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A B S T R A C T

This study investigates Activated Wood Carbon (AWC) as an electrode material for advancing printed super
capacitors (SCs). AWC, derived from biomass, offers a sustainable alternative to conventional activated carbons. 
The research highlights the interplay between AWC’s structural properties and electrolyte compatibility, 
addressing challenges in energy storage technologies. Comprehensive analyses, including sorptometry, Raman 
spectroscopy, X-ray diffraction (XRD), and electrochemical assessments, reveal that AWC’s graphitization and 
structural ordering significantly influence its performance.

Printed SCs fabricated with AWC demonstrate superior performance compared to those using benchmark 
Kuraray YP-80F activated carbon, achieving up to 93 % and 90 % higher specific capacitance and energy density 
at 1.0 V and 1.2 V, respectively. The enhanced performance is attributed to AWC’s increased surface area and 
pore volume, which provide abundant ion storage sites and improve ion mobility. Furthermore, the porous 
structure of AWC facilitates better compatibility with KxHyPO4 electrolytes compared to NaCl, with pseudoca
pacitive effects also contributing to the improved energy storage behavior.

This work underscores the potential of biomass-derived carbon materials in creating high-performance, sus
tainable SCs. Future efforts will focus on optimizing electrode and electrolyte configurations to further enhance 
device performance, supporting the transition toward renewable energy solutions.

1. Introduction

Depletion of non-renewable fossil resources and subsequent in
creases in greenhouse gas emissions have increased the importance of 
switching to sustainable energy sources such as solar [1], hydro [2], and 
wind [3]. The transition to sustainable energy sources is vital in order to 
reduce environmental pollution caused by the widespread use of fossil 
fuels as well as to address the escalating threat of climate change. 
Because renewable energy sources are intermittent, they present chal
lenges for meeting the growing energy demand, underscoring the need 
for effective energy harvesting and storage solutions. This reinforces the 
transition to sustainable energy [4]. During this transition, energy 
storage devices play an important role, since they allow the systems to 

store energy and access it when required, particularly in the absence of a 
primary power source [5]. As a result, there has been a surge in research 
aimed at developing high-energy and high-power electrochemical en
ergy storage systems to meet the rising demand for efficient energy 
production and storage. Among these storage solutions, batteries and 
supercapacitors (SCs) stand out as prominent components of energy 
storage systems.

SCs have gained significant attention as energy storage devices in 
Internet of Things (IoT) devices [6], Artificial Intelligence (AI) appli
cations [7], and various low-power uses like energy-autonomous 
wearable electronics [8] and self-powered wireless sensor networks 
[9]. SCs can be classified into Electrochemical Double-Layer Capacitors 
(EDLCs), which store energy via electrostatic adsorption between ions 
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and electrode surfaces relying on a physical charge storage mechanism 
forming an electrical double layer at electrode-electrolyte interfaces, 
and pseudocapacitors, which utilize fast and reversible redox reactions 
at electrode surface during charging and discharging [10].

The widespread adoption of SCs can be attributed to their impressive 
performance characteristics, such as rapid charge propagation rates and 
superior capacitance retention [11]. Furthermore, SCs have several 
advantages over batteries. This includes low equivalent series resistance 
(ESR), which enables efficient energy transfer, ultra-high power density, 
which facilitates rapid energy delivery, and long cycle life, which allows 
repeated charging and discharging cycles with little degradation [12,13,
14]. Additionally, SCs provide quick charging and discharging capabil
ities without the risk of undercharging, as with many batteries, but they 
still require proper charge termination in order to avoid overcharging 
[15]. Moreover, they are also highly efficient in terms of coulombic 
efficiency, as well as stable and reliable [16,17]. Despite these strengths, 
SCs are not without limitations. In general, they have a lower energy 
density than most batteries, which makes them less suitable for appli
cations requiring large amounts of energy storage [18]. A secondary 
disadvantage of SCs is that they tend to have higher self-discharge rates 
and a higher cost per watt-hour (Wh) [19].

Combining advanced materials science with sustainable practices is 
key to unlocking the full potential of energy storage technologies, 
paving the way for a more sustainable and efficient future [20]. The 
performance of SCs can be optimized and enhanced by the use of 
advanced electrode materials. Industrial demand for cost-effective and 
high-performance electrode materials necessitates the use of sustainable 
materials. Various morphologies of porous carbon-based materials have 
been explored in pursuit of superior and sustainable electrode materials 
including activated carbons (ACs), carbon fibers, graphene, carbon 
nanotubes (CNTs), carbon nanoparticles, and carbon aerogels [21–27]. 
The advantages of these materials include their large surface area, sig
nificant and adaptable porosity, increased power density, enhanced 
conductivity, stability in chemical composition, cost-effectiveness, 
abundant natural presence, and environmental compatibility [21,22,
26]. As a result of its many advantages, including its tunable properties, 
ample electrolyte pathways, affordable pricing, abundant surface area, 
and ease of manufacture, AC dominates the market for commercial SC 
electrodes [21,28]. Although carbon-based materials, including AC, 
typically exhibit a low energy density, there is still room for improve
ment in order to meet the commercialization criteria for SCs. As a result, 
much effort has been devoted to improving the charge storage process in 
carbon-based materials by refining their structure, morphology, and 
composition.

Biomass, recognized for its green and renewable nature, emerges as a 
promising carbon source for AC synthesis [29]. Ongoing research en
deavors prioritize the optimization of surface area and specific capacity. 
Additionally, the integration of renewability, biodegradability, and 
nontoxic features into AC production from biomass waste not only 
presents a sustainable solution but also opens up economic avenues. On 
the other hand, the ease in achieving high surface area with well-defined 
adjustable pores further enhances the appeal of environmentally 
friendly approaches in materials science. A variety of biomass carbon 
sources, including waste coffee beans [30], nutshells [31], animal bone 
[32], waste newspaper [33], wood and its waste [34], bamboo [35], 
cotton [36], sugarcane bagasse [37], flowers [38], rice husks [39], 
corncob [40], and tea leaves [41] have been utilized in the development 
of electrode materials for SCs.

In addition to the materials themselves, the lightweight nature of the 
electrode, as well as its high loading, rapid ion diffusion, and excellent 
conductivity, play an important role in electrochemical energy storage 
[42]. The carbonized wood (CW) electrode benefits from carbon mate
rials in that it is lightweight, has a large surface area, has excellent 
electrical conductivity, and is chemically resistant [43]. Furthermore, as 
a result of policies to increase the use of wood due to its carbon storage 
properties and adaptability to climate change, there is an expectation 

that significant quantities of wood waste will enter the waste stream 
over the next fifty years [44]. As a result of this phenomenon, sustain
able practices in material utilization are becoming increasingly impor
tant. As a result, microscopic channels found within the CW electrode, 
which are a result of its cellular structure, are able to streamline the 
paths of ion diffusion and reduce resistance [45]. In addition to allowing 
for greater loading of active materials, this feature enhances the overall 
energy density of the device significantly.

Recently, various methods have been reported for utilizing wood 
biomass to produce AC for use as electrode materials in SCs. A novel and 
cost-effective method for creating hierarchical porous ACs from acacia 
wood has been developed by Hamouda et al. [46]. By using activating 
agents such as KOH, ZnCl2, and H3PO4, they were able to produce 
different types of ACs, including AWC-K, AWC-Z, and AWC-P. AWC-K 
demonstrated exceptional properties as an SC electrode, including a 
large specific surface area of 1563.43 m2/g and a high specific capaci
tance of 224.92 F/g. The AWC-K//AWC-K symmetrical SC device 
exhibited a high energy density of 23.98 Wh/kg as well as excellent 
cycling stability. Acacia wood-based ACs can enhance energy storage 
applications with this innovative approach. In another study, Selvaraj 
et al. synthesized AC via KOH activation-carbonization using birchwood 
popsicle sticks [47]. As a result of the KOH activation, the pore distri
bution was altered, enhancing the specific surface area. As the activation 
temperature was increased to 800 ◦C, abundant micro- and mesopores 
were produced, resulting in a greater surface area and pore volume. 
Furthermore, physical properties and electrochemical characteristics 
were examined, including specific capacitance and impedance charac
teristics. Separately, Atika et al. developed oxygen-functionalized 
porous activated carbon from eucalyptus wood for SC electrodes using 
KOH activation at 600 ◦C [48]. A comparison was made between its 
specific capacitance and that of PACE activated at 800 ◦C. PACE was 
activated with KOH to get a high specific surface area with micro- and 
mesopores and incorporate oxygen functionality. According to Chen 
et al. [49], by using a low inert gas flow rate during carbonization, active 
gases (CO2 and water vapor) were retained, which enabled 
self-activation of CW electrodes. Their study examined the effects of 
pre-oxidation temperature, carbonization temperature, and gas flow 
rate on self-activation and demonstrated high energy densities and sta
bility in wood-structured symmetric SCs. In another publication, Jain 
et al. described using a mixture of European deciduous trees – Birch, 
Fagaceae, and Carpinus betulus – to create biomass-derived porous 
carbon [50]. An electrode material for EDLCs was made from this car
bon. In contrast to existing methods requiring higher temperatures and 
longer times, their approach involved pyrolysis at 500–700 ◦C for 10 
min, a simpler process. Cavitation in acidic conditions assisted in acti
vating, removing impurities, and generating porosity. European decid
uous trees were chosen due to their heteroatom richness, which 
enhances the formation of pores during high-temperature pyrolysis.

The study outlined in this work encompasses the synthesis of four 
distinct carbon materials, derived from alder wood charcoals, of variable 
size and type through a thermal carbonization process facilitated by 
LSIWC (project partner). These materials were subsequently refined to 
achieve uniform particle size distribution. A key novelty of this study is 
the use of sodium hydroxide (NaOH) as the activation agent during the 
carbonization process. This approach is notably less common than the 
conventional use of potassium hydroxide (KOH), providing a fresh 
perspective on activation methodologies for biomass-derived carbons. 
Furthermore, sorptometry results for AWC samples reveal a significantly 
higher BET surface area and micropore area compared to the commer
cial benchmark Kuraray YP-80F, demonstrating the superior structural 
properties achieved in this work.

Our approach to developing ACs for electrode materials involved 
iterative refinement based on structural, morphological, and electro
chemical analysis, with optimization aimed at maximizing graphene 
content. Finally, printed SCs fabricated with inks derived from these four 
AWC materials exhibited significantly enhanced specific capacitance as 
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well as energy density compared to commercial counterparts, under
scoring the efficacy of our approach. Furthermore, two aqueous elec
trolytes, NaCl and KxHyPO4, were selected for this work because of their 
environmental friendliness and distinct advantages over widely used 
alternatives such as KOH and Na2SO4. KxHyPO4 was chosen for its high 
buffer capacity, which enhances stability during operation [51], and its 
substitution of the highly corrosive KOH allows for safer and more 
straightforward experimentation. NaCl was selected due to its wide 
availability and the ability to achieve lower operating temperatures 
compared to Na2SO4, whose solubility rapidly decreases at lower tem
peratures. While Na2SO4 might offer better electrochemical stability of 
the anion in most cases, NaCl provides practical benefits for this study, 
including ease of handling and compatibility with the AWC materials. 
These choices align with the study’s focus on environmentally friendly 
and practical solutions for advancing supercapacitor technology.

2. Experimental

2.1. Electrode materials

The electrode materials utilized for the printed SCs comprise four 

variants of AWC (Activated Wood Carbon) materials manufactured by 
LSIWC, alongside the commercially available Kuraray YP-80F for com
parison. The activation process for the AWC materials is detailed as 
follows.

Alder wood charcoal was processed to enhance its porosity and 
surface area. Initially, the charcoal underwent a two-step grinding 
process using a cutting mill (Retsch SM-100) and a Fritsch planetary mill 
Pulverisette 5/2 equipped with zirconia mortars and balls, resulting in 
particles approximately 5 μm in size. Subsequently, the ground charcoal 
was impregnated with NaOH in ratios ranging from 2 to 3 gs of alkali per 
gram of carbonaceous precursor.

The impregnated charcoal was then thermochemically activated in a 
Nabertherm 40 L muffle oven under argon atmosphere at temperatures 
of 700 ◦C and 800 ◦C for 1 hour. This process facilitated the removal of 
volatile components and reactions with surface functionalities, creating 
a high number of randomly distributed slit-like pores in the carbonized 
raw material and thus resulting in a highly porous material. Post- 
activation, the samples underwent demineralization by boiling in 10 
% HCl for 2 h, followed by washing with deionized water until a neutral 
pH was reached.

Fig. 1a illustrates the sequential steps involved in the process, which 

Fig. 1. (a) Schematic representation of AWC materials’ activation process. (b) Microporous structure evident in nitrogen sorption isotherms at 77K. (c) DFT analysis 
reveals mesoporosity variations influenced by temperature and NaOH addition.
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include grinding, impregnation with NaOH, thermal activation, 
demineralization, and drying. A systematic approach has been devel
oped for preparing AC from alder wood charcoal in order to customize 
its properties for specific applications.

Comprehensive volumetric and surface area sorptometry analyses, 
including surface area metrics, pore volume data, and pore size distri
bution, are presented in Table 1 for each AC material utilizing a diverse 
array of methodologies such as MultiPoint BET (Brunauer-Emmett- 
Teller), DR (Dubinin-Radushkevich) method, and DFT (Density Func
tional Theory) method. The sorptometry analyses were conducted uti
lizing ‘Quantachrome NOVA 4200K’ instrumentation. For a deeper 
understanding of these analysis techniques, please refer to [52,53].

Analysis of nitrogen sorption isotherms at 77 K (depicted in Fig. 1b) 
reveals that all samples exhibit a developed microporous structure. 
Additionally, variations in activation temperature and/or NaOH addi
tion rate result in the emergence of hysteresis loops in the isotherms, 
indicating capillary condensation and the evolution of mesoporosity. 
Notably, the sample synthesized at 800 ◦C with a NaOH ratio of 3 (AWC- 
3–800) demonstrates the highest degree of mesoporosity, while the one 
prepared at 700 ◦C with a ratio of 2 (AWC-2–700) exhibits the least, as 
evidenced by pore size distribution analysis conducted via DFT (as 
shown in Fig. 1c).

According to Table 1, the sorptometry measurements revealed 
distinct characteristics among the investigated AWC samples. From 
AWC-2–700 to AWC-3–700, the BET surface area measurements 
revealed a general increase, with AWC-3–700 showing the highest sur
face area, followed by a slight decrease for AWC-3–800. As a result of 
this pattern, it appears that carbonization at 700 ◦C is ideal for 
increasing surface area, especially when a higher precursor ratio is used, 
such as in AWC-3–700. Compared to Kuraray YP-80F, all experimental 
samples demonstrated higher surface areas, indicating that the activa
tion process used for these samples was more effective than that used for 
Kuraray YP-80F.

Both the DR method and DFT measurements indicate that AWC- 
3–700 has the highest pore volume, emphasizing its superior adsorptive 
properties. While increasing temperatures generally promote pore 
development by enhancing the activation process and facilitating the 
removal of volatile components, there appears to be a diminishing re
turn or even a slight reduction in pore volume beyond a certain tem
perature threshold, as observed with AWC-3–800. This effect can be 
explained by the potential collapse or shrinkage of pores at higher 
temperatures, which may occur due to the formation of more rigid and 
dense carbon structures. At elevated temperatures, the carbon frame
work can undergo further densification or graphitization, leading to a 
reduction in the number of accessible pores. This balance between 
activation and pore preservation is likely why AWC-3–700 demonstrates 

superior performance, with optimal pore development and preservation 
compared to AWC-3–800.

Analysis of the pore size distribution revealed that the average pore 
diameter increased from AWC-2–700 to AWC-3–800, suggesting that 
higher temperatures may promote the formation of larger mesopores 
and macropores. In various adsorption processes, which require pores of 
different sizes for optimal performance, this range in pore sizes is 
advantageous.

Additionally, Fig. 2 displays RAMAN (TriVista CRS Confocal TR777, 
Spectroscopy & Imaging GmbH, Germany) as well as X-ray diffraction 
(XRD) (MiniFlex600, Rigaku Corporation, Japan) analyses for each AWC 
sample. AWC samples can be characterized by Raman spectroscopy to 
gain insight into the molecular arrangements and structural character
istics associated with them. It is evident from the Raman spectra that the 
carbonaceous structure varies at different wavenumbers, as indicated by 
the differential peak intensities. In addition, Raman spectroscopy anal
ysis results confirmed the sorptometry analysis findings by showing a 
trend in the graphitization process. Accordingly, the peak intensities 
across the spectrum of AWC-2–800 indicate the highest level of graph
itization or structural order compared to the other samples, thereby 
contributing to mechanical stability and conductivity. Furthermore, the 
observed trends in peak intensities provide insights into the relative 
crystallinity and graphitic nature of the investigated AWC samples. As 
the graphitization trend decreases from AWC-2–800 to AWC-3–800, 
AWC-2–700, and AWC-3–700, this indicates that not all processing 
conditions favor the formation of ordered structures of carbon. Besides, 
Raman spectroscopy confirmed the presence of 2-dimentional graphene- 
like structures in the synthesized carbons, as evidenced by the 

Table 1 
Sorptometry data summary of AC materials.

Unit AWC 
2–700

AWC 
2–800

AWC 
3–700

AWC 
3–800

YP- 
80F

MultiPoint BET 
surface area

m2/ 
g

2099 2431 2866 2669 2220

DR method 
micropore area

m2/ 
g

2377 2356 2772 2328 2063

DFT cumulative 
surface area

m2/ 
g

1696 1744 1923 1754 1352

DR method 
micropore 
volume

cc/ 
g

0.8449 0.8373 0.9852 0.8257 0.7333

DFT cumulative 
pore volume

cc/ 
g

0.9258 1.206 1.302 1.465 1.036

Average pore 
diameter

nm 1.976 2.251 2.017 2.428 2.074

DR method 
micropore pore 
width

nm 1.348 1.332 1.498 1.377 1.521

Fig. 2. (a) Raman spectroscopy and, (b) XRD analysis of four AWC samples.
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appearance of the G’ peak.
The deconvolution of the Raman peaks was performed to determine 

the D/G peak intensity ratio. The Origin software was used for the initial 
signal processing, baseline subtraction, and Gaussian functions were 
applied for peak fitting. The ID/IG ratios, along with the full width at 
half maximum (FWHM) of the G peak, were calculated for each sample 
and are presented in Table 2. Results shows that sample AWC-3–800 has 
the most defects and is more disordered (amorphous) compared to 
sample AWC-2–800, which has a lower ID/IG ratio, therefore higher 
crystallinity rate.

Lastly, XRD analysis further elucidates the structural properties of 
the AWC samples. The XRD patterns exhibit characteristic diffraction 
peaks corresponding to the crystalline phases present in the samples. 
XRD analysis revealed that AWC-2–800 displays the highest intensity 
peaks, indicating a greater degree of crystallization compared to the 
other AWC samples. In all samples, the XRD pattern exhibits a broad 
peak at around 43.3◦, corresponding to the diffraction of (1 0 0/1 0 1) 
planes in the disordered amorphous structure. Additionally, a sharper 
peak at around 26.3◦ (2θ) was also observed, indexed to the (0 0 2) plane 
of the ordered graphitized structure. Kumar et al. has discovered that at 
elevated temperatures in an oxygen-containing atmosphere, graphite 
structures oxidize and form graphene oxide (GO), with a peak appearing 
at around 42.06◦ (2θ). When temperatures exceed 200 ◦C, graphene 
oxide undergoes reduction, causing the shift of peak from 26.3◦ to 25.8◦

(2θ). Both can be vaguely observed in AWC-3–800 as well [54].
In all AWC samples, it is evident from their characteristics that 

various factors such as carbonization temperature, time, activation 
agent to carbon material ratio, as well as process atmosphere, influence 
physical and chemical properties. Despite the unique advantages of each 
sample, AWC-3–700 and AWC-3–800 appear promising candidates, both 
due to their improved micropore surface area and volume, when it 
comes to applications that require a high surface area and high 
adsorption capacity. On the other hand, AWC-2–800 exhibits a higher 
level of crystallinity, indicating a more stable structure. By contrast, the 
reference material (YP-80F) does not display the same enhanced prop
erties, which indicates how effective the tailor-made processing condi
tions were.

Scanning Electron Microscopy (SEM) analysis was conducted using 
the Helios 5 UX instrument from Thermo Fischer Scientific, USA, to 
examine the surface morphology of the AWC samples (see Fig. 3). The 
analysis revealed a wide range of particle sizes, ranging from a few 
nanometers, predominantly clustered in different configurations around 
larger particles, to several tens of micrometers. Notably, AWC-3–800 
exhibits structures resembling graphene sheets.

2.2. Activated carbon ink fabrication

For the inks utilizing the AC materials, chitosan is used as a binder. 
To prepare the chitosan solution, 1.7 g of chitosan (Sigma-Aldrich, 
catalog number 50,494) is dissolved in 67 g of water containing 0.7 g of 
acetic acid (approximately a 1 % acetic acid solution). The dissolution 
process is conducted using a magnetic stirrer, which is heated to 50 ◦C to 
expedite dissolution. Subsequently, the chitosan solution, totaling 
approximately 69 g, is transferred into a zip lock bag, to which 20 g of 
water is added. Next, 30.9 g of AC powder is introduced into the bag, 
which is then sealed. Mixing of the AC with the chitosan solution is 
initiated by manually squeezing the bag and utilizing a small roller for 
approximately 15 min. However, an additional 6.7 g of water is added to 
the YP-80F AC sample and approximately 14–18 g to the AWC samples 
to achieve the desired low viscosity and fluidic ink consistency. The 
manual squeezing and roller manipulation effectively dispersed any 

Table 2 
Raman analysis results showing ID/IG ratios and FWHM of the G peak.

Sample ID/IG FWHM (G) (cm− 1)

AWC-2–700 2.31 108.72
AWC-3–700 2.43 108.99
AWC-2–800 1.86 91.83
AWC-3–800 3.18 93.83

Fig. 3. SEM images of AWC samples.
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agglomerates within the mixture.

2.3. Electrolyte preparation

In addition to selection of electrode materials, electrolytes play an 
important role in determining the overall performance of SCs. Two 
distinct aqueous electrolytes were used during the fabrication of SCs in 
order to compare leakage currents and ESRs, as well as to address 
environmental concerns. Aqueous electrolytes are advantageous due to 
their high ionic conductivity, low cost, and environmental friendliness 
[55]. Moreover, they are readily available and compatible with a variety 
of electrode materials, making them suitable for use in a variety of SC 
applications.

The first electrolyte comprises a NaCl solution with a mass ratio of 
1:5 with water, respectively. As the second electrolyte, a buffer potas
sium phosphate electrolyte, denoted as KxHyPO4, is employed. This 
electrolyte mixture is formulated by combining 1 M K2HPO4 and 1 M 
KH2PO4, adjusted to a pH value of 7 (experimentally measured as 6.93, 
measured using a Hanna Instruments HI-5521, two-channel research- 
grade benchtop pH/ORP and EC/TDS/Salinity/Resistivity meter).

2.4. Supercapacitor fabrication

The fabrication process of these printed SCs has been previously 
documented by the research group [56–59]. However, in this study, 
some modifications have been introduced to streamline the process. 
Notably, the use of heat-sealing adhesive has been omitted, eliminating 
the need for thermal annealing the heat-sealing layer. Instead, the 
commercially available 3 M 468MP adhesive is employed. This 
approach also eliminates the requirement for a heat-sealing machine to 
package the cells.

The fabrication steps are summarized briefly here and depicted 
schematically in Fig. 4. Initially, as a substrate an Al/PET flexible 
laminate (Pyroll) is utilized, with an aluminum (Al) thickness of 9 μm 
and a polyethylene terephthalate (PET) thickness of 50 μm (Fig. 4a). 
Prior to fabrication, the Al/PET substrate undergoes pre-heating inside 
an oven at 95 ◦C for 15 min (Fig. 4b). Subsequently, a current collector 
layer composed of graphite ink (Acheson Electrodag PF-407C) is applied 
onto the PET side of the substrate by using a laboratory scale doctor 
blade coater, with the Al layer serving as a barrier layer (Fig. 4c). The 
graphite ink is then dried in the oven for 1 hour at 95 ◦C (Fig. 4d), 
resulting in a graphite thickness of 25–35 μm. Next, AC ink is applied by 
using a doctor blade to form an electrode layer on top of the current 
collector layer (Fig. 4e). The AC ink is left to dry at room temperature 
overnight, producing a film with a thickness of 30–40 μm. Following 
this, the 3 M 468MP adhesive is applied onto the PET and part of the 
current collector layer (Fig. 4f). Subsequently, aqueous electrolyte is 
added onto the electrode layer (Fig. 4g). The next step involves placing 
the commercial 40 µm thick Dynacap GT 0.45/40 cellulose paper as the 
separator onto the electrode, with both the electrode and paper sepa
rator being impregnated with aqueous electrolyte (Fig. 4h). Finally, the 
two electrodes (with identical electrode patterns but facing upside 
down, one without the paper separator) are assembled and sealed face to 
face using the sealing adhesive (Fig. 4i). The resulting dimensions of the 
fabricated SC with the packaging are 50 mm in length, 50 mm in width, 
and 0.35–0.45 mm in thickness.

2.5. Supercapacitor characterization

The key electrical characteristics of SCs, such as capacitance, ESR, 
and leakage current, are determined following the guidelines outlined in 
the international industrial standard IEC 62,391–1 [60]. SCs have been 

Fig. 4. SC fabrication steps. (a) Al/PET substrate. (b) Pre-heating of the substrate. (c) Deposition of graphite ink on the PET side. (d) Drying of the graphite ink. (e) 
Deposition of AC ink to form the electrode layer. (f) Application of adhesive onto the PET and part of the current collector layer. (g) Addition of aqueous electrolyte 
onto the electrode layer. (h) Placement of a cellulose paper separator onto the electrode. (i) Assembly and sealing of the two electrodes face to face.
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characterized with Maccor 4300 workstation (Maccor Inc., USA), un
dergoing three cycles of charging and discharging within the voltage 
range of 0 to 1.2 V. Following this, the SCs are stabilized at a constant 
voltage of 1.2 V for a duration of 30 min. Capacitance is then determined 
during a discharge step maintaining a constant current between 0.96 V 
and 0.48 V. Subsequently, the SCs are held at the fixed voltage of 1.2 V 
for one hour to assess leakage current. The process is repeated for three 
current levels of 1, 3, and 10 mA. Ultimately, the ESR is computed based 
on the IR drop observed during the discharge measurement conducted at 
a current of 10 mA.

3. Results and discussion

In order to facilitate an equitable evaluation between various AWC 
and commercial reference AC material as well as the electrolytes, four to 
six printed SCs are fabricated for each category. Subsequently, the mean 
values of all relevant parameters from the printed SCs are computed and 
compared. Figs. 5 and 6 display the diverse characterization parameters 
for each type of fabricated SCs, evaluated at 1.0 V and 1.2 V respectively. 
The electrochemical potential window limit of the two aqueous elec
trolytes employed in this study is 1 .2V.

We have also included 90 % confidence intervals (in Figs. 5 and 6) in 
the bar chart diagrams to ensure the reliability of the results. Confidence 
intervals tell us where the true mean of the data lies within a range of 
values. When the confidence level for the calculation is 90 %, then the 
interval will contain a 90 % probability that the true mean value of the 
parameter is within that interval. The confidence intervals are used to 
account for variability and uncertainty in the data, thereby providing a 

more robust and accurate comparison between the different SC types by 
taking into account these factors. Using this approach, we can demon
strate the precision and reliability of the measured values, which en
hances the credibility of our results.

3.1. Specific capacitance

In order to obtain the specific capacitance of a single electrode 
(active material on a single electrode) within a printed SC, the specific 
capacitance of the entire SC, as characterized by the Maccor system, is 
multiplied by four. This adjustment is made because both electrodes of 
an SC typically contain approximately equal masses of active material 
and exhibit symmetry.

As depicted in Figs. 5a and 6a, the specific capacitance of printed SCs 
crafted with AWC materials surpasses that of SCs utilizing the reference 
YP-80 AC. This enhancement is noticeable across both types of aqueous 
electrolytes. Specifically, Fig. 5a demonstrates that the specific capaci
tance of printed SCs employing AWC materials with KxHyPO4 electro
lyte, characterized at 1.0 V, exhibits an increase ranging from 71 % 
(AWC 2–700) to 93 % (AWC 3–700, AWC 3–800) compared to the 
Kuraray YP-80F AC material. Similarly at 1.0 V characterization, with 
NaCl as the electrolyte, the specific capacitance demonstrates an in
crease from 42 % (AWC 2–700) to 67 % (AWC 3–700) relative to the 
benchmark YP-80F. When characterized at 1.2 V, the specific capaci
tance of SCs utilizing AWC materials with KxHyPO4 electrolyte shows an 
enhancement of 58 % (AWC 2–700) to 90 % (AWC 3–800) relative to the 
Kuraray YP-80F as the reference material (Fig. 6a). Additionally, with 
NaCl electrolyte and characterized at 1.2 V, this increase in specific 

Fig. 5. Average measurements of key parameters for printed SCs characterized at 1.0 V, featuring various electrode and electrolyte materials: (a) specific capacitance 
of individual electrodes, (b) equivalent series resistance (ESR), (c) leakage per capacitance, and (d) energy density.
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capacitance ranges between 47 % (AWC 2–700) and 76 % (AWC 3–700) 
compared to YP-80F. Table 3 presents the exact values for the specific 
capacitance of a singular electrode of the printed SCs manufactured 
using various AC materials and two types of electrolytes at both 1.0 V 
and 1.2 V characterization voltages.

In the comprehensive analysis of SCs fabricated using AWC mate
rials, significant increases in specific capacitance were observed, 
emphasizing the critical role played by porous properties in electro
chemical performance. As a result of their enhanced porous character
istics, AWC materials perform better than conventional Kuraray YP-80F 
AC materials. Due to the increased surface area and volume of pores in 
AWC materials, ion storage capacity is increased and more active sites 
for ion adsorption are provided. As a result of these features, printed SCs 
are capable of achieving higher specific capacitances. The AWC 3–700 
and AWC 3–800, which exhibit the greatest increases in specific 

capacitance, also exhibit a noticeably finer microporosity and a more 
favorable pore size distribution. As a result of the finer porosity and 
more advantageous distribution of pore sizes, the ion diffusion kinetics 
are likely to be enhanced, which is beneficial to the efficient charge- 
discharge cycles necessary for high-performance SCs. The role of sur
face chemistry in these observations should also be taken into consid
eration. The sorptometry measurements indicate improved porous 
properties, but the surface functional groups and chemical composition 
of AWC materials may also contribute significantly to the improved 
electrochemical performance.

Conversely, the higher specific capacitance observed in printed SCs 
fabricated with KxHyPO4 electrolytes compared to those fabricated with 
NaCl can be attributed to a number of electrochemical and physical 
factors associated with the electrolytes and their interactions with 
electrodes. In spite of the fact that potassium ions (K+) are larger than 
sodium ions (Na+), the extent of hydration of Na+ ions is greater than 
that of K+ ions. Consequently, hydrated Na+ ions have a larger effective 
radius and mass, making them less mobile than K+ ions. As K+ ions have 
a higher mobility, they are able to enter the micropores of the AWC more 
easily, thereby effectively utilizing the electrode’s porous structure and 
increasing the area available for ion adsorption, which is directly pro
portional to the increase in specific capacitance. Furthermore, the 
chemical compatibility of KxHyPO4 with AWC electrodes also plays a 
crucial role. In KxHyPO4, the phosphate ions may interact more favor
ably with the carbon surface, which may result in better double-layer 
formation. In other words, KxHyPO4 type SCs have a higher specific 
capacitance due to a higher pseudocapacitive contribution from faradaic 
reactions associated with water decomposition and functional surface 

Fig. 6. Average measurements of key parameters for printed SCs characterized at 1.2 V, featuring various electrode and electrolyte materials: (a) specific capaci
tance, (b) equivalent series resistance (ESR), (c) leakage per capacitance, and (d) energy density.

Table 3 
Specific capacitance (F/g) for individual electrodes of printed SCs fabricated 
using various AC materials and two different types of aqueous electrolytes at 
characterization voltages of 1.0 V and 1 .2V.

NaCl KxHyPO4

1.0 V 1.2 V 1.0 V 1.2 V

YP-80F 118 121 113 131
AWC 2–700 168 178 193 208
AWC 2–800 170 182 212 239
AWC 3–700 197 213 218 245
AWC 3–800 176 186 218 249
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groups. It is common to observe higher capacitance values as the SC 
approaches its maximum voltage. In the case of the phosphate system, 
this occurs as a result of its high buffer capacity bringing it closer to the 
stability limit.

These factors combine to explain why SCs using KxHyPO4 electrolyte 
outperform those with NaCl in terms of specific capacitance, high
lighting the importance of choosing an appropriate electrolyte to opti
mize SC performance based on the specific requirements of the 
application. Moreover, the specific capacitance improvements at 
different voltages further illustrate the impact of the electrode’s porous 
properties. The results indicate that both the type of electrolyte and the 
voltage at which the SCs are characterized affect the capacitance, with 
higher improvements noted at specific combinations of these factors.

Considering the correlation between the porous structure of the AWC 
materials and their electrochemical capabilities with different electro
lytes, it can be concluded that material selection and design are of 
crucial importance when it comes to developing advanced printed SCs 
that are integrated with active materials. As a result of these insights into 
the material properties of the SC, we can optimize the performance of 
the SC and guide the development of next-generation energy storage 
systems.

3.2. Equivalent series resistance (ESR)

Regarding the ESR, as illustrated in Fig. 5b and characterized at 1.0 
V, all AWC SCs utilizing KxHyPO4 electrolyte exhibit a reduction in ESR 
relative to the Kuraray YP-80F, with the greatest reduction being 45 % 
(AWC 2–700). Conversely, when NaCl electrolyte is employed, only 
AWC 2–800 experiences a 19 % decrease in ESR, while the remaining 
three AWC SCs show an increase in ESR, with the highest increase 
reaching 42 % (AWC 2–700) compared to the YP-80F SC. The observed 
trend persists at a characterization voltage of 1.2 V, as depicted in 
Fig. 6b. All four AWC printed SCs using KxHyPO4 electrolyte exhibit a 
reduction in ESR, with AWC 2–700 showing the largest decrease at 44 % 
relative to the Kuraray YP-80F SC. Similarly, at 1.2 V, only AWC 2–800 
presents a modest ESR reduction, whereas the other three AWC SCs 
display an increase in ESR, with AWC 2–700 experiencing the most 
significant rise at 66 % compared to the YP-80F SC.

The observed differences in ESR among the AWC printed SCs can be 
intricately linked to the porous properties of the AWC materials used. 
These differences highlight how structural characteristics of the elec
trodes influence electrochemical performance, particularly under varied 
electrolytic conditions.

AWC 2–700 showed a significant reduction in ESR when using 
KxHyPO4 electrolyte at both 1.0 V and 1.2 V (45 % and 44 % reduction, 
respectively), which is attributed to its high pore volume. Due to these 
properties, the electrolyte is better able to reach the electrode’s surface 
and ion transport dynamics are improved, which results in a lower ESR. 
Due to the better performance of AWC 2–700, it suggests that its 
micropore structure best accommodates KxHyPO4 ions, which may be 
more mobile than those in NaCl, resulting in more efficient charge 
propagation and reduced resistance.

Conversely, when NaCl is used as the electrolyte, most AWC mate
rials except for AWC 2–800 show an increase in ESR, with AWC 2–700 
experiencing the most substantial rise (up to 66 % at 1.2 V). This in
crease in ESR could be largely attributed to experimental variations, 
such as contact resistance and potential wetting issues. The slight 
decrease in ESR observed with AWC 2–800 might be attributed to its 
unique pore size distribution and surface properties, which somehow 
better accommodate the NaCl ions compared to other AWC samples.

Besides, the observation that printed SCs fabricated using NaCl 
electrolyte generally exhibit lower ESR compared to those using 
KxHyPO4 for the same SC type can be explained through the higher 
conductivity of NaCl electrolyte compared to KxHyPO4.

3.3. Leakage current

In this work, we have adopted leakage current per unit of capaci
tance as the metric for evaluating leakage current in printed SCs. Using 
this approach, leakage is measured in nanoamperes per millifarad (nA/ 
mF), which has some advantages. As a result of this, fair comparisons 
can be made between different SCs regardless of their capacitance sizes 
since this method is based on a normalized measure. Due to this 
normalization, it becomes possible to accurately evaluate the efficiency 
of SCs, where a lower leakage per capacitance indicates a higher energy 
retention. As well as serving as a performance indicator, this metric also 
indicates the stability of the SC’s performance. The lower the value, the 
more reliable and stable the SC is under operational conditions, which is 
essential for practical applications.

According to the data presented in Figs. 5c and 6c, which include SCs 
characterized at 1.0 V and 1.2 V using both KxHyPO4 and NaCl elec
trolytes, there is generally an increase in leakage per capacitance when 
using AWC materials for the electrodes compared to the commercial 
Kuraray YP-80F. However, a notable exception occurs at 1.0 V with 
KxHyPO4 electrolyte, where SCs made with AWC 2–800 and AWC 3–800 
exhibit a slight decrease in leakage per capacitance relative to YP-80F. 
This observation highlights the potential for enhanced efficiency in 
these specific SCs under selected conditions.

However, the generally observed trend of increased leakage current 
per capacitance in printed SC using AWC samples can be attributed to 
the increased amount of functional groups on the surface of AWC ma
terials which can participate in parasitic reactions, resulting in increased 
leakage currents. While these functional groups may enhance electro
chemical reactivity and ion diffusion, they may also lead to undesirable 
side reactions, leading to leakage currents instead of useful energy 
storage [61].

In essence, the observed increase in leakage per capacitance in SCs 
with AWC electrodes is indicative of a complex balance between 
improving capacitance and managing inefficiencies such as leakage. It is 
clear from these findings that it is imperative to optimize both the pore 
structure and surface properties, including the control of functional 
groups, not only to maximize capacitance but also to control and reduce 
leakage currents in order to produce more efficient energy storage 
devices.

3.4. Energy density

With respect to energy density, we report the energy density of the 
SC’s single electrode in Wh/kg, calculated using the formula (Cs × V2) / 
(2 × 3.6), where ‘Cs’ represents the specific capacitance values from 
Table 3, and ‘V’ is the characterization voltage.

Figs. 5d and 6d illustrate that printed SCs utilizing AWC materials 
generally exhibit an increase in energy density compared to those using 
commercial Kuraray YP-80F, across both characterized voltages (1.0 V 
and 1.2 V) and electrolyte types. Specifically, at 1.0 V, in case of NaCl 
electrolyte, the AWC-3–700 SC shows an energy density of 27.4 Wh/kg, 
which is 67 % higher than that of the YP-80F. When using the KxHyPO4 
electrolyte, the AWC-3–700 and AWC-3–800 SCs report energy densities 

Table 4 
Energy density (Wh/kg) of printed SCs fabricated using various AC materials and 
two different types of aqueous electrolytes at characterization voltages of 1.0 V 
and 1 .2V.

NaCl KxHyPO4

1.0 V 1.2 V 1.0 V 1.2 V

YP-80F 16.4 24.2 15.7 26.2
AWC 2–700 23.4 35.6 26.8 41.6
AWC 2–800 23.6 36.4 29.4 47.8
AWC 3–700 27.4 42.6 30.3 49.0
AWC 3–800 24.4 37.2 30.3 49.8
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of 30.3 Wh/kg at 1.0 V, marking approximately a 93 % increase over the 
YP-80F model. At a characterization voltage of 1.2 V with the NaCl 
electrolyte, the AWC 3–700 SC presents an energy density of 42.6 Wh/ 
kg, achieving an 76 % increase compared to the YP-80F. With the 
KxHyPO4 electrolyte at the same voltage, the AWC-3–800 SC demon
strate energy density of 49.8 Wh/kg, which is 90 % increase over the YP- 
80F, indicating significant improvement in energy storage capability. 
Table 4 displays the precise energy density values of the printed SCs 
produced with the AWC materials and reference YP-80F utilizing both 
NaCl and KxHyPO4 electrolyte, at characterization voltages of 1.0 V and 
1.2 V.

The observed trends in energy density in printed SCs utilizing AWC 
materials across various characterization conditions reveal insightful 
correlations with the sorptometry data that highlight the role of elec
trode material properties and electrolyte type on performance. The in
creases in energy density across AWC samples in comparison to the 
commercial Kuraray YP-80F across different voltages and electrolyte 
types illustrate the beneficial effects of the AWC materials’ extensive 
surface area and pore volume. These structural characteristics enhance 
the SCs’ ability to store more electrolyte ions and facilitate easier ion 
transport, directly boosting capacitance and energy storage capacity.

On the other hand, generally, across similar types of AWC materials 
used as electrodes in printed SCs, those utilizing KxHyPO4 electrolyte 
consistently exhibit higher energy densities than those with NaCl elec
trolyte at both 1.0 V and 1.2 V characterizations (Figs. 5d, 6d and 
Table 4). In contrast, for SCs made with the reference Kuraray YP-80F 
AC material, the energy densities remain relatively similar across both 

electrolytes at the same voltages.
The performance differences in printed SCs using AWC materials 

with various electrolytes are closely linked to the unique sorptometric 
characteristics of the electrode materials. The observed higher energy 
densities in SCs with the KxHyPO4 electrolyte suggest that the micro
porosity and surface areas of the AWC materials are optimally aligned 
with the molecular structure and ion mobility of KxHyPO4, thereby 
enhancing ion storage capacity and energy density.

The consistent energy densities observed in SCs made with Kuraray 
YP-80F AC material across both electrolytes illustrate the importance of 
electrolyte-electrode interaction dynamics. YP-80F is likely to perform 
consistently across a wide range of electrolytes due to its unique 
chemistry and porous structure. There may be a good balance between 
the pore size distribution, the surface functional groups, and the elec
trochemical stability of YP-80F, which may allow it to make effective use 
of NaCl electrolyte despite its potential limitations when compared with 
KxHyPO4. Additionally, YP-80F may exhibit consistent performance due 
to the presence of fewer functional groups, which may make it less 
sensitive to reactions involving the electrolyte solution. Hence, when 
designing high-performance SCs, consideration should be given not only 
to the intrinsic properties of carbon materials but also to their compat
ibility with different electrolytes. Accordingly, to maximize the effi
ciency and functionality of SCs in various applications, electrolytes 
should be tailored to the specific structural and chemical properties of 
electrode materials.

These findings demonstrate the importance of maintaining an ideal 
balance between maximizing ion storage capabilities and maintaining 

Fig. 7. CV curves (scan rate of 5 mV/s) and GCD curves (0.1 A/g) of printed SCs incorporating various AWC materials and reference YP-80F, utilizing NaCl and 
KxHyPO4 electrolytes, characterized at 1.0 V. (a) CV curves of NaCl electrolyte SCs. (b) CV curves of KxHyPO4 electrolyte SCs. (c) GCD curves of NaCl electrolyte SCs. 
(d) GCD curves of KxHyPO4 electrolyte SCs.
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efficient ion mobility in order to maximize the performance of SCs. The 
AWC materials’ pore structure appears exceptionally well-suited to 
enhancing energy storage by maximizing ion accommodation. This 
analysis emphasizes the importance of matching electrode material 
properties with specific electrolyte characteristics to achieve the desired 
energy storage capacities in SC applications, promoting a targeted 
approach in material and electrolyte selection to meet specific perfor
mance requirements.

3.5. CV and gcd measurements

The cyclic voltammetry (CV) and galvanostatic charge-discharge 
(GCD) analyses of the printed SCs (one sample per each type) incorpo
rating AWC and reference YP-80F materials, employing NaCl and 
KxHyPO4 electrolytes, are illustrated in Figs. 7 and 8, respectively at 
characterization voltages of 1.0 V and 1.2 V. CV measurements were 
conducted at a scan rate of 5 mV/s, while GCD measurements were 
performed at a current density of 0.1 A/g. Utilizing current density, 
measured in amperes per gram, ensures scalability and facilitates 
comparability by standardizing the results to the mass of the active 
material. This approach allows for direct comparisons irrespective of the 
amount of material utilized. Current density emphasizes the efficiency of 
the electrode material, illustrating its ability to store and discharge 
charge effectively per unit mass.

As depicted in Figs. 7a, 7b, 8a, and 8b, the CV curves affirm that AWC 
SCs exhibit superior specific capacitance compared to the reference YP- 
80F for both electrolyte types and characterization voltages. In addition, 

AWC 3–700 and AWC 3–800 SCs exhibit superior performance in CV 
curves for both electrolyte types and at both characterization voltages, 
demonstrating higher specific capacitance and energy density.

Regarding the GCD results, as illustrated in Figs. 7c, 7d, 8c, and 8d, it 
is evident for both electrolytes and at both characterization voltages that 
AWC-type SCs exhibit broader GCD curves (prolonged charge/discharge 
durations) compared to the reference YP-80F one, indicating higher 
specific capacitance and the ability to retain charge for extended periods 
before complete discharge. Furthermore, the superior performance of 
AWC 3–700 and AWC 3–800 SCs is evident in the GCD curves for both 
electrolyte types and at both voltages.

It should be noted, however, that a detailed examination of the GCD 
curves also confirms that AWC 3–800 type SC has certain limitations in 
terms of performance. In particular, as shown in Figs. 7c and 8c, AWC 
3–800 exhibits deviations from ideal capacitive behavior, manifested in 
less perfectly curved profiles and signs of irreversibility. There may be 
parasitic reactions occurring, likely due to the decomposition of the 
electrolyte, water, or surface functional groups, particularly at higher 
voltages. Irreversibility indicates that there are significant chemical re
actions occurring within the system, affecting the charge-discharge 
process.

In order to optimize the performance and durability of SCs, these 
issues must be addressed. Future research should focus on improving the 
stability of electrode materials and improving the compatibility of 
electrolytes in order to mitigate unwanted reactions and increase overall 
performance and reliability.

Fig. 8. CV curves (scan rate of 5 mV/s) and GCD curves (0.1 A/g) of printed SCs incorporating various AWC materials and reference YP-80F, utilizing NaCl and 
KxHyPO4 electrolytes, characterized at 1.2 V. (a) CV curves of NaCl electrolyte SCs. (b) CV curves of KxHyPO4 electrolyte SCs. (c) GCD curves of NaCl electrolyte SCs. 
(d) GCD curves of KxHyPO4 electrolyte SCs.
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4. Summary and conclusion

This study provides novel insights into the role of biomass-derived 
Activated Wood Carbon (AWC) in energy storage applications, partic
ularly in advancing printed supercapacitors (SCs) with sustainable and 
environmentally friendly materials. Through comprehensive analyses, 
including sorptometry, Raman spectroscopy, XRD, and electrochemical 
assessments, we identified the key structural and electrochemical factors 
influencing SC performance.

The findings demonstrate that printed SCs utilizing AWC signifi
cantly outperform those fabricated with conventional Kuraray YP-80F 
activated carbon. Specifically, AWC-based SCs achieved up to 93 % 
higher specific capacitance and 90 % higher energy density at operating 
voltages of 1.0 V and 1.2 V, respectively. These enhancements are 
attributed to AWC’s superior surface area and pore volume, which 
facilitate increased ion storage and improved ion mobility—critical 
factors for high-performance SCs.

Electrolyte type also plays a crucial role in SC performance. Devices 
utilizing the KxHyPO4 electrolyte exhibited higher specific capacitance 
and energy density compared to those with NaCl, primarily due to 
increased pseudocapacitive contributions from faradaic reactions 
involving water decomposition and functional surface groups. This 
highlights the synergy between AWC’s porous structure and its 
compatibility with optimized electrolytes.

The results further underline the potential of biomass-derived carbon 
materials to create high-performing SCs that align with global sustain
ability objectives by reducing reliance on non-renewable resources. By 
optimizing the processing techniques, surface properties, and electrolyte 
configurations, future studies can unlock additional performance im
provements. These efforts will enable the development of next- 
generation energy storage technologies that are both efficient and 
sustainable.
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