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Organic materials are currently at the forefront of research within the field of nanoelectronics, aiming to
offer a sustainable alternative to existing technologies across a variety of applications, including memory
storage. Lignin, a waste of the paper manufacturing industry, is usually destined to be combusted to
feed other industrial processes. Nonetheless, lignin is part of the emerging class of organic materials,
serving as a complementary component in devices. This paper details the electrical characterization of a
device featuring interdigitated electrode patterns shorted by lignin. The device exhibits butterfly-shaped
current—voltage characteristics with significant hysteresis, delineating two distinct resistive states that
suggest its potential use for memory applications. Current—voltage characteristics, measured at different
temperatures and pressures, are analysed as a function of the applied voltage to conclude that space-

Received 30th May 2024, charge limited current and hopping are the main conduction mechanisms. As a memristor, the lignin-

Accepted 23rd July 2024 based device shows good stability and endurance after numerous read—write cycles as well as long data
DOI: 10.1039/d4tc02229¢ retention. Additionally, electrical impedance spectroscopy is applied to investigate the dielectric

response and its influence on the memory effect. This study shed light on the electric properties of
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1. Introduction

In recent times, the electronics industry’s relentless pursuit of
miniaturization alongside a surge in performance has brought
the search for novel devices and materials into the spotlight.
New materials like metal oxides, carbon, transition metal
dichalcogenides, perovskites, etcetera'”” have already demon-
strated exceptional electrical and optoelectronic properties,
offering cutting-edge solutions for use in logic circuits and
memory devices.*'® Concurrently, as advancements in these
materials forge ahead, the domain of organic materials is
receiving heightened attention.'>"® The interest in organic
materials is not only due to their remarkable properties but
also their potential for sustainability as a focal point in scien-
tific endeavours.
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lignin and opens the way to a variety of applications, like demonstrated one in the memristor domain.

Among the organic materials garnering attention, lignin
stands out.”® As a biopolymer resulting from the industrial
processes of paper production, lignin is recognized as one of
the most copious polymers on our planet. Yet, it is noteworthy
that annually, about 50 million tons of lignin are produced as
waste, which historically has found minimal use beyond serving as
feed for thermochemical plants or in other industrial processes,
yielding low return.'* Nevertheless, the abundance and biocom-
patibility of lignin are paving the way for new burgeoning and
prosperous fields of application. Indeed, lignin has been utilized
in dressings for wound healing,"® 3D printing plastic composites,'®
electrodes for Na-ion battery or supercapacitors,'””'® or even as
dielectric in field effect transistors.” Only recently, the use of
lignin as material in memory storage devices has been proposed.*

Lignin derives from the radical polymerization of CsCj
alcoholic monomers (p-coumaryl alcohol, coniferyl alcohol
and sinapyl alcohol). The relative abundance of these mono-
mers depends on the origin, but in general lignin is rich in
aromatic rings and catechol units that can contribute to charge
delocalization and can give rise to intriguing redox properties.
Catechols were used as covalently linked appendages for chit-
osan to prepare molecular memory films based on redox
states.” In electronic manufacturing, lignin has been consid-
ered for enhancing or functionalizing the inherent properties
of specific electronic devices, due to its capacity of interfacing
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with electronic materials.'®?*7>°

However, the application of
lignin as the principal material in device fabrication remains
largely uncharted, due to the scarce knowledge of its structure
and the properties related to it.

On the other hand, as the traditional von Neumann comput-
ing architecture based on complementary metal oxide semi-
conductor technology is reaching its limit, memristor based
computing can potentially offer a hardware breakthrough.
Memristors are an emerging class of electronic devices that
hold promises for high-density, high-energy efficiency, ultra-fast,
low-latency, low power, large-capacity non-volatile memory.”®
Various resistive switching materials, including binary oxides,
perovskites, organics, and two-dimensional materials, have
been proposed.’’*! Herein, we demonstrate that lignin can
be an excellent switching material that can toggle between a
high and low resistance state without the formation of a
conductive filament.*®

This study presents an unprecedented way to fabricate
device for memristors performance evaluation through the
drop casting of lignin layer onto a gold interdigitated electrode
array. The drop casting is the simplest wet deposition process
that avoids waste of material and is widely recognized for its
simplicity and compatibility with any solutions and substrates.
It requires low energy and room temperatures and facilitates
the precise control of the lignin that is deposited onto the
interdigitated electrode (IDE) structures used for the fabrica-
tion the device.

The electrical characterization of the device shows two
distinct states of resistance which are used to implement a
memristor with good endurance and data retention. We also
investigate electrical conduction occurring in lignin, identify-
ing the space charge limited and the hopping as the two main
conduction mechanisms. Moreover, electrical impedance
spectroscopy (EIS) is applied to obtain the dielectric permittiv-
ity and the conductivity in a wide frequency range to gain
insights into the AC dielectric behaviour of the used lignin and
for comparison to the literature.>**?

Our research positions lignin as a promising resistive
switching material in the development of memristors for data
storage within next-generation integrated systems, marking a
significant stride towards harnessing its full potential. Investi-
gating the electrical characteristics of lignin, which in its
pristine form shows features comparable to other well-
established dielectric materials, opens the door to future devel-
opments and uses of this waste material in sustainable organic
electronics.

2. Material and device

2.1. Lignin

We used sulphur-containing technical lignin that derives from
softwood displaying a lower sulfonate content due to the
alkaline post-treatment. An extended chemical and structural
characterization of the lignin, with information about the

solubility, structural characteristics and thermal stability, is
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reported elsewhere.'>** In particular, the amount of polar or
aromatic groups and fusion among monomers revealed a
condensed and conjugated structure with vinyl units, phenyl
enol ethers and a high number of carboxylic acid motieties.
Furthermore, the lignin displayed 25.3% total ash content,
derived from the alkaline post-treatment with NaOH solution.
The elemental composition of ashes, obtained by FE-SEM/EDS
(field emission scanning electron microscopy/energy dispersive
X-ray spectroscopy), not shown here, revealed the presence of
Na (20.7%), O (26.4%), S (4.13%) and K (3.20%) as main
elements.'® The lignin was dissolved in a mixture of EtOH:
NH4OH,q,109 in volumetric ratio 1: 1. The solvent was obtained
by mixing absolute ethanol and 10% w:w aqueous ammonia in
1:1 volumetric ratio. This lignin solution was used for device
fabrication. Moreover, a previous investigation by UV-vis
spectroscopy showed the capacity of hydroalcoholic ammonia
to convert phenolic -OH of lignin into phenoxides."®
In Fig. 1(a), we report the attenuate total transmittance-
Fourier transform infrared spectroscopy (ATR-FTIR) of the as-
purchased lignin compared with the lignin used for suspension
after the drying of the solvent. Fig. 1(a) shows that the lignin
does not undergo any significative changes in its structural
characteristics after deposition. The spectra were recorded at
room temperature in the air in the range between 4000 and
650 cm ™' with a resolution of 4 cm™", 16 accumulated scans,
and a DTGS as a detector.

Fig. 1(b) shows the UV-Vis absorption spectrum of lignin,
recorded in solution and in the solid state. The solvent used
was EtOH: NH,OH, 109 in volumetric ratio 1:1. As for con-
jugated organic polymers, the optical bandgap can be calcu-
lated as E, = ﬂ

Aonset [nm]
calculated from the intercept between the tangent of the
absorption curve and the x-axis. With this approach, the lignin
optical bandgap is 3.1 eV in solution and 2.6 eV in solid state
phase. However, since lignin is a biopolymer with a very
intricate structure, not all the lignin chains might possess the
same optical bandgap; the quoted values may refer only to the
polymer chains possessing the most condensed/conjugated
molecular backbones. The obtained results, as well as the
measured absorbance spectra, are in agreement with the data
available in the literature.*

To investigate the physical changes that occurred after the
deposition, the morphology of the lignin was investigated by
scanning electron microscopy (SEM). The SEM image in
Fig. 1(c) shows the lignin’s rough surface over a wide area,
similar to previous works.>*3® A careful look shows also the
presence of cracks (magnified in the SEM image of Fig. 1(d))
that delimit irregular-shaped regions.

Table 1 shows the elemental analyses of the purchased
lignin and the dried lignin suspension to check for possible
changes in the lignin used in the solution. Carbon, hydrogen,
nitrogen, and sulphur contents were determined for the pur-
chased lignin and the dried alcoholic:ammonia solution of the
same lignin. All analyses were carried out on 5 mg samples
to evidence well changes in sulphur or nitrogen content.

eV, where gt is the absorption edge

This journal is © The Royal Society of Chemistry 2024
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(@) ATR-FTIR spectra of commercial lignin (red line) and dried alcoholic:ammonia lignin suspension (black line), used for the device fabrication.

(b) UV-Vis absorption spectrum of a lignin solution (blue curve, lignin dissolved in EtOH: NH4OH,q10% in volumetric ratio 1:1 at 0.05 mg mL~?
concentration) and a lignin thin film deposited on quarts (red curve, from a 1 mg mL~* solution in the same solvent combination). Inset: Photo of lignin as
thin films (top) and as a solution (bottom). SEM images of lignin at 10 kV and 455x (c) and 2000x (d) magnification.

Table 1 Elemental analysis of commercial lignin and dried alcoholic:am-
monia lignin suspension, used for the device fabrication

Elemental analysis (%w/w)

C H N S (6]
Lignin 46.03 4.84 0.06 1.80 21.97
Dried suspension 42.96 4.90 0.23 1.65 24.96

Oxygen content was calculated for all samples by the difference
after ash correction (25.3%). All determinations were done
twice. Results showed a small increase in nitrogen content,
probably ammonia solution allows a small functionalization of
the lignin. This small functionalization was previously attrib-
uted to the formation of Schiff’'s bases on the few lignin’s
available pending carbonyls.*®

2.2. Device

A cartoon of the device and the measurement setup is shown in
Fig. 2(a). The interdigitated Au electrodes and the morphology
of the deposited lignin are made evident in the optical image of
Fig. 2(b). Despite the presence of a few empty zones (brighter
colours), caused by the deposition technique, a good spreading
of the material can be observed. Noteworthy, the optical image
shows that the lignin forms agglomerates (grains) with different
sizes from about 20 um to 100 pm.

This journal is © The Royal Society of Chemistry 2024

Atomic force microscopy (AFM) analysis was carried out in a
region without gold, where the lignin lays on the glass sub-
strate, so that the thickness of the deposited material could be
accurately extracted. Fig. 2(c) shows the AFM image of a
70 um X 70 pm wide region; the magnification of a 15 um X
15 pm sub-area reveals the presence of pinholes, about 1 pm
wide, presumably due to the structure of the lignin, as already
reported.”® The root-mean-square (RMS) roughness on this
scanned area is about 107 nm. Fig. 2(d) shows the profile of
the material thickness along the path indicated by the black
dotted line in Fig. 2(c), corresponding to a layer thickness of
approximately 370 nm. Multiple profiles extracted from the
same region indicated an average thickness around 400 nm.

3. Results and discussion

3.1. Current-voltage measurements

The initial electrical characterization of the device was per-
formed through current (I)-voltage (V) measurements at atmo-
spheric pressure and room temperature. As shown by the black
curve in Fig. 3(a), the test was conducted within a voltage range
of +5 V following the sequence 0 V — 5V (branch 1), 5V —
—5 V (branches 2 and 3) and —5 V — 5 V (branches 4 and 5).
The cycle begins with a trigger current (indicated as branch 1)
that only appears at the start of the test. Thereafter, the I-V

J. Mater. Chem. C, 2024, 12,13621-13631 | 13623
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(a) Cartoon of the device with the lignin deposited over interdigitated Au electrodes, ending with pads connected to the probe station. (b) Optical

image at 10 x magnification of the lignin over the interdigitated Au electrodes. (c) AFM image of a 70 um x 70 um portion of deposited lignin; the 15 pm x
15 pm magnified area shows pinholes in the material. The path used to extract the thickness profile is shown in black. (d) The height profile of the lignin

layer was estimated along a path length of 3.5 um.

curve follows a butterfly-shaped path. This butterfly-shaped
profile, which has been already reported in literature,* is due
to the right and left shift of the I-V curve during the back-and-
forth voltage sweep and corresponds to a pronounced hyster-
esis with the switching between a low resistance state (LRS) and
a high resistance state (HRS). For positive voltages, the LRS
(branch 1) is observed for increasing V and changes to an HRS
(branch 2) when V decreases from 5 V. Similar behaviour is
observed for negative voltages, with the LRS observed for
increasing negative V and the HRS for decreasing negative bias.
The presence of two switching voltages from LRS to HRS,
at =5 V, places the device in the category of bipolar resistive
switching (BRS) memories,** with the butterfly-shaped beha-
viour that distinguishes it as an abnormal BRS memory.** Also
evident is the formation in the HRS of a current valley, at non-
zero voltages, for both positive and negative branches, and a
significantly higher current, by about two orders of magnitude,
in the LRS at the same voltages. This behaviour differs from
other BRS in the literature*>** and requires an explanation.

Subsequently, the I-V measurements were performed at a
pressure of 2.2 mbar and room temperature, as shown by the
green curve in Fig. 3(a). Although the butterfly-shaped structure
of the I-V curve is preserved, the current is significantly lowered
by about 6 orders of magnitude, pointing to the dramatic role
that air exposure might play in lignin’s conductivity.

Similarly, a temperature-dependent characterization was
conducted at atmospheric pressure. Starting at 290 K, the

13624 | J Mater. Chem. C, 2024, 12,13621-13631

temperature was incrementally increased to 395 K in 15 K
steps. Fig. 3(b) shows that the current measured at —5 V
decreases with the rising temperature up to 335 K, and then
begins a gradual increase up to 395 K. A subset of the I-V
curves, from which the current at —5 V is extracted, are shown
in the inset of Fig. 3(b) consistently confirming the butterfly
shape over the explored temperature range.

The hysteresis in the I-V curves of the device can be
characterized by a width H, defined as H = Iyax — Imin, Where
Imin denotes the current at one of the I-V curve’s valley and I,ax
corresponds to the maximum current at the same voltage but
on the LRS (notice that the H is the same either if calculated at
the positive or at the negative current valley voltages).

Furthermore, to investigate the butterfly-shaped I~V curves,
measurements were carried out in different voltage ranges, at
room temperature and pressure. Noticeably, as shown in
Fig. 3(c), when the voltage range increases, the butterfly shape
is preserved and the current in the device increases, making the
LRS and HRS more distinguishable. The increase in hysteresis
width (black curve), along with the positive valley voltage shift
towards higher positive voltages (red curve), is shown as a
function of the voltage range in Fig. 3(d).

3.2. Conduction mechanisms

The process of isolation and purification of the used lignin
involved the use of sodium hydroxide NaOH, which inevitably
releases Na' ions in the final material,'® as stated above.

This journal is © The Royal Society of Chemistry 2024
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(a) Butterfly-shaped /-V characteristic over a +5 V voltage range, in a semi-log plot, at room pressure (black curve) and at 2.2 mbar (green curve),

with temperature at 295 K; the orange arrows, appropriately numbered, distinguish specific parts of the curve. (b) Current trend as a function of
temperature from 290 K to 395 K, evaluated at —5 V. Inset: /-V characteristics acquired at increasing temperature, from 290 K to 395 K, and at room
pressure. (c) Butterfly-shaped /-V characteristics, on a semi-log-scale, at room temperature and pressure, acquired at different maximum voltage ranges.
(d) Dependence on the maximum voltage range of the /-V hysteresis (black curve) and the position of the minima (red curve).

Similarly, other species, such as potassium ions K* present in
the original biomass, can be detected in the ash analysis of the
purified lignin."® On the other hand, the solution of ethanol
and ammonia drop-casted onto the substrate released phen-
oxide anions (C¢HsO ™) and carboxylate groups (COO™) into the
material,'® which, especially the latter, can enhance the con-
duction properties of the lignin. Moreover, when hydrophobic
lignin is exposed to air, some species present in air can be
physio-adsorbed on its surface contributing to the electrical
conduction.** The adsorption is favoured by the granular struc-
ture as well as by the electrostatic force of ions present in it.

Therefore, we surmise that there are two parallel electrical
conduction channels. The first is related to the intrinsic con-
duction of lignin as the active material, while the second, much
more conductive, involves defects and adsorbed species that act
as hopping centres for electrons, which thus become the major
charge carriers in lignin. This model is corroborated by the
dramatic decrease in current, reported in Fig. 3(a) and (b),
caused by adsorbate desorption at lower pressure and/or at
high temperatures.*>*

The presence of positive and negative free ions, beyond their
contribution to conduction, allows for significant polarization
of the active material of the device, which can explain the shift
of the I-V curve during the back-and-forth voltage sweep and

This journal is © The Royal Society of Chemistry 2024

the formation of the butterfly-shaped curve. When lignin is
subjected to an electric field, positive and negative ions accu-
mulate at the electrodes, so the voltage that is applied to lignin
is reduced, as the applied one is screened by the accumulated
ions. Starting from zero, with the increase in voltage up to 5 V,
ions of opposite charge accumulate at the two electrodes as
shown in Fig. 4(a); when the voltage is reversed, the accumu-
lated charge does not disperse at the same rate as the voltage
decreases, so the actual voltage drop across lignin remains
lower than the applied voltage, as shown in Fig. 4(b); this
causes a lower current and the HRS as well as a point where
the applied voltage is non-zero, positive, but the actual voltage
on lignin is null, resulting in the formation of the valleys in the
I-V curve, as shown in Fig. 4(c). With the decreasing voltage in
the negative direction, there will be a point where, due to this
accumulation of ionic charges, the effective voltage is non-null
while the applied voltage is zero, thereby registering a signifi-
cant current. This process is then reiterated when the polarity
of the applied voltage is reversed.

Having understood the origin of the I-V butterfly curves, and
their pressure and temperature dependence, now we address
the electrical conduction mechanisms. Fig. 5(a) is a semi-log
plot of the I-V curve. Four regions, linked to four different
conduction mechanisms, highlighted by the brown, cyan, violet

J. Mater. Chem. C, 2024, 12,13621-13631 | 13625
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Fig. 4 Charge accumulation in lignin for (a) positive sweep (LRS), (b) reverse sweep (HRS), and (c) /-V current valley voltage. In the bottom-left of the
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and pink colours can be identified. The first brown region
corresponds to a linear increase of the current, I oc V consistent
with an ionic conduction mechanism®’ (see inset of Fig. 5(a)).
The cyan region, shown in Fig. 5(b), is well fitted by power law,
I oc V’, with exponent 2.36, which indicates a space-charge-
limited conduction as the dominant transport mechanism.*®
When the applied voltage is increased, there is a change in the
I-V curve (violet region). Fig. 5(c) shows the best fit, which is
provided by a hopping mechanism between trap centres,
I x e"‘l]s_aT(‘L;), where g is the elementary charge, a the average
distance between two adjacent trap sites, E = V/d the electric
field, d the inter-electrode distance, kg is the Boltzmann con-
stant and T is the temperature.*®

At higher voltages (pink region), the conduction mechanism
becomes ohmic, I oc V, as shown in the log-log plot of Fig. 5(d).
Therefore, the charge transport changes from ionic conduction
to electron conduction via space-charge-limited, hopping
and finally ohmic mechanism while the applied voltage is
increased. At high temperature (Fig. 5(e)), the three conduction
mechanisms are not distinguishable, and the I-V curve is
consistent with ohmic conduction, as shown in Fig. 5(f).

Based on the fits, then, the proposed conduction model is as
follows: electrons injected from the electrode, begin to populate
the trap states at low voltage until the filling is sufficiently high
to form space charge which limit the current.’® When the
voltage increases, the carriers get enough energy to hop from
one trapped site to the next, and only when all the traps are
filled, conduction becomes of ohmic type.

The proposed mechanisms are valid for both HRS and LRS
I-V branches (as the material polarization makes one branch
shift with respect to the other, ohmic conduction is not

13626 | J Mater. Chem. C, 2024,12,13621-13631

observed on the HRS branch). This is highlighted in Fig. 5(a)
where the regions with the same conduction mechanisms on
the HRS and LRS branches are colour-matched.

At a pressure of 2.3 mbar the material shows a higher
resistance because the adsorbates such as water, protagonists
of the above mechanisms, are desorbed and ohmic conduction
becomes dominant.*’

3.3. Dielectric properties

EIS was applied to measure impedance spectra, Z vs. o (where
Z = ReZ + iImZ, ReZ is the real part and ImZ is the imaginary
part of the impedance Z, and where w is the frequency), in
room conditions (RH = 50%, T = 291-293 K). The Z vs. » data
have been then adopted for the evaluation of the complex AC
dielectric permittivities ¢* and conductivities ¢*, which are
expressed via the corresponding real (¢/, ¢') and imaginary
(¢", 0") parts as

e =¢ +id (1)
0_* - O_l + O_// (2)
The real and imaginary parts of dielectric permittivity were

estimated from the ReZ and ImZ part of the impedance data
and by adopting classical formulas:*°

—ImZ
. w) = m2 ;E// (,())
2nw|Z|"Cy

_ —ReZ
2nw|Z]*C

(3)
where Cj is the experimental bare IDE capacitance measured at
high frequency, i.e. Cy = 10 pF. Similarly, the AC conductivities

were calculated via:

o*(w) = o'(w) + i0” () = iwee*(w) = iwey(e'(w) — e’ (w)) (4)

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc02229g

Open Access Article. Published on 24 July 2024. Downloaded on 7/30/2025 11:11:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

10-3_
10745
< 10754

10-6_

~851(c) Hopping Conduction & 1
-9.04 ) [~ 4 ]
-9.2] ]
04 Y
i B /0 T
-9.61 ))/ 1
-9.8 P 4 .
-10.0 ]
e / Slope = 1.36 + 0.09 1V ]

—104] ¥ Adj. R? ~ 0.99 ]
26 28 30 32 34 36 38
V (V)

In (1)

P Room
107104 T =395 K:
1 2 3 4 5 6

V (V)

View Article Online

Paper

-4.6 (b) Space-Charge-Limited Conduction 1

-4.7 ,

S 48] .

o)
T -49] :
5 -5.0- 1
()]
O -511 |
-5.21 Slope =2.36 + 0.24 |
Adj. R? ~ 0.98
-5.3 : ] . - . :
0.00 0.05 0.10 0.15 0.20 0.25 0.30
logo(V) (decV)

-3.604(d) Ohmic Conduction @ 1

-3.62 1

T -3.641 .
o)

B -3.66 1

<= -3.68- 1
=

o -3.70 - 1
o

-3.72 Slope =1.12 + 0.09 -

374 Adj. R? ~ 0.99 ]

058 060 062 064 066 068 070
log,, (V) (decV)

_80 T

Ohmic Conduction

-8.2

-8.4+

-8.6

-8.8

logy, (1) (decA)

-9.0 Slope = 0.95 + 0.01 1
Adj- R? ~ 0.99

_92 T T T T T

-04 -02 0.0 0.2 0.4 0.6 0.8

log,, (V) (decV)
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(b) space-charge-limited conduction, (c) hopping conduction and (d) ohmic conduction. (e) Positive branch of the -V curve at 395 K and (f) fit of ohmic

conduction.

The analysis of the ¢’ dispersion reveals a plateau that ter-
minates with a shoulder around 10 kHz, as shown in filled-dots
curve in Fig. 6(a), followed by a sharp drop at high frequencies.
In the same frequency range, the ¢’ vs. w (emptied-dots curve in
Fig. 6(a)) exhibits a minimum, followed by a bump corresponding
to the ¢’ relaxation, associated with electrode polarization (EP).

This journal is © The Royal Society of Chemistry 2024

To gain deeper insights into the lignin dielectric response
and discern much slower relaxation processes, we extend
the spectra down to 1 mHz in Fig. 6(b). The relaxation
phenomenon known as o, attributed to the segmental motion
of polymer chains, manifests as a peak at o < 0.1 Hz. Notably,
in the lowest frequency range of the ¢’ vs. @ dispersion, a
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range.

linear behavior is present, corresponding to DC-related con-
ductivity term superimposed to the relaxation ones.>’ The
presence of two main relaxations in ¢’ is also visible in the
representation in linear scale (see inset of Fig. 6(b)) by
the linear behaviour in the lowest frequency range due to
the DC-related term.”"

Concerning AC conductivity, looking at Fig. 6(c), in the
frequency range from 1 mHz to 100 kHz, the real part o’
exhibits an increase from 107'" to 10™* S em™". Notably, this
conductivity value corresponds to the plateau, which also
marks the end of the electrode polarization and starting of
ionic charge diffusion. Moreover, analysing the ¢’ vs. @ spec-
trum in Fig. 6(d) we discern two distinct regions: the first one is
between 1.0 mHz and 1.0 Hz where the behaviour follows the
Johnsher-Funke model®* with n = 0.7 (orange line in Fig. 6(d))
and where the conductivity is at its lowest and it is localized in a
region where polymer chains are responsive. We attribute this
region to the conductivity of paths available for percolative
processes. In the second region, i.e. between 1.0 Hz and 10 kHz
the behaviour adheres to the Johnsher-Funke model since
n=1.0 (green line in Fig. 6(d)). Here, the conductivity increases,

13628 | J Mater. Chem. C, 2024, 12,13621-13631

and it is associated with charge-hopping processes through
localized states.>

3.4. Memristor

The distinctive shape of the I-V characteristics of the lignin-
based device suggests its application as a memristor.’*"
Indeed, the two well-separated resistive states, LRS and HRS,
can be identified as logic 1 with higher current and logic 0 with
lower current, respectively. A positive or negative voltage pulse
(e.g. £5 V) can be applied to switch between the LRS and HRS
at a given reading voltage (e.g. the positive or negative valley
voltage).

Fig. 7(a) shows three cycles of 5 consecutive I-V measure-
ments demonstrating that the electrical behaviour of lignin is
preserved upon electrical stress, even after several cycles of
operation. This stable behaviour is essential to operate the
device with the same current and voltage levels regardless of
the device usage.

Erase, write and read voltage pulses were then applied to
check the performance of the device as a memory. Based on the
I-V characteristics in Fig. 7(a), it was chosen to read the logic bit

This journal is © The Royal Society of Chemistry 2024
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(a) Three measurement each of five complete /-V cycles showing the excellent stability of the device. (b) Two complete WRER cycles, normalized

to HRS current, with pulses of 0.5 s duration at 5V and -5V, and read time of 50 s. (c) Two complete WRER cycles, normalized to HRS current, with
pulses of 40 s duration and read time of 4000 s. (d) 125 complete WRER cycles, normalized to HRS current, with 40 s write/erase pulses and read time

of 60 s.

at a voltage of 1.3 V, corresponding to the greatest separation
between the two resistive states, while pulses at 5 Vand —5 V
were applied to write a state 0 and a state 1, respectively.
Fig. 7(b) shows the current under the application of voltage
pulses with a duration of 500 ms in a write-read-erase-read
(WRER) sequence; although there is a characteristic time dur-
ing the read phase within which the current reaches a steady
condition, there remains a margin of about one order of
magnitude between the current in the LRS and that in the HRS.

Likewise, in Fig. 7(c), the current was monitored over a long
time of 4000 s after the application of WRER voltage pulses of
40 s duration; the figure shows that the two current states
remain well separated after a long time, showing great reten-
tion properties.

Finally, the endurance of the memory was tested with several
WRER cycles. Fig. 7(d) shows that after about 130 WRER cycles,
with fixed-height pulses at 6.3 V and —3.7 V to write a state
0 and a state 1 respectively, corresponding to a continuous
working time of more than 25 x 10> s, the device still maintains
a significant separation between the two current states, so
guaranteeing endurance necessary for memory applications.
The steady increase in the on and off currents indicates an increase
in conductance due to modification of the lignin/electrode interface

This journal is © The Royal Society of Chemistry 2024

or of the atomic structure of lignin, caused by the electrical stresses
during WRER operations.

4. Conclusions

In conclusion, we have shown that a technical lignin can be
used for memory electronic devices. The successful realization
via an all-solution processed lignin memristor device with
reproducible electrical properties has been demonstrated. The
devices have been tested via I-V and dielectric permittivity
characterizations. The I-V curves showed a butterfly shape with
stable hysteresis and strong dependence on temperature and
air pressure. A model based on ionic charge accumulation at
the electrodes and polarization of air adsorbates can explain
the experimental findings, also corroborated by the analytical
fits of I-V curves and by the dielectric permittivity and con-
ductivity versus frequency measurements. Moreover, the lignin-
based device has been proposed and demonstrated as memris-
tor with low power consumption, good data retention and
endurance.

This study not only enhances our understanding of
lignin’s electrical conduction but also opens exciting routes
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for memristor applications. With its stability, wide memory
window, non-volatility, and endurance, the lignin-based mem-
ristor holds promise for sustainable and high-performance
memory devices, opening a whole stream of research about
the possibility to also improve the performance that has been
presented here on pure lignin.

5. Experimental section

Device fabrication

The lignin used in this study was purchased from Sigma-
Aldrich. To fabricate the devices, we utilized a drop-casting
method. Specifically, a suspension of lignin in ethanol/ammo-
nia solution with a concentration of 10 mg ml~* was carefully
drop-cast onto a glass substrate. The choice of ethanol/ammo-
nia as the solvent provides solubility for lignin and facilitates
uniform deposition due to its controlled evaporation rate. The
substrate was specially prepared with a circular interdigitated
electrode (IDE) array provided by MICRUX, featuring electrodes
with dimensions of 10 pm width and 10 um gap, totally 90 pairs
on a 3.0 mm diameter.

During the deposition process, 20 pl of lignin suspension
was uniformly spread onto the IDE array. The suspension was
sonicated for 15 minutes before drop casting and the substrates
were cleaned for 15 minutes in propanol for a gentle surface
degreasing. A graduate Eppendorf pipette (10-20 pl) was
adopted to finely control the droplet volume. The samples were
left to dry in ambient air at a temperature of 291 K and relative
humidity (RH) = 50% to promote the formation of a stable
lignin film on the electrode surface. To assess the reproduci-
bility of the process, we produced sets of several identical
devices obtaining consistent results under similar environmental
conditions. Also, stability in time was evaluated by measuring the
samples after several days from deposition. This method ensures
that the lignin adheres evenly across the electrode surfaces,
forming a consistent and well-defined coating.

Experimental equipment

ATR-FTIR spectra were collected with a Thermo Fischer Nicolet
iS50 FTIR instrument interfaced with an ATR ITX accessory
equipped with a diamond crystal (radiation penetration
approximately 2 pm at 1000 cm ™). The spectra were elaborated
using SPECTRA software. Elemental analyses were performed
on an Elementar Vario Micro Cube analyzer. The impedance
spectra were collected by using a Novocontrol Impedance
Analyzer. The electrical measurements were performed with a
Lake Shore probe station connected to a semiconductor charac-
terization system Keithley 4200-SCS, at atmospheric pressure.
Temperature was controlled in the range 200-395 K by using a
Lake Shore controller. The height profile of the Lignin film was
measured by atomic force microscopy (NaioAFM by Nanosurf AG).

A Novocontrol Impedance Analyzer has been adopted for EIS
measurements. The impedance spectra were collected in the
frequency range either 1.0 mHz-10 MHz or 0.1 Hz-10 MHz and
by applying an AC voltage Vac = 300 mV.
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