial arrangement and can exhibit
semiconducting or metallic behavior, depending on their structure [8,9]. Owing to their
good electrical, thermal, and mechanical properties, they are widely used in electronics
and sensing applications [10,11]. However, CNTs tend to aggregate in most solvents due to
strong π–π stacking and van der Waals forces, which significantly limit their processability
and performance [12]. To improve their dispersion in water media, fossil-based surfactants
such as ionic SDS, cationic CTAB, and non-ionic Triton X-100 are often used [13–18].

A few studies have demonstrated that lignin can serve as an efficient dispersant for
CNTs, offering comparable or even superior performance to conventional surfactants. Its
amphiphilic nature and aromatic structure enable strong π-π interactions with CNTs, im-
proving dispersion in aqueous and other polar media. Goodman et al. demonstrated that al-
kali lignin dispersed MWCNTs more effectively than SDS and CTAB at lignin:CNT ratios be-
tween 1:20 and 5:1 [19]. Similarly, Rochez et al. achieved long-term stable lignin/MWCNT
dispersions (1:1–6:1), with the 2:1 ratio showing optimum stability. When incorporated into
a PP-g-MA latex, these dispersions yielded uniform composite films with surface resistivity
of approximately 105 Ω/sq [20]. Teng et al. [21] further confirmed that fractionated lignin
dispersed MWCNTs more effectively than raw lignin in DMF at a lignin:MWCNT ratio of
1:3.1, with the low-molecular-weight fraction yielding the most homogeneous dispersion
due to stronger π–π interactions.

The enhanced dispersion provided by lignin and the synergistic interactions between
the two components in lignin–CNT systems have also been shown to improve the electrical
conductivity and thermoelectric performance of CNT-based materials, as reported in several
studies. Zhang et al. reported that increasing lignin content (11.8–23.1 wt%, corresponding
to lignin:CNT ratios of 1:7.5–1:3.3) improved CNT exfoliation and charge transport, yielding
films with a power factor up to 198 µW m−1 K−2 [7]. Likewise, Culebras et al. demonstrated
that lignin-doped CNT yarns achieved conductivities up to 157.6 S cm−1 and a power
factor of 132 µW m−1 K−2 at 23 wt% lignin, attributed to π–π interactions that densified
CNT bundles and promoted efficient carrier transport [22].

Lignin has also been incorporated into CNT inks and coatings, where it serves a dual
role as a dispersant and structural stabilizer. Kamarudin et al. formulated an aqueous
MWCNT ink using alkali lignin, which reduced nanotube agglomeration and improved
dispersion stability [23]. More recently, Wang et al. fabricated conductive and superhy-
drophobic lignin/MWCNT coatings with a 1:3 lignin:MWCNT ratio, reaching conductivity
close to 0.289 S cm−1. Lignin was uniformly embedded within the CNT network through
hydrogen bonding and π–π interactions, effectively preventing aggregation while improv-
ing adhesion, abrasion resistance, and long-term stability [24].

In addition to their structural and conductive roles, lignin–CNT hybrids have recently
gained attention in electrochemical and energy-related applications [25,26]. Degefu et al.
reported a lignin-modified glassy carbon electrode (GCE) capable of catalyzing histamine
oxidation in phosphate buffer solution, demonstrating sensitive detection in biological
and food samples [27]. Similarly, CNT composites with other biopolymers such as cellu-
lose and chitosan have been extensively studied for electrochemical sensing [28,29]. For
instance, CNT–cellulose and CNT–chitosan composites have been widely employed in enzy-
matic biofuel cells and glucose biosensors, demonstrating enhanced sensitivity and power
density [30–32]. However, studies employing electrodes modified with lignin/MWCNT
hybrids remain limited. For example, Chokkareddy et al. developed lignin–MWCNT–CuO
nanocomposites for electrochemical sensing, which exhibited enhanced redox activity due
to synergistic interactions among the components [33]. Similarly, Liu et al. designed lignin
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fiber–CNT–graphene electrodes for Li–S batteries, achieving improved conductivity and
energy storage performance [30].

Some of us recently reported that only the incorporation of lignin–MWCNT hybrids
as fillers in PLA composites successfully imparted electrical conductivity, in contrast to
PLA/lignin and PLA/MWCNT systems, which showed insulating behavior [34]. Build-
ing on these findings, this work investigates the intrinsic physicochemical and electrical
properties of the lignin–MWCNTs hybrids themselves. Lignin, itself a natural biopolymer,
was used as the matrix for developing carbon-based, green, conductive hybrid material.
Lignin-based hybrids containing 10 and 20 wt% MWCNTs were prepared via a simple,
one-step, environmentally friendly ultrasonication process in aqueous medium. Lignin
served a dual function: it acted as a natural dispersant through non-covalent interactions
with MWCNTs as well as a binding matrix facilitating the formation of interconnected
conductive pathways.

Small hydrodynamic diameter and stable zeta potential values were measured by DLS,
suggesting good dispersion and colloidal stability of the hybrids. SEM and TEM images
revealed a continuous network of MWCNTs embedded within the lignin matrix. Broadband
dielectric spectroscopy (BDS) and four-point probe (4PP) measurements indicated that the
newly prepared hybrids show excellent electrical conductivity despite their high lignin
content, an insulating biopolymer. The obtained values were significantly higher compared
to those reported for other lignin–CNT systems with similar or even higher MWCNTs
loadings and comparable to those reported for composites containing polymeric matrices
synthesized from biobased monomers. Moreover, the hybrids achieved high electroactivity
and charge-transfer efficiency even at low CNT loadings as evidenced by cyclic voltammetry
(CV) measurements, highlighting their potential for the manufacturing of electrodes for
sensing applications.

2. Materials and Methods
2.1. Materials

Soda lignin (Protobind 1000) was purchased from Tanovis AG (Ruschlikon, Switzer-
land). Multi-walled carbon nanotubes with >96% purity and outside diameter 8–18 nm were
purchased from Nanografi (Ankara, Turkey). The potassium ferricyanide (K3[Fe(CN)6]),
potassium chloride (KCl), and N,N-Dimethylformamide (DMF) were obtained from PENTA
(Prague, Czech Republic), while poly(tetrafluoroethylene) (CF2CF2)n) and carbon black
from Sigma-Aldrich (St. Louis, MO, USA). Electrochemical characterization was performed
using a standard three-electrode glass cell setup, with a glassy carbon working electrode
(d = 3 mm) in a Teflon body, a platinum mesh counter electrode, and an Ag/AgCl (filled
with 3 M KCl) reference electrode (d = 6 mm), all sourced from Stony Lab (New York, NY,
USA). Reverse osmosis (RO) water obtained from an in-house purification system was used
for all dispersions and sample preparations.

2.2. Synthesis of MWCNTs–Soda Lignin Hybrids

For the preparation of 10% MWCNTs-soda Lignin (sL) hybrid, 0.5 g of MWCNTs was
added in a double layer jacketed beaker containing 500 mL RO water under magnetic
stirring. The mixture was subjected to ultrasonication (US) using an Ultrasound processor
(UP200St, 26 kHz, 200 W; Hielscher Ultrasonics GmbH, Teltow, Germany) equipped with
a sonotrode (S26d14; Hielscher Ultrasonics GmbH, Teltow, Germany) for 1 h. Then, 4.5 g
of soda lignin was added and US was applied for 2 more hours. The temperature of the
dispersion during the entire US process was maintained at 25 ◦C using an external cooling
circulator connected to the double layer beaker jacket. After US, the aqueous dispersion was
freeze-dried to obtain MWCNTs–sL hybrid material in powder form. For the preparation
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of 20% MWCNTs-sL hybrid, the same process was followed using 1.0 g of MWCNTs and
4.0 g of sL. US was carried out under fixed settings: 200 W power, 80% amplitude, and a
50% pulse duty cycle.

2.3. Experimental Methods
2.3.1. Dynamic Light Scattering (DLS)

The hydrodynamic diameter (HDD) and zeta potential (ZP) values were determined
using DLS with a Litesizer 500 (Anton Paar GmbH, Graz, Austria) instrument. The samples
were diluted to a concentration of 100–200 ppm and were sonicated in a bath for 5 min
to ensure uniform dispersion before measurement. Additionally, the surface charge of
the dispersion was determined through ZP measurement. The measurements were taken
in triplicate.

2.3.2. Scanning Electron Microscopy (SEM)

The surface morphology of starting materials and hybrids were analyzed using SEM
analysis with a TESCAN VEGA COMPACT (TESCAN GROUP, a.s., Brno, Czech Republic)
instrument at an accelerating voltage of 10–15 keV. Prior to SEM imaging, the samples were
gold-coated using the SC7620 ‘Mini’ Sputter Coater/Glow Discharge System (Quorum
Technologies Ltd., Laughton, UK).

2.3.3. Transmission Electron Microscopy (TEM)

Nanoscale investigation was performed with a high resolution JEOL JEM-2100 LaB6
transmission electron microscope (HRTEM) (JEOL Ltd., Tokyo, Japan), operating at 200 kV.
The samples (~0.1 g) were suspended in deionized water and treated with ultrasound to
disaggregate the agglomerated particles. A drop from the suspension was then placed on
a 300-mesh carbon coated copper grid and air-dried overnight. Elemental analyses were
carried out using an Oxford X-Max 100 Silicon Drift Energy Dispersive X-ray spectrometer
(Oxford Instruments, Abingdon, UK), connected to TEM, with a probe size ranging from
2 to 5 nm in STEM mode.

2.3.4. Broadband Dielectric Spectriscopy (BDS)

The electrical conductivity at RT~20 ◦C was evaluated by dielectric spectroscopy
and by means of Novocontrol BDS setup (Novocontrol GmbH, Montabaur, Germany)
on the sample in the form of thin disks (~1 mm in thickness). Upon application of an
alternate to the sample capacitor, the complex dielectric permittivity, ε* = ε′ − iε′′, was
recorded isothermally as a function of frequency, f, in the range from 10−1 to 106 Hz. The f
dependence of complex electrical conductivity, σ*, was estimated from ε* via Equation (1),

σ∗(ω) = i× ω×ε0× ε∗(ω) (1)

where ω = 2π·f is the angular frequency and ε0 is the dielectric permittivity of the vacuum.

2.3.5. Four-Point Probe (4PP)

Four-point probe measurements were carried out using an equally spaced probe head
and a Keithley 2612 System source-meter (Keithley Instruments, Solon, Ohio, USA). The
pellets prepared for BDS measurements were also used for 4PP characterization. Each
pellet had a diameter of d = 1.2 cm and a thickness of t = 1 mm. The outer probes were used
to apply a current ranging from −5 mA to +5 mA, while the voltage was measured across
the inner probes. This current range was selected to minimize Joule heating effects. The
current was swept from −5 mA to +5 mA and then reversed from +5 mA to −5 mA. The
spacing between probes was s = 1.6 mm. For each pellet, the current–voltage (I–V) response
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was acquired, and the resistance was obtained from the linear fit to the I–V slope. The
initial sheet resistance (Rs) was calculated using the standard four-point probe equation:

RS =
π

ln(2)
∆V

I
(2)

where Rs is the sheet resistance, ∆V is the voltage measured between the inner probes, and
I is the applied current between the outer probes.

The standard equation assumes that the sample dimensions are larger (typically at
least 40 times greater) than the probe spacing and the sample thickness is less than 40%
of the probe spacing. In the current case, neither condition is satisfied, necessitating a
correction based on the sample’s geometry. For circular samples of diameter d and probe
spacing s, the geometric correction factor C is computed as follows:

C =
ln(2)

ln (2) + ln
(

d2

s2 + 3
)
− ln

(
d2

s2 − 3
) (3)

For d = 1.2 cm and s = 1.6 mm, the geometric correction factor is C = 0.867.
Given that the samples are thicker than 0.64 mm (i.e., 40% of the probe spacing), a

further correction must be applied to account for sample thickness. The thickness cor-
rection factor depends on the ratio t/s, which in this case is 0.625. Based on this ratio, a
correction factor of 0.9898 should be applied. The final sheet resistance values incorporate
both geometric and thickness corrections. Electric conductivity was estimated using the
following equation (t = 1 mm):

σ =
1

RS × t
(4)

2.3.6. Raman Spectroscopy

Raman measurements were performed using a Raman spectroelectrochemical system
(DRP-SPELECRAMAN532, Metrohm DropSens, Oviedo, Spain) equipped with a 532 nm
excitation laser and controlled by DropView SPELEC software (version 1.0). A Raman
reflection probe was employed in combination with a Raman cell designed for experiments
with screen-printed electrodes (DRP-RAMANCELL, Metrohm DropSens, Oviedo, Spain).
The cell was fitted with aluminum crucible holders (DRP-ALCRUCIBPACK, Metrohm
DropSens) to facilitate optical characterization of both solid and liquid samples.

For electrode modification (DRP-110), 1 mg of each sample was dispersed in 5 mL
DMF. MWCNT-containing samples were sonicated for 20 min (20 s on/10 s off) to ensure
proper dispersion, while lignin samples were used without sonication. The dispersions
were diluted 1:1 with water, and 5 µL was drop-cast onto the working electrode, dried
at room temperature, and coated three times for uniformity. The modified electrodes
were then placed in the Raman cell, and spectra were recorded at fixed laser power and
integration time.

2.3.7. Electrochemical Measurements

Electrochemical assessment was performed using Versastat 3 (Princeton Applied
Research, AMETEK Inc., Oak Ridge, TN, USA) potentiostat. A standard three-electrode
glass body electrochemical cell was used, where the working electrode (WE) was a GCE
(d = 3 mm) in a Teflon body, the reference electrode (RE) was Ag/AgCl in saturated KCl
(expected potential, E◦ = +0.197 V vs. standard hydrogen electrode (SHE) at 25 ◦C), and
the counter electrode (CE) was a Pt-mesh. The cyclic voltammetric studies were carried
out in 1 mM of K3[Fe(CN)6] in 0.1 M KCl aqueous supporting electrolyte in the potential
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window of −0.2 to 0.6 V, and the scan rates ranged from 10 to 200 mV/s. All electrochemical
measurements were performed without applying automatic potential correction.

Before each experiment, the GCE was polished with 0.06 µm Al2O3 slurry on polishing
cloth and rinsed with distilled water and cyclic voltametric curves were recorded to verify
that any materials that were physically or chemically adsorbed on the electrode surface were
removed. The modified electrode was prepared by mixing 32 mg of the hybrid material
(or its components, i.e., sL and MWCNTs), carbon black, and PTFE in an 8:1:1 weight ratio
in 10 mL of ethanol. The mixture was ultrasonicated for 10 min, after which 40 µL were
drop-cast onto the GCE and dried at 50 ◦C for 5 min under air.

Determination of Electro-Active Surface Area

The determination of the electroactive surface area was determined by using cyclic
voltammetry at varying scan rates (200 mV/s, 100 mV/s, 70 mV/s, 50 mV/s, 20 mV/s, and
10 mV/s). The Randles–Ševčík Equation (5) was applied for the calculation of the surface
area of the working electrode [35,36]:

IP = 2.69 × 105A D1/2 n3/2v1/2C (5)

where A is the electroactive surface area (cm2), D is the diffusion coefficient (cm2 s−1), n is
the number of transferred electrons (which is 1 for the Fe3+/Fe2+ redox couple), ν is the
scan rate, and C is the concentration of the electroactive species (mol cm−3). By plotting
the peak current (Ipa and Ipc) against the square root of scan rate (v½), the average slope of
the resulting Ipa and Ipc lines was used to calculate the EASA of each electrode.

3. Results and Discussion
3.1. Particle Size and Surface Charge of Hybrids

The effectiveness of US in dispersing the individual materials, soda lignin, and MWC-
NTs as well as their corresponding hybrids (10 and 20% MWCNTs–sL) were investigated.
The DLS results showed significantly smaller HDD values for the hybrid materials, indicat-
ing a synergistic effect upon hybrid formation.

As shown in Figure 1a, a gradual reduction in HDD of soda lignin from 1866 nm to 684
nm within 120 min of US was observed. By contrast, US did not reduce the HDD of CNTs
to the sub-micron range, as values remained above 1 µm even after extended treatment
(Figure 1b) at 120 min of US. US exposure of up to 60 min resulted in a steady decrease
in HDD, reaching a plateau that persisted for up to 120 min. Prolonged US may induce
structural degradation or shortening of nanotubes [37–39]. Therefore, 60 min was selected
as the optimal US time to achieve effective dispersion in water while avoiding potential
MWCNT damage.

Both MWCNTs–sL hybrids exhibited better dispersion properties. As tabulated in
Table 1, both 10% and 20% hybrid systems possessed significantly lower HDD values after
US treatment. More specifically, at 60 min of US, the 10% and 20% hybrids exhibited an
HDD of 645 nm and 661 nm, respectively. These values were slightly lower compared to
the ones observed for sL (HDD = 690 nm) and significantly lower compared to pristine
MWCNTs (HDD = 1185 nm). This reduction was even greater at 120 min of US, with the
10% and 20% hybrids exhibiting an HDD of 384 nm and 470 nm, respectively, compared
with 684 nm for sL and 1225 nm for MWCNTs. The zeta potential values (−20 to −25 mV)
indicated moderate electrostatic stabilization, with slightly higher absolute values observed
at lower MWCNT loading. This result is consistent with smaller HDD and narrower size
distribution in the case of 10% MWCNTs–sL hybrid (Figure 2), indicating a more efficient
stabilization by lignin macromolecules. At lower CNT loading, lignin can more effectively
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adsorb onto individual nanotube surfaces through π–π interactions and hydrogen bonding,
enhancing electrostatic and steric stabilization, whereas partial re-agglomeration at higher
CNT content reduces the available surface area for lignin adsorption and slightly lowers
the absolute ZP values [40].

   
(a) 

(b) 

Figure 1. Particle size distribution curves of (a) soda lignin in water during 120 min of US treatment
and the corresponding HDD values vs. US time, (b) MWCNTs in water during 120 min of US
treatment and the corresponding HDD vs. US time.

Table 1. HDD and ZP values of 10% and 20% MWCNTs–sL hybrids during 120 min of US treatment.

Sample US Time (min) HDD (nm) ZP (mV)

10% MWCNTs–sL 60 645 −23
10% MWCNTs–sL 120 384 −25
20% MWCNTs–sL 60 661 −20
20% MWCNTs–sL 120 470 −21

Figure 2. Particle size distribution curves of 10% and 20% MWCNTs–sL hybrids during 120 min of
US treatment.
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Moreover, size distribution profiles (Figure 2) showed that for both hybrids, two
particle size populations were present after 60 min of US. Prolonging the US to 120 min led
to a single population, verifying the improved dispersion. This highlighted the need for
extended US (120 min) for the optimum integration of MWCNTs within the lignin matrix,
effectively eliminating aggregates [40]. The better performance in hybrid systems can be
attributed to the interaction between lignin macromolecules and MWCNT surfaces, likely
by π–π stacking and hydrogen bonding. Lignin can also act as a steric and electrostatic
stabilizer, preventing MWCNTs from rebundling during US [19,41].

3.2. Stability Test

To assess the long-term colloidal stability of the 10% MWCNTs–sL dispersion, HDD
and ZP measurements were performed using DLS over a 90-day period. As depicted in
Figure 3, the dispersion remained visually homogeneous throughout the storage time. No
significant aggregation or phase separation was observed, although minimal sedimentation
of larger particles appeared at the bottom of the container after several weeks.

Figure 3. Stability test of 10% MWCNTs–sL hybrid suspended in water over a 90-day period.

Figure 4 further confirms the long-term colloidal stability of the dispersion. HDD
values exhibited minor fluctuations, ranging from 353 to 384 nm over the 90-day period,
suggesting a stable particle size distribution. The ZP values ranged from −24 mV to
−25.3 mV, indicating that sufficient electrostatic repulsion was maintained to prevent
significant aggregation. The results confirmed that lignin effectively stabilizes MWCNTs
in aqueous media without the need for additional synthetic surfactants. A similar 10-day
stability study was also performed for the 20 wt% MWCNTs–sL hybrid dispersion, and the
results are presented in Figure S1 of the Supplementary Information.

Figure 4. HDD and ZP values of 10% MWCNTs–sL during stability tests over 90-day period.
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3.3. Microscopic Imaging
3.3.1. SEM Imaging

Figure 5 depicts the SEM micrographs of the starting materials at different magnifi-
cations: sL (Figure 5a,b) and MWCNTs (Figure 5c,d). The particles showed a wide size
distribution, ranging from ~1 to 40 µm. The presence of larger structures indicated a
tendency for lignin particles to self-aggregate. MWCNTs micrographs (Figure 5c,d) re-
vealed an entangled network of cylindrical nanotubes with a high aspect ratio. The dense,
tangled morphology is typical for MWCNTs and is suitable for the formation of conductive
percolation paths in composites/hybrids.

 
(a)  (b) 

 
(c)  (d) 

Figure 5. SEM images of starting materials: soda lignin (a,b) and MWCNTs (c,d).

Figures 6 and S2 present the micrographs of the two synthesized hybrids. In both
cases, the micrographs indicate that the MWCNTs were entangled around the lignin particles
with interconnected networks being created. Lignin appeared to act as a matrix, with the
MWCNTs entangled on its surface, indicating an interaction between the two materials. At
10% MWCNT loading (Figure 6a,b), the hybrids displayed a more uniform structure, whereas
at 20% MWCNT loading (Figure 6c,d), the presence of aggregates became more pronounced.

3.3.2. TEM Imaging

Figure 7 displays TEM micrographs of raw MWCNTs (Figure 7a), 10% MWCNTs–sL
hybrid (Figure 7b,c), and 20% MWCNTs–sL hybrid (Figure 7d). In Figure 7a, the raw
MWCNTs exhibited their characteristic long and tubular structures with relatively uniform
diameter. In the 10% MWCNTs–sL hybrid (Figure 7b,c), a dense network was observed
in which the MWCNTs were visibly integrated within the lignin matrix. The interaction
appeared to promote the formation of lignin nanoparticle aggregates in certain regions.
For the 20% MWCNTs–sL (Figure 7d,e), the structure became denser and more compact.
The dark areas indicated aggregation, and MWCNTs were no longer easily distinguishable.
This could be attributed to higher MWCNTs loading and reduced dispersion efficiency
due to van der Waals interactions [42]. Nevertheless, MWCNTs can still be identified as
entangled with the lignin matrix, implying the formation of conductive pathways. The
TEM observations are consistent with the DLS and SEM results, confirming that the 10 wt%
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hybrid exhibits a more homogeneous dispersion with smaller HDD values and higher
electrostatic stabilization (HDD = 380 nm, ZP = −25 mV), while the 20 wt% hybrid shows
locally denser regions and partial CNTs aggregation, as also seen in the SEM images and
reflected in its higher HDD and lower ZP values (HDD = 470 nm, ZP = −25 mV).

 
(a)  (b) 

 
(c)  (d) 

Figure 6. SEM images of the two hybrids: 10% MWCNTs–soda lignin (a,b) and 20% MWCNTs–soda
lignin (c,d) hybrids.

 
(a) 

   
(b)  (c) 

(d)  (e) 

Figure 7. TEM images of (a) MWCNTs, (b,c) 10% MWCNTs–sL hybrid, and (d,e) 20%
MWCNTs–sL hybrid.
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3.4. Raman Results and Interpretation

The Raman spectra of the 110D electrode, soda lignin, MWCNTs, and their hybrids
are shown in Figure 8, with IG/ID ratios summarized in Table 2. The graphite electrode
(110D) exhibited the two typical carbon bands, the D band (~1350 cm−1) and the G band
(~1580 cm−1). The relatively high IG/ID ratio of 1.95 indicates a well-ordered graphitic
structure with a low defect density, consistent with the crystalline domains of the electrode
material [43]. Upon modification with soda lignin (Figure S3), considerable fluorescence
was observed, and the spectrum showed an intense broadband, reflecting the complex
aromatic structures of lignin [44]. The spectrum of MWCNTs displayed the two well-
known bands of CNTs: the D band at ~1350 cm−1, related to structural disorder and
defects, and the G band at ~1580 cm−1, corresponding to the in-plane stretching of sp2

carbon bonds in graphitic domains [36]. The low IG/ID ratio of 0.79 suggested a high
level of disorder and the presence of amorphous carbon, which is common for untreated
CNTs [45]. For the hybrids, both the D and G bands remained visible, but an increased
fluorescence background was observed due to the contribution of lignin. No additional
peaks appeared, indicating that the interaction between lignin and MWCNTs did not alter
the characteristic Raman features of the nanotubes. The IG/ID ratio increased to 1.21 for the
10% MWCNTs–sL hybrid, suggesting improved MWCNT dispersion and partial reordering
of the carbon structure facilitated by the lignin matrix. At 20% MWCNT loading, the ratio
decreased slightly to 1.09, which can be attributed to CNT re-aggregation and increased
structural disorder caused by stronger van der Waals interactions [46].

Figure 8. Raman spectra of 110D and 110D electrode with MWCNTs and 10% and 20% MWCNTs–sL
hybrids. Vertical lines indicate the positions of the characteristic D and G Raman bands.

Table 2. IG/ID intensity ratios for the 110D and 110D electrode with sL, MWCNTs, and 10% and 20%
MWCNTs–sL hybrids.

Sample Name IG/ID

110D 1.95
soda Lignin 1.44
MWCNTs 0.79

10% MWCNTs–sL 1.21
20% MWCNTs–sL 1.09

3.5. Electrical Characterization
3.5.1. BDS Analysis

The electrical conductivity of the starting materials and hybrids was measured by
BDS analysis (Figure 9). MWCNTs had a conductivity of σDC = 9.4 × 10−1 S/cm, whereas



Electronics 2025, 14, 4539 12 of 20

lignin behaved as an insulator. Both hybrids exhibited conductivity values that were only
one order of magnitude lower compared to MWCNTs. Specifically, the 10% MWCNTs–sL
hybrid exhibited conductivity of σDC = 6 × 10−2 S/cm, while the 20% MWCNTs–sL hy-
brid exhibited σDC = 5 × 10−2 S/cm. This is an important result as the hybrids consist
mostly of a biobased insulating matrix (80–90 wt% lignin) and contain only 10–20 wt%
of the conductive material. The slightly lower σDC value observed for the 20 wt% hybrid
compared to the 10 wt% hybrid may arise from partial CNTs re-agglomeration at higher
loading, as evidenced by SEM and TEM observations (Figures 6 and 7), which increases
local heterogeneity and interfacial polarization losses. Such effects are commonly encoun-
tered in dielectric measurements of conductive composites, because BDS is highly sensitive
to electrode polarization and Maxwell–Wagner–Sillars (MWS) interfacial phenomena that
intensify with filler aggregation and non-uniform dispersion. These interfacial processes
can depress the low-frequency σ plateau and lead to underestimation of the true DC con-
ductivity relative to direct four-point probe measurements [47–49]. Electrical conductivity
values of CNTs-biobased composites usually range from 10−4 to 1 S/cm depending on
CNTs loading, dispersion quality, and type of biobased material. For example, polyamide
6 (PA6) composites with CNTs and metal additives showed conductivity values around
10−4 S/cm, while poly(butylene succinate) (PBS) composites with MWCNTs and Fe3O4

achieved conductivities between 10−3 and 10−2 S/cm [50]. In another study, polystyrene
composites with 0.02–3.5 wt% MWCNTs reached up to 1 S/cm, as measured by BDS [51].

Figure 9. Electrical conductivity results of MWCNTs, soda lignin, and 10% and 20%
MWCNTs–sL hybrids.

It is important to note that BDS is an indirect method to determine conductivity
by studying the frequency-dependent dielectric behavior of materials. Due to this, the
conductivity measured by BDS is lower than those measured by other techniques such
as the four-point probe technique (see Section 3.5.2) that can measure direct conductivity
through the percolative network of MWCNTs.

3.5.2. Four-Point Probe Analysis

Four-point probe measurements were also carried out on the pellets used for BDS
analysis to provide a more comprehensive electrical evaluation. The I–V curves (Figure 10)
showed a clear difference between the 10% and 20% MWCNTs–sL hybrids. The slope
of the curves reflected resistance, with the 20% hybrid exhibiting a much steeper slope,
corresponding to a lower resistance (0.511 Ω), compared to the 10% hybrid (1.312 Ω). This
indicated that increasing the MWCNTs content from 10 to 20 wt% enhanced electrical
conductivity from approximately 2 S/cm to 5 S/cm, respectively, due to the formation
of more effective conductive pathways. Table 3 provides sheet resistance analysis, in-
cluding geometric and thickness corrections and estimated conductivity values. Pellets
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of MWCNTs were too brittle to sustain probe contact and fractured. This indicates that
lignin probably acts as a binder that enhances mechanical integrity. This effect is con-
firmed by observations in CNT/polymer composites where a binding matrix enhances
structural integrity [52]. Comparable conductivity values have been reported in other
CNT/biobased composites. For instance, in polyacrylonitrile (PAN)-based composites with
Cu/MWCNTs, conductivity increased significantly with filler loading, reaching 1.479 S/cm
at just 0.5 wt% MWCNTs [53]. Similarly, epoxy composites with 25 wt% MWCNTs have
demonstrated adequate conductivity around 0.1 S/cm [54]. Another study involving
composites of Eucommia ulmoides gum (EUG) with CNTs and graphene nanoplatelets
reported conductivities in the range of 2.3–2.7 S/cm, measured via the 4PP method, despite
using 10 wt% MWCNTs [55]. Finaly, a similar study has been reported, which developed
sodium lignosulfonate/MWCNT composite coatings for paper electronics. In that study,
coatings containing 23 wt% MWCNTs exhibited sheet resistances of ~113 Ω/sq [56]. These
comparisons highlight that the electrical conductivity values of our MWCNTs/lignin-based
hybrids are highly competitive with both synthetic and biobased systems.

 

Figure 10. I-V measurements of 10% MWCNTs–sL and 20% MWCNTs–sL.

Table 3. The final sheet resistance values, incorporating both geometric and thickness corrections and
the estimated electrical conductivity values.

Sample Name Measured
Resistance (Ω)

Initial Sheet
Resistance (Ω/sq)

Geometric Corrected
Sheet Resistance (Ω/sq)

Final Sheet
Resistance (Ω/sq)

Estimated
Conductivity

(S/cm)

10% MWCNTs–sL 1.312 5.946 5.155 5.102 1.960
20% MWCNTs–sL 0.511 2.316 2.00 1.987 5.033

The electrical conductivity values of both MWCNTs–sL hybrids measured via BDS
(~6 × 10−2 S cm−1 and ~5 × 10−2 S cm−1 for 10 wt% and 20 wt% MWCNTs loading, re-
spectively) were significantly lower than those obtained via 4PP measurements (~2 S cm−1

and ~5 S cm−1, respectively). Additionally, BDS indicated comparable conductivities for
the two hybrids, whereas four-point probe measurements revealed an increase at higher
MWCNT loading (20% > 10%). This discrepancy arose from the fundamental differences
between the two measurement techniques. Specifically, the lower conductivity values
observed in BDS were commonly attributed to voltage drops at the electrode–sample in-
terface. In carbon–polymer composites, this effect is further influenced by the preferential
orientation of conductive fillers, often induced by the preparation method [57]. Supporting
this, a study by Madinehei et al. reported that in graphene–polyester composites, BDS-
derived conductivities were typically an order of magnitude lower than those measured by
four-point probe, due to the factors mentioned above [57].
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3.6. Electrochemical Performance

The electrochemical behaviors of raw MWCNTs, sL, 10% MWCNTs–sL, and 20%
MWCNTs–sL were investigated using cyclic voltammetry. Measurements were performed
with bare GCE, MWCNTs/GCE, sL/GCE, 10%MWCNTs–sL/GCE, and 20% MWCNTs–
sL/GCE in a standard 1 mM K3[Fe(CN)6] as a redox probe in 0.1 M KCl as the aqueous
supporting electrolyte at a scan rate of 50 mV/s (Figure 11), and additionally at 20 mV/s
and 100 mV/s, as shown in Figure S4a–d.

 
(a)  (b) 

Figure 11. Cyclic voltametric curves of bare GCE, sL/GCE, MWCNTs/GCE, 10% MWCNTs–sL/GCE
and 20% MWCNTs–sL/GCE hybrids recorded in 1 mM K3[Fe(CN)]6] in 0.1 M KCl aqueous support-
ing electrolyte, at a scan rate of 50 mV/s: (a) sL/GCE and bare GCE at an expanded current scale and
(b) all electrodes plotted together for comparison.

The expected electrochemical behavior of the [Fe(CN)6]3−/4− redox couple is observed,
with distinct anodic and cathodic peaks indicating a quasi-reversible or reversible elec-
tron transfer process. The anodic peak corresponds to the oxidation of [Fe(CN)6]4− to
[Fe(CN)6]3−, while the cathodic peak represents the reverse reduction in [Fe(CN)6]3− to
[Fe(CN)6]4− [58].

The comparison of the cyclic voltammograms for the bare GCE and modified elec-
trodes revealed notable differences in electrochemical behavior, indicating changes in
surface morphology and confirming modification with MWCNTs lignin-based hybrids.
As shown in Figure 11, the sL/GCE showed a significantly lower current response, ap-
proaching the values of bare GCE, in agreement with its insulating nature, as confirmed
by BDS measurements. In contrast, the MWCNTs/GCE exhibited a well-defined redox
couple with a reduction peak ≈ 0.18 V and an oxidation peak ≈ 0.25 V. This behavior
reflects efficient electron transfer kinetics, attributed to its adequate electrical conductiv-
ity (σDC = 9.4 × 10−1 S/cm), along with strong capacitive characteristics. The modified
electrode composed of 10% MWCNTs and 90% soda lignin demonstrated an intermediate
current response, higher than soda lignin alone but lower than pure MWCNTs, indicating
an improvement due to the presence of conductive CNTs. Additionally, the potential values
of the redox couple peaks for the 10% MWCNTs–sL/GCE were shifted slightly towards
more positive potential values (oxidation peak ≈ 0.35 V; reduction ≈ 0.20 V). Notably,
the 20% MWCNTs–sL/GCE demonstrated a further enhancement, with peak currents
approaching those of the raw MWCNTs/GCE. This trend in the electrochemical current re-
sponse of the hybrid-modified electrodes follows the direct conductivity values obtained by
4PP, confirming that improved redox performance originates from enhanced charge trans-
port through the MWCNT network. The shifts in peak potentials for both hybrids modified
electrodes compared to MWCNTs/GCE can be attributed to the interaction between soda
lignin and MWCNTs, as further supported by complementary characterization techniques.
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Determination of Electro-Active Surface Area

The electrochemical properties of bare GCE, MWCNTs/GCE, 10% MWCNTs–sL/GCE
and 20% MWCNTs–sL/GCE were further investigated through evaluation of their electroac-
tive surface areas. This was achieved via cyclic voltammetry conducted under identical
supporting electrolyte conditions. Measurements were conducted at various scan rates
(200, 100, 70, 50, 20, and 10 mV/s), as illustrated in Figures 12a–c and S5a for the bare
GCE. The peak currents (Ipa and Ipc) were plotted against the square root of scan rate (v½)
(Figures 12d and S5b) and the average slope of the resulting Ipa and Ipc lines was used to
calculate the EASA of each electrode (Table 4) based on the Randles–Ševčík Equation (5).

(a)  (b) 

   
(c)  (d) 

Figure 12. Cyclic voltametric curves of 10% MWCNTs–sL/GCE hybrid and 20% MWCNTs–sL/GCE
hybrid and MWCNTs/GCE (a–c) recorded in 1 mM K3[Fe(CN)6] in 0.1 M KCl aqueous supporting
electrolyte, at a scan rate of 200 mV/s, 100 mV/s, 70 mV/s, 50 mV/s, 20 mV/s, and 10 mV/s. Linear
fit of Ipa and Ipc vs. scan rate 1/2 for bare and modified electrodes to estimate EASA (d).

Table 4. Electroactive surface area (cm2) of bare and modified electrodes.

Electrode Slope Electroactive Area (cm2)

Bare GCE 3.43 × 10−5 0.0500
10% MWCNTs–sL/GCE 4.40 × 10−4 0.6417
20% MWCNTs–sL/GCE 7.16 × 10−4 1.0442

MWCNTs/GCE 9.17 × 10−4 1.3364

According to the equation, the electroactive surface areas of 10% MWCNTs–sL/GCE,
20% MWCNTs–sL/GCE, and MWCNTs/GCE were found to be 0.6418 cm2, 1.0442 cm2,
and 1.3364 cm2, respectively, which were 13, 21, and 27 times higher than that of bare GCE
(0.0500 cm2). The increase in EASA, attributed to higher MWCNTs loading in the hybrid
material, reflects faster electron transfer kinetics at the electrode/electrolyte interface and is
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owed to the resulting electrical conductivity of the hybrid, due to the soda lignin matrix
embedding the MWCNTs.

4. Conclusions
In this study, sustainable lignin–MWCNT hybrid materials for conductive and electro-

chemical applications, using a simple, water-based ultrasonication process, were success-
fully developed and characterized. This environmentally benign synthesis route avoided
the use of organic solvents and hazardous reagents in accordance with green chemistry
principles. Soda lignin served not only as a biobased matrix but also as an efficient natu-
ral dispersant for MWCNTs through π–π interactions and hydrogen bonding. This dual
functionality enabled homogeneous dispersion of MWCNTs in water, as evidenced by the
significant reduction in HDD and stable ZP values over extended storage, confirming long-
term colloidal stability without the need for synthetic surfactants. SEM and TEM imaging
confirmed the formation of dense conductive networks, while Raman spectroscopy indi-
cated the improved structural order of MWCNTs upon hybrid formation. These findings
indicate an interfacial compatibility between lignin and MWCNTs, which plays a decisive
role in promoting effective charge transport pathways. Despite containing up to 90 wt%
of insulating lignin, the hybrids exhibited adequate electrical performance. BDS analysis
revealed conductivities up to 6 × 10−2 S/cm, while direct 4PP measurements showed
even higher values of ~2 S/cm for 10 wt% MWCNTs and ~5 S/cm for 20 wt%, confirming
the formation of efficient percolated MWCNT networks. Such values shows that lignin
effectively contributes to network formation in combination with MWCNTs, rather than
acting as a passive insulator. Electrochemical characterization further demonstrated the
high functional performance of the hybrids. The modified GCEs exhibited substantially
increased current responses, improved reversibility, and significantly enhanced electron
transfer kinetics compared to bare or lignin-modified electrodes. The electroactive surface
area increased up to 21 times relative to the unmodified GCE, underscoring the hybrids’
potential as efficient electrochemical interfaces. This performance is attributed to the syner-
gistic effect between the conductive MWCNT network and the aromatic lignin structure,
which facilitates faster electron transfer kinetics at the electrode–electrolyte interface.

Overall, this work showed that the combination of renewable lignin and conduc-
tive MWCNTs provides an effective strategy for producing cost-effective, scalable, and
environmentally responsible materials for green electronics, sensors, and energy-related
applications. The approach of replacing synthetic fossil-based surfactants and polymeric
matrices with a fully biobased component offers a practical pathway toward the sustainable
production of functional conductive materials that align with the circular economy and
eco-design principles.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/electronics14224539/s1, Figure S1: Stability test of 20% MWCNTs–sL
hybrid suspended in water over a 10-day period; Figure S2: SEM images of the two hybrids: 10%
MWCNTs–soda lignin (a & b) and 20% MWCNTs–soda lignin (c & d) hybrids; Figure S3: Raman
spectra of 110D electrode with soda Lignin; Figure S4: Cyclic voltametric curves of bare GCE,
MWCNTs/GCE, sL/GCE, 10% MWCNTs–sL/GCE and 20% MWCNTs–sL/GCE hybrids, recorded
in 1mM K3[Fe(CN)6] in 0.1 M KCl aqueous supporting electrolyte, at a scan rate of 100 mV/s and
20 mV/s: (a) & (b) sL/GCE and bare GCE at an expanded current scale and (c) & (d) all electrodes
plotted together for comparison; Figure S5: Cyclic voltametric curves of Bare GCE recorded in
1mM K3[Fe(CN)6] in 0.1 M KCl aqueous supporting electrolyte, at a scan rate of 200 mV/s, 100 mV/s,
70 mV/s, 50 mV/s, 20 mV/s and 10 mV/s (a). Linear fit of Ipa and Ipc vs. scan rate 1/2 for bare
electrode to estimate EASA (b).

https://www.mdpi.com/article/10.3390/electronics14224539/s1
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Abbreviations
The following abbreviations are used in this manuscript:

BDS Broadband dielectric spectroscopy
CNTs Carbon nanotubes
CTAB Cetrimonium bromide
CGA Chlorogenic acid
CE Counter electrode
DI Deionized
DLS Dynamic light scattering
DMF Dimethylformamide
DMSO Dimethylsulfoxide
EASA Electroactive surface area
EUG Eucommia ulmoides gum
GCE Glassy carbon electrode
HDD Hydrodynamic diameter
I-V Current–voltage
MTMS Methyl trimethoxysilane
MWCNTs Multi-walled carbon nanotubes
PAN Polyacrylonitrile
PDMS Polydimethylsiloxane
PLA Polylactic acid
PP-g-MA Polypropylene-grafted-maleic anhydride
RE Reference electrode
Rs Sheet resistance
SDS Sodium dodecyl sulfate
SEM Scanning electron microscopy
SHE Standard hydrogen electrode
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sL Soda lignin
TEM Transmission electron microscopy
Triton X-100 Octyl phenol ethoxylate
US Ultrasonication
WE Working electrode
ZP Zeta potential
4PP Four-point probe
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