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Instituto de Ciencia y Tecnoloǵıa de Poĺıme
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ore size relation in cellulose-
derived, nitrogen-doped, hydrothermal carbons for
improved supercapacitor performance†

Manuel Prieto, ab Gary J. Ellis, a Vitaliy Budarin,a Enrique Morales,a

Mohammed Naffakhb and Peter S. Shuttleworth *a

This study introduces an eco-friendly approach for synthesising cellulose-derived activated carbons, using

hydrothermal carbonisation (HTC) followed by high-temperature pyrolysis. This novel method proves more

carbon-efficient than the traditional carbonisation and activation processes. Moreover, we incorporate

albumin as a sustainable nitrogen source in the preparation phase, with a view to enhancing the

properties of the resulting carbons. We examine the morphological and textural characteristics of the

carbons produced using scanning electron microscopy (SEM) and nitrogen sorption analysis. The

chemical structure of the activated carbons was characterised using elemental microanalysis, Energy-

Dispersive X-ray Spectroscopy (EDX), and X-ray Photoelectron Spectroscopy (XPS). The electrochemical

evaluation was conducted in a symmetrical Swagelok cell, with a 2 M H2SO4 aqueous solution

electrolyte. The carbons obtained exhibited remarkable electrochemical performance, achieving

capacitance values exceeding 275 F g−1 and power densities approaching 3000 W kg−1. Crucially, we

discovered a significant correlation between enhanced material capacitance and the presence of pores

of around 4.3 Å, the approximate diameter of the sulfate ion (SO4
2−). This work highlights the

significance of specific pore size in the electrochemical behaviour of the electrodes, advancing our

understanding of the relationship between material structure and performance, and provides insight for

the further development of sustainable high-performance materials for energy storage applications.
1. Introduction

The urgent need for a sustainable energy grid to meet the
escalating energy demand (driven by factors such as the
increasing population1 and demand,2,3 ever-growing cost of
fuels,4 and environmental issues) has encouraged extensive
research and development of energy storage technologies.5

Electrochemical energy storage is one of the most promising
approaches, and this study aims to develop upon it.

Two main storage devices in this category stand out:
batteries and electrochemical capacitors, or supercapacitors
(SCs). When comparing both technologies, SCs excel in having
greater power densities, as well as more excellent durability and
efficiency. The energy storage mechanism in batteries is based
on the transformation of chemical energy into electrical energy
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through redox processes that take place in the anode and
cathode.6 Meanwhile, SC energy storage occurs through two
mechanisms. The rst one is electrical double-layer capacitance
(EDLC), a purely electrostatic process that occurs through
a surface polarisation of the electrode at the interface between
the electrode and electrolyte.7,8 The second mechanism is
pseudocapacitance, in which energy is stored during reduction–
oxidation reactions. This is similar to battery energy storage, in
which electrolyte ions move to the electrode with the opposite
charge when voltage is applied.7

A typical symmetrical supercapacitor comprises two elec-
trodes, an electrolyte, a separator, two current collectors, and
a cell to contain the rest of the elements. The key parts in an SC
are both the electrode and electrolyte. The electrolyte, which is
mainly liquid, supplies ions for surface polarisation. There are
three main types of electrolytes: aqueous, ionic liquids, and
organic.9 All electrolytes must meet some requirements, such as
high conductivity, low toxicity, low viscosity and high chemical
and thermal stability.10

The electrodes provide the surface for the ion deposition that
leads to polarisation. Pseudocapacitors' electrodes are generally
made of transition metal oxides,11,12 and conductive polymers.13

Nitrogen-containing compounds have also been employed,
given the importance of heteroatom content for redox
This journal is © The Royal Society of Chemistry 2024
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processes.14,15 One promising nitrogen precursor is albumin,
which could be a source of nitrogen-doped carbon dots.16

Typical EDLC electrodes are made of carbon-containing mate-
rials. Recently, additives in the form of graphene17–19 and carbon
nanotubes20–22 have been widely used to improve the efficiency
of electrodes. However, given the high cost of these materials,
a growing interest in activated carbon (AC) for use as electrodes
in both EDLC and pseudocapacitors is emerging.23–25

The application of ACs presents an especially promising
alternative, harnessing the potential of widely available biomass
feedstocks. With an estimated 13 × 109 hectares of available
land on our planet, of which only 37% is used for agriculture,
biomass is a sustainable and abundant resource.26 Of the
approximately 170 gigatonnes of lignocellulosic biomass
produced, only 5% is used for food and non-food competitive
purposes.27 This highlights the vast potential of sustainably-
sourced non-food-competitive biomass and biowaste, which
can be found on most continents and offer a cost-effective,
efficient, and renewable precursor for ACs. In particular, cellu-
lose is a promising candidate for carbonaceous materials due to
it being highly abundant and non-food competitive.28

In a substantial number of cases, biomass contains notable
amounts of moisture (both due to its nature and precipita-
tions),29 which creates an additional problem associated to the
extra energy needed to evaporate it. Furthermore, pyrolysis is
accompanied by emissions of greenhouse gases (GHGs) and
dangerous volatile substances. This problem can be solved by
using hydrothermal carbonisation (HTC), a less energy-
consuming method that eliminates the pre-drying stage,30,31

reduces the formation of harmful chemicals32 and facilitates
high carbon content materials to be obtained.33

The primary purpose of this study is to describe the hydro-
thermal production and characterisation of activated carbons
obtained from biomass and their use as electrodes for super-
capacitors. A fundamental aim is to examine the impact of
introducing albumin, a natural nitrogen-rich substance, on
changes to the activated carbon pore structure, and to evaluate
how these structural modications affect the electrochemical
efficiency of the resulting electrodes.
2. Experimental section
2.1 Synthesis of activated carbon

All reagents and chemicals (microcrystalline cellulose, egg
albumin, potassium hydroxide, hydrochloric acid) were
purchased from Sigma-Aldrich and used as supplied.
2.2 Preparation of nitrogen-doped carbons

Cellulose: albumin mixtures with a 4 : 1 mass ratio (12 g) were
dispersed in 36 mL of water and then charged into a 140 mL
autoclave and le at 200 °C for 5 hours. The resulting solution
was ltered and the residual solid dried, and then heated at 300 °
C for 5 hours. It was latermixedwith KOH in differentmass ratios
to alter the porosity of the prepared electrodes. In the last step,
the samples were heated at 800 °C to obtain the nal AC product,
and then cleaned repeatedly with 5% HCl and water until
This journal is © The Royal Society of Chemistry 2024
a neutral pH was achieved. This was to ensure complete removal
of any potassium residues within the carbons, as veried by EDX
and TGA analyses (see Fig. S1†). For comparison, non-albumin
doped carbons were prepared following the same methodology
but starting with an aqueous cellulose solution (12 g of cellulose
in 36mL of water). The carbon electrodes were named CA 1–, with
A standing for albumin (when present) and x for the cellulose to
KOH ratio.
2.3 Characterization of the samples

Microanalysis tests were carried out in a Leco Analyzer CHNS
932. SEM micrographs and EDX measurements were obtained
in an ultra-high eld emission scanning microscope (Hitachi
SU8030). XPS analyses were conducted using Thermo Electron's
ESCALAB 250 instrument. The excitation source was the
monochromatic Al Ka line (1486.6 eV). The photoelectron
spectra were calibrated regarding binding energy to the energy
of the C–Si (SiC) component at 282.5 eV. The charge is
compensated by a low-energy electron beam (−2 eV). FTIR
spectra were acquired using PerkinElmer 2000 equipment with
100 scans per sample over the wavenumber range of 4000 to
400 cm−1, at a resolution of 4 cm−1.

Textural properties were analysed by N2 (77 K; p/p0: 10
−6–

0.995) sorption, weighing approximately 100 mg of sample and
testing in a Micromeritics 3Flex Analyzer aer degasication at
200 °C for 12 hours. Specic surface area was calculated
following the Brunauer–Emmett–Teller (BET) method in the
pressure range of 10−6–0.1, with R2 > 0.999. Micropore surface
and volume were calculated using t-plot methodology with at
least 10–15 points. The Horvath–Kawazoe method was also
applied to further analyse the micropores. NLDFT method was
used to evaluate the pore size distribution of the mesoporous
materials.

For electrical and electrochemical measurements, symmet-
rical two-electrode supercapacitor cells were assembled in
Swagelok™ cells, using a Whatman 934AH glassy bre paper
separator and two A20 alloy stainless steel rods as current
collectors. Electrodes were obtained by pressing the carbon
powder into pills (60% active material, 30% PTFE binder, 10%
C65 graphite), and a 2 M H2SO4 aqueous solution was used as
an electrolyte.

Conductivity measurements, cyclic voltammetry (1–100 mV
s−1) and galvanostatic charge/discharge (CDC) tests (1–190 mA)
were conducted using a Solartron 1480 multichannel
potentiostat/galvanostat. Impedance spectroscopy analyses
were performed with a Solatron 1255B frequency response
analyser in the 106–10−1 Hz range with an alternate current
perturbation of 10 mV.
3. Results and discussion
3.1 Characterization of the carbonaceous structures

Elemental microanalyses (shown in Table 1), as well as Energy
Dispersive X-ray spectroscopy (EDX) and X-ray photoelectron
Spectroscopy (XPS) tests, show the same trends for all the
developed samples. The results reveal a successful
J. Mater. Chem. A, 2024, 12, 29698–29707 | 29699
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Table 1 Elemental microanalysis of C300 and carbons prepared at
800 °C

Sample % C % H % N % O

C300 61.7 4.8 0.1 33.4
C 1–1.5 83.7 1.2 0.1 15.0
CA 1–1.5 83.0 1.4 1.1 14.4
C 1–4 82.7 1.0 0.2 16.1
CA 1–4 80.8 1.3 1.2 16.5

Table 2 Nitrogen XPS fitting

Group Peak (eV) Area (%)

Pyridinic 399.0 14.5
Pyrrolic 400.6 46.9
Graphitic 401.6 38.6
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hydrothermal carbonisation (HTC) process in cellulose and
cellulose/albumin mixtures, increasing carbon content from
42% in pristine cellulose to 62% aer HTC and subsequent
carbonisation at 300 °C. This data is especially interesting when
compared with cellulose directly carbonised at 300 °C without
a hydrothermal step, which has a % C of only 44%, highlighting
the importance of the hydrothermal process. These results are
backed by FTIR analyses (see Fig. S2†), where bands at 1730 and
1530 cm−1 can be observed in hydrochars, not present in
cellulose. The rst band conrms the presence of carboxylic
groups as a result of oxidation of carbons during HTC, and the
second one suggests the presence of aromatic C]C bonds,34

implying the beginning of conjugation and aromatisation
processes in the material. Final carbons aer activation, with an
average % C of 80%, represent a 100% increase in carbon
content concerning the original precursor(s).

All ACs obtained at different conditions have very similar
elemental compositions. For example, the variation of carbon
content in these samples is less than 3%. The protein addition
demonstrates the ve times increase in % N for the albumin-
free to albumin-loaded samples (from 0.2 to 1.2%).

The results of elemental microanalysis and their trends are
supported on an atomic and mass scale by EDX (see Table S1†)
and XPS tests, conrming a successful blend of polysaccharides
and proteins inside the cellulose-based carbon.

Due to the negligible difference between the elemental
analysis of samples prepared with 1–1.5 and 1–4 KOH ratios,
only one sample (CA 1–4) was tested for XPS. In contrast to the
sample preparation before elemental analysis, a thorough
drying process was performed before the XPS measurements.
All XPS data agree with the values obtained by elemental
microanalysis, highlighting the presence of nitrogen in the
samples doped with albumin at levels close to 1%.

Fig. 1 shows the deconvolution of the XPS peak of the N 1s
atom in the CA 1–4 sample, in which the contribution of
Fig. 1 XPS deconvolution of the N 1s spectrum of the CA 1–4 sample.

29700 | J. Mater. Chem. A, 2024, 12, 29698–29707
different nitrogen-containing functional groups (pyridinic,
pyrrolic, graphitic35,36) are demonstrated. As Table 2 shows,
pyrrolic and graphitic nitrogen are the most prevalent.
Furthermore, to fully comprehend the electrochemical perfor-
mance of these carbons, it is paramount to understand the
porous structure of the developed materials rst. For this
purpose, porosimetry analyses were carried out using nitrogen
sorption testing.

Nitrogen adsorption isotherms shown in Fig. 2 reveal that all
samples display Type I (b) isotherms except C 1–1.5, which
corresponds to microporous materials with small, narrow
mesopores with a pore size no larger than 2.5 nm.37

The C 1–1.5 sample displays an IV-type isotherm, repre-
senting mesoporous carbons with a pore width exceeding
a threshold of 2 nm, separating micro and mesopore.
Concretely, this hysteresis loop corresponds to a type H2 (b),
which usually correlates to a narrow distribution of pores with
wide neck sizes.38 Therefore, it is assumed that this carbon
contains a network of cavities (>30 nm) connected by bottle-
shaped pores with a width more signicant than the critical
pore width aperture.

Key surface area and pore volume data obtained from the
isotherms shown in Fig. 2 are provided in Table 3. It is observed
that the micropore volume of the prepared ACs increases with
increasing KOH to cellulose ratios, irrespective of the presence
or absence of albumin (N-enriched samples). However, the
incorporation of albumin does have some effect. For example,
comparing the samples CA 1–1.5 and C 1–1.5, the increase in
pore size is approximately 30%. However, when the proportion
of alkali in the activation mixture rises to 80%, the inuence of
Fig. 2 Nitrogen adsorption isotherms of activated carbon samples
prepared at, (A) a 1–1.5 cellulose to KOH ratio, and (B) a 1–4 ratio.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Textural properties obtained from N2 adsorption

Sample SBET
a (m2 g−1) TPVb (cm3 g−1) Smicro

c (m2 g−1) Vmicro
c (cm3 g−1) Level of microporosity (%)

C 1–1.5 1215 0.875 1167 0.456 52
CA 1–1.5 1589 0.658 1540 0.611 93
C 1–4 1674 0.678 1636 0.647 95
CA 1–4 1759 0.757 1701 0.702 93

a Surface area is calculated using the BET method. b Total pore volume calculated at a relative pressure of P/P0 >0.99. c Micropore surface and
volume calculated by the t-plot methodology (>10 points).
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nitrogen doping reduces this signicantly, showing an increase
of not more than 10%. To explain this difference in the textural
properties of conventional and N-doped samples, it can be
assumed that including nitrogen atoms signicantly increases
the number of active centres on the carbon surface. Their
presence could stimulate the formation of micropores and
inhibit their development into mesopores, as will be discussed
later. Only one sample (C 1–1.5) demonstrates developed mes-
oporosity, with a mesopore volume of around 0.42 cm3 g−1. The
remaining samples are considerably microporous, with a level
of microporosity >90%.

To further understand the mechanism of KOH biomass
activation, it was decided to analyse in detail the dependence of
the micropore structure of the samples obtained under various
Fig. 3 A detailed comparative assessment of the Horvath–Kavazoe por
enriched cellulose, activated with different initial cellulose-to-KOH rat
distributions in the various AC samples. (B) Lorentzian deconvolution
cellulose. (C) The panel outlines the bifurcation of microporosity in N-re
KOH interaction with distinct active centres on the surface: (i) active cen
nitrogen and carbon atoms.

This journal is © The Royal Society of Chemistry 2024
conditions. The pore distribution of the samples in the micro-
pore region acquired via the Horvath–Kawazoe method was
deconvoluted and analysed in detail, as shown in Fig. 3.

Pore formation within these types of activated carbons can
be considered as a random process, which could be explained
by the main statistical distribution models such as Gaussian
and Lorentzian. For example, Gaussian tting works well for
homogeneous pore size distributions of uniform and well-
dened pores, while Lorentzian deconvolution is more appro-
priate for interconnected, and/or irregular pores, typical of
porous carbons.39–41

The results show that for both cellulose-to-KOH ratios, the
changes in pore distribution due to the inuence of sample
nitrogen doping display similar features. In the presence of
e distribution in ACs obtained from both neat cellulose and nitrogen-
ios: (A) this panel presents a direct comparative profile of the pore
of the microporous pore distributions of samples derived from neat
lated AC samples into two distinct pore categories resulting from the
tres contain only carbon atoms and (ii) active centres containing both

J. Mater. Chem. A, 2024, 12, 29698–29707 | 29701
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Fig. 4 SEM images of (A) C 1–1.5, (B) C 1–4, (C) CA 1–1.5 and (D) CA 1–
4.
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albumin, the prominent low-width peak at around 0.38 nm is
decreased while the width of the wider pore (>0.5 nm) increases.

It was found that the Lorentzian deconvolution approach is
the most effective compared to other mathematical methods of
micropore peak separating. It accurately characterises pore size
distributions of the ACs samples derived directly from neat
cellulose with over 99% accuracy, applying only three peaks, as
depicted in Fig. 3B. The rst two peaks, consistent across both
cellulose-to-KOH ratios, have approximate positions set at
0.375 nm and 0.445 nm, referenced C-related peaks (C-RP) 1
and 2 (Fig. 3A and B). The third wider-distribution peak (with
half-width z0.5 nm) for the samples shows average pore width
of 0.76 nm and 0.6 nm for C 1–1.5 and C 1–4, respectively. This
peak could result from different interactions, the nature of
which is complex to determine, and is yet to be classied.

Analysis of the nitrogen-doped samples, as detailed in Table
4 and in the ESI Fig. S3,† has yielded some interesting ndings.
These samples show two distinct peaks that are nearly identical
in position to those found in the non-doped samples as indi-
cated by a red line in Fig. 3C. These peaks in the nitrogen-doped
samples diverge from those produced from neat cellulose only
by less than 0.01 nm and have been designated as C-RP1 and C-
RP2. Notably, two additional peaks appear in the nitrogen-
doped activated carbon samples, termed N-related Peaks (N-
RP1 and N-RP2). These are marked with a blue line in Fig. 3C
and are visibly distinct from the red line peaks (C-RP1 & C-RP-2),
shiing to the right compared to them. This pore width shis
ranges from 0.02 nm to 0.09 nm, varying with the concentration
of KOH in the initial mix. The total micropore volume of
nitrogen-doped samples is approximately 1.2 times greater than
the un-doped samples (Fig. 3C and Table 4).

It could be proposed that N-related peaks appeared due to
the activation of nitrogen-doped clusters, which enhance atom
Table 4 Micropore characteristics of the ACs produced under different c
deconvolution

Pore
attribution

Pore characteristicsa

Cellulose: KOH ratio

1 : 1.5

Pore width (nm) Pore volume (cm3 g−1

C 1–1.5 CA 1–1.5 C 1-1.5 CA

C-RP1b 0.38 0.38 0.17 0.1
C-RP2 0.46 0.47 0.22 0.1
N-RP1c 0.0 0.42 0.00 0.1
N-RP2 0.0 0.55 0.00 0.0
Un-Pd 0.76 0.75 0.08 0.1
Total C-DP pores volume 0.39 0.2
Total N-DP pores volume 0.00 0.1
Total micropores volume 0.47 0.5

a The Horvath–Kawazoe pore distribution was deconvoluted to the indivi
pore. (x)-pore type number. C-RPs are produced due to the interaction
related pore. (x)-pore type number. N-RPs are produced due to the inte
surface. d Un-P = Unassigned pore. The pore type number is 5.

29702 | J. Mater. Chem. A, 2024, 12, 29698–29707
removal during KOH treatment. The electron-withdrawing
nature of these nitrogen atoms imparts an electrophilic char-
acter to the neighbouring carbon atoms. This facilitates nucle-
ophilic attack by the hydroxide ions from KOH. Evidence from
XPS indicates the presence of imine groups in N-doped carbons
(see Fig. 1 and Table 2). KOH could promote imine hydrolysis
into aldehydes or ketones and release ammonia or amine,
contributing to carbon surface pore formation. This process
may promote the removal of more atoms from the N-doped
clusters than from the non-doped ones due to the simulta-
neous withdrawal of both nitrogen and carbon.

SEM images displayed in Fig. 4 demonstrate a successful
generation of porosity in the biomass-derived carbons. Pristine
cellulose and hydrochar micrographs have not been displayed
onditions as determined via use of nitrogen sorption analysis and peak

1 : 4

) Pore width (nm) Pore volume (cm3 g−1)

1–1.5 C 1–4 CA 1–4 C 1–4 CA 1–4

1 0.37 0.36 0.09 0.03
2 0.43 0.43 0.36 0.13
2 0.00 0.39 0.0 0.07
7 0.00 0.49 0.0 0.24
4 0.60 0.75 0.18 0.25
3 0.45 0.16
9 0.00 0.31
7 0.64 0.74

dual peaks using Lorentzian deconvolution. b C-RP(x) = carbon-related
of KOH with the biochar surface carbon atoms. c N-RP(x) = Nitrogen-
raction of KOH and nitrogen-containing active centres on the biochar

This journal is © The Royal Society of Chemistry 2024
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Table 5 Conductivity results

Sample C 1–1.5 CA 1–1.5 C 1–4 CA 1–4

Conductivity (S m−1) 10.46 11.74 5.69 4.68

Table 6 Maximum capacitance values

Sample C 1–1.5 CA 1–1.5 C 1–4 CA 1–4

Capacitance (F g−1) 225 225 275 210
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as these samples don't exhibit any porosity. However, activated
cellulose shows a combination of meso- and macropores. The
structure of this porous network varies with the amount of KOH
used, with more predominant macropores in the higher KOH-
dosed samples. Furthermore, it is interesting that the C 1–1.5
sample displays a continuous external structure with few mac-
ropores, contrasting with a signicant mesopore presence,
unlike the rest of the samples, which is in agreement with
porosimetry data (see Fig. 2).
Fig. 6 Ragone plot calculated from galvanostatic charge/discharge
cycles.
3.2 Electrical and electrochemical results

The electrical conductivity results in Table 5 demonstrate
a considerable difference depending on the KOH dosage. In
general, the samples prepared using a 1–1.5 cellulose-to-KOH
ratio show a conductivity approximately twice that of those
prepared using a 1–4 ratio. This could be related to the slightly
higher carbon content and lower oxygen content of the 1–1.5
ratio samples. On another note, the addition of albumin does
not show a signicant trend, increasing conductivity by 11% in
C 1–1.5 but decreasing it by 17% in C 1–4.

Cyclic voltammograms (1–100 mV s−1) displayed in Fig. 5A
show a quasi-rectangular shaped prole, typical of a purely
electrostatic process without any pseudocapacitive contribu-
tion. As the scan rate increases, this form changes gradually
towards elliptical shaped, due to restrictions of ion diffusion
and the electrode polarization processes, which in turn leads to
losses in energy efficiency. This result also agrees with the
observed decrease in calculated specic capacitance values with
increasing scan rate (Fig. 5B), with a loss of up to 80% of the
initial specic capacitance when changing from 1 to 100 mV
s−1. Table 6 shows the specic capacitance (calculated at 1 mA)
from constant current galvanostatic charge/discharge tests.
Remarkably, C 1–4, the more microporous sample without
Fig. 5 Electrochemical results from cyclic voltammetry: (a) voltagramm

This journal is © The Royal Society of Chemistry 2024
albumin, displays an excellent capacitance of 275 F g−1 due to
its combination of high surface area and higher micropore to
total pore volume ratio compared to the other samples, which
enables a more efficient ion transport due to the small ion size
provided by the aqueous electrolyte. Moreover, another factor
for achieving this capacitance is likely C 1–4's near perfect pore
diameter in relation to the size of the electrolyte ion, as dis-
cussed later in this section.

Power and energy densities were calculated, and the results
are displayed in Fig. 6. It can be seen that they follow the same
trend as those of the capacitance values, with C 1–4 exhibiting
the best power and energy densities. Both neat cellulose-based
samples had better densities than their albumin-doped
counterparts.
s of C 1–4 at different scan rates, (b) specific capacitance.

J. Mater. Chem. A, 2024, 12, 29698–29707 | 29703

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta04477k


Fig. 7 Nyquist plot calculated from impedance spectroscopy tests.

Fig. 8 Relationship between pore width and capacitance in activated
carbons (ACs) C 1–1.5, CA 1–1.5, C 1–4, and CA 1–4, analysed using
partial least squares regression. The VIP scores are shown in graph (A),
helping to determine the most important parameters influencing the
capacitance (they are above the red dot line). Graph (B) compares the
estimated capacitance values (based on two pore types, N-RP3 and C-
RP2) with the experimental capacitance values for these samples.
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Impedance spectroscopy spectra of tested supercapacitors
(Nyquist plot) are displayed in Fig. 7. All devices show: (i) at high
frequencies an intersection with the X axis, related to the bulk
resistance (Rb), followed by; (ii) a semicircle in a medium–high
frequency range, corresponding to the charge transfer resis-
tance (Rct); (iii) a minor slope at lower frequencies right aer the
semicircle, related to the Warburg resistance (W), which is
associated to the diffusion restrictions; (iv) a second slope at low
frequency which corresponds to the capacitive process of charge
accumulation in the interface between the electrode and
electrolyte.

The Nyquist graph in Fig. 7 shows a similar trend to the
galvanostatic results. The sample with the highest capacitance
(as well as power and energy densities) consequently presents
the smallest semicircle, meaning that charge transfer resistance
in this sample is minimal compared to the rest of the produced
samples.

Based on the galvanostatic and impedance results, we can
conclude that the C 1–4 sample presents the highest electro-
chemical performance, followed by its nitrogen-doped coun-
terpart (CA 1–4). Following this trend, albumin-doped CA 1–1.5
displays poorer performance than C 1–1.5, as depicted in Fig. 8.

To identify the pore size impact on capacitance performance
of the prepared electrode materials, Partial Least Square (PLS)
regression analysis of the data was employed using OriginPro
2023b (64-bit) soware. PLS is a statistical method to model
complex relationships between multiple independent
(predictor) and dependent (response) variables.42 PLS is partic-
ularly useful when the predictor variables are highly colinear or
when the number of predictor variables exceeds the number of
observations. In the context of PLS regression, Variable
Importance in Projection (VIP) scores were used to quantify the
importance of each predictor variable of these contributions. It
was established from the literature that VIP values less than 0.8
(red dot line in Fig. 8A) have minimal impact and, therefore,
may be excluded from the model.43
29704 | J. Mater. Chem. A, 2024, 12, 29698–29707
Variables within the 0.8–1.0 range have moderate impor-
tance, whereas variables with VIP scores greater than 1.0 are
generally considered to have a signicant impact.44 Based on
VIP scores (Fig. 8A), insignicant contributors like pores C-RP1
(with width 0.38 nm) and N-RP2 (width 0.55 nm) were omitted
from the model. The analysis was narrowed down to two pores
(N-RP1 and C-RP2) with the most signicant contributions. To
check the suitability of the ndings, the capacitance of the
samples was estimated based on the volume of these two types
of pores according to the equation presented in Fig. 8B, and
compared against the actual capacitance data obtained experi-
mentally through a linear regression analysis (yielding an
adjusted R-square of 0.982).

The two types of pores that best describe the efficiency of the
ACs as supercapacitors have similar diameters of 0.41 and
0.45 nm (pore C-RP2, with a diameter of 0.45 nm, as can be seen
contributes the most). At the same time, pores with both
a smaller diameter (0.37 nm) and a larger one (0.52 and 0.72
nm) have signicantly less inuence on the performance of the
supercapacitors tested with the chosen electrolyte. The size of
the pore, around 0.43 nm, is very close to the diameter of sulfate
anion (SO4

2−), which is 0.426 nm, so this anion is well-suited to
the most efficient pore, indicating a good t for efficient ion
transport of sulfate-anion (a 2 M H2SO4 aqueous solution was
used as an electrolyte in this experiment).

Table 7 compares the electrochemical performance of our
sample to other carbonaceous electrodes developed by HTC. To
the authors' knowledge, this hydrothermally treated, biomass-
derived carbon displays an outstanding electrochemical
performance that has not been seen in other HTC-prepared
biomass-based electrodes. It must also be noted that the
prepared carbon exhibits the highest capacitance, out-
performing other carbons with a pseudocapacitive contribu-
tion45,48,51 or more complex pore generation methods, such as
This journal is © The Royal Society of Chemistry 2024
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Table 7 Biomass-derived, HTC-treated electrodes

Electrode Electrolyte Porosity SBET (m2 g−1) Cmax (F g−1)

Cellulose 2 M H2SO4 95% microporosity 1674 275
Chitosan45 1 M H2SO4 36% microporosity 2124 274
Coconut shells46 0.5 M H2SO4 Mesoporous structure 2440 246
Wood sawdust47 6 M KOH 74% microporosity 1185 244
Enteromorpha prolifera48 6 M KOH 88% microporous 1528 228
Cellulose49 1 M TEABF4/AN 87% microporosity 2457 180
Starch49 1 M TEABF4/AN 87% microporosity 2273 180
Jatropha50 1 M KOH Large micro and macropores 747 175
Lignin51 6 M KOH Mainly microporous

structure
1337 130

Corn straws52 6 M KOH Mainly microporous 1229 75
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physico-chemical activation.46 Its high microporosity and near-
ideal pore diameter in relation to the electrolyte ion size are
most likely critical factors for this superior performance.

4. Conclusions and future
perspectives

The article examines new sustainable approaches for obtaining
electrodes for supercapacitors from cellulose. It was proposed
to apply the preliminary HTC step of cellulose at 200 °C before
its nal pyrolysis at 800 °C. It was shown that such an approach
substantially reduces the formation of volatile compounds and
increases the nal yield of carbon from 6% to 50% (see Fig. S4†),
promoting eco-friendliness and outperforming the conven-
tional methods to produce supercapacitor electrodes.

To increase the efficiency of sustainable supercapacitors, the
inuence of char activation methods was investigated. Two
different ratios of KOH to cellulose (1.5 : 1 and 4 : 1) were used
for activation, resulting in highly microporous materials with
pore sizes ranging from 0.35 to 0.75 nm and a specic surface
area (SBET) exceeding 1200 m2 g−1.

Thus, our study highlights the signicant effect of nitrogen
(N) doping of carbonaceous precursors on the pore structure of
obtained activated carbons. Although this modication changes
the pore size distribution, it did not improve the characteristics
of the electrodes under the conditions of our experiment, due to
the relatively low doping level achieved. Nevertheless, the
results of our research contribute to a deep understanding of
how these electrodes function.

The main conclusion of this study is that, to achieve optimal
capacitance, it is crucial to obtain a more precise match
between the micropore size in the electrodes and the electrolyte
ions. In particular, we found that pores with a width of
approximately 0.43 nm provide the best performance charac-
teristics since this size is ideal for accommodating the sulphate
ions involved in the electrochemical processes of these
supercapacitors.

Furthermore, our results underscore the potential advan-
tages of nitrogen doping of biomass prior to chemical activation
for AC pore structure modication. We believe that the nal
materials can be adjusted for optimal electrode efficiency under
certain preparation conditions. The optimization of variables
This journal is © The Royal Society of Chemistry 2024
such as the starting materials, nature and concentration of N-
containing materials, and activation processes employed are
essential. The potential and versatility of this approach paves
the way for further enhancement of electrode materials in
energy storage systems.
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