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The search for promising and sustainable materials for advanced electronic applications has recently drawn

attention to lignin. As a major by-product of pulping processes, lignin features a complex aromatic

structure, rich in aliphatic and aromatic ethers, as well as hydroxyl and carboxyl functional groups, which

endow it with unique chemical and electronic properties. In this study, we present a comparative

analysis of three distinct lignins. Two of them (L1 and L2) are derived from the Kraft pulping process,

while the third (L3) is extracted from Cynara cardunculus using an ethanolic organosolv method. These

lignins are investigated as active layers in an interdigitated electronic device. To explore in depth the

influence of the compositional, structural, morphological and chemical properties of the three lignins on

dielectric relaxation dynamics and charge transport mechanisms, several advanced analytical techniques

were adopted, including Electrochemical Impedance Spectroscopy (EIS), Nyquist Plots (NP), Broadband

Dielectric Spectroscopy (BDS), and Complex Power (CP) representations. Our consistent workflow

included the same interdigitated electrode (IDE) platform, identical frequency window, a unified BDS

formalism, and a common base EIS circuit design tailored to the observed Nyquist Plot features. Our

findings revealed that the extraction process enables tuning of the lignin properties. Whilst L1 exhibited

smooth, compact morphology and a higher polymerization degree, limiting charge mobility and resulting

in inferior electrical and capacitive performance, L2 featured a fibrous structure with higher content in

carboxyl groups and ashes, which significantly enhanced the conductivity and capacitance. L3 displayed

an intermediate morphology with a high concentration of aliphatic hydroxyl groups, offering a balanced

blend of chemical and structural properties. In this work, we reveal the potential of lignin as a versatile

dielectric material exhibiting supercapacitive behavior among other properties.
1 Introduction

Lignin accounts for approximately 20–30% of the dry weight of
lignocellulosic biomass1 and constitutes a renewable resource
for a variety of cutting-edge applications. The unique physico-
chemical properties of lignin, such as its thermal stability and
redox activity, make it an attractive candidate in different
elds.2,3 However, the structural complexity of lignin offers both
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opportunities and challenges for its utilization. Lignin's high
content of aromatic and phenol groups imparts strong antiox-
idant and redox properties, which are essential for energy
storage devices such as supercapacitors and batteries.4–6 Studies
have demonstrated that incorporating lignin into electrodes not
only improves their electrochemical performance but also
reduces production costs and environmental impact, aligning
with the principles of green chemistry.7–9 Moreover, lignin-
derived activated carbons, carbon nanobers, and meso-
porous carbons have emerged as leading candidates for elec-
trode materials.10 Furthermore, lignin has garnered attention
for its intrinsic dielectric and capacitive properties.11,12 As an
amorphous polymer with a complex network of aromatic rings
and ether linkages, lignin exhibits dielectric behavior suitable
for use in memory devices. For example, lignin-based resistive
switching random access memory (RRAM) devices have shown
promise for high-density information storage, leveraging
lignin's ability to form multilevel resistance states.13,14 Recent
This journal is © The Royal Society of Chemistry 2026
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studies have also demonstrated the potential of lignin as a gate
dielectric material in organic eld-effect transistors (OFETs).7,15

Specically, Kra lignin has shown promising results as
a dielectric layer in bottom-gate OFETs, offering reliable elec-
trical performance along with environmentally friendly char-
acteristics.7 On the other hand, lignin extracted through the
organosolv process – known for its higher purity and better
solubility in organic solvents – has yet to be explored for use in
electronic devices. From a broader perspective, Kra pulping
and organosolv extraction represent contrasting technological
and sustainability paradigms. Kra pulping is primarily
designed to delignify biomass or cellulose ber recovery,
producing lignin as a byproduct along with sulfur-containing
residues, degraded carbohydrates and inorganic salts. These
lignins are heterogeneous, partially condensed and contain
residual inorganic compounds.16 In contrast, organosolv
processes use organic solvents under milder conditions,
yielding higher-purity lignin with lower sulfur content, more
dened hydroxyl functionality and improved solubility for high-
value applications. From a sustainable perspective, Kra pulp-
ing is cost-effective and scalable but generates chemical efflu-
ents, whereas organosolv processes offer environmental
advantages despite higher production costs. Then, the choice of
extractionmethod fundamentally inuences both the structural
and chemical characteristics of lignin, which in turn dictate its
technological performance across diverse applications. L1, L2
and L3 were deliberately chosen to encompass a relevant tech-
nological spectrum. L1 and L2 are widely available from
industrial pulping processes, while the biomass-derived orga-
nosolv L3 introduces a higher-purity variant with enhanced
functional accessibility.17

Many factors inuence the electrical behavior of lignin,
which are encountered only to a limited extent in synthetic
organic polymers. Lignin is a random copolymer of p-coumaryl,
coniferyl and sinapyl alcohols,18,19 for which there is limited
knowledge about its chemical connectivity, especially in terms
of the true sequence of the repeating units. This makes even
theoretical predictions of lignin properties, in terms of self-
aggregation, highly difficult. Furthermore, the extraction
methods used for lignin isolation leave a ngerprint over the
isolated material, which involves the presence of impurities in
the isolated product20,21 and molecular skeleton modication.
Oen, technical lignins contain ashes or residual proteins or
sugars; nonetheless, many other studies apply lignin in elec-
tronic devices without correlating the performance with the
eventual presence of impurities, which, in some cases, may not
be negligible.5,8,11,22

This study aims to be a follow up of previous study on three
lignins: two of them (L1 and L2) sourced from the Kra pulping
process and one (L3) derived from Cynara cardunculus using an
organosolv extraction method.23 All samples are solution-
processed under identical conditions to ensure consistency.
Due to their distinct chemical compositions and extraction
methods, the three lignins exhibit varied ash and functional
group content (phenolic and aliphatic OH, carboxyl groups,
sulfur content etc.) and aggregation behaviors, which in turn
inuence their device performance and are parametrized in this
This journal is © The Royal Society of Chemistry 2026
study to identify factors allowing the assessment of lignin
pathways to valorization in electronic devices. In this context,
the adoption of Electrochemical Impedance Spectroscopy (EIS)
and Broadband Dielectric Spectroscopy (BDS) has proven
particularly suitable for providing insights into the correlation
of the complex polymeric nature, morphology and chemistry of
lignins with their charge carrier storage and transport proper-
ties. These insights are crucial for evaluating their potential
applications in various electronic and energy storage devices.
Unlike the DC current–voltage response, EIS and BDS rely on
the response under an AC eld which enables the capture of
signals from polymeric chains oscillations, ionic charge current
and distributions, as well as redox reaction signals.24–29 In
summary, this study sheds light on the different properties of
lignin that can be ne-tuned for selecting the production
process. We aim to offer new insights, positioning lignin as
a versatile material for future dielectric and energy storage
applications.

2 Results and discussion
2.1 AC electrical characterization

Solutions of the three lignins were prepared in EtOH:NH4OH in
a 1:1 volumetric ratio at 20 mg mL−1 concentration. The solu-
tions were drop-cast onto circular Ti/Au interdigitated elec-
trodes (IDEs) (MICRUX; ø = 3.5 mm, 90 nger pairs, and 90 mm
width/gap) under ambient conditions (20 °C and 50% RH).
More information on the morphological, chemical and struc-
tural properties of the materials is reported in Table S1, Fig. S1
and S2 of the SI and in ref. 30. Prior to deposition, the
suspension was stirred for 5 minutes at 2000 rpm, and the
electrodes were ultrasonically cleaned in isopropyl alcohol and
dried in air; all depositions were performed in triplicate to
ensure reproducible impedance responses. Replicate deposi-
tions produced overlapping spectra and measured lm thick-
nesses around 0.35–0.40 mm by atomic force microscopy (RMS
roughness, ∼107 nm).13

2.1.1 Nyquist plots. Electrochemical impedance spectros-
copy (EIS) uses the Nyquist plot (NP) representation of the
impedance Z, where the x-axis represents the real part of the
impedance (ReZ), indicative of the resistance of the system. The
y-axis represents the imaginary part of the impedance (−ImZ)
that is associated with the capacitive properties of the system. In
a NP representation, the frequency decreases from the le to the
right of the plot, and the behavior is represented via a specic
combination of electrical circuital components.31 More
details on the features of the circuit elements adopted in this
work and their response vs. the AC frequency are shown in
Fig. S3 of the SI.

In Fig. 1, we report the experimental (symbols) and best-t
(straight lines) NP spectra in the full frequency range (1.0
MHz–0.1 Hz from le to right) at 0.0 V and at ±0.8 V for L1
(Fig. 1a), L2 (Fig. 1b), and L3 (Fig. 1c) on IDE devices together
with the equivalent circuits simulating the experimental data at
both DC voltages (Fig. 1d and e). The values of the circuit
parameters extracted using the EIS analyzer soware32 are
summarized in Table S2 of the SI. The choice of applied DC
J. Mater. Chem. A, 2026, 14, 4996–5006 | 4997
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Fig. 1 Impedance spectroscopy representation viaNyquist plots for devices L1 (a), L2 (b), and L3 (c) from 1 MHz to 0.1 Hz, at 0.0 V and with a bias
of ±0.8 V DC. The insets show the high and medium frequency range (1 MHz–77 Hz). The equivalent circuits (d and e) model the electrical
behaviour at 0.0 V (d) and±0.8 V (e). The arrows indicate the active components at high (HF) and low frequencies (LF). In L2 and L3, the Gerischer
impedance (G) appears at ±0.8 V, suggesting chemical reactions prior to the oxidation–reduction processes.33 The electrical circuits simulating
the NPs were built up by using the EIS analyzer software.34
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polarization (0.0 V and ±0.8 V) was made to exclude from the
electrochemical window the redox potential of water, ensuring
the assessment of the electrical symmetry of the device at
positive and negative voltages. This allowed us to study the
potential charge transfer processes and the possible occurrence
of redox activity, with regard to ionic and electronic transport
mechanisms.

A preliminary insight into the full NP behavior at 0.0 VDC
revealed signicant differences in the L1 device with respect to
the L2 and L3 devices, which were mainly visible in the low-
frequency range (Fig. 1a–c, right side of the plot). Moreover,
L2 exhibits a distinctive feature, with a low resistance at high
frequency and the sharp onset of a dominant capacitive
contribution toward lower frequency. The NP magnications
(insets of Fig. 1a–c for high andmedium frequencies and Fig. S4
in the SI) revealed other specic ngerprints vs. the frequency,
not visible in the full spectra, and allowed capturing differences
and similarities in the AC response among the three lignin
devices.

At higher frequencies, L1 (Fig. 1a inset and S4) and L3
(Fig. 1c inset) show comparable electrical behavior, whereas
L2's response (Fig. 1b) is essentially dominated by a small
resistance and, again, by the onset of capacitive behavior.
Furthermore, this is characterized by a sharp increase in ImZ,
yielding a curve almost parallel to the y-axis, a trend generally
4998 | J. Mater. Chem. A, 2026, 14, 4996–5006
observed in supercapacitors.35 Notably, the module of the
experimental impedance jZj and, more specically, the values at
high frequency of the real part ReZ due to the only resistive
response pass from 20 kU in L1 to 887 U in L3 and 46 U in L2
(see Fig. S4 in the SI), justifying the DC currents observed in the
I–V characterization studies.30

Following the experimental evidence, L1 and L3 can be
modeled by similar equivalent circuit structures, whereas
a different model is required for L2. Notably, similar behavior is
present at both positive VDC = +0.8 V and negative VDC = −0.8 V
because of the almost ohmic behavior of the Au IDE contacts.
Therefore, we focus our attention on cases in which VDC = 0.0 V
and VDC = +0.8 V. In this approach, the NP behavior (either 0.0
VDC or VDC =±0.8 V) can be described by two main sections: the
rst extends in the frequency range of 1.0 MHz–77 Hz (high–
mid-frequency region) and the second extends from 77–0.1 Hz
(mid–low-frequency region). Details on the development of
various regions of spectra represented per frequency decade
and justifying the modeling are reported in Fig. S4 of the SI.

At VDC = 0.0 V, modeling the NPs was performed using the
free downloadable EIS analyzer soware,36 and the equivalent
electrical circuits are shown in Fig. 1d for L1, L2 and L3,
respectively. The components are arranged in the order of
frequency, starting from the high-frequency (HF) region on the
le and progressing to the low-frequency (LF) region on the
This journal is © The Royal Society of Chemistry 2026
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right. The equivalent circuits applicable at VDC = ±0.8 V are
summarized in Fig. 1e.

For L1 (Fig. 1a) and L3 (Fig. 1c), the equivalent circuit
consists of two sections made up of Randle-like circuits (Fig. 1d,
the sections marked by the arrow colored from blue (HF) to red
(LF)),28 one effective in the high–mid-frequency range and the
other in the low-frequency range. Compared with the AC
conductivity spectra (see the next section), the rst section of
the circuit, covering four decades, was assigned to ionic diffu-
sion, electrode polarization and ionic hopping, whereas the
second was assigned to the lignin redox features.

In the rst section, the lower branch of the Randle's circuit is
associated with free ionic charge diffusion and represented by
a Warburg impedance (ZW) in L1 and a constant phase element
ZCPE,D in L3. Notably, the impedance values (see Table S1, where
ZCPE,D < ZW) and RHF in L3 are lower than those in L1, suggesting
that ionic charge diffusion is less hindered in L3 compared to
L1. A further element was added to represent the contact
impedance (Rc//CHF in L1) or resistance (CHF in L3) at the lignin/
AuIDE interface. In the upper branch associated with the double
layer, the corresponding impedance ZCPE,HF is much greater in
L3 than in L1, an effect that appears in the former as a sharp
increase along the −ImZ axis similar to that observed in L2.

The second section (low frequency, LF) represents the
transport at the ‘AuIDE (electrode) lignin (electrolyte)’ interface.
The lower branch, labeled as faradaic, again includes Randle's-
like circuit features i.e. the series of Rion/ct with a Warburg open
(ZWo) impedance in L1 and with a constant phase element ZCPE1
in L3. In L1, the adoption in the equivalent circuit of a Warburg
open impedance (ZWo), rather than a semi-innite Warburg
impedance ZW,35,37 is justied by the presence in the NP of
a straight line with a slope greater than 45° (see EIS spectra in
the SI). Overall, the series of Rion/ct with the diffusion elements
enable estimating the magnitude of charge transfer via redox
reactions36,38 and thereby the reactivity to the environment.
Finally, in the upper branch, the constant phase element ZCPEdl
in L1 and a capacitor Cdl term in L3 are placed parallel to the
faradaic one and represent the charge double layer forming at
the electrode/lignin interface.

L2 (Fig. 1b) behavior stands out from L1 and L3: here, the
rst section representing the NP consisted of a resistor named
RHF, corresponding to the intercept on the ReZ. The second
section consists of the parallel of the double layer nonideal
capacitance ZCPE,dl and of the ionic charge resistance Rion/ct, as
representative of the dominant extension of the impedance
along the−ImZ. Moreover, Rion/ct is an index of the ability of the
ionic charge to promote charge transfer (via redox reactions) at
the electrodes. Notably, this circuit is typically encountered
when simulating the NP of supercapacitor devices.35

Finally, we found that the ZCPEdl in L3 places in between
those of L1 and L2 (see Table S2 in the SI), and the high-
frequency resistance decreases in the order of RHF(L1) >
RHF(L3) > RHF(L2) (see Table S2 in the SI), in agreement with the
magnitude of the measured DC currents. Similarly, this
sequence can be explained because of the features of the
morphological structure shown in Fig. S1.
This journal is © The Royal Society of Chemistry 2026
In all the three lignin devices, the superposition of a DC bias
(either positive or negative) to the AC one modied their
response at low frequencies, although the extent of the response
varied signicantly. These changes can result, for example,
from redox reactions at the electrode/lignin interface,
producing charge transfer currents whose magnitude is repre-
sented by the resulting values of the charge transfer resistance
Rion/ct under bias.

Again, in this range, L2 and L3 demonstrated a DC vehicu-
lated response represented by the presence in L2 either of
a lower Rct/ion (Rct/ion = 3.5 × 107 U at 0.0 V and Rct/ion = 1.2 ×

106 U at 0.8 V, see Table S2 in the SI) or a Gerisher impedance33

and in L3 of a solely Gerisher impedance. Therefore, these
results further conrm the higher reactivity of both lignins due
to the presence of adsorbates, as also suggested by the I–V
measurement under different pressures.30 The latter is
furthermore indicative of mixed, albeit not distinguishable,
electronic–ionic conduction due to a peculiar charge exchange
current at the electrode/lignin interface, which is consistent
with the occurrence of diffusion coupled with chemical reac-
tions.33 Conversely, in the low-frequency section, when a bias is
applied, the L1 device retains the same behavior, as expressed
by the similar order of magnitude of the values of Rion/ct in
Randle's circuit and hints at lower or null reactivity, which is
accompanied by a localized ionic charge diffusion mechanism
expressed again by the ZW0 impedance element.

To summarize, at 0.0 V, L1 and L2 display peculiar circuits,
the former being a superposition of HF and LF transport
ascribed to ionic charge-free diffusion and redox properties at
the lignin interface; conversely, L2 displays a sharp and fast
transition from a low impedance (resistive state) to a quasi-ideal
capacitive state covering the full frequency. The circuit of lignin
L3 is similar to that of L1 at high frequencies, whereas, at low
frequencies, the electrical properties of L3 are dominated by
capacitive effects. The behavior can be interpreted in strict
relation to morphology. The similarities of L2 and L3 increase at
0.8 V, indicating their interaction with the external environ-
ment. Indeed, the presence of a Gerisher impedance hints at
more reactivity toward ambient gases.
2.2 Broadband dielectric spectroscopy (BDS) results

The BDS is recognized as a powerful data representation for
accessing impedance properties of polymeric materials,39–42

highlighting the molecular dynamics of materials in response
to an AC eld. In this framework, BDS allows investigating in
great detail the dielectric relaxation processes and AC charge
transport at various time scales.25,43Details on themathematical
formalism used in this section are provided in the SI.

We found that the lignin polymer structure, morphology and
chemistry strongly affect the permittivity 3(u) (eqn (S8)) and AC
conductivity s(u) (eqn (S12)) frequency dispersion features. The
Dlnu3

0(u) Kramers–Kronig representation of the permittivity
30(u) (eqn (S10)) is more suitable to enhance the elicited features
via the presence of more resolved peaks at frequencies typical
for specic lignin relaxation mechanisms.41,44 As a result, in L1
(panel 2a, red curve), the rst peak is due to b-relaxation and
J. Mater. Chem. A, 2026, 14, 4996–5006 | 4999
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can be associated with the hydration status of the polymer45 or
the radial charge hopping mechanism,13,24 and the second peak
is due to electrode polarization (EP). An additional relaxation
process is observed and attributed to near-constant loss (NCL).42

Unlike L1, the Dlnu3
0(u) of L2 (panel 2a, green curve) exhibits

a dominant relaxation process, hinting an extended EP and
a rise toward lower frequencies. However, in our previous
ndings, the measurements conducted on L2 down to 1.0
mHz13 revealed the presence of two more peaks. The rst one is
termed a-relaxation and commonly associated with the poly-
meric chain length, i.e. the longer the chain, the lower the
oscillation frequency;45 moreover, it can be qualitatively asso-
ciated with the polymerization degree and/or polymer aggregate
dimension.24,25 The second peak is again representative of the
elicited b-relaxation. Like L1, L3 (panel 2a, blue curve) displays
two distinct peaks in Dlnu3

0(u), corresponding to b-relaxation
and EP, the latter extending less in frequency than in L2.46

Additionally, in L3, a relaxation occurs at frequencies slightly
higher than L2, which implies a lower extension of the polymer
aggregates.47 The observed frequency location of the a-relaxa-
tion conrms what is already discussed in our previous paper,
i.e. due to the extraction process, the degree of polymerization
scales down going from L1 to L2 and L3.

The inspection of the AC conductivity enables recognition of
two distinct regions in L1's s0 plot (red trace in panel 2b), both
following Jonsher–Funke's law48 (see eqn (S12) in the BDS data
analysis section), where the power term, i.e., Aunwith n <1, has n
∼0.7 at frequencies <1.0 kHz and n ∼ 0.5 at higher frequencies.
These correspond in Dlnu3

0(u) to the b-relaxation and the EP,
respectively. The crossover region is linearly dependent on the
frequency (Bu, eqn (S10)), validating the NCL relaxation
observed in Dlnu3

0(u).49 In L2 (panel 2b, green curve), the
behavior is noticeably distinct from the one of L1. L2's previ-
ously reported n values13 prove that charge hopping occurs
mainly through localized trap states (Aun, ny 1, i.e., n= 0.85 up
to 200 Hz and n= 1.43 up to 10 kHz)50 and is followed by free ion
charge diffusion, evidenced by a short curve plateau. L3's
conductivity behavior (panel 2b, blue curve) is intermediate
between that of L2 and L1: at low frequencies, it follows Funke's
law (with n z 1, specically n = 0.92) as L2's, whereas at high
frequencies it conforms to Johnsher's law (n = 0.41) and the
Nearly Constant Loss (NCL) region as L1's.

It is interesting to note the correlation of these ndings with
the three lignin morphologies. Fig. S1 shows the eld emission
scanning electron microscopy (FE-SEM) micrographs of the
three lignins. L1 produced smooth, amorphous lms with at
surfaces, reecting its high solubility and lack of aggregate
formation due to a high free phenol group content. In contrast,
L2 showed a rough surface with brous structures and
agglomerates, which is attributed to its lower solubility. L3
exhibited an intermediate morphology with some agglomerates
and a rougher surface than L1, but better dispersion than L2
due to its higher content of aliphatic hydroxyl groups, which
facilitate hydrogen bonding with the solvent. It is noteworthy
how the n values correlate strictly with the morphological
structure, with n <1 in L1, which displays a smoother homo-
geneous surface as observed in amorphous materials, favoring
5000 | J. Mater. Chem. A, 2026, 14, 4996–5006
delocalized ionic charge hopping transport mechanisms, and n
$1 in L2, which displays a more inhomogeneous structure,
favoring more localized charge transport.50 In L3, the presence
of grains and grain boundaries explains the n value in the
middle between those in L1 and L2. Furthermore, the values of
s0 at the plateau (sDC,HF)follow the sequence sDC,HF (L1)
(10−7 S cm−1) < sDC,HF (L3) (10−5 S cm−1) (L1) < sDC,HF (L2)
(10−4 S cm−1), in line with the RHF one derived from NP simu-
lation and from the DC RT current–voltage measurements.30

The loss factors tan d (panel 2c) connect the permittivity and
conductivity results. In L1, tan d (red curve in Fig. 2c) features
two well-resolved peaks, corresponding to the b-relaxation and
EP, and conrming that the AC conductivity occurs through
a superposition of two different ionic charge hopping mecha-
nisms via delocalized states.48,51 Interestingly, in L2, the loss
factor representation (green curve in Fig. 2c) presents the tail of
a peak at a frequencymuch lower than 0.1 Hz, which we referred
to as the a-relaxation, accompanied by a small bump signaling
the b-relaxation and a tail refering to the EP relaxation. In L3,
the loss factor (blue curve in Fig. 2c) exhibits a behavior more
similar to L1 than to L2, exhibiting only two visible peaks,
corresponding to the b-relaxation and EP, with no evidence of
the a-relaxation (Fig. 2a). This aspect, with respect to the
Kramers–Kronig representation, is justied by the DC conduc-
tivity contribution to loss factor, affecting the resolution of all
the relaxation peaks, especially those at low frequencies.41 The
conductivity sDC,HF (Fig. 2e, le y-axis) and mobility mHF (2e,
right y-axis) values at the plateau correlate with the COOH (Fig.
S6b and d) and phenolic group OH(F) (Fig. S6a and c) milli-
molar content of lignin. The values of sDC,HF and mHF increase
by approximately two orders of magnitude in the order L1 < L3 <
L2. These parameters are plotted vs. the COOH/phenolic OH
molar ratio (COOH/OH(F), Fig. 2d) which increase in the same
order. The two chemical functionalities exert a competitive
effect on conductivity parameters: the COOH group provides H+

protons as diffusive ionic charges, whilst the phenolic OH
increases the pseudocapacitive behavior. Conversely, at low
frequencies, where localized hopping is the main transport
mechanism, the DLF, and the corresponding charge mobility,
mLF (Fig. 2e, eqn (S13) and (S15)) decrease in the order of L1 < L2
< L3 and are found to be proportional to the polydispersity index
(PDI) of the polymeric chains which decreases in the same
order.

As a result, we observe the frequency shi of the a-relaxation
peak in the order of L1 < L2 < L3. This correlates well with the
lignin weight-average molecular weight, Mw (Table S1), in
a sense that the lower the Mw the higher the frequency of the a-
relaxation peak (Fig. 2f).Mw is a measure of the average mass of
molecules in a sample, giving more inuence on larger mole-
cules and reects their contribution to the a-relaxation mech-
anism. Finally, the mass weight Mw relates with the balance
between the phenyl vs. aliphatic–OH, as seen in Fig. 2f. This is
implicit as the higher the extent of depolymerization, the higher
the number of phenolic groups liberated, and depending on the
extraction method, not all of them will be balanced by aliphatic
alcohols that can be subject to elimination processes.
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a–c) Broadband dielectric spectroscopy results of lignins L1, L2, and L3. (a) Dielectric response Dlnu3
0(u), showing a, b, EP and NCL

relaxations. (b) Real part of the AC conductivity (s0) fitted with Jonscher–Funke's law Aun with n <1 in L1 and n$1 in L2 and L3. (c) Loss factor tan
d in the log–log scale, highlighting relaxation peaks. (d–f) Correlations between the BDS and chemical characterization parameters: (d)
conductivity sHF (left y-axis) and mobility mHF (right y-axis) vs. the COOH/OH ratio from the COOH and OH contents in Table S1. (e) Low-
frequency diffusion coefficient, DLF, and charge mobility, mLF vs. PDI values in Table S1. (f) Correlation between the sequency in weight average
(see Table S1) Mw (Table S1) in lignin and the ratio of the phenyl –OH (Ph–OH) vs. aliphatic–OH content, linked to the a-relaxation frequency
shift; inset: correlation between the sequency of the ratio R= Ph–OH/(Ph–OH+ aliphatic–OH) and the magnitude of the peak in loss factor tan
d related to b-relaxation in the label, with the corresponding blue shift in the b-relaxation peak position of the frequency fb (Table S1 and Fig. 3c).

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
04

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The b-type relaxation is generally attributed to the hydration
level, as previously reported by Ambrico et al.43 In our study, all
impedance measurements were performed under controlled
laboratory conditions with a consistent relative humidity of
approximately 50%. Therefore, the observed b-relaxation can be
interpreted in the light of hydrophilic or hydrophobic nature of
the lignin samples. By analyzing the behavior of the loss factor,
we observe that both the intensity and frequency position of the
b-relaxation peak follow the sequence: L1 > L3 > L2. These
ndings suggest that a higher b-peak magnitude corresponds to
This journal is © The Royal Society of Chemistry 2026
a more hydrophilic character. Within this context, a strong
correlation has been identied between b-relaxation and the
relative content of aliphatic –OH groups. Additionally, this
observation is consistent with the presence of aromatic
condensation in the polymeric chains of L2, which contributes
to its more hydrophobic nature and affects its ionic conductivity
(see ref. 52 and references therein).

The chemical formula, specically the sulfur/nitrogen (S/N)
stoichiometric coefficient ratio vs. the ash percentages (Table
S1 and Fig. S7 of the SI) suggests that L1 and L2 contain sulfates
J. Mater. Chem. A, 2026, 14, 4996–5006 | 5001
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in their ashes, as revealed by previous scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS) anal-
ysis.7,53 The sulfated ashes have long been known to cause
a linear increase in the electrical conductivity depending on
their concentration.53 Accordingly, the higher value of the
plateau in the AC conductivity in L2 can be explained as
a combined effect of the ash content (25.3%), morphology and
COOH/OH (F) ratio. In this framework, the ash may create
conducting paths in L2 aggregates, allowing to reduce the
energetic barrier to charge diffusion by the L2 inhomogeneous
morphology, also favoring a mixed ionic/electronic path.
Conversely, in L1, the more uniform aggregate distribution
favors the inter-aggregate delocalized hopping, whereas the
much lower ash content and lower COOH/OH(F) ratio do not
suggest an increase of the current due to free diffusion of ionic
charges. Again, in L3, the conductivity falls between L1 and L3.
Considering the linear correlation of the ash content to the
conductivity53 and to the S/N ratio calculated from FWs (Table
S1), we conrm this trend in plot S7, which is compatible with
a rough estimation of ash at L3 of ∼1.5%. Therefore, we can
assume that the conductivity and capacitive properties of L3 are
essentially related to those of COOH/OH(F) ratio.

In summary, the BDS analysis revealed that the dielectric
relaxations of L1, L2 and L3 in the explored frequency range are
closely related to the PDI (determining the mobility and diffu-
sivity), to the hydration feature via the b-relaxation, and to the
EP via the ion charge displacement. The lignin morphology is
responsible for establishing ionic charge hopping (Jonscher–
Funke's law)50,51 with the COOH and OH (F) hydroxyl contents
and their ratio regulating the carrier transport mechanisms,
mainly free ion charge diffusion and displacement. The former,
being under conditions approaching the DC I–V conditions,
displayed conductivity values in line with those observed in the
IV characteristics under a DC electric eld. Moreover, a peculiar
role is believed to be played by the ash content in determining
mixed electronic/ionic conduction in L2. Within our sample set,
ash content modulates both the AC conductivity plateau and the
capacitive window. L2 (25.3% ash) shows a doping-like
enhancement of mixed ionic/electronic pathways, a low HF
resistive intercept, and a Gerischer element under ±0.8 V,
consistent with sulfate-rich ashes. Conversely, L1 (∼3.1% ash)
and L3 (ash negligible, ∼1.5% estimated from S/N) fall in a low-
ash regime where dielectric/capacitive properties are governed
primarily by COOH/OH chemistry and morphology. Opera-
tionally, our data indicate minimal impurity impact for (3%
ash and a marked effect in a high-ash regime (T 20%).

2.3 Supercapacitive properties of lignins: applications

The supercapacitor (SC) performance of lignin-based devices
(L1, L2, and L3) is evaluated through the power representation
of their impedances, specically by analyzing the complex
power35

S(u) = PAct(u) − jQReact(u).

of the reactive power, QReact(u) and active power, Pact(u),
calculated via the real C

0
p and imaginary C

00
p parts of the
5002 | J. Mater. Chem. A, 2026, 14, 4996–5006
capacitance (Fig. 3a) and represented in Fig. 3b–d as the values
normalized to the module of the power S, jSj (compare SI, eqn
(S16)–(S20)).

In lignin L1 (Fig. 3b), Pact(u)and QReact(u) do not present
a clear transition point from capacitive to resistive states, and
multiple relaxation phenomena are driven mainly by two
superimposed hopping mechanisms, limiting the development
of net charge displacement and then the onset of more capac-
itive behavior. These behaviors reect the structural complexity,
disordered nature of L1 and moderate ash content (3.1%), and
low ionic charge mobility and summarizes connement, which
hinder supercapacitor performance (Fig. 3b). Finally, the esti-
mated values of volumetric capacity/energy/power of the three
lignins are shown in Table 1.

Moreover, considering the results in Fig. 3d and S6, the
relatively high content of phenolic hydroxyls (OH(F) = 1.31
mmol g−1 of lignin) suggests a strong pseudocapacitive contri-
bution that, together with the limited density of carboxyl groups
(COOH = 0.30 mmol g−1 of lignin), inhibits ionic diffusion,
contributing to the oscillatory behavior observed in Pact and
QReact and its reduced SC performance. On the other hand, L2 in
panel (c) exhibits a sharp capacitive-to-resistive transition at
a frequency of 67 kHz, estimated at the crossover when Pact =
QReact and corresponds to the rise time (t = 15 ms). (Fig. 3c).

At low frequencies, QReact dominates, indicating efficient
charge storage. The rapid transition at higher frequencies to
Pact(u) > QReact(u), i.e., from a capacitive to a low resistive
behavior mimicking the DC current response, reects excellent
mixed ionic and electronic conductivity, which is further
attributed to the higher ash content. Furthermore, the wide
frequency range showing capacitive behavior together with the
rapid transition indicate interesting SC properties. The SC
performance of L2 can be further explained as a combined
effect due to its high ash content (25.3%). Furthermore, while
brous morphologies are oen advantageous for charge trans-
port, SEM analysis of L2 suggests a less uniform distribution of
brous domains. This heterogeneity may introduce energy
barriers to ion hopping at low frequencies, where ions must
move across distant aggregates or grain boundaries. However,
the high ash content (25.3%) increases the electronic conduc-
tivity, particularly at high frequencies, probably through
a doping-like effect. Consequently, the synergy between brous
morphology, hydroxyl functionality and ash content favors
efficient charge transport over a wide frequency range. The
balance between the phenolic hydroxyl content (OH(F) = 0.73
mmol g−1 of lignin) and the high carboxylic group density
(COOH = 0.62 mmol g−1 of lignin) equilibrates the capacitance
and ionic conductivity and supports its rapid capacitive–resis-
tive transition and the overall SC performance. The frequency of
the resistive vs. capacitance transition at L3 occurs at approxi-
mately 1.0 kHz, (panel d) estimated at at f = 3.7 kHz corre-
sponding to the crossover frequency when QReact = Preact at f =
3.7 kHz and t = 312 ms (Fig. 3d), which is one order of magni-
tude slower than that at L2. Like L2, L3 demonstrated strong
capacitive behavior at low frequencies, with dominating QReact.
The highest aliphatic hydroxyl content (OH = 2.90 mmol g−1

lignin) enhances hydration, supporting L3's capacitive behavior
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) Values of the real C
0
p (solid squares) and imaginary C

00
p (hollow squares) part vs. f of the capacitance as calculated from impedance data

(expr. S16–S17). In the label, the values of theCaereal (Table 1) at 0.1 mHz are reported. (b) Reactive power (QReact, solid symbols) and active power
(Pact, hollow symbols) normalized to the module of the complex power S=QReact + jPact as a function of frequency for (b) L1, (c) L2, and (d) L3; in
L2 and L3, the crossover frequencies between (QReact) and (Pact) (i.e. QReact = Pact) were 67 kHz and 3.2 kHz, respectively, corresponding to t= 15
ms and t = 310 ms. The volumetric capacitance, energy and power densities are summarized in Table 1.54
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at low frequencies. Moreover, the moderate phenolic hydroxyl
content (OH(F) = 0.79 mmol g−1) and intermediate carboxylic
group density (COOH = 0.47 mmol g−1) provide a balance
between the pseudocapacitive and ionic contributions. These
chemical features, combined with potential structural inho-
mogeneities and internal defects and an undetectable ash
content, likely contribute to the slower capacitive-to-resistive
transition than that of L2. Despite the slower transition
dynamics, L3 retains a signicant SC potential because of its
capacitive behavior at low frequencies and the combined effects
of its hydroxyl functionalities and molecular structures. In
summary, the SC performances of the three lignins L1, L2 and
L3 are a consequence of the combination of chemical and
morphological features, both of which contribute to tuning the
Table 1 Areal and volumetric capacitance, energy and power densitie
frequencies

Item Careal
b (mF cm−2)a CVo

b (F cm−3)a Ed,vol (mW cm−3)a

L1 14 2.15
L2 1.8 0.28 8.0
L3 27 4.13 117

a Vstrip = estimated single cell volume with reference to the strip between e
× 10 mm× 200 nm); Vtot = 90× Vstrip estimated only for lignin displaying S
= ø× l= 0.35× 200× 107: value of the lignin layer section crossed by the e

(0.1 Hz)/Vtot; Careal=C
0
p (0.1 Hz)/S; Ed,vol=QReact (0.1 Hz)/Vtot; Ed,areal=QRe

of the IDE cell; w = nger gap; l = Ti/Au contact thickness; (see also the

This journal is © The Royal Society of Chemistry 2026
onset or absence of a transition from capacitive to resistive
behavior.

Operationally, L2 sustains capacitive fast operation with the
lowest HF resistance intercept, while L3 combines robust LF
capacitance with cleaner chemistry, two distinct, application-
relevant proles. Notably, the areal and volumetric capaci-
tance values – consistent with recent benchmarks – combined
with an extended frequency range and energy conversion effi-
ciency surpassing 95% establish a strong and promising foun-
dation for future sustainable, high-speed lignin-based
microsupercapacitor device engineering. However, targeted
efforts to enhance energy and power densities remain essential
to fully unlock their potential.
s estimated at 0.1 Hz for the three lignins and QReact/Pact crossover

Ed, areal (mW cm−2)a Pd,vol (mW cm−3)a Pd,areal (mW cm−2)

—
5.0 2.0 0.16
10 26 2.0

ach couple of ngers inltrated by the lignin: Vstrip = ø× w× l = 0.35 cm
C behavior. b S= lignin layer section crossed by the electric eld lines: S
lectric eld lines taken for the estimate of the areal parameters. Cvol=C

0
p

act (0.1 Hz)/S; Pd,vol= Pact (0.1 Hz)/Vtot Pd,areal= Pact (0.1 Hz)/S; ø: diameter
SI and the representative sketch in Fig. S8).
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3 Conclusions

This study analyzed three different lignins (L1, L2, and L3) in
response to an alternating electric eld using Nyquist plots,
broadband dielectric spectroscopy, and complex power repre-
sentations. A correlation was found between the chemical,
structural, and morphological properties and the electrical
parameters such as AC conductivity, diffusivity, and mobility.
Our analysis uses a consistent modeling framework for all
lignins (shared BDS formalism and base EIS circuit), with
a parsimony rule that adds a single LF diffusion/chemical term
only when the data require it (e.g., the Gerischer feature under
bias in L2/L3). As a result, the comparison is done on model-
robust metrics extrapolated directly from the data – the HF
resistive intercept, the extent of capacitive dominance and its
transition frequency, and BDS-derived mobility/diffusivity –

rather than on t-sensitive parameters. This makes the
observed differences attributable to intrinsic material physics,
not methodological choices. The results show that L2 and L3,
especially at 0.0 V DC, exhibit behavior similar to materials used
in supercapacitors. L1 shows a mixed behavior at both high and
low frequencies, while L2, with its brous morphology, quickly
transitions to an ideal capacitive state. L3, on the other hand,
shows an intermediate behavior, similar to L1 at high
frequencies but dominated by capacitive effects at low
frequencies. At 0.8 V, L2 and L3 show increased interaction with
the external environment, supported by the presence of a Ger-
isher-type impedance, suggesting greater reactivity toward
atmospheric gases. The reactivity of lignin appears to be linked
to the OH content, particularly the aliphatic –OH groups. The
BDS representations show how polymer structure inuences
reactivity and charge mobility, with L3 exhibiting lower poly-
merization than L1 and L2. AC conductivity varies based on
morphology: L1 exhibits delocalized ionic charge transport,
while L2 shows more localized transport. Impurities matter
chiey in high-ash lignins: L2 (25.3%) exemplies a regime
where ashes promote mixed conduction and accelerate the
capacitive-to-resistive transition, whereas in low-ash or ash-free
materials (z0–3%) the dielectric and supercapacitive responses
are dictated by hydroxyl/carboxyl chemistry andmorphology. L3
demonstrates a good balance of chemical and morphological
properties, favoring strong ionic transport and capacitive
performance. The comparative analysis presented herein on L1,
L2 and L3 underscores that lignin performance is strongly
inuenced by its origin and extraction method. Commercial
Kra lignins provide industrially relevant benchmarks, while
the organosolv L3 offers higher purity and higher structural
homogeneity. Selecting lignins with such contrasting structural
and chemical characteristics enables evaluation across both
abundant industrial feedstock and high-value reactive lignin,
guiding the design of sustainable, next-generation electronic
materials. The analysis of SC-related parameters in L2 and L3
together with the device conguration provided evidence that
L2 and L3 exhibit complementary capacitive strengths and
chemistry, aligning with benchmark capacitance values and
high energy efficiency, offering a strong basis for future lignin-
5004 | J. Mater. Chem. A, 2026, 14, 4996–5006
based microsupercapacitor development. The response similar
to that of supercapacitors of L2 and the chemically cleaner
prole of L3, together with the higher estimated values of
volumetric capacitance/energy/power, are directly reected in
two application paths: ready-to-use charge storage and purity-
oriented dielectric-capacitive layers, respectively. The EIS
ngerprints used here translate into practical acceptance
criteria for large-scale coated devices. Therefore, our ndings
result into actionable quality assurance (QA) anchors, including
incoming C0 calibration and EIS-derived ngerprints used as
pass/fail criteria within a dened operating window (±0.8 V).
The established correlations between chemical composition
and electrochemical performance enable the formulation of
procurement specications and batch ranking. Among the
tested materials, organosolv lignin emerges as the most
application-ready, while selected technical lignins also qualify,
provided they meet dened thresholds for impurity levels and
electrical performance.
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