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A B S T R A C T

Given the strong growth of the global battery demand and the criticality of graphite, diversifying anode materials
in Li-ion systems has become increasingly important. In this context, because of numerous favorable properties,
hard carbon is positioned as an interesting alternative. However, due to its structural, textural and chemical com-
plexity, its electrochemical lithiation mechanism remains to clarify. In this paper, a review of the various lithia-
tion mechanisms in hard carbon and their impact on the galvanostatic curves extracted from literature is real-
ized. Thanks to a qualitative and quantitative analysis of the literature, the impact of the surface parameters (spe-
cific surface area, defects, heteroatoms, porosity), the turbostratic domains features (size, proportion, interlayer
distance) and the closed porosity (size, quantity) on the electrochemical lithiation are highlighted. Their benefi-
cial or detrimental role is discussed, even if some uncertainties remain concerning some aspects such as closed
porosity. Finally, other key parameters mandatory for the application are discussed (irreversible capacity,
lithium plating).

1. Introduction

Lithium-ion battery technology is the most widely used for mobile
and stationary energy storage applications. Nevertheless, many re-
searchers are working to further improve this technology through re-
placing or enhancing component materials (cathode or anode materi-
als, electrolyte, separator, casing …), interfaces [1] and device (BMS,
sensor and actuators [2]). Concerning the electroactive materials, huge
work has been dedicated to the development of improved cathodes
whereas graphite has remained the dominant anode for decades. In-
deed, graphite is a carbon material which exhibits a relatively low spe-
cific capacity of 372 mAh.g−1 but kept many advantages (conductivity
properties, mass, electrochemical stability, cyclability, low toxicity …)
compared to other intercalation, alloys and conversion materials [3].
Nevertheless, the graphite supply tends to become a main issue regard-
ing economic, politic and environmental perspective. Indeed, 75% of
the synthetic graphite production and graphite mining are localized in
Asia, and only 10% and 2% respectively in Europe, making it a critical
material in terms of supply and strategic importance [4,5]. Synthetic
graphite represents 60 to 80% of the graphite used for LIBs and requires
a high energy demand for industrial production [6]. Due to its fossil

fuel precursors (petroleum or coal-tar) and to its energy-intensive pro-
duction process (Acheson process [7]), synthetic graphite contributes to
greenhouse gas emissions (5000 g of CO2 per kg of graphite produced).
Moreover, with the constant development of the on-board energy sec-
tor, the global battery demand could be multiplied 14-fold by 2030
(from 180 GWh in 2018 to 2600 GWh) [8]. Consequently, a more sus-
tainable negative electrode material should be considered in order to
both answer the increasing demand and drawbacks inherent to
graphite.

A possible replacement solution is the use of hard carbons (HC). In
Na-ion batteries (NIB), graphite cannot be considered as Na+ electro-
chemical intercalation into the host leads to a very low specific capacity
of about 35 mAh.g−1, mainly due to poor interactions between graphite
and sodium [9]. Hard carbons are currently considered as the best solu-
tion for practical applications, with a specific capacity that can exceed
300 mAh.g−1 with a growing knowledge concerning their electrochemi-
cal sodiation. This increased comprehension leads the battery manufac-
turers to open the door to HC as alternative anode for Li-ion battery
(LIB's). Compared to graphite, the hard carbon elaboration allows a sig-
nificant energy saving: the energy used could be divided by 2 or 3
thanks to the lower operating temperature, i.e. 800-1500 °C for hard
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carbons versus 3000 °C for graphite (Fig. 1) [10]. Moreover, hard car-
bons can be prepared from low-cost, available and abundant biomass
precursors, another advantage for sustainable policies.

HC can be obtained from thermosetting precursors (carbohydrates
or polyvinylidene dichloride PVDC) derived from biomass or synthetic
and natural polymers. These precursors are usually pyrolyzed at high
temperatures (from 700 to 1800 °C) and under inert atmosphere,
whereas glassy carbons are formed at higher temperatures (Fig. 1) [10].
Regardless of the pyrolysis temperature, even at high temperatures,
hard carbons are unable to graphitize and only random stacking of
graphene layers are observed at long distance, with higher interlayer
distance than in graphite.

Several models have been used in the literature in order to depict
the complex structure and texture of hard carbons. HC can be described
as non-graphitizable carbon materials made of a random stacking of
graphene sheets along the c-axis with a short-range ordering. These
sub-nanometric regions are called turbostratic domains with various
structural and chemical defects. They can exhibit a wide range of spe-
cific surface area. If the latter is high, it is correlated to highly microp-
orous texture (pore size below 20 Å). However, HC with low specific
surface area can also be prepared, whose texture can be microporous or
not. The structural evolution of hard carbons with temperature treat-
ment can be described by a schematic model that also helps for depict-
ing alkali ions storage in battery technologies. This description is
known as the “falling cards” model (Fig. 2) introduced by Xing et al.
[11] and completed by Dahn et al., an advanced model of the “house of
cards” model from Xue et al. and Liu et al. [12,13]. It describes the de-
velopment of the porosity together with the turbostratic domains size
increase with the temperature [11,14]. Later, Dou et al. specify this
model by considering hard carbons as a combination of pseudo-
graphitic microcristallites (turbostratic stacking of graphene layers,
sp2-hybridized carbons) and of amorphous regions (defects, layer
edges, sp3-hybridized carbons) [15].

Currently, no strict definition of the hard carbon structure is clearly
established in the literature even if some descriptions have been pro-
posed during the last decades (Fig. 3). A first description has been pro-
posed by Warren et al. who defined hard carbons as an arrangement of
turbostratic nanodomains randomly oriented [16]. Later, Franklin et al.
have completed this description by precising that these domains were
linked to each other through amorphous regions [17]. In 1975, a first
3D illustration has been proposed by Ban et al. who described a net-
work of curved and interlaced graphitic nanoribbons [18]. Neverthe-
less, in this model, the inability for hard carbons to graphitize is not ex-
plained as amorphous linking domains previously mentioned by
Franklin are not evocated [17]. Using computational modeling,

Townsend et al. suggested to associate hard carbons with a “random
schwarzite structure” containing fullerene-like domains in amorphous
regions [19]. Then, Harris et al. claimed that hard carbons were com-
posed of an isotropic and 3D structure similar to foam with curved car-
bon layers with fullerene-like structure forming microporosity. The
non-graphitization feature is explained by non-hexagonal polygons in
the structure [20]. Ten years later, Terzyk et al. described hard carbon
as a complex porous network composed by carbon layers discreetly
curved. Carbon layers do not exhibit only a classical “honeycomb” net-
work but are also composed of a random distribution of pentagons and
heptagons helping to stabilize the structure against graphitization [21].
Finally, Dou et al. amended this description with vacancies and het-
eroatom structural defects in the hard carbon structure [15]. Such a pic-
ture of hard carbon with curved graphene layers is commonly accepted
in literature. So, typical features of HC are an interlayer distance of
3.7<di < 4.1 Å, a crystallite size La < 10 nm, a chemical composition
of >80%at. of carbon, a few mesoporosity and a main microprorosity,
both open and closed.

Due to the complex structure, the de/lithiation of hard carbons is
poorly described in literature. Current batteries involve (de)lithiation
of anode and cathode through a “rocking-chair” mechanism. At the neg-
ative electrode, the graphite lithiation involves lithium intercalation
until saturation of all interlayer spaces with the formation of the LiC6
first stage Graphite Intercalation Compound (GIC), accompanied with a
structural rearrangement in a AαAαA c-axis stacking sequence clearly
identified. So, it is necessary to understand their electrochemical lithia-
tion in the aim of producing alternative batteries with HC as anode in-
stead of graphite. Various approaches such as ex situ, in situ, post-mortem
and operando techniques [22] can be considered but dissensions emerge
from these studies due to the complexity of the materials and the fact
that at equilibrium and out-of-equilibrium systems are studied, making
conclusions tricky to gather. Hence, the aim of this review is to high-
light the keys of the hard carbon electrochemical lithiation, to describe
the various lithiation mechanisms suggested in the literature and to as-
sess the possibility to reach a scientific consensus. In this work, all the
lithiation modes proposed in the literature are first associated with a re-
spective electrochemical profile. Then, the impact of the main physico-
chemical, structural and textural properties is discussed in respect with
the evolution of the electrochemical lithiation thanks to a quantitative
analysis of data retrieved from the literature. Finally, other factors as-
sumed to be responsible for electrochemical limitations are examined.

Fig. 1. Schematic representation of carbonization mechanisms for thermosetting (on top) and thermoplastic (on bottom) precursors (adapted from Saurel et al. [10],
copyright John Wiley and Sons).
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Fig. 2. Schematic illustration of “falling cards” model (adapted from Dahn et al.
[14], Copyright (2025), with permission from Elsevier).

2. Lithiation mechanisms of hard carbons

2.1. Description of supposed mechanisms

As hard carbon sodiation mechanisms are widely studied, a consen-
sus tends to be reached in the literature even if few underlying uncer-
tainties remain. Four mechanisms are identified in literature: pseudo-
capacitive adsorption, adsorption on defects, intercalation and pore fill-
ing [23,24]. Similarly, some lithium electrochemical insertion mecha-
nisms are admitted while existence of others is still discussed. In the lit-
erature, four storage modes are usually described, there are illustrated
in Fig. 4

One mechanism is the adsorption phenomena of lithium ions on
hard carbon surface, in the surface microporosity and defects forming
weak bonds [25]. Lithium adsorption can also occur on the surface of
turbostratic microdomains. Kim et al. associate these phenomena with
surface adsorption defined as direct reduction of lithium on electro-
chemically active surface, such as open porosity at the extreme surface
of particles [26]. In another step, lithium intercalates into interlayer
spaces of turbostratic domains, progressing from the formation of high
stage compounds (all spaces are not occupied) to first stage compounds.
Intercalation of lithium ions occurs when 2 or 3 carbon layers are
stacked [11,27–29]. However, due to the turbostratic nature of hard

carbons, no subsequent stable AαAαA stacking sequence is possible,
which reduces the number of available sites for lithium intercalation
[25].

Next, “bulk adsorption” which refers to lithium adsorption in the
bulk of hard carbon particles can take place. It occurs at the surface of
the so-called closed porosity accessible only to Li ions, and of the ultra-
microporosity littering turbostratic domains [14,26,30,31].

Finally, clustering can occur, corresponding to the lithium accumu-
lation in the closed porosity after saturation of the pore walls. There,
the state of lithium is not clarified and ionic, metallic, molecular (Li2)
and covalent nature (LiC2) have been mentioned in the literature
[11,25,27,28].

These mechanisms clearly differ from those of graphite lithiation. In
the latter case, lithium-ions intercalate in graphite interlayer spaces,
whose sites are all considered equivalent. However, the LiC6 GIC seems
not to be formed after hard carbon lithiation [32]. Moreover, the disor-
dered structure of hard carbons provides electronic and geometric non-
equivalent sites (defects, microporosity and particle edges) compared
to graphite, modifying the reactivity of carbon versus lithium [29,32].

Because of the small size of lithium and its ability to intercalate in
graphite (unlike sodium) one might expect its electrochemical storage
in hard carbon to be more significant. In practice, lithium-ions interca-
lation in hard carbon is limited and the lithium insertion in the porosity
is lower than that observed for sodium (Fig. 5) [26].

Finally, every established lithiation mode influences the electro-
chemical performances and charge/discharge profiles of hard carbons.
Several studies have attempted to attribute a mechanism with a lithia-
tion/delithiation step on the typical galvanostatic curves, to ensure safe
and efficient batteries.

2.2. Electrochemical attribution of the lithiation modes

During electrochemical lithiation of hard carbons, the different
lithiation modes previously described are occurring or not, either suc-
cessively or simultaneously, that explained the discussions in literature.
The electrochemical profiles obtained vs. Li+/Li on hard carbons con-
sist of: a sloping part at high potential (above 0.2 V vs Li+/Li) and a
plateau part at low potential (below 0.2 V vs Li+/Li) [32]. However,
the potential delimitation between the two regions is not clearly de-
fined, the plateau is not always identified. In the literature, each section

Fig. 3. Evolution of different illustrations and descriptions of hard carbons in literature.
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Fig. 4. Schematic illustration of lithium insertion sites in hard carbons.

Fig. 5. Comparison of different insertion sites in hard carbons for a) lithium and b) sodium.

of the curve is generally attributed to one or more discussed lithiation
modes, and no scientific consensus on these attributions is reached. The
different hypotheses for the correlation between the slope and the
plateau part with lithium adsorption, intercalation and/or clustering
phenomena in hard carbons are presented in Fig. 6 and described be-
low.

- “Intercalation-adsorption” model:

In this model, the reversible capacity and the slope part at high po-
tential of hard carbons is predominated by the lithium intercalation
(Fig. 6a)., A debate remains regarding the plateau at low potential. For
Liu et al., it is due to a lithium adsorption on layer surfaces undistin-
guishable from the lithium pore filling [13]. Xing et al. propose that the
plateau part is associated to the Li+ ions adsorption on the surface of
cylindrical closed pores [11]. By ex situ techniques, X Ray Diffraction
(XRD) and Nuclear Magnetic Resonance (NMR) result Takami et al.
claim that the adsorption of lithium in the closed porosity [33]. For Xue
et al., that adsorption mainly occurs rather on the two internal surfaces
of isolated graphene layers [12].

- “Intercalation-clustering” model:

Similarly, to the previous model, Buiel et al. indicate, based on gas
adsorption and XRD analysis, that the lithium intercalation in tur-
bostratic domains is related to the slope part and the plateau corre-
sponds to lithium clustering in hard carbons porosity (Fig. 6b) [34].
Then, Stevens et al. performed in situ XRD and proposed the intercala-
tion of lithium at high potential [27]. By in situ Small Angle X-Ray Scat-
tering (SAXS), they attributed the pore filling to the low potential part.
For Nagao et al., two types of sites show affinity versus lithium: interca-
lation sites in the turbostratic domains at the surface and adsorption
sites in nanosized closed pores. These authors and others have shown
these mechanisms by ex situ and in situ NMR highlighting iono-covalent
Li–C bondings and metallic Li–Li bondings related to lithium intercala-
tion and subsequent clustering [35–39]. Finally, Hori et al. comforted
the lithium insertion in turbostratic domains for higher potentials (here
above 0.1V) and in nanosized pores as Li semi-metallic clusters below
0.1V by ex situ X-Ray Photoelectron Spectrometry (XPS), Hard X-Ray
Photoelectron Spectroscopy (HX-PES) and NMR [40]. In agreement
with Hori's work, Aniskevich et al. contribute to this “Intercalation-
clustering” model through in situ Electrochemical Impedance Spec-
troscopy (EIS), Raman Spectroscopy and XPS [41].

- “Adsorption-intercalation” model:

4



UN
CO

RR
EC

TE
D

PR
OO

F

J. Zinni et al. Journal of Solid State Chemistry xxx (xxxx) 125975

Fig. 6. Different descriptions of the galvanostatic curves with lithium insertion models described in the literature.

Various descriptions of this model are discussed in the literature
(Fig. 6c). One reports the existence of a plateau at 0.9 V before the slope
part of galvanostatic curves, related to a structural disorder in hard car-
bon that creates a high surface and pores responsible for new adsorp-
tion sites. The plateau part is assigned to the lithium intercalation in
hard carbons [42].

More recently and according to other authors, the slope capacity at
high potential is related to the lithium adsorption on surface defects
and micropores, whereas the plateau capacity is attributed to the
lithium intercalation with a reversible expansion-contraction in tur-
bostratic spaces [43,44]. The reversibility of the interlayer distance
variation during the lithiation/delithiation was showed thanks to ex situ
XRD by Liu et al. [44]. Alvin et al. mention that lithium intercalates at
0 V in short vertical distance of turbostratic domains (from 30 to 50 Å
along c axis). However, the lithium intercalation is not fulfilled due to
turbostratic domains made hardly accessible regarding the tortuosity of
hard carbon. Liu et al. demonstrate during the cycling a decrease in the
diffusion coefficient at high potential, with an increase at low potential
corresponding to the lithium intercalation in turbostratic domains.

Adsorption phenomena occurring in the microporosity up to partial
pore filling are also discussed. A correlation is established between the
slope capacity and the microporous volume. Finally, the clustering phe-
nomenon is associated with a lithium plating of hard carbons, revealing
the difficulty to untangle these phenomena. Notably, Liu et al..show
through ex situ SEM and XPS analyses that the presence of a long
plateau below 0 V can be related to Li-plating as quasi-metallic clusters
formed in the volume of nanopores. Intercalation occurs between
0.05 V and 0.1 V, while Li-plating begins below 0.05 V. Due to the
proximity in potential, it is likely that these reactions occur simultane-
ously.

Finally, Saju et al. defend this model by defining the surface lithium
adsorption (on the defects, edges and functional groups) in the high po-
tential region and the intercalation in turbostratic domains in the low
potential region [29]. Moreover, they explain that a pore filling can
take place for hard carbons heated at high temperatures, but this contri-
bution remains low.

- “Adsorption/intercalation-clustering” model:

This model suggests that adsorption and intercalation mechanisms
occur in the high potential region.

(Fig. 6d). The slope region is both related to lithium-ions adsorption
close to “dangling” bonds and free radical termination, and to a charge
transfer between lithium and carbon in turbostratic domains due to in-

tercalation. In this way, the adsorption on the defects is carried out
from 2.0 V to 0.25 V, then the intercalation of lithium occurs in an in-
termediate region (from 0.25 to 0.05 V) and, the quasi-metallic clusters
formation in the microporosity happens between 0.05 V and 0.002 V in
a plateau zone [45]. This model is also supported by Gotoh et al. whose
demonstrate indistinctly by operando NMR the signature of intercalated
and adsorbed lithium, and the appearance of Li clustering at the end of
the discharge [46].

- “Adsorption-intercalation-clustering” model:

Contrarily to the aforementioned model, this one describes the gal-
vanostatic curves in 3 distinct steps (Fig. 6e) [26,47,48]. First, the
lithium adsorbs on the surface, then the slope is dominated by interca-
lation and lastly, the plateau near 0 V corresponds to lithium clustering
in the porosity. The two last mechanisms are induced by the surface ad-
sorption, especially the clustering in the closed porosity caused by ad-
sorption of lithium ions on the pore walls (bulk adsorption) until satura-
tion. Manna et al. certify this model with ex situ XRD, Raman and XPS
experiments, with a dominant contribution of the lithium intercalation
in hard carbon [48]. Huang et al. demonstrate the adsorption (3V to
0.2V), the intercalation (0.2V to 0.01V) and the clustering (below
0.01V) of lithium by in situ XRD and Raman analyses [47]. Closed
porosity and turbostratic domains are related, so as to the relationship
between intercalation and bulk adsorption is strong, Kim et al. observed
that the more lithium was intercalated, the less it was adsorbed in clus-
ters [26].

- “Adsorption/clustering-intercalation” model:

The last model is supported by Wang et al. (Fig. 6f) [49]. In their
work, they attest of the expansion of the hard carbon particles during
the lithiation by in situ Transmission Electronic Microscopy (TEM).
They observe two stages of particle expansion: the first resulting from
adsorption phenomena, and the second involving higher expansion
with the lithium intercalation into the first stage LiC6 formation. They
assumed the formation of lithium metal nanoparticles at the beginning
of lithiation, simultaneously to the surface adsorption phenomena. The
authors revealed by the diffusion coefficient analysis, that the capaci-
tive coefficient related to adsorption modes is prominent compared to
the diffusion coefficient related to intercalation. The hypothesis of the
lithium storage on the surface defects by adsorption and as clusters in
the porosity by absorption at the beginning of lithiation was supported
by Issatayev et al. who showed the increase of the specific capacity
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from 0.1 to 3 V with the increase of number of defects and porosity in
hard carbons [50]. The plateau is associated to the lithium intercalation
in turbostratic domains between 0.01 and 1 V.

Finally, in recent studies, a scientific consensus about the adsorption
and intercalation storage modes in hard carbons is emerging. Most of
the literature agrees with the attribution of the slope region at high po-
tential to the adsorption on the hard carbons surface and, the plateau
region at low potential to the intercalation. By contrast, lithium cluster-
ing phenomenon and its assignment to the galvanostatic curves is still
discussed because the formation of quasi-metallic lithium could be sup-
ported with the lithium plating. In this way, the contribution of the in
situ experiments remains significant issue for the lithiation understand-
ing. However, even if various works dealing with ex situ experiments
exist and provide initials insights [51], the literature on hard carbon
lithiation still lacks in situ studies.

3. Main characteristics of hard carbons

Each storage mode depends on the different hard carbon properties:
chemical composition and surface chemistry, porous texture and struc-
tural organization. All these properties are influenced by the elabora-
tion parameters, mainly the thermal treatment temperature of the pre-
cursor. It can be first illustrated by the influence of the temperature on
first lithiation and delithiation capacities, and on capacity for a given
following cycle (Fig. 7) [26,34,43,49,52–68].

Capacities tend to decrease with the elaboration temperature even if
some studies report other tendencies such as an overall increase, or an
increase only for high temperatures. These observations are representa-
tive of the complex interpretations concerning the influence of the hard
carbon features on its electrochemical properties. To go further, it is in-

teresting to examine the impact of temperature on slope and plateau ca-
pacities (Fig. 8) [26,54,59,60].

Again, even if a general decrease of slope and plateau capacities is
observed with temperature, other behaviors can occur. Another electro-
chemical feature influenced by temperature is ICE (Initial Coulombic
Efficiency) (Fig. 9) [53,56,58–61,63–68]. ICE is the ratio between the
first charge capacity and the first discharge capacity, and is related to
the reversible capacity loss mainly associated to the SEI (Solid Elec-
trolyte Interphase) formation. The latter is formed during the first cy-
cles by electrolyte reduction on the surface of the negative electrode.

Contrary to capacity, ICE is enhanced for higher temperatures. To
get a better understanding of these trends, each characteristic of hard
carbons will be examined regarding the temperature of elaboration,
and the electrochemical behavior.

3.1. Specific surface area and surface defects

The surface control is a key parameter to understand the electro-
chemical lithiation of hard carbons, especially when the adsorption
phenomena are considered as the main lithiation mechanisms. Many
surface sites present a specific affinity towards lithium like surface
functions, heteroatoms, defects or microporosity.

The influence of temperature on chemical composition (Fig. 10)
[59–61,63], structural organization (Fig. 11) [26,43,45,52–57,59–68]
and porous texture (Fig. 12) [26,34,43,45,49,52,53,55–64,67,68] is ex-
plored.

First, oxygen and hydrogen content decreases with the temperature,
which is expected since heteroatoms are progressively eliminated dur-
ing the precursor pyrolysis. It should be highlighted that the composi-
tion also depends on the HC precursor [69].

Fig. 7. a) first lithiation capacity b) first delithiation capacity and c) capacity at a following cycle as a function of temperature.
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Fig. 8. a) slope capacity and b) plateau capacity as a function of temperature.

Fig. 9. ICE as a function of temperature.

Concerning the structural organization, crystallite sizes along a and
c axis clearly increase with temperature. Even if hard carbons are non-
graphitizable carbons, it is however expected that crystalline nan-
odomains become increasingly developed with temperature, but this
evolution is limited compared to soft carbons for example [70].

To evaluate the quantity of structural defects in a carbon material, it
is also common to use the ID/IG ratio extracted from Raman spectra, i.e.
the intensity ratio between the typical D and G bands observed for dis-

Fig. 10. a) Oxygen and b) hydrogen weight content as a function of tempera-
ture.

ordered carbon materials. If an increase of its value is sometimes re-
ported for low temperatures due to the early development of sp2 do-
mains at the early stages of graphitization [71], ID/IG value tends to de-
crease with the development of turbostratic domains with temperature.
Both evolutions are observed in literature (Fig. 11).

Finally, N2 specific surface area decreases when increasing the elab-
oration temperature. This feature is clearly attributed to the progressive
pore closure of hard carbons [17], as first explained by the falling cards
model.

3.1.1. Heteroatoms
Kubota et al. claim that the irreversible capacity comes from strong

interactions of lithium with the surface dangling bonds and the H termi-
nations, causing a plateau at 1.2 V [45]. For Fromm et al., heteroatoms
such as hydrogen or oxygen at the surface of hard carbon particles are
responsible for lithium trapping [63]. Despite the increase of the stored
ions quantity with the development of the terminated hydrogen atoms,
hysteresis phenomena between the charge and the discharge were ob-
served. Such observation by these authors is confirmed by the data re-
trieved from the literature concerning the evolution of ICE with O and
H content (Fig. 13) [59–61,63,72,73].
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Fig. 11. Crystallite size along a) a axis La b) c axis Lc and c) ID/IG ratio as a function of temperature.

Fig. 12. N2 specific surface area as a function of temperature.

3.1.2. Specific surface area and porosity
Fromm et al. showed a linear relationship between the specific sur-

face area calculated by the BET (Brunauer Emmett Teller) model and
the irreversible capacity [63]. For Xing et al., this irreversible capacity
increases particularly for the first galvanostatic cycle, and interesting
reversible performances are obtained for a specific surface area below
100 m2 g−1 [11,12,74].

A study by Fujimoto et al. demonstrates the appearance of a plateau
at low potential and the increase of the reversible capacity with the

hard carbon surface oxidation [75]. The oxidation could modify the
geometry of the pore entrance in a way that allows more lithium inser-
tion in pores. Accordingly, Lim et al. claim that the open porosity is nec-
essary for increasing capacity, otherwise its closure induces a reduction
of lithium adsorption phenomena [62]. For Liao et al., not only the ac-
cessibility but also the micropore volume enrichment would also in-
duces an improvement of the specific capacity [76]. The capacity of
various hard carbons (first or other cycles following the authors) are
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Fig. 13. ICE as a function of a) oxygen and b) hydrogen content.

plotted as a function of specific surface area on Fig. 14 [26,34,43,45,52,
53,55–64,67,68,72,77–82].

The absence of a clear trend illustrates the difficulty of bringing con-
clusions about the influence of porosity, which increases irreversible
capacity, but is also described as a promoter for the reversible capacity.
Based on a few studies and in an attempt to discriminate the influence
of the specific surface area on lithiation phenomena, slope and plateau
capacity are plotted separately Fig. 15 [26,59,60,72].

Here, the slope capacity is clearly enhanced when the specific sur-
face area is higher, in accordance with the mechanisms attributing
lithium adsorption to this region of the galvanostatic profiles. However,
it is not possible to draw conclusions about the plateau.

3.1.3. Structural defects
Defects on the sp2 carbon layers are favored sites for lithium adsorp-

tion in wide interlayer spaces in hard carbons [45]. To improve the
electrochemical performances of hard carbons for Li-ion, Kubota et al.,
suggest increasing the quantity of defects, the number of pores and the
interlayer distance together with decreasing the specific surface area.
Lotfabad et al. investigate the ICE by studying low specific surface area
materials which eliminate the effect of the SEI formation [83]. They ob-
serve that an ion accumulation during the first cycle, caused by open
nanopores filling and adsorption phenomena on defects, cause irre-
versible lithium-ions intercalation. Especially, surface vacancies are
preferential sites for Li due to better thermodynamic stability. How-

ever, the number of surface defects is also addressed to expand the re-
versible capacity since its ability to improve the capacitive kinetic and
to create active adsorption sites [50,54,84]. This idea seems to be con-
firmed by the development of the capacity between 0.1 and 3 V with
the particle grinding [54]. In addition, the surface adsorption would be
favored for interlayer spaces large enough, around 20 Å, to contain de-
fect sites considered as redox sites for Li [26]. The electronic affinity of
these sites towards lithium induces strong electrostatic interactions be-
tween the surface and ions. Finally, the capacity would be increased af-
ter successive lithium (de)insertion by creating defects [62]. To explore
the impact of defects, Fig. 16 presents the variation of capacity and
slope and plateau capacities with ID/IG ratio [26,49,52–55,59,60,
62–66,68,78,81,82].

Once again, a clear trend is impossible to establish. It is difficult to
distinguish only one trend with the whole capacity, and it is the same
when separating slope and plateau regions. It may be because Raman
spectroscopy does not probe all kinds of defects that can appear in a
material.

To conclude, improving the accessibility and the lithium-ion trans-
port by modifying the specific surface area through the addition of de-
fects, the surface composition and the nanostructured porosity, appears
necessary [29]. However, a lower specific surface area improves the
ICE and proportionally the irreversible lithium loss but this surface de-
crease is associated with the decrease of opened porosity which helps to
the charge transport and the capacity improvement. A larger quantity
of structural defects allows more active adsorption sites and the struc-
tural vacancies improve the electronic charge transfer between the sur-
face and lithium. These defects can be added by ball milling, low tem-
perature treatments or varying the elaboration time and atmosphere.
Substitution defects such as oxygen and surface dangling bonds also
provide energetically favorable sites for adsorption. Doping with het-
eroatoms (N, P and S) can be considered for modifying the surface elec-
tronic properties and for improving the electric conductivity and the Li
diffusion coefficient [85–88].

3.2. Turbostratic domains

Contrary to the minimal interlayer distance admitted for the sodium
intercalation (3.7 Å) in hard carbons for Na-ion batteries (NIB), limited
information exists on the effect of turbostratic domains, especially the
interlayer distance, on the hard carbon lithiation. However, some con-
siderations are mentioned in the literature. In disordered carbons, the
stabilization of the lithium-ions in an AαAαA c-axis stacking sequence
was reported by Dahn et al. [89]. In this study, they suggest that reduc-
ing the proportion of turbostratic domains with excessive disorder is
important as randomly stacked graphene layers causes a too low den-
sity to stabilize the stacking sequence. Furthermore, the spaces are con-
sidered as too large to stabilize intercalated lithium in these domains.
In Pozio et al. works, the best lithiation material was obtained with the
highest graphitization rate which confirms this trend [90]. And, Wang
et al. demonstrated that developing the turbostratic domain proportion
leads to better electrochemical performances [49]. Contrarily, Chen et
al. have recently recommended minimizing the contribution of interca-
lation into turbostratic domains by controlling their proportion and dis-
tribution, favorizing a high disordered structure with large interlayer
spaces is assumed to improve other lithiation mechanisms [84]. Ac-
cording to Kubota et al., hard carbons with turbostratic domains sepa-
rated by small pores are preferable to maximize contact between
lithium and carbon layers [45]. Such organization favors the formation
of “Li2” and “Li4” small lithium clusters type to the detriment of weaker
lithium-carbon bonds (no LiC6 compound formation). For these au-
thors, it is necessary to obtain hard carbons with large interlayer spaces
for the lithium insertion. Elsewhere, Kim et al. recently proposed an-
other definition for the intercalation in turbostratic domains as the ion
storage of lithium by adsorption on the bilateral graphene surfaces
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Fig. 14. Capacity as a function of N2 specific surface area.

(leading to lithium bilayers in the interlayer spaces) or in the closed
porosity if the latter exhibits a critical diameter size between 3.6 and
6.0 Å [26]. For these authors, intercalation dominates in the slope part
of the galvanostatic curve, especially with interlayer distances below
3.78 Å. That is highlighting the extent to which the debate remains
open.

The impact of the interlayer distance on capacities is examined Fig.
17 [26,43,49,52,54–57,59–61,65,67,68,72,73,77–79,81].

Larger interlayer distances globally have a positive impact on the
capacity and increase both slope and plateau region.

In contrast, for other authors, the reversible capacity mainly de-
pends on the number of stacked layers which would increase as the c-
axis coherence length Lc increases [13,74], which is not observed by
several authors (Fig. 18) [26,43,54–57,59–61,67,77–79].

Finally, the proportion of turbostratic domains needed in hard car-
bons remains under debate, but the bibliographic analysis leads to some
key structural parameters. Small turbostratic domains (along the c-axis)
with large interlayer distance seem to provide higher specific capaci-
ties.

3.3. Closed porosity

Xing et al. observe a relationship between texture and structure: the
smaller the pore size is, the higher the proportion of graphene monolay-
ers and the greater the reversible capacity is [74]. For a fixed number of
stacked layers, this capacity depends on the aperture, size and surface
area of the porosity, controlling lithium adsorption. In correlation with
these features of hard carbons, Lim et al. also observe an increase of the
reversible capacity when the pore volume increases and the pore size

decreases [62]. For Alvin et al., the optimum of lithiation is obtained
when micropores size ranges from 4 to 20 Å [43]. Thanks to modelling,
Kim et al. report that bulk adsorption is analogue to the surface adsorp-
tion for pore sizes larger than a critical size, also corresponding to a
critical interlayer distance [26]. Bulk adsorption occurs for large inter-
layer distance between 6.0 and 20 Å. For.

Tai et al. also point at the importance of ultramicroporosity for
lithium adsorption in the closed pores [59]. In their study, Kubota et al.
showed that small microporosity (<10 Å) favors the lithium clusters
formation with a formation potential (0.002 to 0.05 V) lower than the
graphite intercalation potential (0.09V) [33]. Aniskevich et al. attest
the same point of view, because of the pseudo-metallic lithium forma-
tion in small clusters, small-sized and narrowed pores are indicated
[41]. Here, a consensus seems to be reached with the importance to ob-
tain hard carbon with small pores.

The pore morphology is thus a key parameter for optimizing lithia-
tion, clustering potential and plateau at low potential. The pore closure
is responsible for reversible capacity reduction [34], in correlation with
a decrease of the lithium-ions adsorption [62]. Some studies claim the
ion transport could be easier with a closed macro or mesoporosity, re-
ducing the resistance and creating shorter diffusion paths for lithium
[42,50]. Porous carbons offer a specific surface area for adsorption and
lithium intercalation sites, and a better stability in the electrolyte be-
cause of limited pores-electrolyte interactions.

Note that for Lotfabad et al., pore filling is a partially irreversible
phenomenon [83].

To conclude, the closed pore diameter appears as an essential fea-
ture and should be at least wider than ionic radius of lithium (0.6 Å) to
ensure the lithium-ion storage. Hard carbon with an 3D ordered poros-
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Fig. 15. a) slope and b) plateau capacity as a function of N2 specific surface
area.

ity structure would provide improved electrochemical performances
due to enhanced Li+ ions diffusion phenomena. However, this feature
is tricky to obtain and control. In this way, controlling the pore size and
distribution is a key parameter for optimizing the storage capacity and
the cycle life of hard carbons. Furthermore, the pore closure protects
against parasitic interactions with electrolyte which has no longer ac-
cess to the pore inside. Finally, increasing the closed pore number and
size would develop the plateau at low potential [29]. However, com-
pared to Na-ion systems, closed porosity is still poorly studied in the Li-
ion literature.

4. Others electrochemical limits

The previous parameters are intrinsic to the material and its elabo-
ration and influence the lithiation mechanisms of hard carbons in vari-
ous ways. However, other electrochemical limits exist which could be
optimized to improve the general hard carbon performances. As the
ICE, intrinsically related to the SEI formation, which must be the higher
as possible. Lithium plating is also an interesting limitation that could
help to develop the reversible capacity of a hard carbon electrode with
a controlled dendrite growth.

4.1. SEI formation and ICE

As mentioned before, the SEI results from the reduction reaction of
electrolyte on the negative electrode surface area, forming a lithium-ion
permeable and protecting passivation layer on the hard carbon surface.
The SEI formation is responsible for the irreversibility of the capacity
observed at the first cycle, as lithium-ions are irretrievably trapped as
various organic and inorganic compounds. In hard carbons, the SEI for-
mation mainly occurs during the first cycle in the potential range of 1 V
to 0.8 V, continues to be formed during the first cycles of the battery life
and is responsible for the first cycle quasi-plateau at 0.75 V [49,62,91].
The passivation layer mostly consists of hydrocarbons, organic carbon-
ates and lithium salts [40].

ICE is strongly related to SEI, so the SEI optimization is a key para-
meter for improving the electrochemical performance of hard carbons.
It should be noted that an excessive formation of this passivation layer
during the first cycle is not only detrimental for performance but also
increases the polarization and leads to an important expansion of the
electrode volume, which needs to be considered for an accumulator de-
sign. Additionally, the extra cathode material needed to compensate for
the loss of lithium in a full cell constitute an expensive cost.

Recent studies claim that a low ICE is caused by the irreversibility of
the pore filling and surface defects lithiation [32,84]. The first cycle
hysteresis would be proportional to the hydrogen amount at the hard
carbon surface, inducing a higher lithium deinsertion potential than the
insertion one (between 1 and 2 V) [25,62]. The irreversible capacity
also seems to be related to the oxygen amount that affects the elec-
trolyte decomposition [63]. Wang et al. show the formation of Li2O af-
ter the contact between hard carbon and electrolyte [49].

For Buiel et al., two lithium trapping modes responsible for the irre-
versible capacity coexist: about 50 mAh.g−1 related to the SEI formation
and around 150 mAh.g−1 related to the Li2O formation from interac-
tions of lithium with physiosorbed water and surface functions [34].

Eventually, decreasing the specific surface area reduces the SEI for-
mation and therefore improves the ICE [32], so a proportionality be-
tween the specific surface area and the ICE is proposed [29]. The quan-
titative analysis of the literature well evidences this correlation (Fig.
19) [53,56,58–61,63,64,67,68,72,77,78,82].

Unfortunately, it is difficult to exceed 80% for ICE, a value remain-
ing particularly low for practical applications [32].

In this way, it was proposed to optimize the closed porosity for de-
velopping a lithium-only active surface and for protecting it from inter-
actions with electrolyte. However, the specific surface area must not be
neglected and should remain minimal [45].

4.2. Li-plating and dendrites formation

In hard carbon, lithium plating corresponds to the metallic lithium
nucleation in micropores only and leads to a decrease of the structural
organization [92]. According to the literature, plated lithium in hard
carbon has few interactions with electrolyte and associates with de-
fects, inducing the nucleation in this microporosity [32,43,44,92].

After the lithium nucleation as lithium clusters in hard carbon pores,
Li-plating occurs uniformly on the surface [44,46]. If Li-plating occurs
in excessive quantity, a real risk of dendrite formation exists. By grow-
ing, dendrites can pierce through the battery separator and lead to
short-circuit with the cathode, causing an uncontrollable thermal run-
away. A step and a plateau are electrochemically distinguished below
0 V. The potential of Li-plating was determined between 0 and -0.03 V
by several authors [32,43,92]. Below this latter value, the detrimental
dendrite formation starts.

However, compared to graphite, where dendrites form needles on
the surface (Fig. 20a), the dendrites-electrolyte interaction in hard car-
bon is minimized due to an internal dendrite growth limiting the elec-
trolyte degradation products (Fig. 20b) [92]. Gotoh et al. precise that
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Fig. 16. a) capacity b) plateau capacity and c) slope capacity as a function of ID/IG.

the dendrite growth occurs in the porosity near the surface particle of
hard carbon [46].

By taking into consideration these phenomena, broader electro-
chemical limits can be defined and therefore better performances, since
the plateau at low potential can be extended to 0 V without any appar-
ent risk for the battery.

5. Conclusion

This review aims to clarify the literature regarding the (de)lithiation
behavior of hard carbons for Li-ion batteries applications. Literature is
rich in this field of research, so we focused on works published in the
last 35 years. In this abundant literature, contradictory studies emerge.
We present the different papers in opposition, in the aim to identify
common features concerning the electrochemical behavior of hard car-
bon. First, different interpretations of the electrochemical signature
have been proposed by different teams. Moreover, there is still debate
in the community concerning the relationship between the complex
structural and textural properties of hard carbon in regard with the
electrochemical behavior. If the study of papers individually can lead to
interpretation that sometimes disagree in between, the strategy devel-
oped here is based on a quantitative analysis using experimental data
extracted from these papers. Such an approach allows to reveal clearer
conclusions to depict electrochemical lithiation of hard carbons. On an
applicative point of view, irreversible capacity remains a key point to
optimize. The literature also deals with the formation of the SEI, the
lithium plating and the dendrite formation and we highlight here some
important concepts.

Due to the complexity of the structure, chemistry and texture of
hard carbon samples, their properties widely differ from each other. In
this way, the experimental protocols of characterization analyses some-
times need to be optimized. From one characterization technique, sev-
eral ways of data acquisition are possible, leading to different results
and interpretations. Thus creates a no scientific consensus about the
hard carbon properties in the community, making the misunderstand-
ing of lithiation phenomena.

Consequently, we resume and describe the four lithiation mecha-
nisms retrieved in the literature, such as lithium adsorption on the de-
fects and microporosity of the surface, bulk adsorption on the internal
closed pores walls, intercalation in turbostratic domains and metal
clustering in the closed porosity of hard carbons. The three first third
mechanisms tend to be proven, whereas uncertainties remain for the
clustering involvement in hard carbon lithiation. Regarding the gal-
vanostatic profile, two parts are distinguishable: a slope part at high po-
tential and a plateau part at low potential. It is important to note that a
long plateau is not systematically observed in the different studies.
With this information, the various lithiation modes are successively or
simultaneously attributed to one or more potential part, resulting in 6
main models.

Thanks to the quantitative analysis of the literature, some con-
clusions can be drawn. The several studies show a global decrease of the
specific capacity with the increase of the carbonization temperature.
The same is observed with the slope and the plateau capacities but due
to variable galvanostatic profiles, it is difficult to really conclude on this
purpose. However, the ICE seems to be improved with the increase of
this temperature.
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Fig. 17. a) capacity b) slope capacity and c) plateau capacity as a function of the interplanar distance d002.

Fig. 18. Capacity as a function of Lc.

A part of this work is focused on the chemical, textural and struc-
tural impact on the lithiation mechanisms. First, the role of the surface
and the importance of the surface heteroatoms, specific surface area
and the surface microporosity is pointed out. The presence of het-
eroatoms appears to be detrimental to the reversibility of the capacity

because of their affinity for trapping lithium. A low specific surface area
and microporosity would also be beneficial. Nevertheless, all these pa-
rameters can be considered as storage sites for lithium, therefore a min-
imal quantity is necessary, like the slope part that increases with the
specific surface area. As well as the diffusion kinetic of lithium ions
would be improved by the increase of structural defects quantity.

The most contradictory studies concern the impact of the tur-
bostratic domains proportion in hard carbons. Some works report that
the quantity of these domains should be maximal when others affirm
the opposite. The ideal value of interlayer distance is not defined but
larger interlayer spaces tend to improve the capacity, especially the
plateau part at low potential. Furthermore, the bibliographic analysis is
in favor of small domains, the specific capacity decreases with the Lc in-
crease.

We highlight that the role of the closed porosity is misunderstood
and poorly studied. A limited number of studies reveal the importance
of the porosity size, and the lithiation improvement would be obtained
with a high proportion of small closed pores. The partial irreversibility
of the pore filling is also discussed. To go further, an important point to
explore is the porosity accessibility regarding the structural organiza-
tion.

Finally, for Li-ion battery applications, the irreversible capacity is a
key parameter to reduce. Two reasons for this irreversibility are men-
tioned here: the SEI formation that needs to be limited and the presence
of chemical, structural and textural defects on the surface of hard car-
bons. Thus, the higher the surface area, the lower the ICE, the relation-
ship between those two is highlighted here again. For practical issues,
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Fig. 19. ICE as a function of N2 specific surface area.

Fig. 20. Schematic illustration of the lithium dendrites formation in a) graphite and in b) hard carbons.

the lithium plating formation is also addressed in this work. It occurs
below 0V and becomes detrimental from −0.03V by the formation of
dendrites. Thanks to the internal formation of this phenomena, addi-
tional lithium storage is provided, although irreversible.

Regarding all these points, a predominant issue emerges in this re-
view. The several works presented here cover a wide range of charac-
terization methods including ex situ but not sufficiently to overcome the
challenges of hard carbons. This is why, in situ experiments are posi-

tioned as essential for furthering our understanding of hard carbon
lithiation.
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