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Unveiling the potential of lignin-derived hard
carbon as an anode material for Li- and post-Li-ion
batteries: a computational investigation
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Hard carbon is one of the most promising anode materials for post-Li-ion batteries; however, the
relationship between the precursor material and performance is still hardly understood. In this work, we
present a theoretical investigation of hard carbon anode materials derived from lignin, one of the most
prevalent biomass materials. Using density functional theory-based calculations, the formation of several
lignin-derived hard carbon structures at different temperatures was investigated, yielding amorphous
structures with different morphologies. We observe a significant impact of the preparation routine on the
resulting hard carbon structure and the corresponding properties. The created materials show a robust
morphology and an increased capacity (AMC,, n < 6) as compared to pristine graphite. While
unsaturated carbon bonds may result in unfavorable insertion potentials, preparation routes that
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1 Introduction

When it comes to grid-scale energy storage, sodium-ion
batteries (NIBs) are becoming the most viable option for
beyond lithium-ion batteries (LIBs), which is mostly due to their
comparable mechanism and cheaper cost.** While graphite-
based anodes - the standard for Li-ion batteries - are not suit-
able for NIBs, numerous NIB anode materials were
investigated.>® A cutting-edge anode material for NIBs is hard
carbon (HC),** which has gained increased attention in battery
research. While Li storage in graphite and other graphite-based
materials for LIBs is dominated by intercalation in the graphitic
domains, for HC, the storage mechanism is somewhat different.
According to the original work by Dahn et al.,' hard carbons
have a high degree of cross-linking and a very complex structure
made up of a mixture of pseudo-graphitic domains and amor-
phous regions, and can be described by the widely acknowl-
edged house of cards model. The latter one and modifications
thereof explain how alkali metals (AMs) are stored in HC
compounds,”™® starting with the adsorption on defects and
edges at the surface. This is followed by the intercalation
between often defective carbon planes of small graphitic
domains.” Finally, in the plateau region of the discharge curve,
at low potential, the filling of micro- and nano-pores with
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applications in Li-, Na-, and K-ion batteries.

creation of pseudometallic AM clusters is responsible for
a significant fraction of the capacity.*®

Apart from the exact microstructure of HC anodes, which
can strongly affect the storage process, interface effects and
electrolyte composition can also have a significant impact.**>*
For instance, it was shown that the amount and type of solvents
and salts can significantly affect the electrochemical perfor-
mance of AM-ion batteries.”*>® This is due to the complex
interaction between the electrode and electrolyte, which is
responsible for the formation of the solid—electrolyte interface
(SEI). Graphite, for instance, was found to undergo exfoliation
due to solvent intercalation,*=° whereas in HC, this is not an
issue. Furthermore, HC shows better compatibility with some
commonly used electrolytes, such as ether- or carbonate-based
electrolytes.”®?*** The preparation of HC from biomass
exhibits great promise, due to its significantly lower price as
compared to graphite, which is moreover combined with a high
sustainability.>**> A part of the biomass, which corresponds to
lignin,**** shows interesting properties as a raw material for HC
generation. However, it should be pointed out that the amount
of lignin in biomass available for the preparation of HC varies
according to the raw material used in the pyrolysis process. One
of the natural fibers with a high lignin content is coconut coir
fiber with an average lignin content of 46%.***° In fact, about
30% of the organic carbon compounds in the biosphere corre-
sponds to lignin, making it the second most prevalent terres-
trial bio-polymer after cellulose.** Besides the technical
advantage of the lignin-based raw materials for anode genera-
tion, extracting this material is also not difficult. By applying an
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aqueous alkaline solution to the fibers, lignin can be gradually
and selectively extracted.*

Lignin-derived carbon fibers (LCFs) have already been
incorporated in LIB anodes because of the materials' intriguing
qualities.**** According to recent studies, lignin can be
a domestic and sustainable source of nanostructured hard
carbons with broad potential for use in energy storage.**** With
its amorphous, cross-linked three-dimensional structure, lignin
is a very prominent, abundant, and renewable resource. Lignin
can be pyrolyzed and reduced to create carbon-carbon
composites made of crystalline (graphitic) and amorphous
domains, according to processing-structure-property—-perfor-
mance (PSPP) research.”*” The selection of lignin feedstock,
processing, and carbonization temperature can be used to
adjust the volume fraction, porosity, and geometry of lignin-
derived hard carbons.*®** While the porosity and pore size®>*
can be highly affected by the feedstock, at higher pyrolysis
temperatures, the volume of closed pores in the hard carbon
increases.* Hence, understanding and controlling the process
parameters allows for tailoring the HC properties with respect
to applications in Li- and post-Li-ion batteries. In this work, we
investigate the creation of different HC-like structures from
lignin-type precursors via Ab Initio Molecular Dynamics (AIMD)
simulations. Lignin-based compounds like HggCgyO,4 (5,5'-di-
acetyl-2,2',3,3'-tetramethoxybiphenyl) are commodity chemicals
that are used as intermediates in the production of numerous
significant industrial goods, including acids. The primary
method employed to elucidate the complex lignin structure was
the synthesis from simple molecule-based structures. The reli-
ability of this process has been assessed by NMR and IR anal-
yses of the lignin structure and comparison to the generated
model compounds.*** Here, we follow the same approach and
consider rather simple model structures, while more complex
phases may be produced from similar structural units. This
approach most likely does not fully uncover the HC structure
but provides valuable insight into porosity and pore size as well
as defects and impurities, and the resulting presence of
undercoordinated active sites. Furthermore, the impact of
preparation temperature, underlying polymer type, and
different impurities on the generated HC is taken into account.
HC prepared from different raw materials and under different
preparation conditions transforms into different types of
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structures, strongly affecting the available AM storage capacity
and the storage mechanism, and hence the suitability for
battery applications. After generating model systems with
different HC morphologies, to evaluate the structural stability
during AM storage, AM-atom intercalation energies and
resulting charge/discharge curves were determined. The struc-
tures allow for the uptake of increased AM concentrations
without significant structural distortion. While the HC
morphology results in a largely increased capacity as compared
to pristine graphite, the loss of active material during the
charge/discharge process, due to strong bonding at defect sites,
is inevitable, but can, however, at least be partially reduced by
hydrogen saturation. This theoretical study can offer helpful
details on the interaction mechanisms in lignin-derived HC and
yield insights that may be used to increase the capacity of
carbon derivatives for anode applications.

2 Computational methods

To investigate the impact of temperature on the geometry of
lignin-derived HC materials, different lignin-based polymer
structures were considered. In particular, phases with
HgsCg0Oss (~20.1 X 15.4 x 7.1 A),® Hg4Cras (~11.5 x 12.9 X
14.8 A),% X,04Cazs (~48.5 x 21.7 x 10.7 A, with X = C, O, S) and
N56Ciog (~45.1 x 21.0 x 10.2 A) stoichiometry, hereafter
referred to as lignin-a, lignin-B, X-lignin-y and N-lignin-y have
been investigated (see Fig. 1, and S1 in the SI). The lignin-a, B,
and y model systems were constructed to represent key struc-
tural motifs derived from the dominant interunit linkages in
lignin, which largely determine the three-dimensional archi-
tecture of the biopolymer. These models span systematic vari-
ations in heteroatom content, crosslinking density, and
aromatic connectivity that arise during lignin depolymerization
and carbonization. More specifically, the lignin-o. model repre-
sents relatively small, less aromatized structures with a higher
fraction of functional groups, mimicking early-stage pyrolysis
intermediates. In contrast, the lignin-p model contains a higher
fraction of aromatic rings and a more crosslinked network,
reflecting more aromatized structures with fewer dangling
bonds. The lignin-y models (including heteroatom-containing
variants such as N-, O-, and S-lignin-y) represent larger, more
extended systems with increased structural complexity,

Fig. 1 Schematic depiction of the structure preparation at 1273 K: the (a) oxygen-containing O-lignin-a model system (with hydrogen being
removed), (b) raw material, and (c) C-lignin-a model system (with hydrogen being removed and oxygen replaced by carbon).
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containing a higher fraction of dangling bonds and active sites
compared to both previously mentioned models, and fewer
aromatic rings, thereby capturing the influence of feedstock
variability and heteroatom incorporation.

Furthermore, structures created from Czqo (~28.0 X 26.0 X
8.0 A), Cp40 (~26.0 X 26.0 x 8.0 A) and C,40 (~26.0 X 26.0 x 8.0
A) nano-ribbons, referred to as NR-I, NR-II and NR-III, were
studied. It has to be noted that the initial conditions for NR-II
and NR-III differed with respect to the arrangement of the
nanoribbons (for further structural details see Fig. 2 as well as
Fig. S1 and S2 in the SI). These nanoribbon based model
structures were introduced as limiting cases with pre-organized
graphitic domains, allowing the assessment of the impact of
initial structural ordering. Rather than reproducing exact
molecular structures, these models are designed to sample
a representative range of local environments characteristic of
lignin-derived hard carbons and to enable a systematic inves-
tigation of structure-property relationships.

The aforementioned structures were extracted during AIMD
simulations performed in the canonical ensemble at tempera-
tures of 1273 K, 1573 K, and 1773 K. This temperature range is
representative of experimental pyrolysis conditions and facili-
tates sufficient bond rearrangements within the limited time-
scales accessible to the simulations.***® Each simulation was
run for more than 40 ps with a time step of 1 fs using the Nosé-
Hoover thermostat, which is sufficient to generate disordered
carbon structures with characteristic features such as bond
reorganization and pore formation. It should be noted that the
present approach is not intended to reproduce the full experi-
mental pyrolysis process, which occurs on much longer time-
scales, but rather to generate representative metastable
structures for further analysis. In this context, the use of
simplified atomistic model systems, as employed here and in
previous studies,*** allows for the systematic investigation of
key structural motifs such as heteroatom content, crosslinking,
and local coordination environments. While this approach does
not capture the full macromolecular complexity of lignin-
derived hard carbons, it provides meaningful insight into
local structural transformations and AM-carbon interactions.
Similar AIMD-based approaches have been widely applied to
study disordered carbon systems and have been shown to
capture essential features such as bond breaking, structural
rearrangement, and pore formation on short timescales.>**
The structural characteristics obtained in this work, including
disordered carbon networks and intrinsic void regions, are
consistent with experimentally observed features of lignin-
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derived and other hard carbon materials.** Therefore,
despite the inherent limitations related to system size, time-
scale, and chemical complexity, the present approach provides
a physically meaningful basis for establishing qualitative
structure-property relationships.

The AIMD simulations in this work were performed at the
temperatures mentioned above, which are representative of
experimental carbonization conditions for lignin-derived hard
carbons. While lower temperatures are relevant to earlier stages
of pyrolysis, structural evolution at such temperatures occurs on
significantly longer timescales that are not accessible within
AIMD simulations. As a result, simulations at lower tempera-
tures would not lead to substantial bond rearrangements or
pore formation within the accessible simulation time (tens of
picoseconds). The chosen temperature range therefore enables
the observation of relevant structural transformations within
computationally feasible timescales, while remaining consis-
tent with experimentally applied carbonization conditions.
Consequently, the generated structures should be interpreted
as representative configurations of thermally treated carbon
materials, rather than a detailed description of the full pyrolysis
pathway at low to high temperature. Subsequently, the extracted
structures were fully optimized with respect to the lattice
parameter and atomic positions. The relatively small simula-
tion cell size restricts the description of long-range structural
features such as pore connectivity and size distribution; there-
fore, the present results should be interpreted primarily in
terms of local bonding environments and short-range structural
characteristics. The different lignin type structures as well as
the nanoribbon-based structures, were then investigated with
respect to geometry, stability, porosity formation, and impact of
initial conditions (e.g., the orientation of the ribbons in the unit
cell, see Fig. Sle and f in the SI). Furthermore, structures
derived from lignin-o. and lignin-p were analyzed and investi-
gated for AM insertion. All simulations were performed with the
Vienna Ab Initio Simulation Package (VASP),*® using the
Projector Augmented Wave (PAW) approach,* which is well-
suited to study properties of battery materials from first prin-
ciples.” Exchange and correlation were described via the
optPBE functional, which includes a non-local correction
scheme to account for van der Waals interactions.”* Atomic
structures were optimized until the ionic geometry converged to
force differences below 107> eV A™" and the electronic self-
consistent field (SCF) energy difference dropped below
107" eV. Each structure was optimized with respect to the lattice
constant and atomic positions, applying a plane wave cutoff of

a b C

Fig.2 Model structures derived at 1273 K, from (a) lignin-p and (b—d) different types/sizes of the nano-ribbons (for more information see Fig. S1

and S2 in the SI).
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600 eV and using a K-point resolution of = 0.2 A™*, while the
plane wave cutoff and K-point resolution for the AIMD calcu-
lations were set to 400 eV and =~0.5 A™*, respectively.

3 Results and discussion
3.1 Lignin based polymers

The investigation of different model structures, obtained from
the above-introduced types of polymers/nanoribbons, shows
that the resulting morphologies are significantly affected by the
preparation conditions, yielding different pore sizes and
density distributions.

First, snapshots from AIMD runs of the lignin-o structure at
temperatures of 1273 K, 1573 K, and 1773 K were extracted (see
Fig. 1). Experimentally, such high temperatures result in the
evaporation of hydrogen and even oxygen. We, therefore,
considered several different scenarios. In the first one, all
hydrogen atoms were removed (O-lignin-a, see Fig. 1), while in
the second one, the pyrolysis process was mimicked by addi-
tionally replacing all oxygen atoms with carbon (C-lignin-o).
Finally, hydrogen was added to C-lignin-o and O-lignin-a,
resulting in a saturation of dangling bonds and structures
which, hereafter, will be referred to as HC-lignin-o. and HO-
lignin-a. (see Fig. 3a and b). Hydrogen passivation was employed
as a computational strategy to eliminate artificial dangling-
bond states and stabilize the electronic structure.”>”
However, this treatment represents an idealized approximation
and does not fully capture the chemical complexity of real
lignin-derived carbon materials. In this context, hydrogen
passivation can be viewed as a simplified model for the
passivation effects arising from residual hydrogen or functional
groups present in experimentally derived carbons. For the cases
of lignin-B-, lignin-y-, and NR-derived structures, the same
preparation routine was followed. The increased temperatures
of the AIMD simulations (between 1273 K and 1773 K) result in
the formation of semi-graphitic domains which are inter-
connected by sp® hybridization, yielding amorphous-like and
highly disordered structures. The number of such semi-
graphitic domains, consisting of joint hexagonal units,
increases with higher temperatures, also meaning a decreasing

number of dangling bonds. To better quantify the
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morphological differences of the obtained structures, their
respective porosity was calculated via the following
expression:”*

Porosity (%) = (Vs — Vara) / (Vays) x 100 (1)

where Vg represents the volume of the model system and Vg,
corresponds to the volume of graphite with an equal number of
carbon atoms. It should be noted that the porosity metric
employed here represents a relative measure of excess volume
compared to graphite. While it enables meaningful trend
comparisons across model systems, it does not necessarily
describe the experimentally accessible porosity, which depends
on pore size distribution, connectivity, and ion accessibility. In
the case of C-lignin-o, increasing the temperature from 1273 K
to 1573 K results in an increase in porosity from 34% to 47%,
followed by a strong decrease to 30% at a temperature of 1773 K
(see Fig. 3c and Table 1). These differences in porosity are ex-
pected to strongly affect the respective AM storage capacity,
which will be addressed further below.

Next, the above-introduced O-lignin-a type structures, which
still contain oxygen while hydrogen was removed, were inves-
tigated. As in the previous scenario, the temperature was
increased from 1273 K to 1773 K. Again, this results in more
semi-graphitic domains and significantly decreases porosity for
the high temperature structure (even more pronounced than
before; see Fig. S3 in the SI). Here, it has to be noted that a small
fraction of the carbon and oxygen atoms formed carbon
monoxide (CO) molecules, which were then removed from the

Tablel Porosity for C-lignin-a, O-lignin-a, and C-lignin-p at different
temperatures (for further information about the other model systems'
porosity see Table S1in the Sl). It should be noted that the number of H
atoms after model saturation is not considered in egn (2)

AT 1273 K 1573 K 1773 K
C-lignin-a 34% 47% 30%
HC-lignin-o. 31% 42% 31%
O-lignin-o 33% 42% 19%
HO-lignin-o 34% 42% 21%
C-lignin-p 40% 14% 12%
HC-lignin-B 38% 17% 17%

1273 Km1573 Km 1773 K

50

40

30

20

10

*

C-lignin-a O-lignin-a

(a and b) Hydrogen saturation of the lignin-a model system that was prepared at 1273 K (O-lignin-« and C-lignin-a, see Fig. 1); (c) porosity

of the lignin-a derived model system at different temperatures (1273 K, 1573 K, and 1773 K). The star sign shows hydrogen-saturated model

systems.
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system. Due to the CO formation and removal, the final struc-
tures obtained at different temperatures show slightly varying
stoichiometries corresponding to C,;0,5 (O-lignin-a (1273 K)),
C7605 (O-lignin-o (1573 K)) and CggO43 (O-lignin-a (1773 K)).
For the 1273 K structure, the porosity of O-lignin-a. amounts to
=~ 33%, showing almost the same porosity as C-lignin-o. ob-
tained at this temperature. The high temperature structures
(1773 K), on the other hand, differ strongly, with O-lignin-
o demonstrating a significantly reduced porosity of 19%, which
is much lower than the 30% of the corresponding C-lignin-a.
Furthermore, for both model systems, the maximum porosity is
obtained at 1573 K, while increasing or decreasing the
temperature leads to a decrease in the porosity (see Fig. 3c). For
the C-lignin-p model system, the scenario is somewhat
different. While the maximum porosity (=40%) is obtained at
a temperature of 1273 K, increasing the temperature results in
a highly decreasing porosity of = 14% and = 12% at 1573 K
and 1773 K. This finding shows that raw materials, with an
increasing fraction of carbon rings, drastically reduce the
number of undercoordinated atoms in the final structure. On
the other hand, the system becomes more temperature-
sensitive; in other words, when the temperature increases, the
model system transitions toward a layered structure, resulting
in a significant reduction in both porosity and the interlayer
distance. (see Fig. S4 in the SI). Finally, HC-lignin-o,, HO-lignin-
a, and HC-lignin-B are considered, showing a negligible
porosity variation as compared to C-lignin-a, O-lignin-a, and C-
lignin-p (see Fig. 3). The hydrogen saturated model systems
obtained from C-lignin-a at 1273 K, 1573 K, and 1773 K exhibit
a Cy04H,6 stoichiometry and show a slight porosity change from
= 34% to = 31%, from 47% to 42%, and from 30% to 31%,
respectively. HO-lignin-a, corresponding to O;5C;,H;g (1273 K),
0,0C76Hy (1573 K), and 0;3Ce0H;, (1773 K) stoichiometry,
shows a negligible porosity change from = 33% to = 34% at
1273 K, and from 19% to 21% at 1773 K, while it remains at =
42% for the 1573 K structure. Finally, HC-lignin-p, corre-
sponding to the H;;C;,5 model system, also shows a negligible
variation in porosity as compared to the C-lignin-B model
systems. For the model systems created at 1273 K, 1573 K, and
1773 K the porosity after hydrogen saturation changes from
40%, 14% and 12% to 38%, 17%, and 17%, respectively (see
Tables 1 and S1 and Fig. S4 and S5 in the SI).

In general, the porosity exhibits a non-monotonic depen-
dence on temperature, increasing from 1273 K to 1573 K and
subsequently decreasing at 1773 K. The initial increase in
porosity can be attributed to enhanced bond rearrangement
and the formation of void regions at intermediate temperatures.
At higher temperatures, however, structural densification and
partial collapse or coalescence of pores may occur, leading to
a reduction in overall porosity. This evolution in pore structure
has important implications for ion storage behavior: while
increased porosity at intermediate temperatures facilitates the
AM accommodation within the carbon matrix, excessive struc-
tural reorganization at higher temperatures may reduce the
availability of accessible storage sites. This observation high-
lights the existence of an optimal structural regime for maxi-
mizing the AM uptake.””®
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3.2 Feedstock impact on model systems

From the above-presented results for the lignin-o and C-lignin-
B based structures, it becomes evident that the morphology of
the precursor material, characterized by polymer size and type,
strongly affects the geometry and porosity of the respective
model system. A very small polymer, for instance, with fewer
hexagon rings produces a more amorphous-like structure with
more unsaturated bonds. A larger polymer, on the other hand,
with more hexagons rather than merely carbon chains, reduces
the amount of unsaturated bonds and increases the porosity, as
shown in the case of C-lignin-B. In the following section, the
impact of the raw material on the resulting HC structure is
further examined for the cases of the C-lignin-y, N-lignin-y, O-
lignin-y, S-lignin-y, and for the model systems generated from
the nano-ribbons (see Fig. 2 and also Fig. S1 and S2 in the SI). In
this paragraph, the discussion is limited to structures created at
1273 K. The porosity for the C-lignin-y, S-lignin-y, N-lignin-vy,
and O-lignin-y structures amounts to 52%, 50%, 44%, and 43%,
respectively. These values show an increased porosity as
compared to previously discussed model systems like lignin-a,
and lignin-f (see Table S1, and Fig. S1 and S2 in the SI). While
the polymer size in these model systems is larger (a large chain
of polymers), the final structure shows higher porosity (see
Fig. S1 in the SI). However, the obtained structures show an
increased number of unsaturated/dangling bonds, which is one
of the issues that needs to be solved for using them as an anode
material. Strong bonding of the AM atoms to these uncoordi-
nated sites makes them rather unsuited for battery applica-
tions’”’® To further evaluate the effect of the raw material, we
also considered the evolution of the nanoribbon-based struc-
tures. The different nano-ribbon derived models show varying
porosity, which originates from their initial structural charac-
teristics, such as the hexagon ratio, chain length, and orienta-
tion of the nanoribbons (see Fig. 2). With a value of 53%, NR-I
shows the highest porosity, followed by NR-II with 44%. For NR-
I and NR-II, the final structures - unlike the usual model
structures from polymers (chain/less-hexagon-rings) which are
full of unsaturated bonds — show large graphitic domains and
consequently a more pronounced porosity. For NR-III,
a porosity of 32% is observed, which shows that the initial
condition can highly affect the final model structure.

3.3 AM-insertion

As a next step, AM insertion at different sites of the C-lignin-a,
O-lignin-a, and C-lignin-B model systems was investigated (see
Tables 2, 3, and S2 in the SI). For the C-lignin-a. and O-lignin-
o systems, the energetically most favorable AM adsorption sites
were determined for the structures created at temperatures of
1273 K, 1573 K and 1773 K (see Fig. 4). Different insertion sites
were investigated, anticipating that the presence of unsaturated
bonds will make the AM adsorption highly favorable.” For the
C-lignin-a. structure, prepared at 1273 K (see Fig. 5a-c), AM
atoms placed at several different positions were found to move
to undercoordinated sites, showing that unsaturated bonds are
more favorable for AM atoms than the large porous sites. The
preferential adsorption of alkali metals at undercoordinated

This journal is © The Royal Society of Chemistry 2026
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Table 2 Insertion energy E; (in eV) for Li, Na, and K atoms in different
sites of C-lignin-a. and C-lignin-B prepared at a temperature of 1273 K
(see Fig. 5, and S6 and S9 in the SI)

Sites N=1 N=2 N=3 N=14 N=5
LiC-lignin-o —-1.32 —-1.92 -1.97 —-1.33 -1.71
NaC-lignin-o —2.00 —1.82 —1.58 —-1.74 —
KC-lignin-o. —2.53 —1.88 —2.33 —2.41 —
LiHC-lignin-o —0.98 —-1.10 —-1.10 —0.83 —
NaHC-lignin-a —0.89 —1.82 —0.69 —0.70 —0.27
KHC-lignin-o —1.93 —1.96 -1.7 —1.60 —1.32
LiC-lignin-B —-1.12 —1.81 —1.62 —-1.27 —-1.0
NaC-lignin-B —1.16 —1.84 —1.60 —-1.1 -1.1
KC-lignin-B —1.94 —2.22 —2.27 —1.87 —1.83
LiHC-lignin-B -1.0 —0.82 —0.81 -1.0 -1.0
NaHC-lignin-B —0.26 -1.1 -1.1 -1.1 —0.9
KHC-lignin-B —1.32 —1.53 —1.45 —-1.76 —-1.17

Table 3 Insertion energy E; (in eV) for Li, Na, and K atoms in different
sites of C-lignin-a prepared at temperatures of 1573 K and 1773 K (see
Fig. S8 in the SI)

Sites N=1 N=2 N=3 N=4 N=5
Liar1573 —0.58 —-1.25 —1.49 —-1.21 —-1.73
Naaris73 —2.14 —1.60 —1.34 —1.56 —
Karis73 —2.58 —-2.31 —2.30 — —
Liat1773 —2.48 —1.38 —-1.14 —-1.19 —
Naar1773 —1.48 —2.50 —1.43 —-1.24 —
Kar1773 —2.19 —2.89 —2.22 —2.94 —
o m1273K W1573K " 1773K o W1273K W1573K 1 1773K
NERCNEP
w w
3 -3
-4 -4
a C-lignin-a b O-lignin-a

Fig. 4 The most favorable sites for insertion of a single AM atom
regarding (a) C-lignin-a and (b) O-lignin-a.

carbon sites is thermodynamically expected and may also be
responsible for the irreversible capacity due to possible ion
trapping at defect sites.**®* Furthermore, increasing the AM
content results in an up-shift of the Fermi energy (see Fig. 6),
which is more pronounced for Na and K as compared to the case
of Li. These differences in the Fermi level up-shift also indicate
that Na and K affect the geometry of the structure more severely
than Li.**® Hydrogen saturation of the HC-lignin-a (1273 K)
structure results in decreased adsorption strength and corre-
sponding insertion energies of —1.1 eV, —1.98 eV, and —1.96 eV
for Li, Na, and K at the most favorable sites. Finally, an inves-
tigation of the samples that were prepared at 1573 Kand 1773 K
(see Fig. S8 in the SI) again shows that all AM-atoms move
towards unsaturated bonds. The most stable adsorption sites
are observed for the high temperature model (1773 K),
amounting to —2.48 eV, —2.50 eV, and —2.94 eV for Li, Na, and
K, respectively (see Fig. 4a).

This journal is © The Royal Society of Chemistry 2026
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For the O-lignin-a. (1273 K) model system not only unsatu-
rated carbon bonds but also sites close to the oxygen atoms are
energetically highly favorable for AM ion adsorption (see
Fig. 4b, and S8, and S9 in the SI). As for the case of C-lignin-a,
the AM atoms placed at different initial positions move to
unsaturated bond sites. The most favorable adsorption sites of
this system show significantly increased adsorption strength as
compared to C-lignin-a (1273 K), yielding energies of 2.72 eV,
—2.65 eV, and —3.38 eV for Li, Na, and K, respectively. Similar to
the case of HC-lignin-a (1273 K), the hydrogen saturated HO-
lignin-a. (1273 K) shows less strong adsorption, with the corre-
sponding insertion energies for the most favorable sites
amounting to —1.54 eV (Li), —1.1 eV (Na), and —2.86 eV (K) (see
Table S3 in the SI). Hence, the hydrogen saturation more
strongly alters the insertion energy for O-lignin-o. as compared
to the C-lignin-a structure, which is due to the saturation of
highly active sites, created in the presence of oxygen. Interest-
ingly, for the O-lignin-o model system, the strongest adsorption
for Na and Li is observed for the 1573 K structure. The energies
of the most favorable sites in this system - corresponding to
—3.19 eV, —3.15 eV, and —3.33 eV for Li, Na, and K - are shown
in Fig. 4b. In the case of the 1773 K O-lignin-a structure, the
most favorable sites show less strong adsorption for Li (—2.91
eV) and Na (—2.23 eV) while the K adsorption strength is
increased to —3.55 eV. For this model system, the porosity is
highly reduced, and the porosity-size/graphite-layer-distance
(=4 A) significantly decreases in some points, such as the
heptagon site. Hence, the AM atoms that are inserted at this site
- which also lacks oxygen - show less favorable insertion
energies (for Li (—0.73 eV), Na (—0.54 eV), and K (—0.60 eV)) in
comparison to the other sites and model systems. A close look at
the model system shows that the charge distribution is different
for oxygen-containing and oxygen-free structures, as can be
inferred from the corresponding charge density difference plots
(see Fig. 7).

The latter ones reveal pronounced charge accumulation
around undercoordinated carbon atoms and within local void
regions, indicating that these sites act as energetically favorable
adsorption centers for AM atoms. This redistribution of elec-
tron density suggests a strong interaction between the AMs and
defect-rich regions of the carbon framework, which contributes
to enhanced storage capacity. Indeed, the charge transfer from
the AM atoms to the oxygen-containing carbon framework is
extended to the oxygen sites. This indicates that the bonding of
AM atoms to this system will be stronger than for the oxygen-
free system, which is in agreement with the observed adsorp-
tion energies. To generalize this finding, the most favorable
sites in the C-lignin-o. and O-lignin-o. model system were
considered. Charge analysis of the C- and O-lignin-a structures,
using the DDEC6 charge analysis scheme, yields a charge
transfer of 0.70 e, 0.77 e, 0.83 e, and 0.84 e, 0.88 e, 0.90 e for Li,
Na, and K, respectively. This points to a higher reactivity of the
oxygen sites, which is the reason for the stronger AM adsorption
in the O-lignin-o system (see Fig. 7).

Finally, AM atoms positioned at various sites for the C-lignin-
B structure, which was produced at 1273 K (see Fig. S6 in the SI),
were considered. As for the case of C-lignin-a and O-lignin-a,
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Fig.5 Schematic representation of the Li (green), Na (yellow), and K (purple) insertion (a—c) for C-lignin-a and (d—f) for HC-lignin-a. The model
structures are created at a temperature of 1273 K (for more information about the other models, see Fig. S6 in the SI).
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Fig. 6 (a) Volume change and (b) Fermi energy shift of the C-lignin-
o model system with respect to the AM concentration. For more
information, see Fig. S9 in the SI.

Fig. 7 Charge density differences for Na adsorption on the (a) O-
lignin-a and (b) C-lignin-a model system.

the inserted atoms were observed to migrate to under-
coordinated sites, again indicating that AM atoms prefer
unsaturated bonds over large porosity sites. For the most
favorable sites the insertion energy for Li, Na, and K in C-lignin-
B amounts to —1.81 eV, —1.84 eV, and —2.27 eV, respectively.
These energies are 0.16 eV (Li), 0.16 eV (Na), and 0.26 eV (K) less

22678 | J Mater. Chem. A, 2026, 14, 22672-22684

negative as in the case of C-lignin-a, whereas in comparison to
O-lignin-a the differences amount to 0.9 eV, 0.8 eV, and 1.1 eV
for Li, Na, and K, respectively. Here, a DDEC6 based charge
analysis yields a charge transfer of 0.67 e, 0.74 €, and 0.75 e, for
Li, Na, and K, respectively. This means a reduced charge
transfer as compared to the previously discussed cases (C-
lignin-o. and O-lignin-a), confirming the lower reactivity of the
C-lignin-B structure. The hydrogen saturation of this system
(HC-lignin-B) reveals that the insertion energy at the most
favorable sites for Li, Na, and K is altered to —1.0 eV, —1.2 eV,
and —1.76 eV, respectively. Hence, hydrogen saturation strongly
alters the insertion energy and reduced the adsorption strength
in C-lignin-B, as well as in the lignin-a model systems.
Insertion compounds with higher AM content have also been
studied, to allow for the determination of the resulting open
circuit voltage (OCV). For this purpose, AIMD simulations at 400
K were performed to distribute different numbers of AM atoms
in the respective model system. First, the carbon matrix was
kept fixed while the AM atoms were free to move (more than
1000 ionic steps). Afterwards, the whole structure was opti-
mized with the C-atoms also being free to move. The resulting
discharge curves have been established for a range of AMC,
stoichiometries, in order to comprehend the influence of the
system geometry on the entire insertion process and the
potential application as an anode material. In the following
section, the AM insertion for model systems created at 1273 K is
investigated. The reason for focusing on these systems is the
fact that this temperature corresponds to the beginning of the
HC formation under experimental conditions.?* An increasing
number of AMs was inserted in the respective structures, and
the corresponding charge/discharge curves were determined
(see Fig. 8, 9, and also Fig. S7 in the SI). The following formula

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Discharge curves for C-lignin-p (1273 K), for (a) Li, (b) Na, and (c) K insertion. X denotes the concentration of inserted atoms in the
investigated model systems (X corresponds to the number of inserted AM atoms divided by the total number of atoms). H-AM shows the AM

concentration in a hydrogen-saturated model system, HC-lignin-.

has been used to calculate the open circuit voltages (OCV) of the
most stable configurations at a given AM concentration in
relation to the respective bulk metal.

Vocv = (Exs1 — (Ex + Eam))/z (2)

where x is the ion content and z corresponds to the elementary
charges that are transferred during the insertion process. Exm
represents the energy of the bulk metal phase.

The AM atom insertion shows that the considered model
systems not only improve the capacity for Li and K ions beyond
that of graphite (the highest concentrations that can be realized
for Li and K in graphite correspond to LiC¢ and KCg), but
a largely increased capacity is also observed for Na storage.
Regarding C-lignin-a and C-lignin-p, AM storage is possible up
to AMC, stoichiometry and even beyond (see Fig. S10 in the SI).
However, due to the higher density of defects and unsaturated
bonds, the adsorption energy of the AM atoms, in particular at
lower AM concentrations, is strongly negative, which results in
potentials of above 1.0 V for Li, Na and K storage in both model
systems (for x < 0.14), as can be inferred from Fig. 8 and 9.
When, instead, hydrogen saturated structures are consid-
ered,*®* the AM insertion energies at low concentration are
found to be strongly altered by up to 1.0 eV, for all considered
model systems (see Table 2), thus significantly lowering the
corresponding potential (see Fig. 8). A comparison of HC-lignin-
o and C-lignin-a shows that the hydrogen saturation lowers the
insertion energy and consequently shifts the potentials below

This journal is © The Royal Society of Chemistry 2026

1.0 V for Li, Na and K storage in HC-lignin-a (for x = 0.07) as
depicted in Fig. 8. Similarly, AM insertion in the high porosity
HC-lignin-B phase, obtained at 1273 K, shows that the insertion
energy becomes less negative, resulting in a smaller voltage at
low AM concentration, as compared to the plain C-lignin-
B phase (by = 0.3 eV, = 0.5 eV, and = 0.5 eV for Li, Na, and K,
respectively, see Fig. 9). Moreover, the O-lignin-o. structure was
also considered for OCV calculations, again showing rather
increased voltages which can be expected to be lowered by
hydrogen saturation (see Fig. S7 in the SI).

Besides hydrogen saturation, which highly alters the inser-
tion energy, the initial morphology of the raw material also
plays an important role in the resulting potential profile. As
already mentioned, polymers with more hexagonal units result
in final structures with larger porosity and fewer unsaturated
bonds, as discussed for the comparison of 1273 K structures of
lignin-B and lignin-a.

Comparing HC-lignin-o and HC-lignin- shows that
hydrogen saturation affects the voltage profile of C-lignin-
o more significantly. The reason behind this might be the larger
amount of uncoordinated bonds in C-lignin-a, which results in
an increased initial insertion energy and consequently OCV,
which is strongly altered after hydrogen saturation. In general,
it has to be pointed out that the calculated voltage profiles
provide a semi-quantitative description of alkali-ion storage
behavior, capturing relative trends and structural dependencies
while not aiming for exact quantitative agreement with
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experiments. Nevertheless, this approach allows us to identify
how variations in porosity, disorder, and local bonding envi-
ronments, including hydrogen saturation, influence the shape
and features of the voltage profile.

In previous reports, the mechanisms of sodium storage in
the slope and plateau regions of hard carbon have been
explored.®®" The creation of a quasi-metallic sodium cluster
has been reported by certain researchers, including Stratford et
al., using Na solid-state NMR.* Electron paramagnetic reso-
nance, computation, and Raman spectroscopy have recently
been used to study sodium clusters and provided insight into
the sodium pore-filling process, also with respect to pore size
and defect concentration. Complementary to these investiga-
tions, our calculations show that by increasing the AM
concentration in the considered model systems, metallic and
quasi-metallic AM clusters are formed. By considering the AM-
AM distances in the C-lignin-a structure, for Li, Na, and K,
minimum values in the order of 2.50 A, 2.96 A, and 2.90 A are
observed. These are close to the nearest neighbor distance in
the respective metallic phases (see Fig. 10a—c). Moreover, for C-
lignin-o. and O-lignin-o. the volume change under AM-insertion
was considered. At low concentrations, there is no significant
increase for C-lignin-a, especially for Li and Na, but increasing
the intercalant concentration up to 25% (see Fig. 6) results in
a considerable volume expansion of =6%, =9.5%, and
~28.2% for Li, Na and K, respectively. The volume change
during AM insertion is even higher for the oxygen-containing
model system (O-lignin-o (1273 K)), which originates in the
smaller initial volumes of the AM free structures. In this case,
the volume change for K insertion amounts to more than 38%,
while for Li and Na insertion it remains much smaller (see
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Fig. S9 in the SI). Furthermore, a DDEC6-based charge analysis
of C-lignin-o. with increased AM concentration shows that AM
atoms that are adsorbed in the vicinity of uncoordinated carbon
atoms transfer more than 0.8 e to the carbon framework, while
for other sites (especially in large pores) a significant decrease in
charge transfer is observed with =0.30 e, =0.13 e, and =38 e,
for Li, Na, and K respectively. This indicates that the charge
transfer for Na is more strongly reduced, thus pointing to
a more pronounced formation of (metallic) clusters in the case
of Na insertion (see Fig. 10a-c). When hydrogen saturation is
considered, the AM-AM distances are not significantly changed,
but the overall charge transfer is decreased. While sites with low
charge transfer are observed for all AMs, the hydrogen saturated
structure shows an increased number of Na atoms that can be
quantified as quasi-metallic (see Fig. 11a—c).

3.4 Comparison with experimental results

To validate the relevance of the present computational results,
we compare our findings with experimental studies on lignin-
derived hard carbons. Such comparisons are essential to
assess the physical relevance of the simplified model systems
employed in this study. Experimentally, such materials exhibit
disordered turbostratic structures with significant micropo-
rosity formed during pyrolysis, which plays a crucial role in the
alkali metal storage behavior. Reported reversible capacities
typically range between 300 and 400 mAh g, depending on
synthesis conditions and the pore structure.*” In our simu-
lations, the calculated porosity-defined here as a relative
structural descriptor-ranges between approximately 30% and
50% depending on precursor type and temperature. While this
metric is not directly equivalent to measured accessible pore
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Fig. 10 Charge and bonding analysis for increased AM concentration in the C-lignin-a model system. (a—c) depict AM—AM bonds with bond
distance < 3.7 A, and charge transfer as determined from the DDEC6-charge analysis. The charge transfer (CT) for the different AMs is divided into
three parts with the corresponding atoms depicted in different colors: for Li; CT >0.60 e, 0.38 e < CT = 0.60 e,and CT = 0.38 ¢, for Na, CT > 0.64
e, 035e<CT=064e,andCT=0.35¢eand finally for KCT>06¢e, 038e<CT=06e, andCT =0.38e.
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Fig. 11 Charge and bonding analysis for increased AM concentration in the HC-lignin-a. model system. (a—c) depict AM—AM bonds with bond
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volumes, the observed trends are consistent with experimental
findings: structures with higher porosity and increased disorder
exhibit enhanced alkali metal uptake. In particular, model
systems such as lignin-y and the nanoribbon-derived struc-
tures, which show higher void fractions, also accommodate
higher alkali-metal concentrations, in qualitative agreement
with experimental reports linking increased pore volume to
enhanced storage capacity.®*** It should be noted, however,
that a direct quantitative comparison is limited by the simpli-
fied nature of the model systems and the definition of porosity
used in this work, which does not explicitly account for pore
accessibility or size distribution. Therefore, the comparison
should be interpreted primarily in terms of qualitative trends,
rather than absolute values. Nevertheless, the agreement
between simulated structural characteristics and experimen-
tally observed behavior supports the validity of the proposed
structure-property relationships. Overall, this qualitative
agreement supports the validity of the proposed structure-
property relationships despite the inherent simplifications of
the model systems.

5 Conclusion

Different lignin-based structures were computationally investi-
gated with respect to their morphology and their suitability as
anode materials for lithium and post-lithium-ion batteries.
Structural features such as porosity as well as the AM insertion
energy were studied to gain deeper insight into the properties of
these materials. The created model structures are able to store
significant amounts of Na and, in general, offer a largely

This journal is © The Royal Society of Chemistry 2026

increased storage capacity for the different AMs as compared to
pristine graphite. Concerning capacity loss due to strong
bonding to undercoordinated atoms in these structures,
a hydrogen saturation strategy was proposed. By saturating the
dangling bonds and reactive sites, insertion energies are
significantly altered, and consequently, the corresponding
voltage profile is shifted to lower potentials. This shift is more
pronounced for C-lignin-o. as compared to C-lignin-B, which is
a consequence of the higher amount of uncoordinated bonds in
C-lignin-a.. With respect to the hard carbon morphology, we
found that structures derived from lignin-y show a higher
porosity. However, due to the huge amount of under-
coordinated atoms and dangling bonds, these structures are not
a useful choice for battery applications. Yet, similar to HC-
lignin-a, it is expected that hydrogen saturation may signifi-
cantly affect the insertion energy; nevertheless, since the system
mostly contains tiny pore sizes, the final structure is not ex-
pected to be a viable candidate for increased storage capacity.
On the other hand, lignin-o. and lignin-B, showing a highly
reduced amount of uncoordinated bonds as compared to
lignin-y, may, in combination with hydrogen saturation, be
suitable candidates. Our findings indicate that raw materials
with an increased fraction of carbon rings increase the porosity
while the number of undercoordinated atoms and dangling
bonds is decreased. However, at the same time, the unsaturated
carbon bonds are important for the formation of pores as
opposed to graphitization, which is strongly enhanced at
increased temperatures. Hence, the preparation of porous hard
carbon structures from precursor materials with a fraction of
carbon rings and the subsequent hydrogen saturation of

J. Mater. Chem. A, 2026, 14, 22672-22684 | 22681


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta00336b

Open Access Article. Published on 20 April 2026. Downloaded on 6/22/2026 6:39:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

dangling bonds seems a promising strategy for creating anode
materials with high capacity. Overall, our results suggest that
experimental optimization should focus on (i) pyrolysis
temperatures that generate disordered turbostratic carbon with
well-developed but not excessive microporosity, (ii) lignin
precursors with controlled heteroatom content and cross-
linking to steer the resulting carbon morphology, and (iii) post-
treatments (e.g., gentle activation or surface functionalization)
that adjust pore volume and defect density to maximize
reversible alkali-ion storage while minimizing irreversible

trapping.
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