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A B S T R A C T   

Porous carbons derived from lignocellulosic biomass and their use in electrochemical applications are attracting 
a growing level of interest due to the sustainable nature of the materials and its favourable properties. This study 
investigates the influence of feedstocks and three activation methods (CO2, steam, and KOH) on the electro-
chemical properties of lignocellulosic biochars. The results showed that activated biochars derived from straw 
biomass had a higher specific capacitance than wood-derived activated biochars, despite lower electrical con-
ductivity and porosity. Furthermore, chemical activation using KOH was found to increase the capacitance of 
activated biochars compared to physical activation using steam and CO2, although sometimes at the expense of 
electrical conductivity. The study highlights the importance of carefully selecting the feedstocks and activation 
methods to optimise the electrochemical properties of biochar for potential use as a sustainable supercapacitor 
material.   

1. Introduction 

Electrochemical energy storage devices have become increasingly 
important due to the global shift towards renewable energy sources [1]. 
According to the International Energy Agency, renewable energy sour-
ces accounted for 90% of global electricity net additions in 2021 and this 
trend is expected to continue [2]. As many renewable sources, such as 
solar and wind, are inherently unpredictable in terms of energy output, 
efficient energy storage technologies are crucial to tap into this renew-
able energy source. The global energy storage market is set to grow 
exponentially over the next decade, with annual installations increasing 
almost tenfold between 2020 and 2030 and global energy storage ca-
pacity could increase from around 14 GW in 2020 to 420 GW by 2030 
[3]. Electrochemical energy storage devices, such as batteries and 
supercapacitors, have become popular due to their ability to store en-
ergy and release it when needed; however, the search for sustainable and 
efficient electrode materials is still ongoing to make these devices more 
efficient and environmentally friendly [4]. 

Supercapacitors are highly attractive for their ability to rapidly store 
and release energy, making them ideal for applications requiring high 
peak power such as electric vehicles, wind turbines, and data storage 
centres [5]. There are two types of supercapacitors – electrochemical 
double layer capacitors (EDLCs) and pseudocapacitors, which differ in 
their energy storage mechanisms. EDLCs store energy via electrolyte ion 
accumulation at the nanomaterial interface electrostatically, whereas 
pseudocapacitors involve faradaic redox reactions on electro-
de/electrolyte interface, which only have electron-transfer without 
chemical reactions [1]. Carbon materials such as graphite [4], activated 
carbon [6], graphene [7], carbon nanotubes [8], and carbon aerogels [9] 
have been widely used as supercapacitor electrode materials, but they 
have limitations such as being unsustainable, costly, and having a high 
carbon footprint [10]. Biochar, is a carbonaceous solid product of 
biomass pyrolysis, recognised as a carbon-negative technology due to its 
ability to sequester carbon in different applications for hundreds to 
thousands of years, thereby effectively removing CO2 from the atmo-
sphere [11–14]. However, raw biochar has a relatively low surface area 
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(10–100 m2 g− 1) and requires additional post-treatments such as acti-
vation, surface heteroatom doping, and making composites with metal 
oxides/hydroxides to improve its electrochemical properties [1]. An 
activation step to improve the properties of biochar could most often be 
achieved in the same unit that is used to produce the biochar, making it a 
practical post-treatment step for biochar and its subsequent use for 
electrochemical applications, with minimal requirement for additional 
processing steps. 

Commercial activated carbons produced from coal or coke-have a 
negative environmental impact, with carbon footprint of 8.34 kg CO2eq 
kg− 1 and cost of 1.34 $ kg− 1 [15]. Therefore, biomass-derived alterna-
tives offer a better prospect. Activation technologies can be classified as 
physical or chemical depending on the reactions that occur during the 
processing. Physical activation involves the use of steam, carbon diox-
ide, and other reactive gases, typically at temperatures between 700 and 
900 ◦C, causing the biochar to auto-gasify and leading to the formation 
of more porous solid products through the loss of mass [16]. For 
example, Yang et al. synthesised a biochar electrode from resin with CO2 
activation at 600–1000 ◦C, resulting in a surface area of 2991.1 m2 g− 1, 
pore size of 2.4 nm, micropore volume of 1.33 cm3 g− 1, and total pore 
volume of 1.81 cm3 g− 1 [17]. Physical carbon activation occurs mostly 
through the non-selective removal of carbon from the carbon material 
surface, whereas, chemical activation causes a number of reactions that 
remove non-graphitic components from the carbon particles in a selec-
tive way [17]. Zhao et al. employed KOH as an agent to activate corn-
cobs at temperature of 600–750 ◦C, producing a high surface area 
material (2998 m2 g− 1) with a large micropore/mesopore ratio (8.26) 
that demonstrated promising pore-tuning effects [18]. The resulting 
biomass-based activated carbon could be more sustainable in compari-
son with coal-based activated carbon electrodes, while achieving com-
parable performance, making it a potential candidate for use as a 
greener supercapacitor electrode material [15]. 

To improve the performance of supercapacitor electrodes using 
activation methods, it is essential to enhance their specific surface area 
and electrical conductivity (EC) among other properties [5,9]. Although 
nanostructure can increase the former, it often results in elevated elec-
trical resistance due to the increased number of contact points. For 
example, when subjected to high pressure (5 MPa), graphene, nano-
tubes, and carbon black exhibit lower EC values (102 S/m) compared to 
graphite (103 S/m) [19]. In the case of these nano-carbons, the behav-
iour of EC during compaction is governed by mechanical particle 
arrangement and deformation mechanisms. This results in an increased 
contact resistance due to numerous gaps between nanoparticles. On the 
other hand, the EC of carbon-based electrodes can improved by inte-
grating oxides [5] and metals [20] or tuning their amorphous/graphitic 
structure. For instance, Liu et al. (2016) found that MnO2/Activated 
carbon composite electrode presents a superior electrical resistance of 
2.92 Ω resulting in electrosorption capacity of 9.3 mg g− 1, which is 
approximately 1.6-times higher than that of the pure activated carbon 
electrode (5.7 mg g− 1) [21]. Similarly, enhanced graphitic structure was 
observed in cotton gin biochar via increased temperature from 300 to 
750 ◦C, and its EC reached up to 1971 μS cm− 1 [22]. Ideally, an elec-
trode material should possess both high EC and high specific surface 
area, as achieved by some advanced materials like graphene-based 
materials and metal-organic frameworks [7]. However, these materials 
often come at a high cost and environmental impact [15]. Therefore, 
developing low-cost and nature-derived electrode material with elec-
trochemical performance that can make it viable for large-scale appli-
cations is critical. Biochar is a promising candidate owing to its 
sustainable nature, however, the activated biochar production can be 
feedstock-dependant and needs extensive improvement in electro-
chemical performance to become a competitive alternative to existing 
electrode materials [1]. Therefore, choosing optimal feedstock for spe-
cific application, improving its specific capacitance, cyclic retention, 
energy density, and power density are essential properties to achieve 
this goal. One example of a successful commercial activated carbon 

material is natural graphite, which initially has a relatively low specific 
surface area of around 10 m2 g− 1. However, this can be increased to 500 
m2 g− 1 through post-treatments, resulting in an average 
area-normalized capacitance of approximately 15 F cm− 2 [23]. 

While there has been quite a lot of research on producing activated 
biochar for electrochemical energy storage, there has been no systematic 
investigation into the effect of different activation treatments on related 
biochar properties. This study explores the use of various chemical and 
physical activation methods on biochar derived from lignocellulosic 
biomass as a precursor for supercapacitor electrodes. This approach 
offers three key advantages: (1) utilising lignocellulosic waste as a 
precursor promotes sustainability and environmental-friendliness, with 
the CO2, steam, and KOH activation processes avoiding the use of 
organic solvents to protect human health and the ecosystem; (2) the 
study investigates the impact of different biomass sources on the elec-
trochemical performance of the resulting electrodes; and (3) unlike 
methods using surface heteroatom doping, metal oxides/hydroxides 
loading, and nanostructure compositing, the thermal activation process 
used in this study significantly reduces costs and simplifies the process 
using existing biochar production equipment such as pyrolysis. 

2. Materials and methods 

2.1. Biochar production 

Softwood pellet (SWP), Oak (OAK), Oilseed rape straw (OSR), Mis-
canthus straw pellet (MSP), and Wheat straw pellets (WSP), were 
pyrolysed using UKBRC Stage III Unit (rotary kiln pyrolyser, UK Biochar 
Research Centre, Edinburgh) at temperature of 700 ◦C, heating rate of 
79–103 ◦C min− 1, and residence time of 12–15 min. The detail apparatus 
setting and operating conditions can be found in the previous studies 
[24,25]. The biochars were labelled as XT, with X denoting the type of 
biomass used (SWP, OAK, OSR, MSP, and WSP) and T representing the 
maximum pyrolysis temperature. For instance, the softwood pellet that 
underwent pyrolysis at 700 ◦C was labelled as SWP700. 

2.2. Physical and chemical activation of biochar 

The activation setup consists of a stainless-steel downdraft fixed-bed 
reactor (30 cm diameter and 50 cm high) heated by an electrical furnace. 
The schematic diagram and detailed description can be found in recent 
previous works [26,27]. For the physical activation experiments, around 
12 g of biochar (particle size between 0.4 and 2 mm) were initially 
loaded in the reactor inertised by an Ar flow at a rate of 0.1 L min− 1. 
Afterwards, the reactor was heated at 10 ◦C min− 1 up to the activation 
temperature (800–900 ◦C). Once the sample temperature was steady, 
the reactor atmosphere was switched to that used for the activation. For 
CO2 activation, a flow rate of 0.1 L min− 1 CO2 was used for 90 min at 
temperatures of 800 and 900 ◦C. Whilst for steam activation at 900 ◦C, 
15 mg h− 1 of Milli-Q water was continuously fed to the reactor with a 
syringe pump to produce steam by evaporation for 60 min, which was 
carried by a flow rate of 0.05 L min− 1 of Ar. 

For the chemical activation, the biochar was mixed with KOH (1:1 g/ 
g) and 50 mL of Milli-Q H2O and dried overnight at 100 ◦C in an oven. 
The obtained solid was placed in the activation lab-scale reactor and 
heated at 10 ◦C min− 1 up to 700 ◦C in 0.1 L min− 1 Ar and held for 60 
min. Finally, to remove K+ ions from the resulting activated biochar, it 
was subjected to several washes with an HCl solution (0.1 M) and Milli- 
Q H2O until pH = 7. Then, the activated carbon was dried in an oven at 
105 ◦C until constant weight. 

The obtained activated biochars were then stored in centrifuge tubes 
for further analysis and labelled as B-AM-T, where B refers to name of 
the pristine biochar; AM refers to activation method, either CO2, H2O, or 
KOH; and T refers to activation temperature, either 800, or 900 ◦C. For 
instance, the softwood pellet that underwent pyrolysis at 700 ◦C and 
CO2 activation at 900 ◦C was designated as SWP700–CO2-900. As steam 
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and KOH activation used constant activation temperature at 900 and 
700 ◦C, respectively, the activation temperature label was ignored, i.e., 
SWP700–H2O and SWP700–KOH. 

2.3. Characterisation of biochar 

Proximate analysis of biochars and activated biochars were per-
formed according to European standards. Thus, moisture content (UNE- 
EN ISO 18134–1:2016) was obtained heating the sample in an oven at 
105 ◦C and kept overnight. Volatile matter (VM) content (UNE-EN ISO 
18123:2016) was assessed by thermogravimetric analysis (TGA) in a 
thermobalance NETZSCH STA 449 heating up the sample to 900 ◦C at 
10 ◦C/min and maintaining this temperature for 30 min under inert 
atmosphere. Ash content (UNE-EN ISO 18122:2016) was determined by 
combustion in a muffle furnace at 900 ◦C for 1 h in air atmosphere. 
Finally, the fixed carbon (FC) was calculated by difference. Ultimate 
analysis of carbonaceous samples was measured in a Thermo Scientific 
FLASH 2000 CHNS/O micro-elemental analyser, where C, H and N 
concentrations were obtained, while O concentration was calculated by 
difference. 

Textural properties of the activated biochars were measured by N2 
and CO2 adsorption-desorption isotherms at 77 K and 273 K, respec-
tively, in a Micromeritics 3 Flex analyser equipped with a high-vacuum 
system and three 0.1 Torr pressure transducers with 60 points and 
equilibrium time of 60 min. Before the adsorption analysis, the samples 
were degassed at 140 ◦C for 16 h. The textural properties (specific sur-
face area, total pore volume, and micropore surface and volume) were 
calculated from N2 isotherms. Thus, the total pore volume was deter-
mined at a relative pressure of 0.97. The specific surface area was 
calculated by applying the Brunauer-Emmet-Teller (BET) equation. The 
contribution of micropores to the total volume and surface area (VMIC 
and SMIC), as well as the external surface area (SEXT, including both 
mesopores and macropores), was estimated using the t-plot method. The 
pore size distribution (PSD) was determined through the combination of 
CO2–N2 isotherms using the SAIEUS software and applying the 2D- 
NLDFT model, considering slit pore geometry, as successfully tested 
for activated carbons. 

Electrical conductivity measurements were performed using a 4-ter-
minal milliohm meter. For each biochar, 1 g of biochar sample was in the 
sample chamber with cross section of 78.54 mm2. Resistance measure-
ments were taken using copper electrodes in a press provided by hy-
draulic car jack (maximum 2000 kg). To exclude the influence of bulk 
density, the measurement started from the first contact, and conduc-
tivity was gradually measured from 0.16 MPa to 33.12 MPa until the 
results stabilized. 

The surface functionality of the biochar was assessed using a Fourier 
transform infrared spectroscopy (FTIR) spectrometer in the wavelength 
range of 500–4000 cm− 1. The crystalline structures and graphitisation 
degrees were identified using a micro-Raman tester (Renishaw inVia) 
with a green laser of wavelength 514 nm and a source energy of 20 mW 
at an intensity of 1%. Two areas were analysed for each sample, and 
averaged. 

2.4. Electrochemical measurements 

Working electrodes were prepared by mixing biochar and binder 
poly (vinylidenedifluoride) (PVDF) (Thermo Scientific, UK, regent 
grade) in a mass ratio of 8:1 for 5 min in a pot. Then 150 μL 1-Methyl-2- 
pyrrolidinone (NMP) (Sigma-Aldrich, UK, regent grade) was dropped 
and mixed for 10 min to form slurry/ink (homogeneous mixture). The 
obtained ink dispersion was sonicated for 1 h, and then drop and spread 
on a nickel foam (5 × 5 mm, which served as current collector) and 
placed in an oven to dry at 170 ◦C overnight. In this study, to make 
current collector easy to attach to the apparatus, a stainless-steel stick 
was attached to nickel foam, which would not affect the specific 
capacitance. The mass of the deposited active material was in the range 

of 2–3 mg. 
For electrochemical measurements, a Platinum (Pt) sheet (0.5cm ×

0.5 cm) and Ag/AgCl were used as the counter and reference electrode, 
respectively. Cyclic voltammetry (CV), galvanostatic charge/discharge 
(GCD), and electrochemical impedance spectroscopy (EIS) measure-
ments were carried out on an Autolab PGSTAT101 in a temperature- 
controlled room with an average room temperature of 20 ◦C. The ex-
periments were performed using 4 mol L− 1 KOH as electrolyte. The CV 
tests were performed in the potential range of − 1 to 0 V at various scan 
rates of 10–80 mV s− 1. GCD curves were recorded in the potential range 
of − 1 to 0 V and EIS measurements were conducted at the frequency 
range from 0.01 to 100 kHz. The specific capacitance was calculated 
using the following equation: 

C=
IΔt
mΔv

(2)  

where in equation (2), C (F g− 1) represents the specific capacitance; I (A) 
is the discharge current; Δt (s) is the discharge time; m (g) is the mass of 
the active material on the working electrode; and Δv (V) represents the 
potential window. 

3. Results and discussion 

3.1. Physicochemical properties of activated biochar 

3.1.1. Proximate analysis and elemental analysis 
Table 1 presents the results of proximate and ultimate analyses of 

biochar and activated carbons, showing that physical activation by CO2 
and steam significantly affects the composition of biochar by removing 
VM and leaving only FC and ash. In this case, wood biochar (WB) with 
low ash content (i.e., SWP and OAK) have a high FC content up to 
97.20–98.50 wt% after physical activation, while straw biochar (SB), 
which include OSR, MSP, and WSP have a considerably different 
composition, with FC and ash contents ranging from 67.20 to 75.33 wt% 
and 21.00–32.80 wt%, respectively. Generally, a high ash content in 
biochar can increase its electrical resistance and limit its electrochemical 
performance by blocking the pores of the biochar, thus decreasing the 
effective surface area available for electrochemical reactions. For 
instance, Zhang et al. (2021) found that higher ash content can lead to 
reduced specific surface area (29.35–52.60 m2 g− 1), compared to low- 
ash biochars with specific surface area of 55.61 m2 g− 1, as the ash 
tends to clog the pores of the biochar, ultimately impairing its electro-
chemical performance [28]. However, this effect is strongly dependant 
on the ash composition, as some minerals, such as Fe2O3 and MnO2, 
present in the ash can increase the pseudocapacitance of the biochar 
material [29]. Additionally, biochar with a low ash content and fine 
porosity may not necessarily lead to better electrochemical perfor-
mance, as it also depends on other factors such as the presence of 
functional groups (e.g., N and. 

S groups) that can enhance the surface chemistry of the biochar. 
Therefore, in the later sections, this study aims to examine the complex 
relationship between biomass type (low/high ash) and electrochemical 
performance, with a particular emphasis on the impact of ash on the 
pseudocapacitance of the biochar. The utilisation of KOH for chemical 
activation has led to a significant alteration in the chemical composition 
of the resulting activated biochar. In particular, the content of VM has 
considerably increased. This phenomenon can be attributed to the lower 
activation temperature, which has enabled a greater retention of VM 
within the biochar. This in turn affected the biochar particle structure, 
such as the pore formation and distribution [30], which will be dis-
cussed in Section 3.1.2. 

In addition to proximate analysis, elemental composition can also 
affect the electrochemical performance of biochar. Due to the ash con-
tent being different among all types of biochar, the elemental compo-
sition data is presented on a dry ash-free basis (Table 1). The ultimate 
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analysis showed that both physical and chemical activations caused a 
slight increase in the total carbon content, which can positively affect 
electrochemical performance since carbon is the most electrically 
conductive part of biochar used as an electrode material for super-
capacitors [31]. It can also be seen that hydrogen content decreased 
from 1.79 to 2.25 wt% to 0.30–1.10 wt% (corresponding to H/C of 
0.04–0.11) due to the dehydration during high-temperature activation. 
The decrease in H/C also indicate a higher stability and carbon 
sequestration potential of biochar [32]. On the other hand, the O/C ratio 
remains almost the same for both pristine and activated biochar, indi-
cating that activation did not greatly affect its polarity. However, all O/C 
ratios (0.00–0.06) were significantly lower than the EBC standard limit 
(<0.4) for stable biochar [33]. 

3.1.2. Specific surface area 
Porosity and pore-size distribution are important for enhancing 

capacitive performance by providing active ion sites. Extensive studies 
have found that there is a positive relationship between Bru-
nauer–Emmett–Teller (BET) surface area and EDLC of biochar materials 
[31,34]. The nitrogen and CO2 adsorption-desorption isotherms are 
shown in Figs. S1 and S2. The BET surface area was calculated from N2 
physical adsorption–desorption analysis performed on the biochars. The 
results showed that activated biochars exhibit higher specific surface 
areas (451–1061 m2 g− 1) compared to untreated biochars (up to 30 m2 

g− 1), proving that physical and chemical activation are both effective 
methods to increase specific surface area of biochar. 

The specific surface area (SBET) and pore-size distribution of biochar 
are important parameters that affect ion diffusion, charge transport, 
capacitance, and electrical conductivity [12,35]. According to Table S1, 
activation processes can significantly increase the SBET of biochar, with 
higher specific surface areas recorded here for activated biochar ob-
tained from chemical activation (SBET KOH > SBET CO2 ≈ SBET H2O). In this 
study, physically activated SWP, OSR, MSP, WSP, and OAK biochar 
presented 451–661, 461–530, 451–610, 482–548, and 619–730 m2 g− 1, 
respectively, while KOH chemical activation exhibited a relatively 
higher specific SBET of 1061, 800, 739, 851, and 854 m2 g− 1, respec-
tively. This is in line with findings from literature where chemical 

activation has shown to have a greater impact on pore formation in 
biochar than physical activation [36]. During KOH activation, a large 
number of inner channels in the biochar are generated, resulting in a 
high specific surface area. This could be because carbon in the reduction 
state can selectively react with high-energy K+ ions in the oxidation state 
during a redox reaction, release H2, and can further increase the pore 
area [30]. 

On the other hand, the BET results indicate that WBs has a higher 
SBET (up to 1061 m2 g− 1) compared to SBs (up to 851 m2 g− 1). According 
to the proximate analysis and BET results, low-ash biochars have higher 
specific surface areas than high-ash biochars, probably because ash 
particles tend to fill in the pores of biochar, reducing the available 
surface area for N2 and CO2 adsorption [28]. During the pyrolysis pro-
cess of biomass, the inorganic elements (e.g. calcium, potassium, and 
magnesium) remain in the biochar as ash content [24]. These minerals 
can fill in the micropores and mesopores of biochar, reducing the overall 
porosity and available surface area. High-ash biochar may also have a 
more compact structure with fewer and larger pores, further reducing 
the available surface area [37]. Therefore, biochar with a low ash con-
tent typically has a more open and porous structure, with smaller pores 
and a higher specific surface area, making it more suitable for various 
applications, such as gas adsorption and water treatment. 

From the PSD figures (Fig. 1a, b, c, d) it can be seen that the physi-
cally activated biochars present a bimodal pore size distribution, with 
narrow micropores centred at 0.5–0.6 nm and broader small mesopores 
centred at 3.5–4 nm. In case of KOH activated sample, it presents a 
trimodal PSD, with micropores centred at 0.5–0.6 and 1 nm and same 
mesopores range, which provides addition evidence that chemical 
activation preferentially generates micropores. The chemically acti-
vated biochars produced more micropores compared to physically 
activated ones, which can be attributed to the different mechanisms of 
pore formation. These micropores are created by the reaction of the 
chemical agent with the carbonaceous material, leading to the removal 
of small fragments of carbon, and the formation of small cavities within 
the biochar [38]. In contrast, physical activation creates pores by the 
removal of volatile matter and by the reaction of C with CO2 or H2O, 
which leads also to the formation of micropores and mesopores, 

Table 1 
Proximate analysis (dry basis) and ultimate analysis (dry and ash free basis) for pristine and activated biochars.  

Biomass type Activation method Sample Proximate analysis, db (wt.%) Elemental analysis, daf (wt.%) H/C O/C 

Moist. Ash FC VM C H N Oa 

Woody N/A SWP700 1.00 1.60 87.50 9.90 93.35 1.79 0.70 4.17 0.23 0.03 
Physical SWP700–CO2-800 – 1.90 98.10 – 96.20 0.30 0.40 3.10 0.04 0.02 

SWP700–CO2-900 – 2.80 97.20 – 96.80 0.40 0.50 2.30 0.05 0.02 
SWP700–H2O – 2.35 97.65 – 94.42 0.65 0.09 4.85 0.08 0.04 

Chemical SWP700–KOH – 3.21 79.98 16.81 96.85 0.43 0.43 2.30 0.05 0.02 
N/A OAK550 1.46 1.00 83.71 13.83 91.16 2.25 0.13 6.46 0.30 0.05 
Physical OAK550-CO2-800 – 2.10 97.90 – 95.90 0.50 0.30 3.30 0.06 0.03 

OAK550-CO2-900 – 1.60 98.40 – 95.60 0.50 0.20 3.70 0.06 0.03 
OAK550-H2O – 1.50 98.50 – 95.62 0.48 0.59 3.32 0.06 0.03 

Chemical OAK550-KOH – 1.52 90.68 7.80 95.46 0.47 0.49 3.58 0.06 0.03 

Straw N/A OSR700 2.19 21.00 63.40 13.40 90.76 1.87 0.89 6.48 0.25 0.05 
Physical OSR700-CO2-800 – 26.70 73.30 – 88.30 1.10 1.40 9.20 0.15 0.08 

OSR700-CO2-900 – 32.80 67.20 – 91.77 0.88 1.35 6.00 0.12 0.05 
OSR700-H2O – 31.10 68.90 – 90.20 0.70 0.10 9.00 0.09 0.07 

Chemical OSR700-KOH – 17.26 67.56 15.18 92.96 0.85 0.73 5.46 0.11 0.04 
N/A MSP700 1.53 18.8 69.98 9.69 89.82 1.83 1.59 6.75 0.24 0.06 
Physical MSP700-CO2-800 – 24.67 75.33 – 89.60 0.70 0.30 9.40 0.09 0.08 

MSP700-CO2-900 – 28.73 71.27 – 95.30 0.70 0.50 3.50 0.09 0.03 
MSP700-H2O – 28.60 71.40 – 92.21 0.71 1.26 5.81 0.09 0.05 

Chemical MSP700-KOH – 8.36 76.96 14.68 93.55 0.55 0.43 5.46 0.07 0.04 
N/A WSP700 2.07 19.80 65.60 12.50 89.50 1.92 1.65 6.92 0.26 0.06 
Physical WSP700–CO2-800 – 21.00 79.00 – 81.10 0.60 1.50 16.8 0.09 0.16 

WSP700–CO2-900 – 27.80 72.20 – 88.90 0.30 1.40 9.40 0.04 0.08 
WSP700–H2O – 32.6 67.40 – 97.86 0.59 1.54 0.01 0.07 0.00 

Chemical WSP700–KOH – 7.60 83.14 9.26 97.22 0.69 0.79 1.29 0.09 0.01  

a O content was calculated by difference. 
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Fig. 1. Pore size distribution of activated biochars with a) CO2 activation at 800 ◦C, b) CO2 activation at 900 ◦C, c) steam activation, and d) KOH activation. e) Total 
pore volume and distribution of micro/mesopores of activated biochars. 
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however, not to the extent of chemical activation [39]. 
To gain further insight into the pores of the biochar material, we 

analysed the pore size distribution. Fig. 1e show that the total pore 
volume resulting from KOH activation is higher than that from physical 
activation, which agrees with the specific surface area results. Interest-
ingly, chemical activation showed a stronger impact on pore distribution 
of SBs than WBs, i.e. SB exhibited a higher average pore diameter than 

WB by about 12.2%, possibly due to the ash etching [30]. This effect 
would possibly play a key role in the electrochemical performance, as 
electrolyte ions tend to occupy mesopores (2–50 nm) rather than mi-
cropores (<2 nm) [34]. Therefore, SB with chemical activation could be 
a more suitable candidate regarding the electrochemical application 
than SB with physical activation due to higher mesopore distribution. 

Fig. 2. Comparison of trends for SBET, graphitisation degree, and electrical conductivity activated biochars.  
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3.1.3. Electrical conductivity and degree of graphitisation 
As previously indicated, a great number of publications stated that 

enhanced electrical conductivity (EC) of activated carbons can result in 
improved electrochemical performance [5,9]. Generally, the EC results 
(Fig. 2, Table S1) in this study indicate that physical activation leads to 
higher values compared to chemical activation. This is likely due to the 
formation of a more substantial solid carbon-based structure during 
physical activation, i.e., high FC, which provides more pathways for 
electron transfer and ion diffusion [34]. In contrast, chemical activation 
produced a larger quantity of VM, which is mostly composed of organic 
compounds that are not electrically conductive. Interestingly, chemi-
cally activated biochar generally had high SBET but low EC, which may 
due to an enhanced resistance effect due to longer charge transfer routes 
[34]. Physical activation methods produced biochars with moderate 
SBET (451–730 m2/g), rich micropores, and high EC (90–608 S/m) 
(Table S1). This is because these methods involve heating the biochar in 
the presence of CO2 or steam, which can result in the removal of volatile 
compounds and the creation of micropores in the biochar structure [39]. 
These micropores can provide a moderate SSA for electrochemical re-
actions by providing pathways for electron transfer and ion diffusion to 
some extent. On the other hand, KOH activation methods produced 
biochars with a higher SBET (739–1061 m2/g) and a great amount of 
micropores and mesopores, but with a relatively negative impact on EC 
performance (99–159 S/m). This may be because KOH activation in-
volves using a chemical agent that can create mesopores in the biochar 
structure [17]. While the mesopores can enhance the biochar’s SBET, 
they can also decrease the biochar’s EC by increasing gaps between 
carbon matrix [34]. However, the relationship between SBET and 
structure of carbon matrix needs to be confirmed. 

Therefore, to gain further insights into the effect of different acti-
vation modes on the structure of the carbon matrix in the activated 
biochar, we used Raman spectroscopy. The D band (disorder carbon 
peak) and G band (aromatic carbon peak) are two distinctive peaks 
observed at 1350 and 1590 cm− 1, respectively. The degree of graphiti-
sation (ID/IG) and the distribution and state of sp2 bonds are critical 
factors affecting the conductivity of carbon-based electrodes [40]. The 
results in Fig. S3 and Table S2 show that both G band and D band peaks 
were present in all activated biochar samples, and had a similar ID/IG 
ratio (ranging from 0.84 to 1.02) regardless of the feedstock used. This 
suggests that the dominant factor affecting the ratio of defective carbon 
to aromatic organisation was the thermal treatment temperature 
(700–900 ◦C) and activation methods, rather than the feedstock type 
[40]. Physical and chemical activation can both reduce the intensity of 
ID and IG peaks, but the extent of this reduction depends on the activa-
tion method. The ID/IG values of the representative MSP activated bio-
char (Fig. S4a) followed the trend ID/IgH2O ≈ ID/IgCO2 900>ID/IgCO2 

800>ID/IgKOH, indicating that physical activation resulted in a higher 
content of disordered carbon, while KOH activation led to higher 
amounts of aromatic organisation. Despite the low degree of graphiti-
sation of physically activated biochar, its EC is high. This result was 
different from the common sense that a positive correlation between 
carbon material’s graphitisation degree and EC exists. This is because 
the EC of carbon materials is not only influenced by their graphitisation 
degree but also by their SSA and porosity [17]. In this case, SSA emerges 
as the primary factor influencing EC. 

In the present study, chemically activated biochar, despite having an 
aromatic carbon structure and high SBET, can exhibit lower electrical 
conductivity due to its high surface area and non-conductive VM con-
tent. This phenomenon seemed similar in WBs and SBs. Importantly, the 
trends reveal that EC decreases as the SSA of biochar samples increases, 
as expected. However, it is noteworthy that biochars with a higher de-
gree of graphitisation still exhibit lower EC (Fig. 2). This implies that the 
production of more ordered aromatic carbon in biochar does not 
consistently lead to higher EC but is often associated with higher elec-
trical resistance, attributable to the gaps between carbon matrices (high 
SSA). 

When the activation temperature for CO2 increased from 800 to 
900 ◦C, a slight increase in the ID/IG ratio was observed in all biochars, 
suggesting that the higher CO2 activation temperature resulted in more 
disordered carbon layers. This is likely due to increased gasification of 
carbon and formation of defects within the carbon planes, resulting in a 
reduction in the degree of graphitisation [41]. In summary, the imple-
mentation of physical and chemical activation techniques can serve as 
effective methods for enhancing the carbon skeleton structure of biochar 
and thereby improving its EC. However, it should be noted that the 
presence of significantly high SSA (>730 m2/g) and non-conductive VM 
can limit the influence of the graphitisation structure on EC. Thus, it is 
important to identify biochar properties that influence its electro-
chemical performance the most, i.e., SSA, in this case. 

3.1.4. Functional groups 
FTIR spectroscopy was used to identify the remaining superficial 

functional groups on biochar before and after activation. Fig. S4b shows 
the FTIR pattern of the MSP group of samples. According to previous 
studies, the absorption peaks at ~2916 cm− 1 are attributed to saturated 
C–H stretching vibration (aliphatic C–H) and a wide peak at around 
3200-3500 cm− 1 is related to –OH stretching, both of which are typically 
observed in biochar materials in high-wavelength regions [40]. How-
ever, in the high-temperature pyrolysed biochars and activated biochars 
analysed in this study, these peaks are not clearly observed, likely due to 
the dehydration of cellulosic and ligneous components that occurs at 
350–500 ◦C [40]. The peaks at 1340-1465 cm− 1 are related to the 
bending vibration of aromatic C–C. The intensity of C––O, aromatic 
C––C, and O–C–O (carboxylate) stretching at around 1593-1700 cm− 1 

was found to be strong, especially for chemically activated samples, 
which might contribute to the pseudocapacitive performance of the 
biochar materials [13,30,42]. The band of out-of-plane bending for 
CO3

2− was observed after physical and chemical activations which is 
contributed by CaCO3 in ash content, and thereby were found to be more 
prevalent in the SBs as opposed to the WBs. Furthermore, the influence 
of activation temperature on the intensity of these vibrations was found 
to be relatively insignificant. Additionally, SBs (OSR, MSP, and WSP) 
exhibited a medium peak at ~1240 cm− 1, attributed to C–O stretching of 
carboxylic, ester, and ether groups, which were not observed in acti-
vated woody biomass-derived SWP and OAK biochars. The intensity of 
C–O stretching peaks can be augmented to some extent through the 
utilisation of elevated physical activation temperatures. This phenom-
enon arises as a consequence of the thermal stability of these C–O 
stretching bonds, which persist even after the gasification of the carbon 
skeleton at temperatures as high as 900 ◦C. 

In summary, apart from the high-thermally-stable C–O peak at 
~1240 cm− 1, the impact of KOH activation on biochars, especially the 
generation of carbonyl groups, is more significant than that of physical 
activation. This is evidenced by the strong peaks observed at 
1600− 1800 cm-1, which are related to carbonyl groups [43]. The 
presence of carbonyl groups on the surface of biochar can enhance its 
ability to adsorb and desorb ions, which can lead to the formation of 
reactive oxygen species and thereby can be beneficial for electro-
chemical applications [44]. These results are consistent with the prox-
imate analysis results. Specific relationship between biochar’s FTIR 
results and its electrochemical properties will depend on the type and 
quantity of functional groups present on the biochar’s surface, which 
will be discussed in the next section. 

3.2. Electrochemical performances of activated biochar 

3.2.1. Cyclic voltammetry (CV) measurement 
The potential application of activated biochar produced from woody 

and straw biomass as a working electrode material in supercapacitors 
was explored. In Fig. 3a, b, c, and d, all activated biochars were 
compared at a scan rate of 80 mV s− 1. The potential of raw biochar 
ranged from − 1 to 0 V in a quasi-reversible electron transfer process. 
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The CV results of all activated biochars showed good symmetry and 
semi-rectangular shapes, indicating the formation of electric double- 
layer capacitance (EDLCs). Increasing the scan rate from 10 to 80 mV 
s− 1 led to an increase in the current range of the CV profile without 
distorting the rectangle, highlighting the good capacitive properties of 
the activated biochar. 

The shapes of the CVs varied depending on the feedstock and acti-
vation method. Specifically, the chemically activated samples using 
KOH (Fig. 3d) exhibited the best capacitive performance with the largest 
integral area of curves. This can be attributed to the higher SBET 

generated by KOH activation compared to physical activation methods 
and a more prominent presence of surface functional groups (carbonyl 
groups) as seen through the FTIR spectra. This also suggests that the 
surface area and surface functionality play a more prominent role than 
the EC of biochar in determining the capacitive properties of biochar. 
Additionally, SBs such as MSP, WSP, and OSR generally showed higher 
CV capacitance than WBs such as SWP and OAK (Fig. 3b), which also can 
be explained by their higher SBET and an ash content, which may have 
more electroactive elements such as Fe, Mn etc. Compared to wood [45]. 
Indepth investigation of the role of metals in the ash was out of the scope 

Fig. 3. Cyclic voltammetry curves of MSP700 activated biochars with a) CO2 activation at 800 ◦C, b) CO2 activation at 900 ◦C, c) steam activation, and d) KOH 
activation. e) Capacitance of representative MSP activated biochars. f) Electrochemical impedance spectroscopy of representative MSP activated biochars. 
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of this study and will be investigated in the future work. 

3.2.2. Charge/discharge measurements (GCD) measurement 
Fig. 3e shows galvanostatic charge/discharge (GCD) curves for the 

representative MSP activated biochar over a range of current densities 
from 1, 2, 4, and 8 A g− 1. When tested at a current density of 1 A g− 1, the 
activated biochars demonstrated discharge times ranging from 138 s 
(SWP700–CO2-800) to 468 s (MSP700-KOH). In comparison to the raw 
biochars, all activated biochars exhibited superior capacitive perfor-
mance. In addition, it can be seen that the IR drops are generally 
negligible, implying that the activated biochars have good conductiv-
ities which agreed with the EC results (Table S1). The specific capaci-
tance is a representative indicator of electrochemical performance 
showing the ratio of the electric charge stored on biochar particle to the 
electric potential difference. Fig. 4 displays the summary specific 
capacitance results for biochars produced from different feedstocks and 
activation methods. The maximum specific capacitance value was 
observed at the current density of 1 A g− 1, which were 374 
(SWP700–KOH), 406 (OSR700-KOH), 468 (MSP700-KOH), 378 
(WSP700–KOH), and 330 (OAK550-KOH) F g− 1, respectively. Generally, 
activated biochar, produced via chemical activation showed higher ca-
pacitances compared to those activated through physical activation 
treatments. This also reiterates the earlier findings that an optimum 
combination of specific surface area, suitable pore-size distribution and 
surface functionalities (carbonyl groups) may have a more prominent 
role in deciding the specific capacitance. Surprisingly, WBs, with their 
higher EC, higher SBET and lower ash content than SB, have a slightly 
lower specific capacitance (Fig. 4). One possible explanation could be 
that the presence of electroactive materials such as Fe/Mn oxides found 
more abundantly in SB contributes to pseudocapacitance during 
charging and discharging as indicated by proximate analysis results. 

The power densities of activated biochars have been further deter-
mined and compared with their energy densities shown in the Ragone 
plot in Fig. S5. The results show, that the MSP biochars have consider-
ably higher power densities and energy densities than conventional 
biochars, especially, MSP700-KOH reached 65.0 Wh kg− 1 at the power 
density of 500 W kg− 1, which is promising even compared to other 
laboratory-synthesised activated biochars (Table S3). The most signifi-
cant contributing factors are its high specific surface area, surface 
functionalities and a favourable pore-size distribution (mesopore 
volume). 

3.2.3. Electrochemical impedance spectroscopy (EIS) measurement 
Further investigation into the activated biochars was conducted 

through the utilisation of electrochemical impedance spectroscopy (EIS) 
measurements which enabled the evaluation of ion transport processes. 
Fig. 3e shows the Nyquist plots of activated MSP biochars. All Nyquist 
curves exhibit a semicircle in the high frequency region representing the 
impedance of faradaic reactions, while a straight line represents a 
typical capacitive performance of synthesised electrode. According to 
previous studies, a smaller-size semicircle indicates a faster ions transfer 
rate with low charge-transfer resistance, while a larger slope of straight 
line implies better capacitive properties [46]. A bulk solution resistance 
(Rs) and a charge transfer resistance (Rt) can be extracted from the 
semicircle intersection with the abscissa in Nyquist plots. The Rs of all 
activated biochars were measured to be around 1.01–1.05 Ω which are 
contributed by the consistent electrolyte used in this project, namely 4 M 
KOH. The Rct, also called Faraday resistance, was found to have a 
negative impact on the specific power of the supercapacitor, thus, 
MSP700-KOH with the lowest Rct (1.85 Ω) among all seems to be the 
best candidate for being biochar supercapacitor electrode regarding the 
fastest ions transfer rate. An additional line of evidence supporting the 
superior electrochemical performance of chemically activated biochars 
is their lower charge transfer resistance (Rct). Furthermore, the present 
study has revealed that biochars derived from SBs possess lower Rct than 
those derived from WBs, a finding that is consistent with the charac-
terisation results. 

The effects of differences in biomass types and activation methods on 
the biochar impedances can also be distinguished in Nyquist plots. 
MSP700-KOH, as the sample with the highest capacitance, possessed the 
least extensive Warburg region (the straight line at low-frequency) 
showing the shortest ion diffusion channel lengths and the lowest bar-
rier of ion movement among all activation methods, generally following 
a Warburg impedance order of KOH < CO2-900 < H2O < CO2-800. The 
KOH activated MSP ranked first owing to its highest surface area and 
desirable mesopore percentage, which provide excellent ion diffusion 
routes. In addition, from an EIS point of view, straw biochar is more 
favourable due to the electrical-conductive ash content. However, the 
relationship between ash composition and biochar impedance is com-
plex and requires further study. For example, metal oxides, such as 
Fe2O3 and MnO2 can provide biochar active site for pseudocapacitive 
performance and also reduce the electrochemical impedance. Therefore, 
detailed characterisation of the ash composition and its distribution in 
the biochar should be conducted in future studies. 

3.3. Current status and future opportunities 

To evaluate the decisive factors affecting the specific capacitance of 
activated biochar, a Pearson correlation coefficient analysis was con-
ducted (Fig. 5). The Pearson correlation coefficient analysis assessed the 
relationship between specific capacitance and various properties of 
activated biochar, providing insights into the key factors influencing 
electrochemical performance. Based on the results, the specific capaci-
tances of the different activated biochars were positively correlated with 
VM (0.87) (p < 0.001). This confirmed that the VM content or pseudo- 
capacitance played a key role in determining the electrochemical spe-
cific capacitance of the activated biochar (Pearson correlation coeffi-
cient of 0.55, p < 0.05), however, this is based on the materials with 
sufficient SSA. It is evident by the negligible capacitance (<40 F/g) of 
raw biochars with low SSA (<90 m2/g) and high VM (>9.9 wt%). 
Therefore, where the SSA of the biochar is sufficiently large (>450 m2/ 
g), turning to consideration of increased pseudo-capacitance or selective 
addition of specific functional groups may be a more effective approach 
than merely focusing on increasing SSA of biochar material (corre-
sponding to EDLC). Contrary to the prevailing belief in many studies 
[47–49] that high EC of biochar materials leads to increased volumetric 
power and energy densities as electrode materials in supercapacitors, 
this study observed a negative correlation between specific capacitances 

Fig. 4. Specific capacitances of SWP, OAK, OSR, MSP, and WSP raw and 
activated biochars. 
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and EC (− 0.66, p < 0.01). The Pearson correlation matrix analysis 
confirmed that the high SSA and EDLC resulting from the activation 
methods outlined in this work indirectly raise the transport distance of 
ions within the biochar material. Consequently, this increase in distance 
enhances resistance, ultimately reducing the EC. Therefore, in practical 
terms, the findings suggest that a high EC of biochar material alone does 
not necessarily increase the capacitance of the material. This is because 
achieving a high EC may come at the expense of other crucial properties, 
such as functionality and SSA. The interplay of these factors needs to be 
carefully considered in the design and application of biochar materials 
in supercapacitors. To further enhance the specific capacitance, it is 
necessary to upgrade the EDLC while maximising the EC, or to find a 
method that has different principle from physical-chemical activation 
but achieves both properties at the same time. Based on the results, it is 
evident that the relationship between the physicochemical characteris-
tics of biochar and its electrochemical performance is intricate. This 
investigation suggests that surface area, pore distribution, surface 
functionalities, and ash content are more significant contributors to the 
electrochemical performance of biochar than EC. Nonetheless, it cannot 
be completely ruled out that there exists a threshold value of EC beyond 
which other factors become more influential. This needs further inves-
tigation in the future. 

In this study, activated biochars produced via physical and chemical 
activation of woody and straw biomass are characterised systematically 
for their physico-chemical and electrochemical properties. Table S3 
shows that the obtained specific capacitance and energy density of 
MSP700-KOH is higher than previous reported biochars produced under 
similar conditions. Additionally, the cost of straw biomass (147–156 
£/ton) and chemical activation (0.05–0.06 £/g carbon production) are 
substantially lower than that of woody biomass and physical activation 
(Table S4). Considering the generally low activation temperature 
(700 ◦C) employed and short activation time (60 min), MSP700-KOH 
seems to be a promising and a suitable option for supercapacitors’ 
electrodes. Furthermore, the thorough electrochemical analysis sheds 
light on the crucial parameters that contribute to the electroactivity of 
biochars. This comprehension can aid in utilising electroactive biochar 

in various applications, including but not limited to electrochemical 
energy storage, electrochemical energy conversion (such as electro-
catalysis and fuel cells), and Microbial Electrochemical Technology 
(MET) like microbial fuel cells, among others [45,50]. More research 
into improving and optimising the electrochemical properties of biochar 
can be explored by the production of biochar and biochar-composites, 
such as using other electroactive materials (transition metal oxides, 
hetero-atom doping) along with biochar via other pre-post treatments 
such as co-pyrolysis of biomass with metal oxide precursors. On the 
other hand, future research should also incorporate full life cycle anal-
ysis and techno-economic analysis of the production and various elec-
trochemical applications of electroactive biochar to understand the 
scope of sustainable scale-up of this technology. 

4. Conclusion 

This work comprehensively showed the extent to which the type of 
biomass (woody/straw biomass) and the activation method affect 
different biochar physicochemical properties and subsequently their 
electrochemical performance as potential supercapacitor electrode. The 
results revealed that straw biomass biochars with high-ash content 
(21.0–32.8 wt%) had higher specific capacitance than woody biochars, 
despite their lower electrical conductivity and surface area, probably 
due to the higher pseudocapacitance. Additionally, compared to phys-
ical activation, chemical activation using KOH was found to increase the 
volatile matter content and surface area of the biochar, resulting in 
improved electrochemical performance due to the increase of both 
double-layer and pseudocapacitive properties. Importantly, this study 
underscores that exclusively concentrating on enhancing electrical 
conductivity for biochar’s electrochemical performance is not practical, 
as it can come at the expense of reduced porosity. These findings provide 
valuable insights needed for the development of sustainable and effi-
cient electrode materials for electrochemical energy storage devices by 
choosing the optimal combination of feedstock types and activation 
methods. 
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