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Nanostructured wood veneer with added electroactive functionality combines structural and functional

properties into eco-friendly, low-cost nanocomposites for electronics and energy technologies. Here,

we report novel conducting polymer-impregnated wood veneer electrodes where the native lignin is

preserved, but functionalized for redox activity and used as an active component. The resulting

electrodes display a well-preserved structure, redox activity, and high conductivity. Wood samples were

sodium sulfite-treated under neutral conditions at 165 �C, followed by the tailored distribution of

PEDOT:PSS, not previously used for this purpose. The mild sulfite process introduces sulfonic acid

groups inside the nanostructured cell wall, facilitating electrostatic interaction on a molecular level

between the residual lignin and PEDOT. The electrodes exhibit a conductivity of up to 203 S m�1 and

a specific pseudo-capacitance of up to 38 mF cm�2, with a capacitive contribution from PEDOT:PSS and

a faradaic component originating from lignin. We also demonstrate an asymmetric wood pseudo-

capacitor reaching a specific capacitance of 22.9 mF cm�2 at 1.2 mA cm�2 current density. This new

wood composite design and preparation scheme will support the development of wood-based materials

for use in electronics and energy storage.
1. Introduction

Materials for energy generation and storage are a cornerstone as
we enter into a green and sustainable era. Biobased materials
are needed for large-scale energy harvesting and storage devices
such as solar cells, supercapacitors, and batteries. Devices may
not always need high performance for very large-scale applica-
tions, but rather eco-friendly attributes and low cost. For these
reasons, wood is an important resource, also because of the
existing infrastructure for harvesting and processing.1–3 Wood,
wood bers, and wood-based nanobers have excellent
mechanical properties and can have a high specic surface area,
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making them suitable as substrates for energy and electronic
technologies.2,4 Wood also contains lignin, a capacitive material
component, which can store energy through faradaic redox
reactions.5,6 Wood has been rened to produce cellulose and
lignin components for further functionalization in green elec-
tronic and energy devices. Renement procedures are
commonly energy-demanding and require large volumes of
chemicals, possibly having negative impacts on the
environment.4,7

An alternative approach is to utilize wood directly in the
targeted electrical and electrochemical devices by top-down
processing, utilizing the hierarchical structure and nano-
composite features. Wood includes a large number of straight
vascular micro-channels and nanobers, ideally designed for
mass transport in electrodes of electronic components.2,3,8,9

This architecture in combination with native, redox-active
lignin in the cell wall (25 wt%), can be an excellent template
for green energy storage devices. For charge storage, also elec-
trical conductivity is needed. Common approaches include
delignication followed by inltration with conductive mate-
rials or carbonization.1–3,8,9 However, these methods do not
retain the desired mechanical properties of wood, and lignin
becomes a waste product rather than an active component.2,3,8,9

Limitations with earlier approaches include the fact that
conductive materials are either carbon derivatives10 or
J. Mater. Chem. A, 2022, 10, 15677–15688 | 15677
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conducting polymers that are difficult to process, such as pol-
ypyrrole10–12 and polyaniline.13–15 The polymers are in situ10,11,13–15

or vapor phase polymerized12 on delignied or even on non-
treated wood substrates.11 As the charge storage capacity of
lignin is not appreciated, the approach usually focuses on either
using very high conducting polymer content11–13 or designing
distinctive conducting polymer morphologies (nano-
particles,10–12 nanobers,13 nanorods10,14,15) to achieve a high-
performance electrode. The electrical and electrochemical
properties of the electrode are therefore mainly analyzed in
terms of the role of the conducting polymer, whereas wood is
just a structural template.10–15 Here, we instead develop an
approach in which the charge storage capacity of lignin is
utilized through synergistic interactions with the conductive
phase. For this purpose, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
has great potential due to its combination of water-based pro-
cessing and performance, although this has not been explored
in wood for energy storage applications. Here, we strive to
combine mechanical performance and preserved lignin content
with the addition of electrical conduction. In Fig. 1, we describe
the approach to address these challenges. The method rst
converts wood into a highly porous but lignin-retaining
template, which is then inltrated with a conducting polymer.
The architecture should allow electrolyte transport in the cell
wall channels, and utilize retained lignin in a charge storage
process where the central lumen space is also lled with an
electrolyte.

PEDOT:PSS is one of the most widely used ionic/electric
conducting polymers. PEDOT:PSS has shown a conductivity of
up to 4380 S cm�1 and has been studied as electrode materials
in supercapacitors, as the active channel in electrochemical
transistors, and as the active leg in thermoelectric devices.5,16–18

To utilize the excellent electrical, mechanical, and process-
ability properties of PEDOT:PSS, it has been explored as
Fig. 1 Schematic illustration of the conductive wood veneer preparatio

15678 | J. Mater. Chem. A, 2022, 10, 15677–15688
a conductive component in 3D structured composites such as
cellulose-based aerogels,19 graphene aerogels,20 electronic
textiles,21 and bone-tissue scaffolds.22 Typically, PEDOT:PSS has
also been used for electrically conductive paper structures
utilized as a supercapacitor electrode.5 Such electrodes can be
combined with redox-active lignosulfonate for improved
supercapacitor storage capacity.5 This is promoted by an
important detail, namely the ability of PEDOT to be doped not
only by its common counter ion PSS� but also by sulfonated
lignin.5,6

In the rst stage of the present approach, some of the lignin
and hemicellulose components are removed to increase specic
surface area and create small-scale porosity for the electrolyte.
The lignin is also sulfonated. Then PEDOT:PSS is introduced
into the modied wood structure. The polymer not only makes
the wood conductive but also provides strong electrostatic
interaction with the sulfonated lignin component, promoting
intimate coupling between the redox-active lignin and the
charge-transporting PEDOT. This coupling is of critical impor-
tance in order to achieve the desired pseudo-capacitance
performance in energy storage applications.5,6 Here, we will
investigate how the sulfonation treatment time inuences the
composition of the resulting wood template and how that, in
turn, affects the following PEDOT:PSS impregnation. Morpho-
logical, as well as electrical characteristics, will be studied and
analyzed, with special emphasis on the interplay between
PEDOT and lignin and the pseudocapacitive behavior that
should result. This will help to clarify mechanisms and consider
approaches for optimized wood nanocomposite structures. We
also provide proof of concepts showing the possibility to utilize
wood as an electrode for both electrical conductivity and
pseudocapacitive energy storage, with potential for further
development. To strengthen the last point, an asymmetric wood
supercapacitor prototype was fabricated and characterized.
n.

This journal is © The Royal Society of Chemistry 2022
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2. Experimental
2.1. Materials

Natural pine veneers were obtained from Glimakra of Sweden
AB. Poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate)
(PEDOT:PSS, CLEVIOS™ PH 1000) was purchased from Her-
aeus Deutschland GmbH & Co. KG, Germany. Sodium sulte
anhydrous (Na2SO3, Fisher Scientic), sulfuric acid (H2SO4,
>95%, Fisher Scientic), acetone ($99.5%, VWR), dimethyl
sulfoxide (DMSO, Sigma Aldrich), and ethanol (Sigma Aldrich)
were all used as received. Carbon felt was purchased from SGL
Carbon, while Carbon bers, paraffin wax, and carbon paste
were received from Sigma Aldrich and used as received.

2.2. Wood veneer (WV) sulfonation

Wood veneers (WVs) were cut into a size of 3.0 � 1.0 � 0.075
cm3 (longitudinal � tangential � radial) and immersed in
deionized water under vacuum prior to chemical modication.
The wet WVs (7 pine veneers of roughly 700 mg of dry weight)
were sealed in an acid digestion vessel containing 16 ml of
a Na2SO3 solution (0.7 M) at pH 7 adjusted with the addition of
H2SO4 at room temperature. The vessel was then transferred to
a silicone oil bath preheated at 80 �C and kept for 1 h. Aer this
impregnation step, the temperature of the oil bath was
increased to 165 �C and kept for different reaction times:
30 min, 1 h, 3 h, and 5 h. Accordingly, the resulting modied
WV products were labeled as SWV-0.5, SWV-1, SWV-3, and SWV-
5, respectively. At the end of the reaction, the vessel was rapidly
quenched in an ice water bath, and the modied SWVs were
thoroughly washed 3 times with acetone and subsequently 3
times with deionized water under vacuum.

2.3. Conductive wood veneers (CWVs) preparation

The CWVs were obtained by impregnating SWVs into
a suspension of PEDOT:PSS and DMSO, followed by a drying
process. The suspension was prepared by mixing 6.0 g of DMSO
with 100 g of PH1000, in which the mass ratio of PEDOT:PSS
and DMSO are about 1 : 5, respectively. To prepare the CWVs,
two SWV samples were soaked completely into a 25 ml Petri-
dish containing 16.0 (g) of the suspension. The disk, aer
that, was placed directly in an air-drying oven at 75 �C and kept
for 10 hours until the samples are dried. The nal CWV prod-
ucts were achieved aer completely removing the aggregated
polymer layers on the surface of the dried samples (Fig. SI.12,
ESI†).

2.4. Characterizations

The characterizations are presented in detail in the ESI.†

3. Results and discussion

The synthetic route to obtain the conductive wood veneer has
two main steps. In the rst step, wood veneer (WV) was treated
in a sodium sulte solution (0.7 M) at 165 �C. The pH of the
solution was adjusted to 7 with the addition of a sulfuric acid
solution. The samples were treated for different reaction times
This journal is © The Royal Society of Chemistry 2022
with the purpose to study the effect of reaction time on the WV
structure and the impact on its chemical composition. Our goal
was to obtain a modied WV electrode with a well-preserved
wood structure, which at the same time possesses a sufficient
amount of sulfonated lignin. The obtained sulfonated wood
veneers (SWVs) were labeled as SWV-1/2h, SWV-1h, SWV-3h,
and SWV-5h following the reaction time of 1/2 h, 1 h, 3 h, and
5 h, respectively. In the second step, the SWVs were impreg-
nated with PEDOT:PSS suspension in dimethyl sulfoxide and
completely dried in an oven at 75 �C to produce the nal
conductive wood veneer (CWVs) electrodes. The CWVs samples
were correspondingly labeled as CWV-1/2h, CWV-1h, CWV-3h,
and CWV-5h, respectively.
3.1. Structure and morphology of sulfonated wood veneers
(SWVs)

The sulte pulping process is one of the most common tech-
niques in the paper industry, and the chemistry of the process
was extensively studied in the literature.23 In the process of
delignication, hydrophilic sulfonic acid groups are generated
in the hydrophobic lignin polymer via sulfonation at the same
time as the molecular weight of lignin is lowered via hydrolysis
of ether bonds between the phenylpropane units.23 To preserve
the sulfonated lignin in the native wood structure, the hydro-
lysis reactions should be slow compared to sulfonation. This is
achieved by providing sodium sulte treatment at neutral pH
and the heterogeneous reaction within the intact wood veneer.
The amount of total acidic groups in the SWV samples was
quantied by conductometric titration according to SCAN-CM
65:02. The weak acid groups (carboxylic acid groups) are
attributed to the uronic acid residues in native wood,24 while the
strong acid groups correspond to the sulfonic acid groups
generated by sulfonation. As shown in Fig. 2a, the content of
weak acid groups increased from 87 to 137 mmol g�1 aer 1

2 h
sulfonation, and thereaer remained more or less constant
despite longer treatment times. However, the sulfonic acid
groups increased signicantly from 9 to 300 mmol g�1 aer 30
minutes of sulfonation reaction, then increased gradually up to
375 mmol g�1 for the longest reaction time of 5 h. The
progressive solubilization of sulfonated lignin with increasing
reaction time was monitored by UV-vis spectroscopy (Fig. SI.4a,
ESI†). The concentration of sulfonated lignin in the spent
reaction solution was quantied by the absorbance at 280 nm
using an extinction coefficient (3) of 11.9 l g�1 cm�1 aer
background correction.25 The concentration of soluble
sulfonated lignin increased linearly from 0 to 1 h reaction time
and then increased gradually, but slower, with a longer reaction
time (Fig. SI.4b, ESI†), leading to deep yellow solutions. Due to
the dissolution of hemicellulose and noncellulose components,
a large number of micro- and nanopores were created in the
sulfonated wood structure, making it increasingly porous and
thus resulting in a higher surface area. Indeed, the results of
BET measurements revealed a signicant enhancement of
surface area from WV-native to SWV-5h. In Fig. 2b, WV-native
has a surface area of 0.14 m2 g�1, which is negligible in
comparison to 25.75 m2 g�1 of SWV-1h and especially to 176.87
J. Mater. Chem. A, 2022, 10, 15677–15688 | 15679
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Fig. 2 The effect of reaction time on the chemical composition of sulfonatedwood veneers (SWVs). (a) The content of sulfonic acidic groups and
carboxylic acid groups in the WV-native and SWV samples as measured by conductometric titration. (b) The surface area of WV-native and SWV
samples. (c) Lignin content in the WV-Native and SWV samples as determined based on gravimetric Klason lignin. (d) The content of cellulose,
xylan, and glucomannan in the WV-native and SWV samples.
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m2 g�1 of SWV-5h. With higher surface areas, the SWVs are
believed to have a larger capacity for the inltration process of
PEDOT:PSS, resulting in higher charge storage capacity in the
resulting conductive veneers.

The Klason lignin content of the WV and SWV samples
(Fig. 2c) was measured gravimetrically aer acid hydrolysis,
while the cellulose and hemicellulose contents (Fig. 2d) were
determined by sugar analysis of acid hydrolyzed mono-
saccharides. The chemical compositions including cellulose,
glucomannan, xylan, and lignin of theWV and SWV samples are
summarized in Tables SI.1 and SI.2, in the ESI.† The lignin
content decreased signicantly during the initial phase (1 h) of
the sulfonation progress at neutral pH and thereaer decreased
more slowly. More than half of the lignin was retained in the
SWVs (15.7 wt% at 5 h) as compared to native WV with a lignin
content of 28 wt%. The removal of hemicelluloses (mostly glu-
comannans) was slow during the initial phase (1/2 h), then
gradually increased as more lignin was removed aer 1 h. This
indicates the selectivity of delignication in accordance with
previous studies on neutral sulte pulping as compared with
acid sulte and kra pulping.23 The cellulose content in the
SWVs increased gradually with the increasing sulfonation time
due to the partial removal of lignin and hemicelluloses.
15680 | J. Mater. Chem. A, 2022, 10, 15677–15688
Fig. 3 shows the SEM micrographs for the cross-sections of the
SWVs prepared with varying sulfonation times. The sulfonation of
lignin occurred in specic regions of the wood structure, leading to
a progressive erosion of ligninmainly frommiddle lamella and cell
wall corners.25 The dissolution of lignosulfonates started in the
latewood region and proceeded to the earlywood region. Aer a 5 h
reaction, the middle lamella and cell wall corners were completely
eroded throughout the sample (Fig. 3e). This resulted in
a progressive soening of the WV, which was observed when
handling the samples. In addition, we could observe a gradual
smoothening of the borders between earlywood and latewood
(Fig. 3f). The original hierarchical structure of theWV stayed intact,
with slightly deformed cell walls starting aer 1 h of reaction time.
Nonetheless, the opening of the cell wall corner and middle
lamella and the presence of charged sulfonic groups favor the
swelling of the wood cell walls,26 which allows for a better (in)ow
of the conducting PEDOT:PSS polymer inside the wood structure
during impregnation.
3.2. Structure and morphology of conductive wood veneers
(CWVs)

Following sulfonation, the conductive PEDOT:PSS polymer was
successfully inltrated into the SWVs. Instead of the SWV yellow
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Effect of sodium sulfite treatment under neutral pH at 165 �C on the wood structure of SWVs. SEMmicrographs showing cross sections of
the sulfonated WVs prepared by different reaction times, (a) native wood, (b) 1/2 h, (c) 1 h, (d) 3 h, (e) 5 h, and (f) photographs of the wet veneers
before and after sulfonation.
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color, the CWVs appear optically dark-blue, which indicates
a substantial contribution from PEDOT:PSS. When comparing
CWVs treated for different sulfonation times, we note that CWV-
native has a lighter color than the others, indicating a relatively
lower total mass loading of PEDOT:PSS into the wood structure.
The mass loading of PEDOT:PSS into the different CWVs was
measured by simply weighing the samples and the results are
presented in Table SI.3 (ESI†) together with sample thickness.
Since CWVs have different thicknesses, the PEDOT:PSS
contents were calculated with respect to the sample area rather
than the sample volume. In this way, the numbers will reect
the different loading capacities of PEDOT:PSS for the native WV
and the SWVs. The PEDOT:PSS mass loading for the native WV
reaches about 2.6 � 0.2 mg cm�2. For the SWV samples, the
level of loading increases to 4.0 � 0.2 mg cm�2 as the sulfona-
tion time increases to 1 h. Further increase of the reaction time
to 5 h only results in a slight increase of the mass loading to
nally reach 4.5 � 0.5 mg cm�2.

The microstructure of the oven-dried CWV-native and CWV-
1h samples was characterized by optical microscopy and SEM.
In the native WV (Fig. 4a), PEDOT:PSS remains mostly on the
outer surface and penetrates inside the veneer only in some
sporadic spots. On the contrary, a homogeneous diffusion of
the conductive polymer throughout the thickness of the SWV-1h
sample was observed (Fig. 4b). The samples were wetted, cut
with a microtome, air-dried, and imaged with SEM. As shown in
Fig. 4f, the wood micro-structure was preserved aer impreg-
nation and the cell lumens were empty and available for the
electrolyte to ow inside the lumen channels. A PEDOT:PSS
coating layer is believed to be formed on the interior lumen
surface, probably in the few hundred-nanometer range, which
is too thin to be identied from the cross-section image (Fig. 4f)
but was observed from the longitudinal cut (Fig. 4d) as a very
ne wrinkly layer covering the pits. This coating layer was
This journal is © The Royal Society of Chemistry 2022
present only in the CWV-1h sample and not in the CWV-native
one, as the PEDOT:PSS polymer could not penetrate inside the
native WV (Fig. 4a).

To further study the distribution of PEDOT:PSS inside the
WV, the CWV-1h and CWV-native samples were either air dried
or supercritical-dried by liquid CO2 (CPD) aer the solvent
exchange with ethanol. When the samples were air-dried aer
ethanol exchange, delamination of the wood cell walls along the
middle lamella was observed for the CWV-1h sample (Fig. 5e).
In contrast, the samples dried in the air aer rewetting in water
(Fig. 4f) did not show such delamination. Aer supercritical
drying using CO2, a clear peeling off of the PEDOT:PSS polymer
could be observed, both in the cross-section (Fig. 5f) and along
the longitudinal section (Fig. 5g) of the CWV-1h sample, but not
in the CWV-native sample (Fig. 5b, c), due to the fact that liquid
CO2 partially solubilizes the polymer.27 The polymer was found
either as peeling-off layers along the cell wall surfaces or
appeared as wrapped-up layers inside the lumen. At an even
higher magnication of images recorded along the longitudinal
section, the S3 layer (the innermost part of the secondary wall)
with oriented cellulose microbrils was observed in the lumen
cell wall surface of the CWV-native sample, which indicates no
inltration of the PEDOT:PSS (Fig. 5d), while a web-like nano-
structure of PEDOT:PSS polymer was found in the CWV-1h
sample (Fig. 5h and j). The resulting morphology is clear from
Fig. 5i where a representative lumen shows a continuous
PEDOT:PSS layer peeled aer CPD drying. Similar morphology
was also found for the PEDOT:PSS aerogel prepared from
supercritical CO2 drying.27 The observed morphology of
PEDOT:PSS in wood is truly unique compared to the reported
morphology of conductive materials-modied wood structure
(see Table SI.5, ESI†). A further study on the polymer layer
thickness on the cell lumen surface was carried out using an
image analysis method and is presented in Fig. SI.5, in the ESI.†
J. Mater. Chem. A, 2022, 10, 15677–15688 | 15681
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Fig. 4 Microstructure of the air-dried CWVs. Photographs of (a) native wood veneer and (b) SWV-1h after PEDOT:PSS infiltration and oven drying
at 75 �C. SEM micrographs of the longitudinal section (c and d) and cross-section (e and f) of the two samples CWV-native and CWV-1h. The
samples were rewetted, cut with a microtome, and air-dried before imaging.
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From the microstructure analysis, we can conrm that the
conductive polymer forms a continuous phase on the internal
surface of the cell lumen channels, which ultimately should
guarantee good conductive and capacitive performance while
explored as electrodes in devices. Sulfonated lignin carries
a negative charge and is expected to serve as a counterion for the
positively doped PEDOT moieties.5,6
3.3. Electrical and electrochemical properties of CWV wood
electrodes

The CWVs obtained aer PEDOT:PSS inltration present
different electrical conductivity values, depending on the degree
of sulfonation. In Fig. 6a, the conductivity of CWVs increases
from 29 S m�1, for CWV-native to 203 S m�1, for the CWV-5h
sample, indicating the role of the sulfonation process in facili-
tating the PEDOT:PSS inltrating process, and creating the
electrostatic interaction between doped PEDOT and sulfonated
lignin. The interaction plays most likely an important role in the
increase of the conductivity recorded from the different CWVs.6

Interestingly, there is very little difference in the conductivity
measured on samples treated for 1 h and 3 h, whereas the 5h-
sample again shows a signicant increase and reaches 203 S
m�1. However, the PEDOT:PSS mass loading only increases
from 4.0 to 4.4 mg cm�2 while comparing the 1h- and 5h-
samples. This indicates that the conductivity increase is prob-
ably connected to the smaller sheet thickness of CWV-5h (580
mm, compared to 690 mm for the CVW-1h sample). With a longer
sulfonation time, the wood structure becomes soer and
thereby more easily compressed during the drying process that
follows the polymer inltration. This also explains why the
trend for the sheet resistance is different from the trend in
conductivity since the former changes with thickness while the
latter does not. Besides that, the conductivity values here ob-
tained are signicantly higher than previously reported values
15682 | J. Mater. Chem. A, 2022, 10, 15677–15688
from conductive woods induced by polypyrrole (39 S m�1 (ref.
12)) or polyaniline (0.9 S m�1 (ref. 28) 0.01 S m�1 (ref. 29)). In
fact, our CWV-5h sample has a value competitive with the
conductivity of a wood–PEDOT:PSS aerogel (217.3 S m�1 (ref.
30)), which is measured using a different technique. The high
conductivity of CWVs is related to the effects of the sulfonation
process, but also to the use of a secondary dopant (DMSO),
which is known to boost the conductivity of PEDOT:PSS
according to the supplier of up to 850 S m�1. This suggests that
PEDOT:PSS is a useful and versatile materials system trans-
forming wood into a conductive bulk.

Along with conductivity characterizations, the electro-
chemical properties of all the CWV samples were investigated.
This was achieved by contacting the CWV electrodes (2.5 � 1.0
cm2) immersed into a 1 M NaCl electrolyte and performing
a three-electrode characterization, see Fig. SI.2, in the ESI.†

CV curves of the CWV electrodes recorded at a scan rate of
20 mV s�1 are shown in Fig. 6b. The smallest area under the
current–voltage curve is found for the CWV-native sample and
the area increases for the sulfonated samples, suggesting that
the sulfonation process is producing a higher charge-storage
capacity of the CWV electrode. In the potential window of
0.3 V to 0.8 V, all CV curves present a pair of archetypical
faradaic-redox reaction peaks, which correspond to the
oxidized/reduced states of quinone rings in lignin.5,6 This is
important and indicates that lignin not only intimately interacts
with PEDOT but also contributes signicantly to a pseudo-
capacitive behavior of the resulting CWV electrodes.5,6 Inter-
estingly, the broadest and highest intensity peaks are seen in
the CV curve of the longer sulfonation time sample, suggesting
that a higher amount of lignin is utilized for charge storage. As
the sulfonation time increases, the SWVs become more porous
and have a larger surface area, which could facilitate better
PEDOT access to lignin in the interior parts of the wood struc-
ture. The better access of PEDOT to lignin, the higher amount of
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Microstructure of the CWVs prepared by supercritical drying. SEM images of the cross-section of (a) CWV-native and (e) CWV-1h samples
that were air-dried after solvent exchange fromwater to EtOH. SEM images of the cross-section and longitudinal section of (b and c) CWV-native
and (f and g) CWV-1h samples prepared by supercritical drying using liquid CO2. SEM images of higher magnification for longitudinal section
showing the oriented cellulose fibril network structure of the S3 layer of the secondary wood cell wall for (d) CWV-native sample and the
PEDOT:PSS polymer network structure for the (h) CWV-1h sample after supercritical drying. (i) Representative lumen showing a peeled-off
polymer layer by CPD drying. The width of the PEDOT:PSS layer was measured in three different regions. (j) SEM micrograph at high magnifi-
cation of the longitudinal section of WVC-1h sample, highlighting the web-like PEDOT:PSS layer (bottom) on top of the aligned fibers in the S3
layer of the cell wall.
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lignin is utilized. In the lowest potential range (�0.2 V to 0.2 V),
a slight increase in the area and a more box-like behavior are
found for the CV curves, as the level of sulfonation is increased.
This increase includes both a small shi of the capacitance and
also a reduction in resistance. As the level of sulfonation
increases both a greater loading of PEDOT and a different ionic
environment, due to the combination of PSS� and sulfonated
lignin,6 is achieved.

In Fig. 6d, we present an interpretation of the capacitance
utilization mechanism of sulfonated lignin and PEDOT:PSS in
the CWV supercapacitor electrodes. In Fig. 6d(I) and (II),
a single CWV electrode and a section of one of its single cell-wall
channels are illustrated. The interior of the channel is coated
with PEDOT:PSS as deduced from the SEM images (Fig. 5). In
Fig. 6d(II) and (III), we illustrate the proposed mechanism for
ionic charge transport: we speculate that the electrolyte charges
can diffuse and penetrate throughout the wood structure
through the central lumen of the wood cell-wall, or by passing
through the wood pits, the micro-and nanopores that were
created during the sulfonation process as suggested by the BET
This journal is © The Royal Society of Chemistry 2022
data (Fig. 2b). During charging, the electrolyte charges are
absorbed inside the PEDOT:PSS matrix, facilitating the forma-
tion of a Helmholtz/electrical double-layer at the interface
between PEDOT-rich and PSS-rich interconnected grains.31

Simultaneously, during the charge/discharge process, the fara-
daic redox reactions of lignin are governed by the charges (e�/
H+) transferred at the interface between the PEDOT backbone
and the lignin quinone rings.5,6 These two charge storage
processes (EDLC and faradaic) occur simultaneously to produce
the total pseudo-capacitance of the CWV electrodes.

Based on the trends of the areas of the CV curves, we found
that CWV-1h and CWV-5h have the highest specic capacitance
values, which also agrees with their galvanostatic charge–
discharge (GCD) curves presented in Fig. 6c where CWV-1h and
CWV-5h have the longest discharge times, recorded at a given
current density of 1 mA cm�2. The areal and mass-specic
capacitances were calculated using the data in Fig. 6c and are
presented in Fig. 6e, showing an increased value while
comparing the samples from the CWV-native to the CWV-5h
sample. Overall, the areal-specic capacitance increases from
J. Mater. Chem. A, 2022, 10, 15677–15688 | 15683
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Fig. 6 (a) The conductivity and sheet resistance of CWVs; (b) CV curves of CWVs at the same scan rate of 20 mV s�1; (c) charge/discharge curves
of CWVs at the same current density of 1.0 mA cm�2; (d) the electrochemical operation of (I) a single CWV electrode, (II) the CWV channels, (III)
a section of a single CWV channel, and the interface of CWV cell-wall channel; (e) the specific mass- and area-capacitance of CWVs at the same
current density of 1.0 mA cm�2; (f) Nyquist plot of WVCs at the same frequency range of 50 mHz to 100 kHz (inset: Nyquist plot of WVCs at the
high frequency); (g) capacitance retention of WVCs after 400 CV cycles (inset: CV curves of WVC-1h at the 1st and 400th cycle at the same scan
rate of 20 mV s�1).
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11 mF cm�2, of the CWV-native sample, to 38 mF cm�2, of the
CWV-5h, with the largest relative increase occurring native up to
a 1 h treatment time. We interpret this as an indication of the
critically important impact of the sulfonation process, both
with respect to opening up the wood structure for the con-
ducting polymer inltration but also by introducing sulfonic
groups to create electrostatic interactions with the conducting
polymer. The mass of active materials (lignin and PEDOT:PSS)
is measured and presented in table SI.3,† where a 2.5 cm2

electrode of CWV-5h has an active mass of z20.0 mg. Accord-
ingly, CWV-5h has a normalized mass-specic capacitance of
4.9 F g�1 at a current density of 1 mA cm�2. The obtained value
is smaller than reported values for lignin/PEDOT:PSS compos-
ites (230 F g�1 5,6), which is to be expected since, with our
current approach, only a part of the lignin in the wood structure
is accessed by PEDOT. The capacitance is also smaller than
some other reported wood-based supercapacitor electrodes
(Table SI.†5, ESI†); the main reason being that those studies rely
on either carbonized wood-based electrodes or electrodes
15684 | J. Mater. Chem. A, 2022, 10, 15677–15688
modied with a highmass volume of conducting polymers such
as PANI and PPy. In this work, we aim rst and foremost to
develop a new approach that proves the concept of native lignin
utilization; thus, the wood could not be carbonized since this
would destroy the lignin component. We also do not seek in this
study to maximize the mass loading of conductive polymer
(Fig. SI.12, ESI†); rather, the focus is to demonstrate and verify
the coupling between conductive polymer and lignin. Conse-
quently, the capacitance is lower than the values referred to
above but clearly indicates that our proposed approach is
applicable. As shown in Table SI.5,† the concept of utilizing
native lignin's capacitance and the 3D structure of native wood
is truly unique. For increasing the electrode capacity, we
propose either to introduce a higher mass volume of active
materials into the wood or to improve the access of the con-
ducting polymer to lignin inside the wood nanostructure.
Possible ways of doing this include vacuum inltration, or in
situ polymerization of a high volume of monomer molecules
This journal is © The Royal Society of Chemistry 2022
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that have been allowed to penetrate throughout the wood
structure before being polymerized.

In addition to the capacitance values, when incorporating
the CWV electrodes in a supercapacitor, other characteristics
are of critical importance, such as charge transfer, ion
transport/diffusion, and cycling stability. In Fig. 6f, we present
the Nyquist plots of the CWVs, which have vertical lines and
elongated semicircles at low and high frequencies, respectively.
The elongated semicircle indicates that several processes may
be involved in the EIS measurement in the high-frequency
range.32 From the high-frequency region, see the inset of
Fig. 6f, the equivalent series resistance (ESR) is found by
intercepting the Re(Z) axis with the Nyquist plots showing
a span from 18.1U inWVC-native to 9.0U inWVC-5h sample. In
addition, CWV-1h and CWV-3h have nearly the same ESR values
of 10.6 U and 10.5 U, respectively, which is slightly lower than
that of WVC-1/2h (11.8 U). The charge transfer resistance (Rct) of
the CWVs can be evaluated by the diameter of the semicircle
from the same plots, which gives corresponding values ranging
from 4.5 U for CWV-1/2h down to 2.2 U for CWV-5h (Table SI.4,
ESI†).32–37 The lower ESR value indicates a lower electrode and
electrode-collector contact resistance, while the lower Rct

suggests a faster charge transfer at the interface of the elec-
trode–electrolyte.33,34,36,37 Besides that, in the low-frequency
region, the straight lines of Nyquist plots are recoded, sug-
gesting the slow ions-diffusion, and capacitive behavior of the
CWV electrodes.33,36,37

Repeated cycling was carried out, with data are shown in
Fig. 6g that reveals a reduction in capacitance by 40–50% aer
400 cycles. We attribute this to the disconnection/disintegration
of included active materials, the dissolution of sulfonated
lignin into the electrolyte, and the discontinuation of the elec-
trostatic interaction between sulfonated lignin and doped
PEDOT5 (see Fig. SI.6 and SI.7, ESI†). In general, the capacitance
retention values show higher capacitance loss for the longer
sulfonation time CWV samples. This is related to the higher
amount of lignin, in relation to the total lignin content but also
in absolute numbers, as is seen in Fig. 6b, which was utilized for
storing charges. As seen in the inset of Fig. 6g, practically all the
lignin-based capacitance is lost aer cycling. Since the long-
reaction-time materials have a relatively larger lignin-based
contribution to the capacitance, these materials will, rela-
tively, lose more of their capacitance in the cyclic stability test.
During the test, the dissolution of sulfonated lignin is caused by
its strong hydrophilic characteristics and the electrostatic
repulsion, induced by PSS� counter ions. This issue has been
studied and solved in our previous work by introducing
sulfonated lignin into the aqueous electrolyte.5 Below, we show
that the consumed reaction solution of the sulfonation process
can be re-used as a supercapacitor electrolyte since it carries the
solvated sulfonated lignin released from the wood samples.

Looking from the aspect of saving energy, the conductivity
and electrochemical results suggest that 1 h and CWV-1h are
the optimal reaction time and the most applicable electrode
template. Therefore, CWV-1h was further used and explored to
derive an asymmetric supercapacitor prototype device.
This journal is © The Royal Society of Chemistry 2022
3.4. Wood-based electrolyte

The spent reaction solution (RS) is a side-product of the sulfo-
nation process, but, in this study, this residual solution was also
studied as a potential electrolyte for wood-based super-
capacitors. The primary reason for attempting this idea is the
sulfonated lignin content of the RS, which we expect to counter
the dissolution of lignin from the CWV during charge–
discharge cycling. Especially, by using RS as an electrolyte in the
same setup as used in the CWVs electrode measurements, the
CWV-1h electrode shows capacitance retention of 88.2% aer
400 cycles and 77.3% aer 1000 cycles, which signicantly
surpasses the 55.5% retention found aer 400 cycles by using
a NaCl (1 M) electrolyte (cf. Fig. 6g). This improvement is
attributed to the RS chemical components, which include wood
extractives, hemicellulose, sulfonated-lignin, and sodium
sulte derivatives. We see this as an indication that waste
products, like the RS, are proven to be eco-friendly, and useful
as an economic alternative to other electrolytes. However, there
is also a decrease in the measured capacitance while applying
this RS approach; full details are presented in the ESI and
Fig. SI.8.†
3.5. CWV asymmetric wood supercapacitor (CWV-AS)

The CWV-1h electrode, selected as described above, was used to
fabricate an asymmetric supercapacitor, which was mechan-
ically stable before and aer the measurement. This is because
the native wood 3D structure is well preserved in the obtained
CWVs, making CWVs mechanically robust and easy to handle
(the mechanical testing results presented in Fig. SI.9 and SI.10,
ESI†). A sketch of the device is shown in the inset of Fig. 7a, in
which CWV-1h and PEDOT:PSS-coated carbon felt (C-PP, in size
of 2.5 � 1.0 cm2) are the two electrodes, while the device
separator is a cellulose-polyethylene(PE) tissue membrane. The
thickness of CWV-1h and C-PP electrodes are 690 mm andz2.4
mm, respectively, so the device's thickness isz3.3 mm in total.
In this device, NaCl 1 M was applied as the electrolyte so that
a fair comparison could be made between the device and its
corresponding electrode properties. The supercapacitor is
characterized as a two-electrode system.

In Fig. 7a, the nearly rectangular shape of the C-PP's CV curve
identies it as a nearly ideal electrode for an EDLC super-
capacitor, while WVC-1h has the archetypical characteristic
redox peaks and therefore is suitable as one electrode in an
asymmetric device.38 Accordingly, the CV curves of the full
device shown in Fig. 7b, are a combination of the characteristics
of the two individual electrodes. The CV curves have a similar
shape for all scan rates between 10 and 50 mV s�1, indicating
the good reversibility for the redox reactions and rate capability
of the resulting device.39,40

We note that due to the different working potential windows
of C-PP and CWV-1h, the asymmetric supercapacitor's
combined working potential can be increased to 1.2 V instead of
1.0 V in the single electrodes. In Fig. 7c, the device GCD curves
are presented, showing a behavior consistent with the CV
curves. At higher current density, the charge and discharge
times are lower, but all discharge curves have the same general
J. Mater. Chem. A, 2022, 10, 15677–15688 | 15685
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Fig. 7 (a) The CV curves of WVC-1h and C-PP at the same scan rate of 20 mV s�1 (inset: the structure of a CWV-AS); (b) CV curves of CWV-AS at
different scan rates from 10 to 50 mV s�1; (c) the charge/discharge curves of the CWV-AS at different current densities; (d) Nyquist plot of the
CWV-AS at the frequency range of 50 mHz to 100 kHz (inset: the Nyquist plot at the high frequency); (e) (inset: CV curves of CWS-AS at the
different cycle numbers); (f) the power and energy densities of CWV-AS (inset: the prototype CWV-AS).
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shape indicating a mix of EDLC and faradaic contributions.
Based on the discharge times, the device's areal capacitances
are 22.9, 22.3, 21.7, and 21.1 mA cm�2 at the current densities of
1.2, 1.6, 2.0, and 2.4 mA cm�2, respectively. The corresponding
capacitances per unit weight at the same current densities are
356, 350, 343, and 335 mF g�1.

The Nyquist plot in Fig. 7d shows the good characteristics of
a supercapacitor with the presence of a near semicircle curve at
the high frequencies, which is followed by a steep evolution at
lower frequencies. Similar to the discussion in Fig. 6f, the
elongated semicircle is probably a result of different charge
transport processes occurring in the two electrodes of the
device. From the Nyquist plot, the evaluated ESR of the device is
6.0 U, indicating rather low electrode and electrode/contact
resistances.32–34,36

Together with the potential capacitance and low ESR, the
device capacitance is retained at 73.4% and 72.1% aer 400 and
500 stability cycles, respectively, which again exceeds the
capacitance retention of its electrode (CWV-1h). In the inset of
Fig. 7e, aer 500 stability cycles, the redox reaction peaks found
in the CV curve have completely disappeared, indicating that
the capacitance reduction is mainly attributed to the loss of
redox components (sulfonated-lignin) in the CWV-1h electrode.
This property also corresponds to the cyclic stability of CWV-1h
measured in the three-electrode system. Besides that, in the
potential range of �0.2 V to 0.3 V, there is a small current
reduction between the rst and the 500th cycle CV curves, which
is attributed to the loss of PEDOT:PSS capacitance. As shown in
the Ragone plot in Fig. 7f, we calculate the device's energy
density for different current densities (1.2 to 2.4 mA cm�2) to
74.9, 73.0, 71.1, and 69.2 mW h kg�1, while the corresponding
15686 | J. Mater. Chem. A, 2022, 10, 15677–15688
power densities are 12.6, 17.0, 21.5, and 26.3 W kg�1, respec-
tively. The energy density values are far from the reported values
of wood-carbon supercapacitors due to the high fraction of non-
conductive materials in the WVC-1h electrode. However, this
study aims to demonstrate the possibility to utilize wood as
a lignin donor template for supercapacitor electrodes.

3.6. Wood supercapacitor

The carbonized wood-based supercapacitor has been widely
studied,2,3,8,30,41 whereas the wood supercapacitor (WS) has not,
due to the lack of an efficient method to transform wood into
a high-performing wood electrode. In this study, for the rst
time to our knowledge, a prototype WS was constructed where
both the electrodes and the separator are based on true wood
structures. The two electrodes are PEDOT:PSS-coated deligni-
ed wood (DWV-PP, 490 mm thick) and CWV-1h (690 mm thick),
while the device separator is tailor-made from SWV-1h with
a thickness of 140 mm. The device's thickness is z1.3 mm in
total. At a current density of 1.2 mA cm�2, the device has an
areal capacitance of 19.0 mF cm�2, while having a low ESR of 6.4
U, indicating a good supercapacitor behavior. The details are
presented and discussed in the ESI and Fig. SI.11.† This primary
achievement suggests a new approach for the researcher to
develop biodegradable supercapacitors based on wood in the
future.

4. Conclusion

In this work, a simple and green synthetic method was devel-
oped to transform wood directly into a micro-and nano-
structural tailored conductive wood template which, for
This journal is © The Royal Society of Chemistry 2022
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example, is applicable for energy storage devices. Native lignin
was successfully functionalized by introducing more than 300
mmol of sulfonic groups to each gram of wood, while the lignin
content remained higher than 16 wt%. The CWVs not only have
a well-preserved 3D wood structure but also a homogeneous
distribution of PEDOT:PSS inside the wood structure, coating
the inner surface of wood ber channels. This materials design
is tailored to provide efficiency in terms of a high ratio between
performance and PEDOT:PSS content. The CWV (CWV-1h
sample) shows a conductivity of 118 S m�1, which at the
comparably low polymer content is very promising for wood-
based electronics applications. Furthermore, the preserved
but functionalized lignin component was utilized to boost the
capacitance of the electrode up to three times higher than that
of the untreated sample, which was shown in an asymmetric
supercapacitor. The synthetic method and the materials design
of the conductive wood template represent a new approach,
which can underpin materials development for further appli-
cations in energy storage devices and other electronic
components.
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