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A B S T R A C T

The increasing demand for sustainable energy storage solutions has led to a growing interest in post‑lithium-ion 
battery technologies. In this context, potassium-ion batteries (KIBs) have emerged as a promising alternative for 
large-scale applications due to the high natural abundance, cost-effectiveness, and favorable electrochemical 
properties of potassium. Hard carbon materials derived from biomass are particularly attractive as KIB anodes, 
offering a sustainable solution with appropriate structural and electrochemical behavior. This study investigates 
the electrochemical performance of hard carbons derived from lignin-rich biomass residues, which are chemi
cally activated with different KOH ratios. Structural, morphological, and compositional analyses are conducted 
to elucidate the influence of activation parameters on porosity, chemical composition, graphitization degree, and 
interlayer spacing. Additionally, chemical composition and formation mechanism of the solid electrolyte inter
phase layer are in-depth analyzed. This work underscores the potential of biomass-derived hard carbons as 
sustainable anode materials for next-generation KIBs, aligning with circular economy principles and renewable 
energy storage strategies, and also targeting unprecedented electrochemical performances in terms of device 
durability.

1. Introduction

The effects of climate change are no longer a distant threat; instead, 
they are manifesting with unprecedented frequency and severity in our 
daily lives [1]. Hence, the need to accelerate the energy transition to 
address and mitigate this issue has become more pressing than ever. 
Batteries as electrochemical storage systems are crucial to address the 
intermittency related to renewable energy sources [2]. Particularly, 
lithium-ion batteries (LIBs) have been highly commercialized for 
different kinds of applications, such as hybrid electric vehicles, sta
tionary energy storage, and portable electronic devices, thanks to their 
long cycle life and high energy density [3].

The scarcity and uneven distribution of lithium [4,5] raise significant 
concerns about the long-term viability of Li-based energy storage in 
meeting the global storage demand [2]. To address this challenge and 
promote more sustainable solutions, research is increasingly focusing on 

the development of alternative post‑lithium technologies, particularly 
for applications that do not require high energy densities [6]. In this 
scenario, potassium-ion batteries (KIBs) have gained attention as a 
greener and cost-effective option for large-scale stationary energy stor
age [7]. Since the first prototype, developed in 2004 [8], the number of 
related publications exponentially increased [9]. Unlike lithium, po
tassium is one of the most abundant elements in the Earth crust, and it is 
homogeneously distributed [10]; consequently, the corresponding car
bonate price is one order of magnitude lower than that of lithium [11].

Further advantages make potassium competitive among the other 
alkali-metals. In first place, its standard electrode potential (− 2.93 V vs. 
standard hydrogen electrode) is the closest to lithium one (− 3.04 V), 
promising high operational voltages and high energy densities [12]. 
Potassium even exhibits a lower standard electrode potential in car
bonate solvents, compared to lithium [13]. Moreover, despite K-ion 
larger radius, its Stokes' radius results in being smaller than that of both 
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lithium and sodium, ensuring a high ionic diffusion rate in aqueous and 
non-aqueous electrolytes [13]. Finally, contrary to lithium, potassium 
does not form an alloy with aluminum at low voltages, thus the latter 
can be used as a current collector instead of copper, bringing down the 
production costs and the overall cell weight. Nevertheless, KIBs still face 
several hurdles that hinder their full development [7].

Potassium-ion large size represents a significant challenge in 
designing stable and high performance electrodes. The scientific com
munity is working on electrodes capable of accommodating K-ions while 
minimizing volume expansion, which can cause structural deformation 
and poor cycling stability [14]. For example, commercial graphite, 
which is the most common anode material in LIBs, can store K-ions 
through intercalation/de-intercalation processes. However, its inter
layer distance is not adequate for accommodating K-ions, leading to a 
substantial volume expansion (i.e., 161% of the initial volume), which 
results in poor cycling performance [15,16]. To overcome these chal
lenges, various materials have been explored as promising anode can
didates, including alloys [15], MXenes [17], conversion materials [18], 
organic materials [19], and amorphous carbons [20]. Among these, 
amorphous carbon materials – particularly hard carbons (HCs) [21–23] 
– are the most widely studied due to their low cost, high availability, and 
tunable properties [24].

HC materials consist of randomly oriented graphene layers organized 
by short-range stacks, spaced enough to accommodate K-ions during 
intercalation and deintercalation.

Besides the intercalation diffusion-controlled mechanism, K+ ions 
can also exploit a pseudo-capacitive, adsorption surface-controlled 
mechanism in HCs. Owing to their amorphous structure, these mate
rials possess a high specific surface area and are abundant in pores, 
edges, and defects. These characteristics, together with the presence of 
numerous oxygen-containing functional groups, collectively provide 
additional active sites for K+ ion adsorption, thereby enhancing elec
trochemical performance without significantly altering the electrode 
structure [25,26]. This surface-controlled mechanism is less invasive 
because ions primarily interact with the electrode surface rather than 
diffusing into the bulk material, reducing the likelihood of structural 
damage and capacity degradation during cycling. Furthermore, this 
mechanism facilitates faster ion transport compared to conventional 
intercalation processes [27,28]. This discussion will be further elabo
rated in the dedicated Section 3.3.

Porous materials exhibit a range of pore sizes, each playing a distinct 
and complementary role in electrochemical energy storage. In partic
ular, micropores play a significant role by serving as active sites for 
potassium-ion storage. They also function as ion-buffering reservoirs, 
which help accommodating volume changes during cycling and thereby 
maintaining structural integrity and improving specific capacity [29]. 
Meanwhile, mesopores significantly contribute by forming inter
connected channels that facilitate the diffusion of ions and the pene
tration of electrolytes [30].

HCs are widely used as anode materials also in sodium-ion batteries 
(SIBs) [31]. Similar to potassium, sodium suffers from electrode volume 
expansion due to its larger ionic radius compared to lithium. Therefore, 
the amorphous architecture of HCs is beneficial for SIBs anodes, as it can 
better accommodate the volume changes during ion insertion and 
extraction [32].

Indeed, HCs used in both KIBs and SIBs share similar structural 
features, including large interlayer spacing, high surface area, and well- 
developed porosity, which are beneficial for maintaining structural 
integrity during cycling and enhancing the overall capacity. The crucial 
difference lies in the tuning of the pore structure, which is strongly 
influenced by the distinct ion storage mechanisms proposed for the two 
systems. In SIBs, a pore-filling mechanism is generally reported, making 
mesopores highly beneficial as they facilitate the insertion of sodium 
ions while preserving the electrode structure. Conversely, in KIBs, HCs 
primarily rely on ion adsorption processes, where microporosity plays a 
more significant role in enhancing storage performance, while pore- 

filling is rarely reported [33,34].
One crucial method to tune porosity and the graphitization degree is 

the activation process, which can be achieved through physical 
methods, such as CO2 [35] or steam [36] fluxing, or chemical treatments 
involving porogen activators. One of these chemical activators is po
tassium hydroxide (KOH), the addition of which is a conventional and 
efficient approach to induce porosity and increase the specific surface 
area [37]. KOH-activation of carbon offers several advantages over 
other common activating agents, including higher production yield, 
increased surface area, and well connected porous structures [38]. HCs 
can be derived from biomass via pyrolysis, taking advantage of abundant 
and renewable resources [39]. Notably, industrial and agricultural 
wastes can be effectively exploited as biomass precursors, aligning the 
development of electrode materials with the principles of sustainability 
and circular economy, rather than relying on petroleum-derived 
alternatives.

Among all biomass precursors, lignin emerges as a particularly 
promising candidate for developing HC anodes for both KIBs [40–44] 
and SIBs [45,46]. This widely available industrial by-product mainly 
originates from the paper and pulp industries and sawdust residues [47], 
and exhibits a high carbon yield after pyrolysis [48]. Furthermore, the 
intrinsic aromatic structure of lignin favors the formation of disordered 
graphitic domains after carbonization [48]. Lignin is a polymer 
composed of phenylpropane units containing three different aromatic 
ring substitution patterns: p-hydroxyphenyl (H units), guaiacyl (G 
units), and syringyl (S units), depending on the wood species. Softwoods 
(SW) contain a greater proportion of G units and smaller amounts of H 
units, whereas hardwoods (HW) consist mainly of G and S units [49,50]. 
These intrinsic differences in lignin composition can strongly influence 
the structure of the resulting HCs. In particular, SW-derived carbons are 
reported to exhibit a more amorphous structure [51], which can 
enhance electrode performance in KIBs by providing a larger number of 
active sites and facilitating ion transport.

HC production can be integrated with biomass pyrolysis processes 
for bio-oil generation, further improving resource efficiency. This inte
gration not only enhances the sustainability of the overall process, 
but—together with the large availability of lignin feedstocks—also 
makes the production of lignin-derived HCs potentially scalable for in
dustrial applications [52].

This study investigates the potential of HCs obtained from two 
different lignin-rich biomass residues, activated with various amounts of 
KOH, as anode materials for KIBs. To evaluate their electrochemical 
performance and elucidate their behavior, extensive physicochemical, 
morphological, and electrochemical characterizations were carried out 
on the carbon powders, as well as on both pristine and cycled electrodes. 
Unlike most existing studies (also cited in this work) where lignin- 
derived carbons are typically combined with conductive additives 
such as Super P or acetylene black to fabricate composite electrodes, our 
electrodes are prepared without any conductive additive. This additive- 
free configuration emphasizes the intrinsic conductivity and structural 
efficiency of the synthesized carbons. Moreover, the materials devel
oped in this work exhibit a highly microporous architecture that pro
vides abundant active sites for K+ storage. This structural feature plays a 
key role in the enhanced cycling stability and capacity retention, 
observed in our electrodes. To the best of our knowledge, the electrodes 
presented in this work demonstrate capacity retention superior to other 
lignin-derived activated carbons reported in the lab scale KIB prototype 
literature [40].

2. Experimental section

2.1. Biocarbons synthesis

Four powder materials were obtained through the pyrolysis and 
activation of two different lignin-based bio-residues derived from SW 
and HW. As the SW source, raw Kraft lignin obtained from pine was 
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used, whereas HW is a Kraft lignin isolated through LignoBoost® pro
cess. Each bio-residue was soaked in an aqueous KOH solution (5 M) 
using different proportions of activating agent to lignin source, namely 
2:1 and 1:1. The samples were then kept at 90 ◦C for 12 h to evaporate 
the solvent. The mixtures were pyrolyzed for 1 h at 750 ◦C under a 
nitrogen-rich atmosphere. After the pyrolysis, the powders were washed 
several times with distilled water to remove ashes and excess of acti
vating agent. The samples were subjected to several centrifugation cy
cles (10 min each) at 6000 rpm in deionized water until the pH reached 
that of the water. Afterwards, the biocarbons were dried overnight at 
100 ◦C. The obtained samples were labelled as SW11, SW21, HW11, and 
HW21 to indicate the lignin source and KOH ratio, respectively. The 
resulting powders underwent a ball milling process to enhance particle 
size homogeneity [53]. The milling was carried out using a Retsch 
MM400, with the following parameters: 3 cycles at 15 Hz for 20 min 
each, followed by 2 cycles at 30 Hz of 10 min each. A 15 min rest period 
was implemented between each cycle to prevent localized overheating.

2.2. Materials characterization

The morphologies of the different biocarbons were characterized by 
a field emission scanning electron microscope (FESEM) Zeiss SUPRA TM 
40 with Gemini column. Acquisitions were made at an acceleration 
voltage of 5 kV. Energy-dispersive X-rays spectroscopy (EDS) mapping 
was carried out to evaluate the homogeneity of elemental distribution in 
the HC samples, using a Zeiss LEO 1530 Gemini microscope.

The Raman spectra were collected in a Renishaw InVia spectrometer 
using a laser wavelength of 514 nm over a range from 800 to 2200 cm− 1. 
Composition and crystal structure were investigated by X-rays diffrac
tion (XRD) patterns, which were collected using a Bragg-Brentano ge
ometry configuration from 10◦ and 90◦, with a counting time of 140 s 
per step and 0.02◦ step size, using a PANalytical X'Pert (Cu Kα radiation, 
λ = 0.154 nm) diffractometer with a 2D solid state detector (PIXcel). The 
textural characterization was carried out by measuring the nitrogen 
adsorption-desorption isotherms at 77 K via a Micromeritics ASAP2010. 
The specific surface area was determined by the Brunauer-Emmett- 
Teller (BET) equation [54]. The total pore volume was obtained by 
Gurvich's rule at a relative pressure of 0.98 [55]. Micropore volume and 
mesopore area were calculated by using α-plot method (with NPC 
standard isotherm). The pore size distributions (PSD) of the samples 
were determined by the quenched-solid density functional theory 
method for slit/cylindrical pores in the adsorption branch. X-rays 
photoelectron spectroscopy (XPS) measurements were carried out using 
a PHI 5000 Versaprobe spectrometer (Physical Electronics, Chanhassen) 
equipped with a monochromated Al K-alpha source (1486.6 eV). To 
compensate for the non-conductive surfaces of the sample, a double 
charge compensation system was used, consisting of an electron beam 
and Ar+. Both survey and high-resolution (HR) scans were acquired 
using a circular spot with a 100 μm-diameter. HR spectra deconvolution 
was performed with Multipak version 9.0 software, utilizing the Shirley 
function for signal background subtraction and pseudo-Voigt curves for 
fitting photoelectron peaks. The binding energy scale was calibrated 
using the C 1s peak, setting the C–C component at 284.8 eV as a 
reference.

2.3. Electrochemical characterization

Milled biocarbon powder (80 wt%) was mixed with polyvinylidene 
difluoride (PVDF, 20 wt%), to serve as a binder, and N-methyl-2-pyr
rolidone as a solvent. The resulting mixture underwent a final ball 
milling step at 30 Hz for 15 min. The obtained slurries were coated onto 
copper foils using a doctor blade at a wet thickness of 150 μm. Subse
quently, the solvent was evaporated in an oven for 90 min at 45 ◦C. The 
electrodes were cut into disks of 15 mm and dried under vacuum in a 
Büchi oven at 120 ◦C for 4 h. The active mass areal loading of the 
electrodes was measured to be approximately (1.99 ± 0.07) × 10− 2 mg 

cm− 2; the electrode density was found to be (8.1 ± 0.2) × 10− 4 g cm− 3, 
while the dry film thickness was determined to be (3.08 ± 0.04) × 10− 2 

mm.
The cells were assembled inside an argon-filled glove box (MBRAUN 

MB10 compact, O2 < 0.5 ppm and H2O < 0.5 ppm), in half-cell 
configuration, in both coin cell (LIR2032) and ELCELL (ECC-Std) ar
chitectures. Metallic potassium (Merck) served as both counter and 
reference electrodes, while Whatman glass fiber disks were used as 
separators. The electrolyte employed in this work was a solution of bis 
(fluorosulfonyl)imide (KFSI) 1 M dissolved in a 1:1 (v:v) mixture of 
ethylene carbonate (EC) and diethyl carbonate (DEC).

The cells performance was tested through galvanostatic cycling, that 
was conducted on an Arbin LBT-21084 battery tester. The cells were 
subjected to a constant current density of 0.05 A g− 1 for the long cycling 
performance test. For the evaluation of their rate performance, after 20 
cycles of activation at 0.05 A g− 1, the current density was increased (i.e., 
0.1, 0.2, 0.4, 0.8, 1, 0.1, 0.05 A g− 1) every 10 cycles for each value. 
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS) were carried out using a VSP-3e Biologic potentiostat. CV mea
surements were performed at a constant scan rate of 0.1 mV s− 1, while 
variable-scan CVs (VSCVs) were carried out at increasing scan rates (i.e., 
0.1, 0.2, 0.5, and 1 mV s− 1). Five initial formation cycles at 0.1 mV s− 1 

were completed before increasing the scan rate. A galvanostatic inter
mittent titration technique (GITT) was carried out using Arbin instru
ment: prior to five activation cycles at 0.05 A g− 1, several discharging 
pulses of 15 min each at 0.025 A g− 1 were followed by 45 min of rest, up 
to the cut-off voltage of 0.01 V. Once the discharge process was 
completed, the same protocol was applied for the charge phase, with a 
positive current up to 3 V. EIS measurements were performed in the 
frequency range from 100 kHz to 10 mHz, with a potential amplitude of 
10 mV. All measurements were taken within a potential window from 
0.01 to 3 V. The EIS spectra were fitted using BT-Lab software according 
to the equivalent circuit model. The fitting procedure employed a 
Randomize + Simplex algorithm, with a maximum of 5000 iterations for 
both the randomization and optimization steps. The impedance modulus 
(|Z|) was used as the weighting factor to ensure balanced fitting accu
racy over the entire frequency range.

3. Results and discussion

3.1. Materials characterization

As the structure and the surface composition of the samples are 
deeply influenced by chemical activation with KOH, it is relevant to 
briefly describe the proposed mechanism involved during this process. 
Since the lignin used in the activation comes from biomass sources, it is 
expected that they are rich in oxygen-containing species such as C–O, 
C= O, –COOH, O–C= O, and –OH. According to the literature [56], the 
activating agent KOH etches carbon fragments and readily reacts with 
the O-groups of the biomass, generating a large number of vacancies. 
These vacancies can be occupied by OH− anions provided by KOH, 
leading to the formation of new oxygen-containing groups. Thus, at the 
end of the process, the density of O-groups in the biochar is expected to 
be modified and increased relative to that of the non-activated material. 
Oxygen-containing functional groups play a crucial role in enhancing 
the electrochemical performance of carbon-based electrodes. These 
groups serve as active sites for ion adsorption on the surface, thereby 
improving the capacitive storage mechanism [57]. Additionally, the 
introduction of oxygen functionalities contributes to the expansion of 
interlayer spacing in the disordered structure of HC materials [58]. 
Besides the increment of the number of O-groups, KOH activation also 
promotes the pore area growth. Indeed, KOH can react with the carbo
naceous structure. These reactions release gaseous products (i.e., H2, CO, 
CO2, and CH4), which, while leaving the carbon backbone, form pores 
within the biochar. Additionally, residual metallic potassium may 
intercalate between the carbon layers, resulting in the expansion of the 
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bio-char structure [59].
FESEM micrographs of the powders before the milling process, re

ported in Fig. 1, provide a visual insight into the morphology of lignin- 
derived HCs (L-HCs). The effects of KOH activation and subsequent 
pyrolysis are evident, as the structure is marked by gas bubbling patterns 
characteristic of the gaseous species evolution of this activation process. 
To reduce particle size and enhance electrode homogeneity, a milling 
process was performed to fragment the framework into smaller particles, 
as shown in the micrographs in Fig. S1.

The EDS maps of SW11, HW11, SW21, and HW21 powder materials, 
reported in Figs. S2, S3, S4, and S5, respectively, reveal a generally 
uniform distribution of carbon, oxygen, and potassium across the par
ticle surfaces for all samples, indicating that the activation process does 
not induce significant elemental segregation. However, localized spots 
exhibiting a higher concentration of silicon were detected in both SW 
and HW carbons. These Si-rich regions correspond to areas where the 
oxygen signal is also slightly enhanced, suggesting that these features 
may originate from residual silica, derived from the biomass precursor. 
Fig. 2a displays the N2 adsorption/desorption isotherms of the studied 
materials. According to the International Union of Pure and Applied 
Chemistry standards, they can be classified as Type-I [60]. This type of 
isotherm shows a significant nitrogen adsorption at low relative pressure 
values and becomes nearly horizontal, suggesting that the L-HCs exhibit 
an elevated amount of micropores [61]. In addition, in the samples that 
were activated with the 2:1 ratio, the isotherms present a H4 hysteresis 
loop at a p/po range of 0.4–1.0, implying the presence of mesopores with 
mixed slit/cylindrical-like geometry. The BET method confirmed that 
2:1 L-HCs exhibited a higher surface area with respect to the 1:1 ma
terials due to the action of a higher amount of KOH [56]. Specifically, 
the calculation of the BET surface area gave the following values: 601 m2 

g− 1, 664 m2 g− 1, 1127 m2 g− 1, and 1304 m2 g− 1 for SW11, HW11, SW21, 
and HW21 samples, respectively. These results are reported together 
with microporous and mesoporous surface and total, microporous, and 
mesoporous volume values, in Table S1. The isotherm analysis shows 
that HW-derived materials have a larger surface area than SW-derived 
ones, for each KOH/biomass ratio used. The PSD shown in Fig. S6 
confirms that all the samples predominantly contain pores with di
ameters smaller than 1 nm. The nanoporous architecture of the L-HCs 

evidences a high surface area, providing numerous available reaction 
sites for potassium ions [62]. They also function as ion-buffering res
ervoirs, which help accommodating volume changes during cycling, 
thereby maintaining structural integrity and improving specific capacity 
[29]. Diffractograms of the four powders in Fig. 2b exhibit two main 
peaks centered at around 25◦ and 44◦, which are typical of HCs (stan
dard reference PDF #75-1621) and correspond to the (002) and (101) 
planes of the graphitic structure, respectively [63–66]. The broad shape 
of these peaks confirms the amorphous structure of the studied materials 
and suggests a higher degrees of graphitization for HW materials, having 
slightly narrower peaks with respect to SWs. Additionally, the (002) 
peak shifts suggest different interlayer distances for all the L-HCs [64]. 
Applying Bragg's law to each peak, the interlayer distances for the 
different samples result equal to 0.36 nm, 0.35 nm, 0.40 nm, and 0.41 
nm for HW21, SW21, HW11, and SW11 samples, respectively. It can be 
observed that the materials with a KOH to biomass 1:1 ratio presented a 
wider interlayer distance than those activated using a 2:1 proportion; 
this difference will be further discussed within the XPS result analysis. It 
should be remarked that all the L-HCs samples exhibited a larger 
interlayer distance than highly ordered graphite (i.e., 0.33 nm) [67]. 
This feature is beneficial for K-ion intercalation since this structure is 
suitable for bigger ions, avoiding structural collapse and consequently 
enhancing cycling stability [14].

Raman spectra of the milled powder materials (Fig. S7) exhibit two 
characteristic peaks, D and G, located at approximately 1350 cm− 1 and 
1590 cm− 1, respectively, which are typical of carbonaceous structures. 
The G band corresponds to sp2-type bonds, while the D band is associ
ated with structural defects and edges, which are rich in O-containing 
functional groups within the carbon matrix. The ratio between the in
tensity of these two peaks (ID/IG) was calculated to assess the disorder 
degree and the proportion of sp3/sp2 bonds. As it can be seen, all samples 
exhibited similar ID/IG ratios, with a prominent D band contribution, 
confirming the amorphous and defects-abundant nature of all of them.

To better understand the composition of the biocarbons and their 
graphitization degree, XPS spectra of L-HCs powders were acquired. The 
XPS survey spectra and relative atomic concentrations, reported in 
Fig. S8 and Table S2, respectively, shed light on the surface chemical 
composition of the studied materials. The main elements present in the 

Fig. 1. FESEM micrographs with magnification of 10k of powders before the ball milling treatment: a) SW11, b) HW11, c) SW21, d) HW21.
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samples are carbon and oxygen, although the analysis also evidenced the 
presence of a small amount of potassium. It can be observed that the 2:1 
L-HCs displayed higher concentrations of potassium. This could be 
attributed to residual potassium-based products, suggesting that the 
effects of a higher KOH to biomass ratio influence the chemical 
composition of the samples. In addition, the presence of trace silicon 
species was detected, consistently with EDS mapping results.

HR spectra were performed in the C 1s and K 2p regions, to study the 
functional groups present in the samples, related to these two elements. 
The spectra and the relative data extracted from the deconvolution of 

the curves, reported in Fig. 3 and Table S3, respectively, show the 
presence of a main peak at 284.8 eV attributed to C sp3 aliphatic carbon, 
for all the samples. This is representative of the amorphous structures, 
while the peak at 284.4 eV, attributed to the C sp2 carbon, is represen
tative of the highly ordered graphitic structures [68]. The evaluation of 
the ratio between the intensity of these two peaks has been useful to 
estimate the graphitization degree of the L-HCs. The values of the C sp3/ 
C sp2 ratio correspond to 2.08, 1.37, 3.69, and 2.54 for SW11, HW11, 
SW21, and HW21, respectively. These data evidence that, at the same 
KOH ratio, HW materials exhibited a higher graphitization degree than 
SW ones, validating the XRD analysis shown in Fig. 2b. Furthermore, 
each composition at 1:1 ratio shows a C sp3/C sp2 value lower than those 
with 2:1 ratio, which could imply that the 1:1 samples are more 
conductive. The other functional groups detected by the analysis are 
mostly O-groups (–COOH, O–C–O, C––O, C–OH) [57,68]. As previously 
discussed in the activation mechanism section, KOH activation can 
modify the amount of oxygen-containing functional groups [72]. This 
effect is evidenced in Table S3, which shows that samples subjected to 
milder activation contain a higher total oxygen content. This greater 
amount of oxygen species likely accounts for the larger interlayer dis
tances observed in the XRD (Fig. 2b) for 1:1 samples, as these functional 
groups physically expand the carbon layers [69]. Additionally, these 
functional groups provide a greater number of active sites for K+

adsorption and consequently could contribute to an additional capacity. 
It can be observed that there is a higher concentration of O–C–O bonds 
compared to C––O, so the XPS analysis corroborates the proposed 
mechanism for biomass activation [56]. In this mechanism, KOH treat
ment induces the cleavage of C––O double bonds and promotes, at their 
expense, the increased formation of O–C–O bonds. A large peak related 
to the C–OH bonds is also present, along with two small peaks related to 
potassium-based compounds derived from the activation with KOH 
[70]. These two latter peaks from residual potassium compounds are 
more pronounced for the 2:1 ratio, corroborating the data in Table S2.

HCs energy storage mechanism strongly depends on the composition 
and microstructure of the materials. For instance, the graphitization 
degree significantly impacts the dominant storage process: in highly 
graphitized HCs, intercalation is the primary mechanism, whereas in 
less graphitized structures pseudocapacitive storage becomes more 
prominent. Furthermore, a high graphitization degree can accelerate the 
electron conduction rate, but it does not promote the K-ion diffusion rate 
due to the long graphitic interlayer lengths [20]. It is still not clear which 
are the best structural parameters that allow the battery cells to perform 

Fig. 2. a) N2 adsorption/desorption isothermal curves; b) XRD patterns of SW11 (light green lines), HW11 (red lines), SW21 (dark green lines), and HW21 
(brown lines).

Fig. 3. C 1s and K 2p HR XPS spectra for a) HW21, b) SW21, c) HW11, and d) 
SW11 powders.
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better, because usually these materials are very different among them 
and present different storage behaviors, with many factors simulta
neously playing a crucial role. Comprehensive electrochemical charac
terization may offer some critical insight into achieving the optimal 
compromise between these factors for HCs used as anodic materials for 
KIBs [16,71].

3.2. Electrochemical characterization

This section presents the evaluation of biocarbon-based electrodes, 
with subsequent detailed characterization of the best performing sam
ples. The aim is to investigate the K-ion storage mechanisms and 

determine the factors that mostly affect the electrochemical behavior of 
the cells; this was initially assessed through galvanostatic discharge/ 
charge tests. The cycling performances reported in Fig. 4a highlight 
remarkable cycling stability for all the electrodes and the superior per
formances of the materials that were activated using a 1:1 ratio, which 
exhibited the highest specific capacities. SW11 gave the best electro
chemical performance, delivering a reversible capacity of 118.5 mAh 
g− 1 after 10 cycles and retaining 94.2% of this value after 100 cycles. 
The higher capacities and the elevated cycling stability of the 1:1 L-HCs 
could be correlated to the larger interplanar distance of the pseudo- 
graphitic arrangement, computed from the diffractograms in Fig. 2b. 
Particularly, after 100 cycles SW11 and HW11 presented specific 

Fig. 4. a) Cycling performances and b) initial CE values for half-cells assembled with the four different biomass-derived materials. Galvanostatic profiles for c) SW11, 
d) HW11, e) SW21, and f) HW21.
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capacity values equal to 111.8 mAh g− 1 and 90.9 mAh g− 1, respectively. 
In contrast, the 2:1 L-HC samples showed nearly half of 1:1 values, 
specifically 53.6 mAh g− 1 for SW21 and 39.4 mAh g− 1 for HW21.

In full-cell configurations, where potassium-ion availability is 
limited compared to half-cell systems, Coulombic efficiency (CE) be
comes a critical parameter for evaluating battery performance. As 
shown in Fig. 4b, the CE of all L-HCs-based electrodes is significantly low 
in the first cycle, particularly for the 2:1 materials. Nonetheless, it can be 
observed that the CE rapidly increases and stabilizes at higher values of 
98% and 97% for SW11 and HW11, respectively, after 5 cycles. The 2:1 
L-HCs, on the other hand, demonstrated a slower increase of CE from the 
first cycle, also taking into account that the initial CE was even lower in 
these cases. The overall trends of CE during cycling are shown in Fig. S9, 
which also highlights the differing rates of efficiency increase between 
the 2:1 and 1:1 L-HC samples. Low CEs can significantly reduce the 
effective use of active material and, consequently, the energy density of 
the cell [72]. Usually, HCs deliver low initial CE due to irreversible 
electrolyte decomposition occurring on the high surface area electrodes 
[16,73]. The reduction of electrolyte components is thermodynamically 
unavoidable; however, it prevents further electrolyte decomposition, 
promoting the cyclic stability of the cell [74]. Since the LUMO levels of 
electrolyte components are below the Fermi level of the anode, this 
drives their initial decomposition and the subsequent passivating SEI 
formation, as further discussed in Section 3.4. The materials exhibit a 
relatively high specific surface area, which provides extended active 
sites for K-ion storage, but also for the electrolyte decomposition re
actions. As a result, high irreversible capacity related to the SEI layer 
formation is lost during the first cycles, leading to low ICE [75]. The 
SW11 and HW11 electrodes, which exhibit a moderate surface area (i.e., 
601 m2 g− 1 and 664 m2 g− 1, respectively), show higher ICE value (i.e., 
39.4% and 31.8%, respectively) and lower irreversible capacity losses, 
indicating an improved combination of structural and electrochemical 
properties. In contrast, the higher surface area of the 2:1 L-HCs promotes 
greater electrolyte decomposition during SEI layer formation. This is 
supported by the data presented in Table 1, as well as by the large 
plateaus observed in the first discharge profiles reported in Fig. S10.

Turbodisordered carbons with high surface area are a promising 
option for addressing K-ion storage challenges; however, their typically 
low initial CE has prompted several mitigation strategies, ranging from 
the use of in-situ sacrificial additives [76] to the formation of ex-situ 
artificial SEI layers [77,78]. However, the discussion of these strategies 
falls outside the scope of this study.

The charge/discharge profiles shown in Fig. 4c–f are characterized 
by near-sloped curves that are indicative of a pseudocapacitive behavior 
[79] and pronounced electrochemical reversibility upon cycling. The 
close overlap between the charge and discharge curves (especially for 
HW11 and SW11) suggests minimal contribution from irreversible ca
pacity losses beyond the second cycle. This behavior, along with the 
significant irreversible capacity loss during the first discharge, reported 
in Fig. S10, implies that most of the SEI layer formation occurs during 
this initial cycle.

Among the samples, SW11 exhibited the best electrochemical per
formance, followed by HW11, owing to its distinctive structural char
acteristics. As shown in Fig. 2, SW11 possesses the lowest surface area 
(601 m2 g− 1) and the largest interplanar spacing (0.41 nm), while HW11 
displays similar values (664 m2 g− 1 and 0.40 nm, respectively). The 
expanded interlayer distance facilitated efficient potassium-ion 

intercalation and diffusion within the carbon matrix, thereby enhancing 
ion transport kinetics and cycling stability. Meanwhile, the moderate 
surface area helps to minimize electrolyte decomposition during the SEI 
layer formation, contributing to the rapid increase in CE during the 
initial cycles. Once it was established that the L-HCs with a KOH:biomass 
ratio of 1:1 outperformed the other materials, and the possible reasons 
for this behavior were identified, the study proceeded to the electro
chemical characterization of the best-performing samples (i.e., HW11 
and SW11) to further investigate their charge storage mechanisms and 
deepen the understanding of their electrochemical behavior.

The long cycling test of HW11 and SW11, reported in Fig. 5a, 
confirmed the outstanding cycling stability of the selected biocarbons. 
Indeed, SW11 and HW11 exhibited specific capacities of 105.2 mAh g− 1 

and 85.3 mAh g− 1 after 500 cycles, retaining 88.8% and 93.3% of their 
capacity at the 10th cycle, respectively. Charge transfer resistance is 
another critical parameter, as it is essential for the conduction of the 
charges during charge and discharge cycles. Therefore, it plays a critical 
role in determining the overall electrochemical performance [80]. EIS 
measurements were employed to evaluate the internal resistance to the 
charge transfer through the interfaces. The data obtained from EIS 
measurements on SW11- and HW11-based systems were collected after 
the 20th cycle, when the SEI layer and the interfaces are formed and 
stable. The Nyquist plots of SW and HW electrodes, together with the 
fitted curves and equivalent circuit model, are shown in Fig. 5b. Both 
impedance spectra display two partially overlapping, depressed semi
circles in the high to middle frequency region and a sloped line at low 
frequencies. The initial intercept of the curve corresponds to the bulk 
resistance (R1), primarily associated with ion conduction through the 
electrolyte. The semicircles in the mid-frequency region provide infor
mation on the charge-transfer resistance at the electrode/electrolyte 
interface and the ion diffusion within the electrode material. Accord
ingly, the equivalent circuit includes a parallel combination of a charge- 
transfer resistance and a constant phase element (R2||Q2), representing 
the SEI layer response. The second process is modeled by a more com
plex element, in which a charge-transfer resistance and a Warburg 
diffusion element [(R3–W3)] are placed in parallel with a constant phase 
element (Q3), describing the Faradaic reaction and ion diffusion through 
the porous carbon framework. The fitted parameters, along with their 
associated uncertainties, are shown in Table S4 for SW11 and in Table S5 
for HW11. The good agreement between experimental and simulated 
spectra confirms the validity of the selected model. Comparing the plot 
of SW11 and HW11 in Fig. 5b and the values in Tables S4 and S5, it is 
clear that the diameter of the first semicircle of HW11 is larger than that 
of SW11. This indicates that HW11 has a higher total resistance to 
charge transfer, likely due to differences in SEI layer thickness, 
composition, and morphology. Instead, as it was already mentioned, the 
low frequency part of the graph is associated with the Warburg 
impedance and reflects the diffusion of K ions within the electrode [81]. 
The diffusion coefficient (D) of the ions can be calculated by using Eq. 
(1) [82]: 

D =
(
0.5⋅R2⋅T2)

/(
A2⋅n4⋅(Fa)4⋅(Ck)2⋅σ2

)
(1) 

where σ is the Warburg's coefficient obtained by the equivalent circuit 
fitting (W3), R represents the gas constant (i.e., 8.314 J mol− 1 K− 1), T the 
absolute temperature (i.e., 298 K), A the surface area of the electrode (i. 
e., 1.77 cm2), n is the electronic transfer number, which is usually equal 
to 1 for simplicity, Fa the Faraday's constant (i.e., 96500C mol− 1), and 
Ck the concentration of K+ ions in the electrolyte (i.e., 1 × 10− 3 mol 
cm− 3). Analysis of the measured data using these calculations demon
strated that SW11 possessed a higher D within the electrode material 
than HW11. Specifically, the D values are 1.10 × 10− 12 cm2 s− 1 and 
1.92 × 10− 13 cm2 s− 1 for SW11 and HW11, respectively. As it can be 
noticed by the aforementioned results, SW11 exhibited a D value that 
was one order of magnitude higher than that of HW11 [83]. The rate 
performance data presented in Fig. 5c corroborate these observations, 

Table 1 
Specific capacity values in the first and second discharge and relative irrevers
ible losses for the four investigated materials.

SW11 HW11 SW21 HW21

Discharge capacity at 1st cycle [mAh g− 1] 316.5 278.9 282.7 214.7
Discharge capacity at 2nd cycle [mAh g− 1] 131.7 100.9 64.9 47.5
Capacity loss [%] 58 64 77 78
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demonstrating that SW11 lower R1, R2, and R3 as well as higher D 
coefficient translate into superior electrochemical kinetics. Indeed, 
SW11 maintained the superior response also at higher current rates 
where faster ion transport is essential, to assure good capacities even 
under more demanding conditions. Furthermore, both materials 
demonstrated excellent cycling stability; despite the different current 
densities, both L-HCs effectively recovered their initial specific capacity 
values. To better quantify the rate capability, Table S6 reports the 

specific discharge capacities of SW11 and HW11 electrodes at various 
current densities and capacity recovery values after the current density 
was returned to the initial rate, expressed as a percentage of the baseline 
capacity at 0.05 A g− 1. The resilience after the current change un
derscores the potential of L-HCs for applications requiring reliable per
formance under variable operating conditions.

3.3. Storage mechanism analysis

CV is a very useful technique to analyze the electrochemical behavior 
of redox materials during discharge and charge cycles, and it also pro
vides insights into SEI layer formation dynamics. In particular, the 
voltammograms of the first 5 cycles reported in Fig. 6a,b support the 
hypothesis of the fast formation of a stable SEI layer for both L-HCs, 
reaching reversibility as early as the 2nd cycle. At 1 V, a subtle peak in 
the reduction branch of the first cycle can be observed, precisely at the 
same voltage value where a variation in the slope for discharge profiles 
of the first cycle was registered, as reported in Fig. S10. After the irre
versible reactions relative to the reduction branch of the first cycle, the 
following voltammograms showed a smaller area, and the curves almost 
overlapped. This indicated that the SEI layer mainly formed during the 
first reduction, which is consistent with the low ICE reported in Section 
3.2. Regarding the oxidation branch of both samples, a broad and small 
peak was observed between 0.01 and 0.60 V. This peak is representative 
of the deintercalation processes occurring in this voltage window, and 
its broadness expressed the graduality of the de-intercalation of K-ions 
from the pseudo-graphitic structure [84]. As it can be observed, this 
peak is slightly more pronounced for SW11 than HW11, suggesting that 
SW11 undergoes faster deintercalation of K-ions. This observation is 
consistent with the results in Fig. 2b, which show the slightly larger 
interlayer spacing of SW11 compared to HW11. As it can be seen, this 
factor is crucial to facilitate the accommodation of the ions during 
intercalation and deintercalation. Moreover, the voltammograms do not 
display any other sharp peak apart from the first reduction. So, the CV 
shape, together with the galvanostatic profiles of Fig. 4c–f, strongly 
suggests a pseudocapacitive behavior for the investigated materials. To 
better understand this behavior, it is essential to examine the charge 
storage mechanisms governing the electrochemical response of these 
materials.

Charge storage mechanisms can be broadly categorized into two 
types: Faradaic (battery-like) and capacitor-like materials. Faradaic 
materials store charge via electron transfer reactions, characterized by 
galvanostatic charge/discharge profiles with distinct plateaus and vol
tammograms displaying sharp, well-separated redox peaks. Conversely, 
capacitor-like materials store charge through surface-controlled pro
cesses, where ions accumulate at the electric double-layer interface, 
resulting in a linear voltage/time response and rectangular-shaped CV 
curves. Materials exhibiting intermediate behavior between these two 
mechanisms are classified as pseudocapacitive. The term was introduced 
by Conway in 1980 [85] and nowadays is widely used to describe ma
terials with intermediate behaviors. Thereby, the charge storage for 
pseudocapacitive materials is entirely Faradic, but the difference with 
battery-like materials is that the redox reactions occur mainly on the 
surface instead of the inner regions of the material, making their elec
trochemical response similar to that of the capacitor-like [79]. The 
analysis of the current response during CVs at increasing scan rates is 
helpful to clarify the behavior of these materials. Faradaic storage is 
intrinsically slower than surface-driven storage mechanism, because the 
ions need to diffuse inside the electrode materials to trigger the redox 
reactions. Consequently, Faradaic processes are more evident at lower 
scan rates while surface-driven storage prevails at higher scan rates. 
Cottrell's equation [79] states that the capacitive current contribution is 
linearly proportional to the scan rate, while the diffusional one is pro
portional to the square root of the scan rate. Therefore, the total current 
response can be split into two terms, the capacitive and diffusional 
currents, as reported in Eq. (2): 

Fig. 5. In-depth electrochemical characterization for SW11 and HW11: a) long 
cycling performances; b) Experimental (symbols) and fitted (solid lines) Nyquist 
plots of EIS measured after 20 cycles. Inset: equivalent circuit model used for 
fitting (R1–(R2||Q2)–[(R3–W3)||Q3]); c) rate performances.
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i = icapacitive + idiffusional (2) 

To this purpose, VSCVs were collected to quantitatively evaluate the 
pseudocapacitive contribution of the investigated materials, applying 
Dunn's methods [86]. The results obtained from this analysis are shown 
in Fig. 6c–d, while the corresponding VSCV measurements are presented 
in Fig. S11. A trend of increasing response current module with rising 
scan rate is observed in the VSCV, and this behavior is present in both 
the positive and negative branch of the curves. The CVs across the varied 
scan rates present similar shapes, evidencing the absence of reaction 
selectivity. Furthermore, a current peak shift can be noticed in both 
materials, which is induced by a diffusional storage mechanism [84]. 
Dunn's method graphs in Fig. 6c–d report the pseudocapacitive 

contribution in the shaded areas. This method not only enables the 
quantification of the pseudocapacitive contribution, but also allows to 
identify the voltage intervals where the behavior is driven by diffusion 
or pseudocapacitive processes. In this case, the pseudocapacitive 
contribution is predominant in the higher-voltages, while diffusion- 
controlled mechanisms prevail at lower voltages, as expected since 
intercalation/deintercalation processes occur in these potential regions. 
Dunn's analysis evidenced an important pseudocapacitive contribution 
to the total charge storage, specifically 47.1% for SW11 and 45.3% for 
HW11.

To further validate the results obtained by Dunn's method, the 
calculation of the b value has been performed. This value can be 

Fig. 6. CV curves at the constant scan rate of 0.1 mV s− 1 for 5 cycles for a) SW11 and b) HW11. Dunn's method applied to VSCV for c) SW11 and d) HW11; the filled 
areas show the pseudocapacitive contribution to the total charge storage. e) Oxidation branch b values plot.
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obtained with a rearrangement of Eq. (3), using the empirical formula 
reported in Eq. (3): 

i = a⋅νb (3) 

where ν is the scan rate, a and b are adjustable values. Taking the log
arithm of both sides of Eq. (3) renders Eq. (4). 

log(i) = log(a)+ b⋅log(ν) (4) 

Analyzing b values can offer deeper insights into the contributions of 
capacitive and diffusion-controlled processes across different voltage 
regions of the voltammograms. Hence, b value equal to 1 indicates a 
linear relationship between current and scan rate, typical of a capacitive 
storage mechanism. In contrast, a b value equal to 0.5 suggests a current 
proportional to the square root of the scan rate, indicative of diffusion- 
controlled behavior, while b values between 0.5 and 1 are representative 
of a mixed charge storage mechanism. The graph reported in Fig. 6e 
shows the trend of the b values along the oxidation branch for SW11 and 
HW11, which are quite similar. SW11 presented a slightly higher 
pseudocapacitive contribution compared to HW11 and in both L-HCs 
this contribution was prominently located in the high-voltage region. 
Conversely, the diffusional contribution started to be more predominant 
at potentials lower than 1 V. These results are in line with Dunn's 
method. Therefore, the quantitative analysis of the charge storage 
mechanism suggests that the materials utilize a combination of both 
pseudocapacitive and Faradaic charge storage mechanisms, providing 
satisfactory specific capacity and outstanding stability [87].

To further elucidate the potassium storage mechanism of the best- 
performing material (i.e., SW11), GITT measurements were conducted. 
These characterizations were done in cells that had already undergone 
five galvanostatic cycles at 0.05 A g− 1, ensuring the formation of a stable 
SEI layer. The GITT profiles, reported in Fig. S12, exhibits a near-sloped 
shape without distinct plateaus, indicative of dominant pseudocapaci
tive behavior. From the GITT data, the diffusion coefficient of K-ions 
within the porous carbon matrix was calculated, following the proced
ure reported in the literature for porous materials [88]. A schematic 
explanation of the parameters employed is provided in Fig. S13 and Note 
1. The diffusion coefficients were extracted at different potentials (i.e., 
state of dis/charge) of the discharge and charge, and are shown in Fig. 7a 
and b, respectively. These plots reveal that diffusion coefficients are 
higher at elevated potentials during both charge and discharge. This 
trend is fully consistent with the Dunn's method analysis, which revealed 
a predominance of pseudocapacitive storage at higher potentials, where 
ions mainly adsorb on or desorb from readily accessible surface sites, 
resulting in higher diffusion coefficients. As the potential decreases, the 
system progressively shifts toward a diffusion-controlled regime, 

reflected in the lower diffusion coefficients associated with ion transport 
to and from less accessible regions. Specifically, below approximately 1 
V during discharge, a significant decrease in the diffusion coefficient is 
observed, whereas - during charge - the decrease is more gradual and 
linear.

Additionally, it is noteworthy that the decrease in diffusion coeffi
cient at low potentials is less pronounced than reported in other studies 
[32,84,89]. This suggests that, even after surface saturation with po
tassium ions (i.e., potential < 0.4 V), diffusion remains relatively effi
cient. It is important to point out that the diffusion coefficients 
calculated from EIS measurements are significantly lower than those 
obtained from the GITT. This discrepancy arises from the fundamentally 
different nature of the two techniques. GITT probes ion diffusion under 
quasi-equilibrium conditions, capturing the diffusion of potassium ions 
within the electrode material. In contrast, EIS measures the system 
response for the highest voltage values (i.e., equilibrium potential at the 
end of charge) and over a broad frequency range, encompassing multi
ple processes such as charge-transfer resistance, SEI layer resistance, and 
ion diffusion through complex porous structures. The diffusion co
efficients derived from EIS are therefore influenced by these additional 
resistive and interfacial effects, resulting in lower diffusion values. 
Consequently, the combined use of GITT and EIS provides a more 
comprehensive understanding of ion transport dynamics, highlighting 
both diffusion and interfacial limitations in lignin-derived HC 
electrodes.

3.4. Physicochemical electrodes characterization

The SEI layer is crucial to the cell functioning, as it allows the 
transport of ions while also acting as an electronic insulator between the 
electrode and the electrolyte. Its spontaneous formation causes an irre
versible capacity loss, but prevents further electrolyte decomposition, 
promoting the cycling stability of the cell. It is widely demonstrated that 
the SEI layer characteristics are paramount for the electrochemical 
performance of the cell [74]; in fact, the SEI layer, which is usually 
formed on materials with a large surface area, is even more determinant 
for the electrochemical response of the electrode. For this reason, a 
characterization of the passivation layer is needed to understand its 
formation mechanism and composition. The SEI layer is constituted by 
the products of the reduction of the electrolyte: when the anode Fermi 
level is higher than the lowest unoccupied molecular orbital (LUMO) of 
the electrolyte, an electron can be spontaneously transferred from the 
electrode material to the electrolyte compounds [90]. In this case, the 
salt is the component with the lowest LUMO (0.51 eV), followed by the 
solvents EC (0.84 eV) and DEC (1.01 eV). Considering this information, 
it could be assumed that the formation of an inner SEI layer occurred, 

Fig. 7. K-ion diffusion coefficient as a function of potential for the SW11 electrode during a) discharge (potassiation) and b) charge (depotassiation), obtained from 
GITT data after 5 galvanostatic cycles at 0.05 A g− 1.
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constituted mainly by inorganic KFSI decomposition products, as well as 
an outer organic SEI layer is composed by solvent reduction products. 
Specifically, the decomposition of the solvent was supposed to form 
different families of components like ROK, RCO2K, ROCO2K, and K2CO3, 
where R is a low molecular weight alkyl group [91]. However, the 
closeness of the LUMO levels between the different electrolyte compo
nents also suggested their almost simultaneous decomposition. This fact 
implies that the formation of a mosaic structure with a random distri
bution of organic and inorganic components in the SEI films was more 
likely to occur [92]. XPS measurements were performed on the pristine 
and cycled electrodes (after 30 cycles) to elucidate the chemical nature 
of the SEI layer components and to correlate them with the electro
chemical performance of the cells.

The XPS spectra of the C 1s-K 2p region of the pristine electrodes, 
reported in Fig. 8a for SW11 and Fig. S14a for HW11, reveal distinctive 
peaks at approximately 290 eV, attributed to the FC–OH and FC₂ func
tional groups. These signatures are consistent with PVDF, derived from 
the electrode binder. The HR deconvolution data presented in Table S7 
report the relative percentage of these compounds. The relative atomic 
concentration analysis, extracted from the survey spectra and reported 
in Table S8, also shows the presence and significance of the F 1s band, 
which further supports the identification of PVDF. In contrast, in the C 1s 
- K 2p HR XPS spectra of the cycled electrodes, reported in Fig. 8b for 
SW11 and Fig. S14b for HW11, the PVDF-related peaks are absent. This 
finding is further corroborated by the relative atomic concentration 
analysis of the cycled electrodes, reported in Table S9, which reveals no 
detectable fluorine compounds in the F 1s spectral region. Concurrently, 
the data show a marked increase in K-containing species, likely associ
ated with SEI layer components formed during cycling. The 

disappearance of the F 1s signatures post-cycling may be attributed to 
the coverage effect of the SEI layer, which likely masks the PVDF signal 
[93]. Moreover, the XPS spectra of cycled electrodes combined with HR 
deconvolution data from Table S10 reveal a predominance of inorganic 
compounds over organic constituents within the SEI layer. Specifically, 
KF and K₂CO₃ emerge as the primary components of the SEI layer, 
aligning with compositional trends reported in prior studies [94–97]. 
These inorganic compounds are widely reported to contribute positively 
to the electrochemical stability during cycling [73,98,99], and their 
passivating behavior positively interacts with the system, promoting the 
ion conduction. Furthermore, they are stable, thanks to the low solubi
lity in the solvent, so they can form a solid SEI layer that prevents 
additional electrolyte decomposition and capacity losses. In contrast, 
organic compounds originating from solvent decomposition promote 
the formation of an unstable and inefficient part of the SEI layer, but 
these decomposition pathways also lead to the formation of K₂CO₃. 
According to the literature, EC reduction mainly leads to the direct 
formation of K2CO3 and to CH3CH2OK, while the decomposition of DEC 
results in the formation of CH3CH2OCO2K, which is further decomposed 
into K2CO3 [91,100].

Furthermore, to corroborate the hypothesis of the formation of a 
stable SEI layer on the best-performing electrode (SW11), EIS mea
surements collected after 20 cycles were compared with those obtained 
after 3 cycles, when the SEI layer is freshly formed. The comparison of 
the Nyquist plots, reported in Fig. S15, and resistance parameters ob
tained through equivalent circuit modeling, reported in Table S11, 
shows no significant increase in internal resistance (respect to the ones 
shown in Table S4), confirming the stability and persistence of the SEI 
layer during cycling.

Fig. 8. C 1s – K 2p HR XPS analysis of SW11: a) pre- and b) post-cycled electrodes. FESEM images of HW11: c) pre- and d) post-cycled electrodes (after 30 cycles).
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FESEM images of pristine electrodes and after 30 galvanostatic cycles 
at 0.05 A g− 1, respectively, reported for SW11 in Fig. 8c,d and for HW11 
in Fig. S16a,b, serve to further support the mechanical stability of the 
electrodes, which likely contributes to the cycling stability of the cells 
[101]. A closer examination of the FESEM images reveals that the ma
terials exhibited no cracks, holes, or significant structural changes after 
the cycling process, which indicates that these electrodes can withstand 
repeated mechanical stress without structural degradation. Addition
ally, the materials demonstrated excellent adhesion to the current col
lector, which is fundamental for efficient electron transfer and overall 
electrode performance, contributing to the electrode long-term stability.

Raman spectroscopy was conducted on pre- and post-cycled elec
trodes to evaluate the relative ID/IG indexes. The spectra of SW11 and 
HW11, reported in Fig. S17a,b, show a decrease of the ID/IG index for 
both materials after cycling. This result suggests an increase in the order 
degree and could be explained by the movement of ions within the 
disordered structure of the investigated HC, which, during cycling, leads 
to a rearrangement of the graphene layers in a more ordered structure.

4. Conclusions

This study investigated the feasibility of four different activated L- 
HCs, derived from biomass, as anode materials for KIBs. The main dif
ferences among the studied materials were the fraction of KOH utilized 
during the synthesis and the type of woody source.

The physicochemical characterization of the powders confirmed that 
L-HCs with a 2:1 KOH-to-lignin ratio exhibited a higher surface area, but 
a smaller interplanar distance within the pseudo-graphitic structures, 
compared to the 1:1 biocarbons.

The investigation evidenced the higher electrochemical perfor
mances of the materials with a KOH to biomass ratio equal to 1:1, which 
exhibit higher specific capacities and enhanced CEs even during the 
initial cycles. Specifically, SW11 L-HC reported the highest specific ca
pacity value of 118.5 mAh g− 1 after 10 cycles at 0.05 A g− 1, and retained 
88.8% of this capacity after a long galvanostatic cycling (500 cycles). 
However, all the tested materials manifested exceptional and unprece
dented cycling stability with respect to the state of the art [102].

The subsequent detailed characterization of the most performing 
materials allowed shedding light on the charge storage mechanisms and 
SEI layer formation process. The CV and the galvanostatic profiles 
furnish significant hints, suggesting the fast formation of a stable SEI 
layer. CV analysis and GITT confirmed the aforementioned thesis and 
Dunn's method quantified the pseudocapacitive contribution to the 
charge storage of SW11 and HW11 being 47.1% and 45.3%, respec
tively. EIS results confirmed SEI layer stability and indicate a lower 
resistance to charge transfer and a higher diffusion coefficient for SW11 
compared to HW11, which is consistent with the current rate perfor
mance. Finally, the XPS analysis on the cycled electrodes demonstrated 
the presence of stable inorganic components in the SEI layer, like KF and 
K2CO3, but also of unstable organic components like CH3CH2OK and 
CH3CH2OCO2K, assessing a mosaic structure distribution of the different 
SEI layer components on the surface. The insights obtained from this 
study provide valuable guidelines for the rational design of lignin- 
derived HCs as anode materials for KIBs. The results highlight that 
both the selection of the lignin precursor and the optimization of the 
activation ratio are key parameters governing the final carbon structure. 
Specifically, SW-derived precursors produced more amorphous carbons, 
which exhibited superior electrochemical behavior with respect to HW 
electrodes. Meanwhile, milder KOH activation led to moderate BET 
surface areas for 1:1 samples, offering a well-balanced combination of 
structural and electrochemical properties. This milder activation also 
preserved a higher concentration of oxygen-containing functional 
groups, which supply additional active sites for pseudocapacitive K+

storage and increase the interplanar distance allowing easier ions 
intercalation.

Lignin-derived electrodes represent an eco-friendly and cost- 

effective alternative to toxic petroleum-based carbons, while demon
strating consistent electrochemical performance. The pseudocapacitive 
behavior, enabled by the amorphous structure with large interlayer 
spacing and a nanoporous architecture, together with the rapid forma
tion of a stable SEI layer, allows these electrodes to exhibit outstanding 
cycling stability even after prolonged testing, as well as capacity values 
superior to those reported in the literature.
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