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Mixed ionic—electronic conductors (MIEC) are pivotal in advancing medical diagnostics, therapeutic
devices, and health monitoring solutions due to their unique properties that enable more effective inter-
faces between electronic devices and biological systems. Cellulose, a natural and abundant polymer, is a
promising material in the development of MIECs for bioelectronics. Combining cellulose with conductive
polymer components can leverage the biocompatibility, sustainability, and mechanical properties of
composite materials. In this study, we highlight the sulfated cellulose nanocrystals (S-CNCs) as a
template for the facile green synthesis of conductive polymer PEDOT (poly(3,4-ethylenedioxythiophene)). The
PEDOT:S-CNCs nanocomposite possesses good conductivity and high dispersibility in water. The electronic
conductivity is recorded up to 5 S cm ™t A comprehensive investigation for material characterization is
associated with the changes in their micro- and nanostructure surface morphology. The biocomposite is
deposited as a channel material in organic electrochemical transistors (OECTs) to analyze ion-to-electron
transduction. The maximum transconductance values are obtained up to 13.6 mS and 44.3 mS for single-
channel and interdigitated OECTs, respectively, without applying photolithography techniques. The high
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Introduction

Mixed ionic-electronic conductors (MIECs) are key components
in the field of bioelectronics and biosensing due to their unique
ability to transport both ions and electrons simultaneously.' ™
This dual conductivity enables MIECs to bridge the gap
between electronic devices and biological systems, which com-
municate through ionic signals. Among mixed conductors,
PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene sul-
fonate) has become a benchmark conductive polymer in bio-
electronics because of its excellent electrical properties,
solution processing and commercial availability.> However, its
long-term biocompatibility and stability in vivo remain critical
factors determining its suitability for clinical applications.
PEDOT, as the electrically conductive component, has shown
good initial biocompatibility in vitro and short-term in vivo
studies, with minimal cytotoxicity and a low level of acute
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transconductance values reveal the great potential of PEDOT:S-CNCs composite for bioelectronics.

inflammatory response.® G. Dijk et al. reported on biocompat-
ibility of PEDOT:PSS in vitro up to 3-4 months.” Yet, the
biocompatibility of polystyrene sulfonate (PSS), a component
of PEDOT:PSS, is a subject of ongoing debate in the field of
bioelectronics.® While PSS contributes to the excellent conduc-
tive properties of PEDOT, its acidity poses challenges for long-
term biocompatibility and stability. Ongoing research and
development efforts are focused on mitigating these drawbacks
through material modifications, composite formation, and
post-treatment techniques.’ To overcome mechanical, environ-
mental stability and biocompatibility issues, PEDOT can be
combined with biopolymers.'® In our previous study, we inves-
tigated deoxyribonucleic acid (DNA) as a counterion for PEDOT
and polypyrrole (PPy) to create mixed conductors.™

Cellulose, the most abundant polymer in nature, is emerg-
ing as a promising material in the development of biomedical
applications such as tissue engineering, wound dressing, and
drug delivery.'? Being a renewable resource, cellulose contri-
butes to the development of sustainable and eco-friendly
materials. The hydroxyl groups on cellulose can be chemically
modified, allowing for functionalization and improved inter-
action with other materials. Cellulose nanocrystals (CNCs) and
cellulose nanofibrils (CNFs) have been investigated as reinfor-
cement material for conductive polymers such as PEDOT:PSS,
PPy, and polyaniline (PANI) for flexible energy and electro-
nic devices."*” Nanocellulose has been mostly blended with
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conductive polymers to enhance the mechanical stability and
flexibility of conductive composites.'**®

The hydroxyl groups on cellulose can be functionalized to
introduce ionic groups to template conductive polymers, improv-
ing the ionic and electronic transport properties. In particular,
CNCs are promising to graft conductive polymers due to excellent
hydrophilicity with polar groups, tunable surface chemistry, high
mechanical strength, and biodegradability.'® Additionally, CNCs
can perform as multifunctional nanoplatforms for bioelectronics
and biosensing.' In the surface grafting method, conductive
materials can be tightly bonded onto nanocellulose as a biotem-
plate via ionic interaction. The sulfated CNCs (S-CNCs) exhibit a
negative surface charge, which drastically enhances their dispersi-
bility in aqueous media.?® The polyelectrolyte nature of S-CNCs
makes it an anionically charged rigid polyelectrolyte as a counter-
part for the electronically conductive and cationic polymer PEDOT,
resulting in p-type mixed ionic-electronic conductors.'®*"**
S-CNCs display rod-like morphology, whereby their length and
width can range from 70-500 nm and 2-20 nm, respectively.** >
In general, these CNCs show amphiphilic characteristics, which
originate from the dual presence of hydrophilic sites (polar) and
hydrophobic sites (non-polar). Owing to this property, CNCs have
been previously employed to increase the stability of pickering
emulsions.***®* PEDOT-CNCs samples with poor dispersibility can
promote significant phase separation in their thin films. The
electrical conductivity is strongly dependent on phase separation,
and electronic transport between conductive sites can be a limiting
factor.”>**** The insulating CNC-rich domains may block the
pathways between the PEDOT-rich domains, resulting in low
electrical conductivities up to ~200 pS cm '.'® Therefore,
nanocellulose-based composites with stable dispersion of PEDOT
and uniform thin-film formation are crucial to achieve high ionic
and electronic conduction.

In this work, we incorporate biodegradable cellulose nano-
crystals as rigid rod nanoparticles in a p-type MIEC. PEDOT:
S-CNCs are synthesized by following two steps. The first step is
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the preparation of sulfated cellulose nanocrystals through acid
hydrolysis. As the second step, subsequent polymerization of
3,4-ethylenedioxythiophene (EDOT) monomer is carried out by
chemical oxidation. The in situ oxidative polymerization of
EDOT is templated by S-CNCs and represents a facile green
synthesis in aqueous solution. The resulting PEDOT:S-CNCs
nanocomposite possesses good conductivity, high dispersibility
in water, and beneficial phase separation morphology in the
solid state. The findings reveal high electronic conductivities
up to 5 S em™'. A comprehensive study is conducted using
attenuated total reflection Fourier-infrared (ATR-FTIR) spectro-
scopy, X-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy for material characterization. The morphological
changes are recorded by using scanning electron microscopy
(SEM), atomic force microscopy (AFM), and polarized light
microscopy to examine their micro- and nanostructures.
To validate their ion-to-electron transduction, the composites
are successfully deposited via solution processing (spin-coating) as
a channel material in organic electrochemical transistors (OECTS).
The maximum transconductance (gmax) values of 13.6 mS and
44.3 mS are obtained for single-channel and interdigitated
OECTs, respectively, after optimizing the device parameters,
without applying photolithography techniques.

Results and discussions

Sulfated cellulose nanocrystals (S-CNCs) can be prepared from
microcrystalline cellulose (MCC) via sulfuric acid hydrolysis.
S-CNCs were prepared from Avicel PH-101, a form of commer-
cial microcrystalline cellulose, by 64% sulfuric acid hydrolysis,
according to previous literature reports.”’”>”*® The reaction,
carried out at 50 °C, allows the isolation of rod-like nano-
particles composed of cellulose I. As shown in Fig. 1a, MCC
is composed of two structural motives.>* On the one side, MCC
is composed of regions with a high degree of crystallinity,
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(a) Ilustration of deconstruction from microcrystalline cellulose (MCC) via sulfuric acid (H,SOj4) hydrolysis to the produced sulfated cellulose

nanoctrystals (S-CNCs). (b) The S-CNCs dispersed in water (semi-transparent) changes color to a dark blue upon oxidative chemical polymerization with
EDOT and FeTos. The shown molecular structures are linked to the photos of the colloidal solutions.
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which is heavily influenced by the strong intra- and inter-
molecular hydrogen bond interactions between the cellulose
chains.”*® On the other side, in regions with a lower level of
alignment of the chains, the material is amorphous. Due to the
lower structural stability, these amorphous regions exhibit a
higher susceptibility to chemical attack. Consequently, during
hydrolysis, acid molecules penetrate the cellulose material
protonating the acetal moiety and water can break the acetal
linkage between the glucopyranose rings.>” Additionally, some
of the primary hydroxylic groups on the cellulose nanocrystals
get converted into a negatively charged sulfate ester groups
(-0SO3;7) following an esterification reaction. Therefore,
S-CNCs can be easily dispersed in water, thanks to their negative
surface charge. The upper picture in Fig. 1b represents the
aqueous dispersions of S-CNCs. Elemental analyses were carried
out on the S-CNCs samples revealing C, H, N, and S content
of 40.10%, 6.55%, 0.00%, and 0.60%, respectively (in the ESL+
Table S1). This allowed us to determine the sulfation degree of
cellulose, which was found to be ~0.05 with a {-potential of —15 +
4 mV measured in water.*® The crystallinity index of cellulose was
qualitatively determined from X-ray diffractograms (Fig. S1, ESIt)
by the Segal method,*' and found to be 88%. S-CNCs were mainly
composed of cellulose I allomorph. Additionally, the S-CNCs show
a low density of 1.6 g cm™>.**

The novel PEDOT:S-CNCs biocomposite was synthesized by
adapting the previously reported procedure for the PEDOT:DNA
composites.'’ Accordingly, EDOT was oxidatively polymerized
in a suspension of S-CNCs after adding EDOT with the 1:1
weight-to-weight monomer ratio to S-CNCs. The EDOT/S-CNC
mass ratio of 1 was chosen to obtain high electrical conductivity
while maintaining the uniformity and stability of the PEDOT:S-
CNC dispersion.” During the oxidative chemical polymeriza-
tion of EDOT, the as-formed PEDOT chains possess positive
charges, exploited to interact with the dispersed negatively
charged S-CNCs via Coulomb forces. A corresponding illustra-
tion of the composite synthesis and the final product (appears
as a dark blue liquid) are shown in Fig. 1b, whereby the
synthesis is described in more detail in the Experimental
section.

Spectroscopic characterization

Fourier transform infrared spectroscopy (FTIR) in ATR (attenu-
ated total reflection) mode, X-ray photoelectron spectroscopy
(XPS), and Raman spectroscopy were performed to examine the
chemical structures of the materials.

The ATR-FTIR analysis of S-CNCs, PEDOT, and PEDOT:
S-CNCs is depicted in Fig. 2a. FTIR spectroscopy confirms
changes in the chemical constituent and structure of composite
compared to pristine S-CNCs. By observing the FTIR spectra of
S-CNCs and the PEDOT:S-CNCs, the broad peak at 3310 cm™*
can be clearly attributed to the presence of O-H stretching
vibrations within hydroxyl groups on the cellulose backbone.??**?
The bands at 2905 cm ™" are characteristic of the C-H groups of the
cellulose chains, and the peak at 1516 cm™ " can be assigned to the
C—C stretching of the PEDOT backbone. Additionally, the peaks
at 1311 em ™" and 1023 em ™" originate from C-C stretching and

This journal is © The Royal Society of Chemistry 2024
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C-O-C vibrations, respectively, whereby both functional motives
can be found within the pyranose rings as well as the PEDOT
chain.*®** The peaks at 891 cm ™' can be identified as C-S bonds
of the thiophene ring of PEDOT, which can be found in both the
pristine PEDOT and the PEDOT:S-CNCs composite.*>3¢

The elemental distribution of the composite was obtained
from XPS spectra of the biocomposite (Fig. 2b-d). XPS con-
firmed the presence of the C, O, N, and S elements in PEDOT:
S-CNCs samples. The characteristic C 1s core level peaks of
PEDOT are C-S (284.7 eV) in the o position, C—=C-O (286.2 eV)
in the B-position and C-O-C (287.1 eV) bonding in the ethylene
bridge (Fig. 2¢), in a good agreement with the values reported in
the literature.’”

The S 2p XPS spectra of PEDOT:S-CNCs further confirmed
the content of S element (Fig. 2d). The contribution peaks S 2p
correspond to sulfur atoms of the PEDOT at 161.8 and 163 eV.
Peaks between 165 and 167 eV at higher binding energies are
attributed to S-CNCs due to the electronegative oxygen atom
attached to the electropositive sulfur atom in the S-CNCs
sulfate moiety.>* A complete elemental analysis with the calcu-
lation of C, O, and S ratios can be found in the (ESIt), Table S2.
We did not observe any residual Fe*" ions from the oxidant
after the polymerization of EDOT (Fig. S2, ESIT).

Raman spectroscopy was recorded to examine the conforma-
tional changes of the PEDOT chains in PEDOT:S-CNCs and
pristine PEDOT films. The spectra in the 350-1600 cm ™" range
are shown in ESI,¥ Fig. S3a. The bands at 1252 cm !,
1364 cm ', and 1414 cm ' (1410 cm™ " in PEDOT:S-CNCs)
correspond to the C,-C,, Cp-Cg, and symmetric C,—Cg stretching
vibrations, respectively for PEDOT.*® The peaks at 438 cm™*,
575 cm ™!, and 988 cm™ are associated with the deformation of
the oxyethylene ring.*® The strong band at 1400-1470 cm ' is
assigned to C,~Cpg symmetric stretching on the five-member
thiophene ring of PEDOT. In PEDOT:S-CNCs, the peak position
of the symmetric stretching vibrations red-shifted from 1414 to
1410 cm ™" and became narrower (ESL{ Fig. S3b). The phenom-
enon is consistent with the literature and indicates the structural
change in PEDOT chains from a benzoid to a quinoid structure
in the PEDOT:S-CNCs biocomposite, with respect to pristine
PEDOT.*>** The systematic downshift (4 cm™*) has also been
observed by Howikawa et al. for sulfated cellulose-doped PEDOT,
and referred to a more extended quinoid formation.*’

The presence of the characteristic bands both on FTIR and
Raman for PEDOT:S-CNCs suggests that the successful oxida-
tive polymerization in cellulose batches drastically affects the
final physical-chemical properties of the composite.

Morphological characterization

The morphologies of the S-CNCs and PEDOT:S-CNCs samples
were analyzed by atomic force microscopy (AFM) and scanning
electron microscopy (SEM).

Fig. 3a, ¢ and d show the image of a thin-film of S-CNCs
prepared from its dilute suspensions. Field emission scanning
electron microscopy (FE-SEM) was employed to investigate the
size distribution of CNCs, deposited on glass from a 1 mg L™"
dispersion in DMSO (micrograph in Fig. 3a). In this image,

J. Mater. Chem. C, 2024,12,16701-16713 | 16703
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(a) ATR-FTIR spectra for the pristine S-CNCs (green line), the pristine PEDOT (dark blue line) and the composite PEDOT:S-CNCs (turquoise line).

(b) XPS survey spectrum of PEDOT:S-CNCs. Peak deconvolution for the (c) Cls and (d) S2p XPS signals of PEDOT:S-CNCs.

the S-CNCs were detected with high magnification (120 000x).
They can be observed as individual nanocrystals with a rod-like
shape with a diameter of ~10 nm and 151 + 15 nm length with
similar dimensions that have been reported in the literature.*'
The particles had a low aspect ratio (length/diameter) at around
15 £ 1.5 nm. SEM shows particle assemblies: small clusters
(i) or large groups of oriented S-CNCs (ii). Random arrangement
(i) is noted at low concentrations of nanorods. As the number of
particles increases, crystals are densely packed in the same
direction to form micro-length fibrous bundles (ii). The nano-
crystals aggregate mostly laterally, however, there is also long-
itudinal aggregation.*®> The alignment of the nanocrystals can
be attributed to the intermolecular interactions due to sulfate
and hydroxyl groups on the nanocrystal surface during drying
process of the specimen.

The transparent films of cellulose nanocrystals were depos-
ited on mica substrates from aqueous suspensions as a speci-
men for AFM and on glass for optical microscopy. AFM results
indicate the state of aggregation as separated nanocrystal
domains with regions where there are no nanocrystals. As seen
in Fig. 3c, the nanocrystals are smaller (i) than the features
recorded by AFM. The data confirms that the images correlate

16704 | J Mater. Chem. C, 2024,12,16701-16713

with agglomerated nanocrystals, which are coarser-diameter
and micronbundles (ii), as seen in SEM.

Polarized light microscopy (PLM) provides good insight
into optical anisotropy or birefringence. The morphology was
monitored via optical microscopy by using a polarized-light
source and a representative image is shown in ESI, T Fig. S4. The
optical response reveals birefringent S-CNCs film corres-
ponding to micron-sized randomly distributed individual crys-
tallites resulting from the self-organization of cellulose nano-
crystals. The sample demonstrates a similar blue appearance of
CNCs in solid film, which has been correlated to the anisotropic
phase after the removal of residual water.** PLC shows consistency
with the indication of the self-assembly behavior of CNCs in dried
film. The detailed structure and orientation of the aggregations
were visualized by AFM at higher magnification with scan size at
the nanometer level. As seen in small aggregates, particles interact
with each other to create coarser-diameter fibers. The sharp edge
of the micro-bundles can be recognized in Fig. 3d. Additionally,
the image also proves longitudinal aggregation, ie. between the
edges of the nanorods.*

Fig. 3b depicts the FE-SEM micrograph of PEDOT:S-CNCs
composite material. The film morphology is significantly

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 FE-SEM micrographs (120 000x) (a) of the pristine S-CNCs*° and (b) the PEDOT:S-CNCs composite. Scale bar 200 nm. Atomic force microscopy
(AFM) images of (c) and (d) pristine S-CNCs and (e) the PEDOT:S-CNCs composite (thickness = 250 nm), and (f) PEDOT:PSS (thickness = 260 nm).
The photographs of composites thin-films on the right side of the respective AFM images.

different than pristine S-CNCs. Notably, the cationic PEDOT
polymer was deposited on the surface of charged S-CNCs,
resulting in a continuous-like phase as an indication of tem-
plate synthesis. The polymer preferentially grows around the
negatively charged cellulose, leading to PEDOT-coated CNC
nanorods, as previously reported.”* The nanocomposite has
an amorphous granular structure with nanometer size. Inten-
sive polymerization is observed in some parts of the nanocom-
posite (middle), while some S-CNC crystals can be observed
within the polymer matrix (bottom left). The morphology has a
complex composition featuring a two-phase structure allocated

This journal is © The Royal Society of Chemistry 2024

to PEDOT- and S-CNC-rich regions. The two-phase morphology
is also a well-known phenomenon for PEDOT:PSS in dry poly-
mer film due to synthesis and post-treatment*>*® Additionally,
the degree of microstructural heterogeneity can provide a
pathway for overcoming hole-limited doping.*”*® PEDOT:PSS
has shown efficient transport, indicating homogenous energy
landscape for holes despite microstructural heterogeneity.*®
In Fig. 3e, the AFM image of PEDOT:S-CNCs reveals a phase
separation structure as islands of bright-regions as was reported
for PEDOT:PSS.*® The morphology with globular domains can be
correlated to the formation of phase separation with PEDOT-rich

J. Mater. Chem. C, 2024,12,16701-16713 | 16705
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regions (bright color) and CNC-rich regions (dark color). The phase
separation induces enlarged sizes of phase domains for the new
composite, with relatively uniform distribution. The surface height
image of PEDOT:PSS shows a smooth surface with small islands
that are isolated from each other in Fig. 3f. The root-mean-square
(RMS) roughness of PEDOT:S-CNCs (40 nm) is higher than
PEDOT:PSS (~4 nm) indicating that the surface of reference is
smoother. The photographs of semi-transparent thin-films for
each composite are depicted on the right-hand side of the corres-
ponding AFM images.

OECT devices

In addition to morphological characterization, the electrical
properties of the novel biocomposite were investigated to
demonstrate its suitability for use in electrochemical transistors.
Therefore, conductivity measurements were performed, and
the electronic conductivity was found to be around 5 S cm™*
(£1 S em™") for the thin films (thickness approx. 250 nm)
prepared from dispersed solutions with 94.5% (v/v) PEDOT:
S-CNCs dispersion, 0.5% (v/v) 4-dodecylbenezene sulfonic acid
(DBSA), 10% (v/v) glycerol and additional 1% (v/v) of (3-glycidyl-
oxypropyl) trimethoxysilan (GOPS) with respect to the total
volume of dispersion. Our result is significantly higher than
the conductivity value of 1.2 S cm™ ' (£0.1) S cm ™" reported by
Atifi et al.*® Compared to their study on S-CNCs with 3.5 OSO;H

Gate
Ag/AgCl

Polymer well

v

Drain

Source Cr/Au

CrIAu&\

View Article Online
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units per 100 glucose units, we obtained the sulfation degree of
S-CNCs which was elevated to 5 OSOzH units per 100 glucose
units, as derived from the elemental analysis in ESI, Table S1.
This difference can be explained by the varied synthesis
conditions®® as well as the additives (GOPs, DBSA, glycerol)
introduced into the thin-film. The conductivity results for the
respective synthesis method and used additives are shown in
detail (in ESI,T Table S3).

The synthesized biocomposite’s applicability in electronic
devices was assessed by using PEDOT:S-CNCs as the channel
material in organic electrochemical transistors (OECTSs). Usually,
adjusting the channel length and width is challenging and
requires complex fabrication methods. Traditional lithography is
widely employed to fabricate planar OECTs with a channel length
down to tens of microns."™ To avoid the time-consuming photo-
lithography technique with multi-steps, source and drain electro-
des were thermally evaporated through a hard shadow mask,
which was designed to shorten the channel length. In this work,
OECTs were fabricated by using the device configuration shown in
Fig. 4. Additionally, two different source-drain structures were
applied, namely a single pair of electrodes and an interdigitated
electrode structure with 10 consecutive electrode pairs, as sche-
matically depicted in Fig. 4a and b, respectively. In comparison to
our previous work, we have successfully improved the amplitude of
the device signal by optimizing the channel geometry."

b)

Fig. 4

(@) A schematic depiction of the device structure of an PEDOT:S-CNCs based OECT, including Cr/Au source and drain electrodes, PEDOT:

S-CNCs as channel material, the polymer well for the electrolyte and the non-polarizable Ag/AgCl gate electrode. W and L are referred to as width and
length. (b) lllustration of an interdigitated OECT device, whereby here, only six electrode pairs are shown for exemplary purposes. Image of (c) an
operated single-channel OECT and (d) the used interdigitated device structure with ten connected source—drain pairs. Each OECT device picture is
depicted in combination with a microscope picture (in 5x magnification) of the respective source—drain electrodes.

16706 | J. Mater. Chem. C, 2024,12,16701-16713
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The transfer characteristics (Ip vs. V) of PEDOT:S-CNCs are
depicted for both source-drain structures in Fig. 5a and b.
Additionally, the calculated transconductance (g, = 0Ip/0Vg) is
shown next to the respective transfer curve. By increasing gate
voltage (Vi) to positive values, cations are transferred from the
electrolyte into the PEDOT layer, which is consequently de-
doped, leading to a state of low to zero conductivity.*® The
change in conductivity can be observed with a decrease in drain
current (Ip) for each electrode architecture. The devices oper-
ated in depletion mode represent the p-type MIEC behavior of
the channel materials.>® For both device types, the OECT device
can be switched “off” by increasing Vs to 0.6 V. When compar-
ing the two different electrode structures, the transconductance
of an exemplary (with an average device performance) single-
channel PEDOT:S-CNCs device exhibits a maximum transcon-
ductance (gmax) of 2.39 mS with an on/off ratio of ~ 56, whereby
an interdigitated device with similar film thickness reaches a
Zmax Of 3.82 mS and an on/off ratio ~78. Overall, the transcon-
ductance values and on/off ratios for the interdigitated channel
OECTs are increased by a factor of 1.5 with respect to the single-
channel ones. Fig. 5b and d exhibit the output characteristics
(Ip vs. Vp) of PEDOT:S-CNCs devices at applied constant gate
voltages. Drain current increases linearly with increased drain
voltage (Vp), and this consistency in output curves is visible for
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both device architectures. Once the channel is fully depleted, I,
reaches its saturation at Vp, values of approx. —0.7 V.

The gmax, the figure of merit of OECT, strongly depends on
the channel geometry and is directly proportional to WdL *
(gmax ¢ WdL™") in which d refers to channel thickness. In order
to enhance the device performance, we further optimized the
channel thickness by consecutively depositing multiple layers
of the biocomposite, as stated in the experimental section. The
thickness of the channel film was conveniently controlled by
solution processing to form films with thicknesses in the order
of 1-3 pm. The transfer (I, vs. V) and output characteristics
(Ip vs. Vp) of PEDOT:S-CNCs transistor with the active layer
thickness of approx. 2 um are depicted in Fig. 6a-d. Remark-
ably, the thick-film samples for both single and interdigitated
channel geometries validate the improved gma.x values of
13.6 mS and 44.3 mS, respectively. Additionally, these devices
have almost identical on/off ratios 83 and 84 for the single
channel and interdigitated OECTS, respectively. Since PEDOT:
PSS is the most commonly used channel material in bioelec-
tronics studies and it was chosen as the standard reference
MIEC for comparison. A similar trend in multiplying transcon-
ductance was observed for the reference devices. As depicted in
ESI,} Fig. S5, the transconductance value was improved from
27.30 to 56.19 mS when switching from single-electrode pair to

b) 07 | single-channel
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Fig. 5 Steady-state electrical characterization of thin-film channel PEDOT:S-CNCs based OECTs. (a) Transfer characteristics and the corresponding
transconductance curve (for Vp = —0.7 V) and (b) the corresponding output characteristics for a single-channel OECT device (W = 2.15 mm, L = 56 pum,
film thickness = 262 nm). (c) Transfer characteristics and transconductance (Vp = —0.7 V) and (d) the corresponding output characteristics for an
interdigitated OECT device (dimensions of one source—drain electrode pair: W = 530 um, L = 51 pm, film thickness = 258 nm).
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Fig. 6 Steady-state electrical characterization of thick-film channel PEDOT:S-CNCs based OECTs. (a) Transfer characteristics and the corresponding
transconductance curve (for Vp = —0.7 V) and (b) the corresponding output characteristics for a single-channel OECT device (W = 2.16 mm, L = 57 um,
film thickness ~ 2 pm). (c) Transfer characteristics and transconductance (Vp = —0.7 V) and (d) the corresponding output characteristics for an
interdigitated OECT device (dimensions of one source—drain electrode pair: W = 548 pm, L = 50 um, film thickness ~ 2 pm). (e) Exemplary illustration of
the method used for the evaluation of the threshold voltage (Vth), which is determined by extrapolating the linear fit (red line) of \/(—Ip) to cross the
x-axis. (f) The gmax Of the single-channel OECT is plotted as a function of its device geometry and biasing conditions including the width (W), the film
thickness (d), the channel length (L), Vth and the gate voltage at the gma«(Vy). Here, reference PEDOT:PSS devices (dark purple) are compared to

PEDOT:S-CNCs (light blue) devices.

interdigitated OECTs. After optimization of device channel
parameters, the maximum transconductance values up to
44.3 mS was obtained for PEDOT:S-CNCs which was compar-
able to ~56 mS for PEDOT:PSS reference transistors. The
results reveal the high potential of PEDOT:S-CNCs composite
as a channel material for OECTs.

Fig. 6e shows an exemplary depiction of a transfer curve with
the corresponding square root of the absolute value of Ip.

16708 | J. Mater. Chem. C, 2024, 12,16701-16713

A linear regression is fitted within the steepest part of the
transfer curve and consecutively extrapolated to cross the x-axis
to determine the threshold voltage (Vi,).”' To evaluate and
summarize all device results with thin-film channels (thickness
range between 140-290 nm), the maximum transconductance
of PEDOT:S-CNCs and PEDOT:PSS single-channel OECTs are
plotted versus the respective channel geometry and biasing
conditions in Fig. 6f. The data obtained for the reference
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Table 1 An overview of the determined key device parameters listed for
OECTs in Fig. 5, 6 and Fig. S5 (ESI)

Material Channel geometry d/nm Zmax/mS  On/off ratio
PEDOT-S-CNC  Single 262 2.39 56
Interdigitated 258  3.82 78
Single ~2000 13.6 83
Interdigitated ~2000 44.3 84
PEDOT:PSS Single 260 27.3 19
Interdigitated 265 56.2 2

d: channel thickness, gmax: maximum transconductance.

PEDOT:PSS devices are consistent with previously published
results by Inal et al.' Table 1 shows a summary of the most
relevant device results obtained for the different channel
materials, channel geometry and thickness. The data for the
exemplary devices having an average device performance is
extracted from Fig. 5 and 6 and Fig. S5 (ESIt) for better
comparison. The study emphasizes that the channel current
can be modulated by the material type and channel geometry.
Therefore, channel geometry engineering is essential to
improve device performance.

In an alternative approach, Tropp et al. investigated the acid-
crystalized PEDOT:PSS (ncrys-PEDOT) nanoparticles as conduc-
tive fillers for hydrogels to create soft organic biomaterials.”?
Moreover, conductive polymer hydrogels performed as electri-
cal bioadhesive interface for potential soft bioelectronics
applications.>® Despite recording high conductivities, the resi-
dual PSS within ncrys-PEDOT cannot be avoided. In our work,
PEDOT:S-CNC nanoparticles demonstrated remarkable con-
ductivity of 5 S cm ™", values larger than lyophilized PEDOT:PSS
(4 S em™").>® This simple and facile method may overcome the
challenges of traditional conductive fillers to stabilize the
dispersion of aqueous biomaterial solutions or biomaterial
derived hydrogels for biomedical applications.

Conclusions

PEDOT:S-CNCs with 1:1 (w/w) ratio between the monomer
and S-CNCs, were synthesized through facile green synthesis.
The PEDOT:S-CNCs nanocomposite possesses good ionic and
electrical conductivity as well as high dispersibility in water.
The electronic conductivity was recorded up to 5 S cm™ .
Conformational changes in biocomposite were detected by
using spectroscopy techniques and correlated with morpho-
logical changes in their micro- and nanostructure via SEM and
AFM. The thin-film of biocomposite exhibited granulated
PEDOT on the rod-like S-CNCs, resulting in nano-meter scale
phase segregation.

The integration of biocomposite as a channel material in
OECTs was successfully achieved to evidence ionic-to-electron
transduction. The maximum transconductance (gm.x) values
were obtained up to 13.6 mS and 44.3 mS after optimizing
the film thicknesses and device parameters for single-channel
and interdigitated OECTSs, respectively. High transconduc-
tance and device signal have been achieved without applying
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lithography techniques. To the best of our knowledge, sulfated
CNC-templated PEDOT composite was tested in electrochemi-
cal transistors for the first time. The results were promising for
the development of sustainable and eco-friendly bioelectronics.
As a future perspective, these novel biocomposites can be
investigated to enhance mechanical strength, electrical conduc-
tivity and long-term biocompatibility in bioelectronics. Moreover,
further surface functionalization with specific biomolecules can
enhance selectivity and sensitivity for biosensing applications.

Experimental section

Materials

3,4-Ethylenedioxythiophene (EDOT, 99%) was purchased from
Thermo Fisher Scientific, while iron(m) p-toluenesulfonate
hexahydrate (FeTos), Avicel PH-101 and sulfuric acid 98% were
obtained from Sigma-Aldrich. The solution additives 4-dodecyl-
benezenesulfonic acid (DBSA), glycerol and (3-glycidyloxypropyl)
trimethoxysilan (GOPS) were purchased from Fluka, Carl Roth and
Grolman, respectively. Commercial poly (3,4-ethylenedioxy thio-
phene): poly (styrenesulfonate) (PEDOT:PSS, Clevios™ PH 1000)
was obtained from Heraeus Electronics GmbH (Hanau, Germany).
Prior to usage, the PEDOT:PSS dispersion was filtered through a
polyvinylidene fluoride filter with a pore size of 0.45 um. All other
reagents were used as received without further purification.

Purified 18 MQ ultrapure water was obtained by the Arium®
Mini laboratory water system.

Synthesis of sulfated cellulose nanocrystals (S-CNCs)

Cellulose nanocrystals were synthesized according to ref. 41.
Firstly, 40 mL of deionized water was placed in a 250 mL three-
necked round-bottom flask outfitted with a water condenser
and a mechanical stirrer. The flask was then chilled in an
ice bath before adding 40 mL of concentrated H,SO,. Subse-
quently, 4 g of Avicel PH-101 was added, and the suspension
was heated to 50 °C for 80 minutes. The system was then cooled
to room temperature, and the mixture was diluted with water
(80 mL) and poured into polypropylene centrifuge tubes. The
mixture underwent centrifugation at 4000 rpm repeatedly, with
the supernatant being replaced by fresh deionized water each
time until a pH > 1 was reached. The precipitate was then
suspended in deionized water and dialyzed against distilled
water to neutrality using a cellulose nitrate membrane with a
molecular weight cut-off (MWCO) of 12400 Da. Then, the sus-
pension was sonicated using a 400 W tip sonicator (Hielscher
Ultrasonics) in pulsed mode, operating at 40 W with 0.6-second
pulses for 10 minutes. Finally, the suspension was transferred
to polypropylene centrifuge tubes and centrifuged at 4000 rpm
for 20 minutes. The supernatant was kept and freeze-dried.
S-CNCs were isolated in 26% yield.

Synthesis of PEDOT:S-CNCs and PEDOT

The synthesis, applied for the PEDOT:S-CNCs dispersion, fol-
lows the procedure described by Tekoglu et al.™* First, S-CNCs
dispersion at a total concentration of 8 mg mL~" was prepared
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in 18 MQ water and vigorously stirred at room temperature for
2 h. Next, EDOT was added in a 1:1 (w/w) ratio of monomer
to S-CNCs followed by 2 h of additional stirring. Subsequently,
2.5 molar equivalents of iron(m) p-toluene sulfonate hexa-
hydrate (with respect to EDOT) was added. The dispersion
was heated at 60 °C for 2 h under continuous stirring. A color
change from white to dark blue was already visible after 30 min.
After completion of the oxidative chemical polymerization, the
solution was diluted with 18 MQ water, centrifuged at a speed
of 5500 rpm for 3 min and re-dispersed in fresh 18 MQ water.
This process was repeated four times until a neutral pH was
reached. Then, the dispersion was sonicated for 1 h, followed
by a final consecutive centrifugation and re-dispersing step.
Next, the dispersion was dialyzed for 24 h by changing the water
periodically. Thereby, a dialysis membrane with a molecular
MWCO 12-14 kDa was used. Finally, a dispersion of PEDOT:
S-CNCs in water with a concentration of approx. 40 mg mL ™"
was obtained and stored in the fridge at 4 °C for further usage.

Reference PEDOT synthesis was performed by following the
same preparation procedure to compare with the PEDOT:S-
CNCs composite using spectroscopy techniques. The oxidative
chemical polymerization of tosylate doped PEDOT was also
performed using only EDOT with iron(m) p-toluene sulfonate as
the oxidant in 2.5 molar equiv. Here, no S-CNCs were included.
The tosylate (Tos) anion from the oxidant serves as a counter
ion and stabilizes the oxidized cationic PEDOT.

Material characterization

Elemental analyses were carried out using a Vario Micro Cube
CHNOS Elemental Analyzer. This device allows for quantitative,
fully automated analysis of the elements C, H, N, and S through
combustion gas analysis. The oxygen content was calculated by
difference. The gases produced during combustion are detected
by a thermal conductivity detector (TCD). Approximately 5 mg
of the sample is used for each measurement, with each result
being the average of two analyses. Calibration was performed
using sulfanylamide.

X-ray diffraction (XRD) analysis was performed on an X-ray
diffraction (XRD) system X'Pert Pro MPD operating in the
Bragg-Brentano geometry. The diffractometer was equipped
with a copper radiation source (Cu Ka-radiation). The samples
were deposited on a zero-background sample holder. The
samples were spun at 0.25 Hz. The crystallinity index (CI) of
cellulose was calculated from the XRD spectra by the method
reported by Segal,®>' according to the following equation:

I 200 — Ly

CL(%) = 100 x
Do

where 1,4, represents the maximum intensity of the peak with
Miller’s indexes 200 (centred between 22.4 and 22.6° in cellu-
lose 1), while the intensity of the amorphous peak is calculated
at the maximum, which depends on the typology of cellulose
and is centred at 18° for cellulose I and at 16° for cellulose II.

Fourier-transform infrared (FTIR) spectra were recorded
utilizing a Bruker Vertex 80 FTIR spectrometer which is
equipped with a Bruker Platinum diamond attenuated total
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reflectance (ATR) unit. The materials were measured after
drying.

Raman spectroscopy was conducted using a Bruker Multi-
RAM FT-Raman spectrometer with an excitation wavelength
of 1064 nm in combination with a liquid nitrogen-cooled Ge
detector. The spectra were recorded with a resolution of 4 cm™*
and by averaging over 1000 scans. For the sample preparation,
aluminum foil stripes were cleaned with acetone and 18 MQ
water in an ultrasonic bath for 15 min each and consequently
blow-dried with N, gas. The Al foil was then attached to a glass
slide with double-sided Kapton tape. The PEDOT:S-CNCs dis-
persion and the pristine PEDOT dispersion was drop-cast onto
the substrates and dried.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Theta Probe XPS-system (Thermofisher, GBR),
which features a monochromated Al-Ka. X-ray source with an
energy of 1486.6 eV. The spot size on the sample surface was
400 pm in diameter.

The hemispherical analyzer was set to a pass energy of 20 eV
for the recorded high-resolution (HR) scans at an energy step
size of 0.05 eV. The data acquisition and evaluation, as well as
the control of the device, are performed via a software package
(Avantage) provided by the system manufacturer. For the XPS
characterization the original stock dispersions (PEDOT:S-CNCs
and PEDOT:PSS) were used without further additives, whereby
the dispersions were drop-cast on glass.

Thin-film characterization

For the characterization of the materials, we used glass sub-
strates (1.5 cm x 1.5 cm) and ITO-coated glass (1.27 cm X
1.27 cm), which were cleaned in an ultrasonic bath with a
2% (v/v) aqueous solution of Hellmanex III, deionized water,
acetone and isopropanol at 50 °C for 20 min each. Before
further usage, the substrates were blow-dried with N, gas and
oxygen plasma treated at 100 W for 5 min in a Plasma Etch
PE-24 plasma cleaner. The respective material dispersions were
deposited either via drop-casting or spin-coating, depending on
the characterization method. For the SEM, AFM and conduc-
tivity samples of composites, a mixture of 94.5% (v/v) disper-
sion (PEDOT:S-CNCs and PEDOT:PSS), 0.5% (v/v) DBSA and
10% (v/v) glycerol, was prepared, whereby subsequently 1% (v/v)
GOPS was added into the solution. The composite dispersions
were then deposited via spin-coating on clean glass and ITO-
coated glass substrates for AFM and SEM, respectively.

In addition to the biocomposite dispersion, a dispersion of
pristine CNCs in 18 MQ water was also prepared for SEM and
AFM imaging. Nanocrystals were suspended in water at a
concentration of 1 mg L™ " and spin-cast onto a mica substrate
for AFM, while samples for SEM and polarized light microscopy
were drop-cast from the suspension with the same concen-
tration on glass.

Field emission - scanning electron microscopy (FE-SEM)
analyses were conducted using a FEI FEG-Quanta 450 instru-
ment (Field Electron and Ion Company, Hillsboro, OR, USA).
S-CNCs were deposited onto glass substrates from their DMSO
suspension at a concentration of 1 mg L. Prior to analysis, the
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samples were sputtered with platinum. The length of the
cellulose nanocrystals was measured using Image ] 1.53e
software (National Institutes of Health, USA) on micrographs
taken at 120 000x magnification. The standard deviation was
calculated based on the mean of over 30 measurements.
PEDOT:S-CNCs samples were deposited on ITO-coated glass
substrate and the surface was sputtered with platinum before
the analysis.

AFM images of the PEDOT:S-CNCs and PEDOT:PSS were
obtained by using the Bruker Innova atomic force microscope.
For the analysis of S-CNCs, the mica substrate laden with
nanoparticles was examined using a Veeco Instruments Nano-
scope IIIa microscope in tapping mode. For the deposition of
samples reported in the Fig. 3c and d, a 1 mg mL™" suspension
of nanocrystals in water was prepared by tip-sonication
(10 pulses, duty cycle 0.6, power 20 W) using a Dr Hielscher
400 W tip sonicator. The suspension was diluted to a final
concentration of 1 mg L™". Every dilution was followed by bath
sonication for 20 minutes. 100 microliter of the 1 mg L™*
solution was cast on a mica substrate and the drop was dried
in air under a fume hood. Imaging was conducted with silicon
cantilevers having a typical curvature radius of 10-15 nm,
operating at frequencies between 264 and 339 kHz. The topo-
graphies were processed using the Nanoscope software. Dimen-
sions of the nanocrystals, specifically length (L) and width (W)
were measured using Image J 1.53e software from the National
Institutes of Health, USA. Statistical analysis was performed on
over 50 rod-shaped nanocrystals.

The polarized light microscope image was recorded by using
a Nikon Eclipse LV100 ND microscope with a polarizing light
filter.

The conductivity of the thin films was measured using a
Signatone four-point probe station in combination with a
Keithley 2400 Source Meter.

OECT device fabrication

The source-drain electrode pattern was prepared by fixing
cleaned glass substrates onto a shadow mask (thickness =
200 pum) to alleviate the shadowing effect during the metal
deposition process. 10 nm chromium (Cr) and 100 nm gold
(Au) were deposited sequentially by thermal evaporation at a
pressure of 1-5 x 10~ mbar. Here, Cr was utilized to improve
the adhesion of Au to the substrate. This process was used
to fabricate both the single electrode pair (channel length: L =
60 um, channel width W = 2 mm) and the interdigitated
structure with 10 connected source-drain pairs (each electrode
pair: L = 60 pm, W = 540 um). Afterward, the device channel was
prepared by depositing a thin-film of the respective sample
dispersion (PEDOT:S-CNCs and PEDOT:PSS) with additives, as
mentioned above, via spin-coating using 900 rpm for 40 s,
followed by 1200 rpm for 10 s. The area around the channel, as
well as the contacts, were carefully wiped by using water-wetted
cotton swabs before annealing the substrates at 140 °C for 1 h.
In order to increase the film thickness, the spin-coating proce-
dure was repeated whereby additionally a short annealing step
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of 2 min at 140 °C was employed instead of the final annealing
step at 140 °C for 1 h.

To complete the devices, a laser-cut polymer well of 3M™
VHB™ Tape (acrylic adhesive with a conformable acrylic foam
core) was fixed on the substrates to secure the aqueous electro-
Iyte. For the device characterization, 20 pL of phosphate buf-
fered saline (PBS) solution (50 mM, pH 7.3) was used, and a
silver/silver chloride (Ag/AgCl) electrode was employed as a
non-polarizable gate electrode. All steady-state current-voltage
measurements were performed under ambient conditions
using an Agilent model E5273A.

A Bruker Dektak XT profilometer with a stylus force of
2 mg was used to measure the film thickness.

Microscope images for the channel geometries were
recorded utilizing a Nikon Eclipse LV100 ND microscope in
bright-field mode.
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