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Porous carbon materials are considered attractive lithium storage media because their large specific surface
areas and pore volumes provide high adsorption capacity. This first-principles study elucidates the atomic-
scale mechanisms of lithium storage and diffusion in microporous carbon. Microporous carbon structures
with initial densities of 1.5, 2.0, and 2.5 g cm > store up to 7.5-8.2 Li ions per Cg corresponding to the
capacities of 2783-3032 mA h g~ which are 7-8 times higher than that for graphite. Fully lithiated
microporous carbon has about 62% of Li ions inside the pore cavity and on the pore surface, responsible
for reversible capacity, and about 38% of Li ions inside the pore wall, responsible for irreversible capacity.
As lithiation proceeds, microporous carbon structures with different total pore volumes evolve to have
similar total pore volumes but different average pore volumes. The average pore volume has a great
influence on Li ion conductivity, as evidenced by the highest conductivity of 103.5 mS cm™ for the

largest average pore diameter of 9.3 A. Inside large pore cavities, Li ions diffuse rapidly without
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causes fast Li ion motion. This study offers not only a comprehensive understanding of the lithiation of
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1. Introduction

Carbon is a versatile material used in a variety of energy and
environmental applications.’ One of the most important
applications is rechargeable lithium-ion batteries (LIBs), in
which graphitic carbon is used as the anode material. The
graphite anode has been the primary choice for commercial
LIBs to date, but its theoretical capacity of 372 mAh g~ " (LiCe) is
insufficient to meet the ever-increasing energy demand. Instead
of graphite, high-capacity anode materials such as Si, SiO, Sn,
and SnO, have been intensively studied for the development of
advanced LIBs.** Carbon is electrochemically less active than
these anode materials. Nevertheless, carbon is still an impor-
tant material because it has been widely used as a coating,
composite, and matrix material in candidate electrode systems
for advanced LIBs or next-generation batteries, such as Na-ion,
Li-S, Li-O,, and all-solid-state batteries.®® In particular, high-
capacity anode materials embedded or encapsulated in carbo-
naceous additives such as carbon nanotubes, reduced graphene
oxide, and pyrolyzed carbon exhibit enhanced capacity and
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cycling stability because the additives can effectively alleviate
large volume expansion and improve electronic conductivity.***

Porous carbon has unique properties of various pore sizes,
large specific surface areas, variable morphologies, and good
thermal, chemical, and mechanical stabilities.”*** Due to these
characteristics, porous carbon has been used in applications
such as energy storage and conversion, hydrogen storage,
electrocatalysis, water purification, gas adsorption, separation,
and catalyst support.’>*® Porous carbon has been used as an
active material or stabilizing matrix in LIBs because it offers
superior lithium-ion storage ability, enhanced cycle stability,
sufficient void space accommodating large volume changes,
and reasonable electronic conductivity provided by inter-
connected carbon walls.**>*%2°

According to the pore size, porous carbons are classified into
microporous (pore size of <2 nm), mesoporous (pore size of 2—
50 nm), and macroporous (pore size of >50 nm) carbons.
Despite their significant irreversible capacities, porous carbons,
such as hierarchically porous (micro-meso-macroporous)
carbons, have exhibited much higher reversible capacities of
550-1550 mA h g ' than graphite.?*> These high capacities
appear to come mainly from micropores, because mesopores
and macropores promote efficient mass transport, whereas
micropores provide an abundance of accessible active
sites.’>?>?%2? Indeed, Kwon et al®' reported that zeolite-
templated ordered microporous carbon with a pore size of
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0.92 nm delivered a remarkable initial capacity of 2950 mAh g ™"
and reversible capacity of 1550 mA h g~ '. Furthermore, micro-
porous carbon provided not only a higher capacity but also
a higher rate capability than reduced graphene oxide.** The
high lithium storage ability of microporous carbon is attributed
to the adsorption of a large amount of Li ions on the pore wall
surface of uniformly ordered micropores.”® Thus, highly
ordered microporous carbon structures are very attractive in
terms of the electrochemical performance of LIBs. However, the
mechanisms of Li ion storage and diffusion in microporous
carbon remain veiled because of the disordered amorphous
structure of porous carbon.

This study investigated the lithiation of microporous carbon
structures with initial densities of 1.5, 2.0, and 2.5 g cm ™ using
density functional theory (DFT) calculations and ab initio
molecular dynamics (AIMD) simulations. The lithiation of
microporous carbon proceeds until carbon accommodates up
to 7.5-8.2 Li ions per Cgq corresponding to high capacities of
2783-3032 mA h g~'. In fully lithiated microporous carbon,
about 17%, 45%, and 38% of Li ions are stored inside the pore
cavity, on the pore surface, and inside the pore wall, respec-
tively. During lithiation, microporous carbon structures with
different total pore volumes tend to have similar total pore
volumes but different average pore volumes. The lithiated
microporous carbon structure with the largest average pore
volume exhibits the highest Li ion conductivity of 103.5
mS ecm ™' in the Li, 3Cs composition, showing that the abun-
dance of large individual pores is important for fast Li ion
diffusion. In lithiated microporous carbon, Li ions inside the
pore cavity have few or no carbon atoms around them and
diffuse rapidly without being disturbed by carbon atoms, sug-
gesting that a high Li-to-C ratio around Li leads to rapid Li ion
motion.

2. Computational details

We performed DFT calculations using the Vienna ab initio
simulation package (VASP).* The projector augmented wave
(PAW) method?®* and the Perdew-Burke-Ernzerhof (PBE) func-
tional® were used. Grimme's DFT-D2 method?* was employed to
describe the long-range van der Waals interactions of carbon
atoms. The electronic wave functions were expanded in a plane-
wave basis set with an energy of 624 eV. The 1s*2s" and 2s>2p>
orbitals for Li and C, respectively, were treated as valence elec-
tron configurations. The microporous amorphous Li,Ce struc-
tures were simulated using periodic cubic (x = 0) and triclinic
(0.3 = x = 10.2) supercells containing (160/6) x x Li atoms and
160 C atoms. The total number of atoms used in the supercells
was 160-432 for x =0, 0.3, 0.6, 1.2, 1.8, 2.4, 3.6, 5.4, 6.6, 7.8, 8.4,
9.0, 9.6, and 10.2. Brillouin zone integrations were done using
a1l x 1 x 1 k-point mesh. The atomic positions were optimized
until the residual forces were less than 0.02 eV A",

AIMD simulations were used to generate amorphous struc-
tures. The equations of motion were integrated with the Verlet
algorithm using a time step of 1 fs. The temperature was
controlled by velocity rescaling and canonical ensemble using
a Nosé-Hoover thermostat. The amorphous carbon structures
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with initial densities of 1.5, 2.0, and 2.5 g cm ® were con-
structed using the liquid-quench method, in which heating,
equilibration, and cooling were performed as a series of steps
using the AIMD simulations. Initially, for a given carbon
density, 160 C atoms were randomly distributed in a cubic
supercell with a size corresponding to the density. This struc-
ture was heated up to 8000 K at a heating rate of 1 K fs™ ',
equilibrated for 3 ps at 8000 K, and then quenched to 0 K at
a cooling rate of 0.5 K fs~*. The quenched structure was fully
optimized with respect to the atomic position using static DFT
calculations. The (160/6) x x Li atoms were added to the con-
structed carbon structure with the given density to generate
amorphous Li,Cs structures using the same liquid-quench
method. For amorphous Li,Cg, the quenched structure was
fully optimized with respect to atomic position, cell volume, and
cell shape using static DFT calculations, resulting in an amor-
phous structure with a triclinic supercell. The AIMD method
used can accurately describe carbon bonds with different
degrees of sp, sp®, and sp® hybridization states. In terms of
describing chemical bonds, the high accuracy of AIMD is
superior to classical molecular dynamics using empirical
potentials.** Although AIMD can handle a much smaller
number of atoms than classical molecular dynamics, the
number (160-432) of atoms used in this study is significantly
larger than those (64-70) used in a previous AIMD study of
amorphous lithiated carbon structures.*® The pore structures of
amorphous Li,C were analyzed using Zeo++ software.*” Coor-
dination numbers (CNs), radial distribution functions (RDFs),
and angle distribution functions (ADFs) of amorphous Li,C
were analyzed by rigorous investigation of networks generated
using the simulation (RINGS) code.*® The generation of amor-
phous structures using the liquid-quench method has been
successfully used in our previous AIMD studies of amorphous
K,Si,* Mg,Si,* Ca,Si,* and Na,Sn,P;.**

3. Results and discussion

3.1 Pristine microporous carbon

We constructed microporous carbon structures with carbon
densities of 1.5, 2.0, and 2.5 g cm ™ (hereinafter referred to as
MC-15, MC-20, and MC-25, respectively) (Fig. 1a). The carbon
densities were chosen, taking into account the experimental
densities (0.9-3.2 g cm ) reported for amorphous or glassy
carbon.”* Note that the density of graphite is 2.3 g cm™3.45¢
The calculated average pore diameters are 0.62, 0.38, and
0.28 nm for MC-15, MC-20, and MC-25, respectively, showing
a decrease in pore size with increasing carbon density. The
microporous carbon structures have two-, three-, and four-fold
coordinated carbon atoms. The average coordination numbers
(CNs) of the carbon atoms are CN¢_¢ = 2.81, 2.97, and 3.26 for
MC-15, MC-20, and MC-25, respectively, with CN,_g represent-
ing the number of B atoms around an o atom. This indicates
that CN¢ ¢ increases with increasing carbon density. The
proportions of two-, three-, and four-fold coordination are 0-
25%, 69-78%, and 6-26%, respectively (Fig. 1b), revealing that
the three-fold coordination dominates the three microporous
carbon structures. The proportions of two- and four-fold
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(a) Atomic structures and (b—d) structural properties of microporous carbon: (b) proportions of the coordination numbers (CNs) of carbon

atoms, (c) radial distribution functions (RDFs) of the C—C pair, and (d) angle distribution functions (ADFs) of the C—C—C bond. The atomic bond is

connected when the C—C distance is within 1.9 A.

coordination decrease and increase, with
increasing carbon density.

The RDF of the C-C pair in MC-15 shows that the C-C bonds
are formed at r = 1.25 and 1.43 A, as shown in the satellite and
main peaks, respectively, for the first-nearest neighbors
(Fig. 1c). In the RDF for MC-20, these C-C bond peaks remain
unchanged in position and shape, except for attenuation of the
satellite peak. In the RDF for MC-25, the satellite peak disap-
pears, and the main peak splits into two peaks: r = 1.44 and 1.48
A. The changes in the RDF peak indicate that the C-C bond
length increases with increasing carbon density; thus, the C-C
bond strength weakens with increasing coordination number.
The ADFs of the C-C-C bond show the main peaks at 115°, 113°,
and 109° for MC-15, MC-20, and MC-25, respectively, with some
shoulder peaks (e.g., a second peak at 117° for MC-25) (Fig. 1d).
Given the bond angles of 180°, 120°, and 109° for ideal two-,
three-, and four-fold coordination, respectively, the decrease in

the main peak position from 115° (MC-15) to 109° (MC-25) is

respectively,
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consistent with the increasing coordination number with
increasing carbon density.

3.2 Lithiation of microporous carbon

The lithiation of microporous carbon was investigated by
calculating the formation energies of 3-6 lithiated microporous
carbon structures (Li,Cq) with different Li configurations at
each x (0.3 = x = 10.2). The total number of investigated Li,Cg
structures in the entire range of x was 171. All the calculated
formation energies of lithiated MC-15, MC-20, and MC-25
structures are shown in Fig. 2a-c, and the formation energies
of the lowest-energy structures at each x for lithiated micropo-
rous carbon are separately shown in Fig. 2d. The most stable
Li,C¢ compositions of the lithiated MC-15, MC-20, and MC-25
structures were determined to be x = 8.15, 7.48, and 8.08,
respectively, by a least-square fit to the calculated formation
energies around x = 8.0. The Lig15Cs, Li;43Cs, and LigsCe
compositions correspond to the specific capacities of 3032,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a—c) Formation energies of lithiated microporous carbon structures. (d) Formation energies of the lowest-energy structures for lithiated

MC-15, MC-20, and MC-25. The formation energy is defined as E¢(x) = Eiot(LixCg) — XEiot(Li) — 6Eot(C), where Eiot(LixCg) is the energy per LixCg
unit of lithiated microporous carbon, E.(Li) is the energy per atom of the bcc Li crystal, and Ei(C) is the energy per atom of microporous carbon.

2783, and 3006 mA h g™, respectively. Despite the difference in
the average pore diameter of microporous carbon between this
study (0.28-0.62 nm) and a previous experimental study (0.92
nm),"” the determined capacities of 2783-3032 mA h g~ " are in
good agreement with the initial capacity of 2950 mA h g~*
(Li; oCe) for zeolite-templated microporous carbon.” The
determined capacities are 7.5-8.2 times higher than that (372
mA h g~ for LiCq) for graphite and 2.1-5.8 times higher than
the initial capacities of state-of-the-art carbon-based anode
materials for LIBs, such as silicon-coated graphite (525 mA h
g7 1), NiO@CNT (824 mA h g~ '),*® and carbon-based composite
nanosheets (1327 mA h g ').* This shows that microporous
carbon has excellent lithium storage ability. To the best of our
knowledge, no carbon materials for LIBs have offered capacities
comparable to microporous carbon.

The fitted x values of 7.48-8.15 in Fig. 2 are in a narrow range
of Ax = 0.67 over the entire interval of x = 0.0-10.2, implying
that the initial density of microporous carbon has little to do
with lithium storage ability. The calculated lowest formation
energies are —7.07, —6.19, and —5.31 eV for MC-15 (Lig4Cs),
MC-20 (Li; 4Ce), and MC-25 (Lig4Ce), respectively, exhibiting

© 2022 The Author(s). Published by the Royal Society of Chemistry

that the lower the initial carbon density, the lower the formation
energy. This result indicates that less dense microporous
carbon is relatively less stable due to the lack of coordination
numbers and therefore reacts more strongly with Li ions.

The fully lithiated microporous carbon structures with the
lowest formation energies are displayed in Fig. 3a. Despite their
similar Li contents (x = 7.8-8.4), the three fully lithiated
microporous carbon structures have carbon pores of different
sizes. Whereas the fully lithiated MC-15 and MC-25 structures
have small carbon pores, the fully lithiated MC-20 structure has
relatively large carbon pores (Fig. 3b).

The average voltage of lithiated MC-15 structures with the
initial pore size closest to that of the experimental sample'” was
calculated based on the formation energies (Fig. 3c). The
calculated voltage curve is in reasonable agreement with the
experimentally measured first discharge curve,"”” showing the
validity of our simulation model for lithiated microporous
carbon. The calculated and measured voltage curves appear
close to a sloping shape with no distinct plateau, reflecting
nonequivalent ion storage sites provided by microporous
carbon.

Nanoscale Adv., 2022, 4, 5378-5391 | 5381
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(a) Fully lithiated MC-15 (Lig 4C¢), MC-20 (Li; gCg), and MC-25 (Lig 4Cs) structures. The green and brown balls represent the Li and C atoms,

respectively. (b) Carbon pore structures with Li atoms removed in (a). (c) Calculated average voltage of lithiated MC-15, defined as V(x) =
—[EtotlLixsaxCe) — Etot(LixCg)l/Ax + Eior(Li). The experimental voltage was measured at the first discharge.* (d) Volume expansion ratios of lithiated
microporous carbon structures. Vg and V represent the volumes of pristine and lithiated structures, respectively.

During lithiation, the volumes of microporous carbon
structures increase almost linearly with increasing x, except that
the volumes of MC-15 decrease in the range of x = 0.0-2.4 and
that of MC-25 increase sharply in the range of x = 2.4-3.6
(Fig. 3d). Considering the linear volume expansion over the
entire range of x for MC-20, the nonlinear volume changes of
MC-15 and MC-25 in the early stages of lithiation appear to be
due to the initial carbon densities of MC-15 and MC-25, which
are lower and higher than MC-20, respectively. The volume
expansion ratio of fully lithiated microporous carbon, defined
as (V — V,)/Vy x 100%, is calculated to be 77.3%, 120.5%, and
180.6% for MC-15 (Lig 4Cg), MC-20 (Li, 4Cs), and MC-25 (Lig 4Cs),
respectively, revealing that the lower the initial carbon density,
the smaller the volume expansion during lithiation.

3.3 Structural properties of lithiated microporous carbon

Structural changes in microporous carbon during lithiation
were investigated. We analyzed the lithiated microporous

5382 | Nanoscale Adv, 2022, 4, 5378-5391

carbon structures with Li atoms removed, as shown in Fig. 3b.
Due to volume expansion during lithiation, the carbon densities
of MC-15, MC-20, and MC-25 decrease with increasing x
(Fig. 4a). Interestingly, the MC-15, MC-20, and MC-25 structures
have almost the same carbon densities in the range of x = 3.6.
Consequently, despite their different initial carbon densities,
the three microporous carbon structures have a carbon density
of about 0.9 g cm ™ upon full lithiation. Similarly, the total pore
volumes of MC-15, MC-20, and MC-25 become similar as lith-
iation proceeds (Fig. 4b). The total pore volumes of the fully
lithiated MC-15 (Lig4Cg), MC-20 (Li,4Cs), and MC-25 (Lig4Cy)
structures are 0.59, 0.53, and 0.55 cm® g~ ', respectively.
However, the average pore diameter behaves differently from
the total pore volume. Whereas MC-15 and MC-25 have similar
average pore diameters in the range of x > 3.6, MC-20 has
significantly larger pore diameters in the same range of x
(Fig. 4c). The average pore diameters of the fully lithiated MC-15
(Lig 4Ce), MC-20 (Liy Cs), and MC-25 (Lig 4Cs) structures are 7.0,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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9.3, and 6.6 A, respectively. The average pore volumes (Vpore),
calculated from the average pore diameter (Dpore) using a simple
relation Vpore = 47(Dpore/2)*/3, are 181.1, 426.6, and 148.5 A® for
the fully lithiated MC-15, MC-20, and MC-25, respectively,
which is consistent with the carbon pores of different sizes
shown in Fig. 3b. Therefore, as lithiation proceeds, the average
pore volumes of microporous carbon structures may evolve
differently for each structure, even if their total pore volumes
become similar.

Fig. 4d shows the pore size distributions (PSDs) of lithiated
microporous carbon structures. The pores of MC-15 with
a diameter of 2.0-8.2 A at x = 0.0 decrease in diameter with
increasing x but increase in diameter in the range of x > 3,
reaching a diameter of 2.4-8.6 A at x = 8.4. The pore size

© 2022 The Author(s). Published by the Royal Society of Chemistry

decrease in the range of x < 3 is probably due to small amounts
of Li ions attracting the pore walls while partially filling the
pores, which explains the volume decrease of MC-15 in the
range of x = 0.0-2.4 (Fig. 3d). The pores of MC-20 increase in
diameter from 1.9-4.7 A at x = 0.0 to 2.1-11.5 A at x = 7.8, and
those of MC-25 increase in diameter from 1.4-3.5 A at x = 0.0 to
2.8-8.4 A at x = 8.4. Compared to the pores of MC-15 and MC-
25, those of MC-20 show a much larger increase in diameter in
the range of x > 3. As a result, the maximum PSD peak for MC-20
at x = 7.8 is 10.6 A in diameter, which is much larger than those
(6.9 and 7.6 A) for MC-15 and MC-25, respectively. This accounts
for the larger average pore diameters of MC-20 than MC-15 and
MC-25 in the range of x > 3.6 (Fig. 4c). The evolution of pores of
different sizes appears to depend not on the initial carbon

Nanoscale Adv., 2022, 4, 5378-5391 | 5383
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density of microporous carbon, but on the number of carbon
bonds locally broken by Li ions during lithiation.

The carbon network changes in microporous carbon struc-
tures during lithiation were investigated. CN_¢ increases in the
order of MC-15 (2.81) < MC-20 (2.97) < MC-25 (3.26) at x = 0,
whereas the order is MC-25 (2.33) < MC-15 (2.65) < MC-20 (2.77)
at x = 7.8-8.4 (Fig. S1aft). The increasing order in CN¢_¢ upon
full lithiation is the same as that in average pore diameter upon
full lithiation (Fig. 4c), suggesting that the larger the pore, the
larger CNg_c. The proportions of two-, three-, and four-fold
coordinated carbon atoms were further analyzed, as shown in
Fig. S1b-S1d.t In the fully lithiated MC-20 (Li;¢Cs) Structure,
the three-fold coordination accounts for the highest proportion,
with 44.1%. However, in the fully lithiated MC-15 (Lig 4C¢) and
MC-25 (Lig 4Ce) structures, the two-fold coordination accounts
for the highest proportions, with 40.1% and 49.5%, respectively.
The predominance of three-fold coordination in the fully lithi-
ated MC-20 structure seems to be related to the largest average
pore volume in this structure. This is because the larger the
pores, the more carbon atoms are concentrated inside the pore
walls (see MC-20 in Fig. 3b).

3.4 Lithium storage in microporous carbon

We investigated where Li ions are stored in microporous carbon
to deliver high capacities of 2783-3032 mA h g™ (Li;.5_5.,Cq).
Lithium storage sites can be inferred from the charge states of
Li ions in microporous carbon. The Bader charge analyses of
lithiated MC-20 structures show that Li ions have an average
charge state of +0.87 at x = 1.2, and this charge state decreases
to +0.55 at x = 7.8 as x increases, mitigating the increasing
electrostatic repulsion between Li cations (Fig. 5a). The
decrease in the Li charge state with increasing x is due to the
appearance of various charge states below approximately +0.7,
as shown in the distribution histograms of the Li charge state
(Fig. 5b). In the histograms, the main charge states in the range
of +0.72 to +0.96 remain almost unchanged as x increases, but
additional charge states ranging from —4.12 to +0.68 appear at x
= 3.6. The main charge states result from Li ions embedded in
the pore wall or adsorbed on the pore surface, as shown in
Fig. 5¢, where two Li ions have charge states of +0.86 and +0.78.
However, the additional charge states originate from Li ions
inside the pore cavity or adsorbed on the pore surface, as shown
in Fig. 5c, where two Li ions have charge states of —2.23 and
+0.29.

The Li storage sites in lithiated microporous carbon were
quantitatively analyzed using the charge states and coordina-
tion numbers of Li. As shown in Table 1, Li ions have 0-14
nearest carbon atoms (i.e., CNy;_¢ = 0-14) in the fully lithiated
MC-20 (Li;4Ce) structure. Depending on CNy; ¢, the storage
sites of Li ions can be classified as follows: (1) Li ions with
CNyic = 0 exist inside the pore cavity and have an average
charge state of +0.36. (2) Li ions with CNy;_¢ = 1-3 exist on the
pore surface and have average charge states ranging from +0.38
to +0.40. (3) Li ions with CNy; ¢ = 4-9 exist on the pore surface
or inside the pore wall and have average charge states ranging
from +0.44 to +0.77. (4) Li ions with CNy;_c = 10-14 exist inside

5384 | Nanoscale Adv., 2022, 4, 5378-5391
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Table 1 Coordination numbers, charge states, proportions, and
storage sites of Li ions in the fully lithiated MC-20 (Li; gCg) structure®

CNyc O P PL P2 P3 Site
0 +0.36 169 169 O 0 Pore cavity
1 +0.40 2.4 0 2.4 0 Pore surface
2 +0.38 8.7 0 8.7 0
3 +0.38 10.1 O 10.1 O
4 +0.44 12.0 0 10.3 1.7 Pore surface + pore wall
5 +0.59 8.9 0 4.8 4.1
6 +0.67 8.7 0 3.3 5.4
7 +0.69 9.6 0 3.2 6.5
8 +0.76 7.9 0 1.4 6.5
9 +0.77 5.9 0 0.9 5.0
10 +0.84 3.5 0 0 3.5 Pore wall
11 +0.84 2.9 0 0 2.9
12 +0.85 1.7 0 0 1.7
13 +0.86 0.7 0 0 0.7
14 +0.86 0.1 0 0 0.1
100 16.9 45.1 38.0

“ CN,._p represents the number of B atoms around an o atom. The
atomic bond is connected when the Li-C distance is within 2.9 A. g(e)
represents the average charge state. P (%) represents the proportion of
Li ions. P1 (%), P2 (%), and P3 (%) represent the proportions of Li
ions inside the pore cavity, on the pore surface, and inside the pore
wall, respectively. The numbers in the last row represent the sum of
the values in each column (P, P1, P2, and P3).

the pore wall and have average charge states ranging from +0.84
to +0.86. Li ions with CNy; ¢ = 4-9 can exist both on the pore
surface and inside the pore wall. Using the data in Table 1, the
average charge state of all the Li ions with CNy;_¢c = 1-3 on the
pore surface is +0.38, and that of all the Li ions with CNy; ¢ =
10-14 inside the pore wall is +0.84. Therefore, we assumed that
the average charge state (g) of Li ions with CNy;_¢ = 7 (n is one of
4,5,6,7,8,and 9) is equivalent to g = 0.38 x y + 0.84 x (1 —y),
where y is the proportion of Li ions on the pore surface, and 1 —
y is the proportion of Li ions inside the pore wall. For the Li ions
with CNy;_c = 4-9, the proportions y and 1 — y can be deter-
mined by substituting the g values in Table 1 into the above
equation. As a result, we estimated that about 17%, 45%, and
38% of total Li ions exist inside the pore cavity, on the pore
surface, and inside the pore wall, respectively (Table 1). This
suggests that about 62% of Li ions contribute to the reversible
capacity because they could move relatively freely inside the
pore cavity and on the pore surface, whereas about 38% of Li
ions contribute to the irreversible capacity because they are
virtually trapped inside the pore wall. In zeolite-templated
ordered microporous carbon, the reported irreversible
capacity (1400 mA h g~') accounts for 47% of the maximum
capacity (2950 mA h g~ !).”” We therefore speculate that a large
portion of the irreversible capacity reported in the experimental
study'” was due to Li ions trapped inside the pore walls in the
first cycle.

The Li storage behaviors of MC-15 and MC-25 are expected to
be similar to that of MC-20, because the Bader charge analyses
of lithiated MC-15 and MC-25 structures exhibit similar char-
acteristics to those of lithiated MC-20 structures (Fig. S2 and
S37). It is worth noting that the capacity is related to the total

© 2022 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances

pore volume rather than the average pore volume. In the fully
lithiated microporous carbon structures, the increasing order of
the capacity, that is, MC-20 (2783 mA h g ') < MC-25 (3006 mA h
g 1) < MC-15 (3032 mA h g ), is in good agreement with the
increasing order of the total pore volume, that is, MC-20 (0.53
em® g71) < MC-25 (0.55 cm® g7%) < MC-15 (0.59 cm?® g™ '). By
contrast, the increasing order of the capacity is irrelevant to the
increasing order of the average pore volume, that is, MC-25
(148.5 A%) < MC-15 (181.1 A®) < MC-20 (426.6 A%). The average
pore volume is not related to the total capacity but is related to
the reversible capacity. As the average pore volume increases,
the amount of Li ions stored in the pore cavities increases,
thereby increasing the reversible capacity.

3.5 Diffusion properties of lithiated microporous carbon

The Li ion transport in lithiated microporous carbon at T'= 300
K was examined using AIMD simulations. The Li ion diffusivity
(D) at T = 300 K was determined by simulating the partially and
fully lithiated microporous carbon structures with the Li, 4C¢
and Li; g g 4C¢ compositions, respectively, for 40 ps at T = 600,
700, 800, and 900 K. The mean-square displacement (dy,s) of Li
ions was calculated as a function of time ¢ at T = 600, 700, 800,
and 900 K. The d,s curves are almost linear for all structures at
these temperatures (Fig. S4 and S57). The D values at T = 600-
900 K were determined using the Einstein relation D = (r*(¢))/6t,
where D is the diffusivity, and (+*(¢)) is the mean-square
displacement. The D values at T = 600-900 K were used to
extrapolate the D value at T = 300 K using the Arrhenius law D =
D, exp(—Ep/ksT), where Dy is the pre-exponential factor, Ep, is
the activation energy for diffusion, and kg is the Boltzmann
constant. The Arrhenius plots exhibit linear In(D) variations
against the inverse temperature for all structures (Fig. 6a and b).

The calculated Li ion diffusivities at 7= 300 K are D = 1.23 X
1077, 3.07 x 107%, and 6.71 x 10~% em” s~ " for the partially
lithiated MC-15 (Li,_4Cg), MC-20 (Li,_4Cs), and MC-25 (Li,.4Ce)
structures, respectively (Table 2). The Li ion diffusivities at 7 =
300 K were used to estimate the Li ion conductivities (o) based
on the Nernst-Einstein relation ¢ = DNg*/ksT, where N is the
carrier density, and g is the carrier charge. The Li ion conduc-
tivities are ¢ = 25.4, 6.3, and 16.0 mS cm™ " for MC-15 (Li,_4Cs),
MC-20 (Li, 4Cs), and MC-25 (Li, 4C), respectively (Table 2). The
Li ion diffusivities at 7 = 300 K for the fully lithiated MC-15
(Lig 4Cs), MC-20 (Li; gCs), and MC-25 (Lig 4Ce) structures are D
=1.04 x 108, 2.82 x 1077, and 1.53 x 10" % cm® s, respec-
tively (Table 2). The corresponding Li ion conductivities are ¢ =
3.8,103.5,and 5.9 mS cm™ " for MC-15 (Lig 4Cs), MC-20 (Li5 sCq),
and MC-25 (Lig 4Cs), respectively (Table 2). The calculated Li ion
diffusivities of about 10 %-10"7 ecm® s ' at x = 2.4 and 7.8-8.4
are generally higher than those for recently reported anode
materials for LIBs, such as SiO,/hard carbon nanocomposites
(about 107*°-10"° ecm® s™%),*® P-doped Si (about 10 **-10~"*
em® 571, and NiNb,Og (about 10~ ** cm?® s ).°> The Li ion
diffusivities and conductivities shown in Fig. 6¢ and d, respec-
tively, reveal that the diffusivity and conductivity in lithiated
microporous carbon do not have a clear dependence on the Li
concentration.
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Fig. 6 Diffusion properties of lithiated microporous carbon structures. Logarithmic diffusivities (InD) of Li ions as a function of inverse
temperature at (a) x = 1.2 and (b) x = 7.8-8.4. (c) Diffusivities (D) and (d) conductivities (o) of Li ions at T = 300 K. Conductivities of Li ions as
a function of (e) average pore volume (Vyore) and (f) total pore volume (Vpore).

The conductivity (103.5 mS ecm ™) of the fully lithiated MC-20
(Li; gCs) structure is considerably higher than those (3.8-25.4
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conductivity of the MC-20 (Li, sC¢) structure is partly due to the
high Li concentration of x = 7.8 but primarily due to the average
mS cm?) of other MC (Li, 4Cg and Lig 4Cg) structures. The high  pore volume of 426.6 A*, which is much larger than those (15.5-
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Table 2 Diffusion properties of Li ions in partially and fully lithiated microporous carbon structures (Li,Cg)*

Structure X D, D Ep g
Partially lithiated MC-15 2.4 7.14 x 107° 1.23 x 1077 0.16 25.4
MC-20 2.4 6.28 x 10°° 3.07 x 1078 0.20 6.3
MC-25 2.4 1.07 X 107° 6.71 x 107° 0.13 16.0
Fully lithiated MC-15 8.4 4.88 x 10°* 1.04 x 1078 0.28 3.8
MC-20 7.8 1.66 x 10°* 2.82 x 1077 0.16 103.5
MC-25 8.4 1.95 x 1074 1.53 x 1078 0.24 5.9

% Do (em? s ") is the pre-exponential factor, D (cm?* s~ ') is the diffusivity at T = 300 K, Ep, (eV) is the activation energy for diffusion, and ¢ (mS cm ") is

the conductivity at 7'= 300 K.

181.1 A®) of other MC structures with x = 2.4 and 8.4 (Fig. 6e).
Although the conductivity is not linearly proportional to the
average pore volume (Fig. 6e), the large average pore volume of
the MC-20 structure with x = 7.8 significantly contributes to the
high conductivity. If individual pores are large, some Li ions in
the pore cavities can move freely and rapidly because they are
not in contact with carbon atoms on the pore wall surface and
skip the process that has to break bonds with carbon atoms
during diffusion. This scenario is supported by the distribution
histograms of CNy,;_¢ (Fig. 7a and b). In the MC structures with x
= 2.4 and 7.8-8.4, Li ions have CNy;_¢ = 0-16. Fig. 7a shows that
Li ions with CNy;_c = 9, 8, and 11 are most abundant in the MC-
15, MC-20, and MC-25 structures with x = 2.4, respectively, and
Fig. 7b shows that those with CNp;c = 3 and 4 are most
abundant in the MC-15 and MC-25 structures with x = 8.4,
respectively. By contrast, Li ions with CNy;_¢ = 0 are most

abundant in the MC-20 structure with x = 7.8 (Fig. 7b), implying
that they exist in the middle of the large pores and diffuse
rapidly without being disturbed by carbon atoms. The high
conductivity of the MC-20 (Li;3Cs) Structure appears to be
irrelevant to the total pore volume, because the total pore
volume (0.53 cm?® g™ ") of the MC-20 (Li, sCq) structure is slightly
lower than those (0.55-0.59 cm® g~ ') of the MC-15 (Lig 4C¢) and
MC-25 (Lig 4C¢) structures exhibiting much lower conductivities
(Fig. 6f).

As shown in Fig. 6e, despite having larger average pore
volumes, the MC-15 and MC-25 structures with x = 8.4 show
slightly lower conductivities than the MC-15, MC-20, and MC-25
structures with x = 2.4. This result seems to be related to the Li-
C bond strength. Due to the smaller average CNy; ¢ in x = 8.4
than in x = 2.4 (see parentheses in Fig. 7a and b), Li ions in the
MC structures with x = 8.4 have shorter Li-C bond lengths than

— x=24
(a) x=24 (b) x=7.8-8.4 (C) x=7.8-8.4
MC-15 MC-15
(8.77) (4.63)
5 5 £
2 [ MC-20 = MCc-20| 3
21 (9.38) 2 5.24) | £
T % g
a a i
o
MC—-25 MC—-25
(10.78) (4.74)
0 4 8 12 16 0 4 8 12 16
CNjic CNiic

Fig. 7 Structural properties of lithiated microporous carbon structures. Distribution histograms of CNy;_c at (@) x =2.4 and (b) x =7.8-8.4. CN,,_
s represents the number of B atoms around an o atom. The atomic bond is connected when the Li-C distance is within 2.9 A. Values in

parentheses indicate the average CNy;_c. (c) RDFs of the Li—C pair.
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those in the MC structures with x = 2.4. In the RDFs of the Li-C
pair, the first-peak positions of 2.20-2.22 A in the MC structures
with x = 8.4 are lower by 0.01-0.09 A than those of 2.23-2.29 A in
the MC structures with x = 2.4 (Fig. 7c), indicating stronger Li-C
bonds in the MC structures with x = 8.4. The strong Li-C bonds
are detrimental to fast Li ion diffusion, as Li ions diffuse by
breaking bonds with the surrounding carbon atoms.

3.6 Motion of individual Li ions in lithiated microporous
carbon

We examined in detail the movement of individual Li ions in
the fully lithiated MC-20 (Li, 3C¢) structure. The d,s curves of
fast- and slow-moving Li ions obtained from the AIMD simu-
lation of MC-20 for 40 ps at T = 900 K are shown in Fig. 8a.
Whereas the curve of the slow Li ion is virtually flat over time
and shows d,, values of less than 6 A2 the curve of the fast Li
ion has a step-like shape with d,,,; values of up to about 330 A%
The fast and slow Li ions exist inside the pore cavity and wall,
respectively, at 0 ps (see the red and blue arrows in Fig. 8b). The
Li ion inside the pore wall hardly moves over time (Fig. 8b-g),
thus responsible for the flat d,,s curve of the slow Li ion in

Paper

Fig. 8a. By contrast, the Li ion inside the pore cavity travels
a much greater distance than that inside the pore wall (Fig. 8b—
g). Thus, the high Li ion conductivity of the fully lithiated MC-20
structure results mainly from the movement of Li ions in the
pore cavities. This is evidenced by the average d,,s curve of all Li
ions, which is much closer to the d,,s curve of the slow Li ion
inside the pore wall than the fast Li ion inside the pore cavity
(Fig. 8a). Fig. 8 demonstrates that mobile Li ions inside the pore
cavities and immobile Li ions inside the pore walls are
responsible for the reversible and irreversible capacities of
microporous carbon, respectively.

The dramatic difference in Li ion motion between the pore
cavity and wall is associated with the coordination numbers.
Whereas the Li ion inside the pore wall has CNy; 1; = 5.15 and
CNiyic = 12.52, that inside the pore cavity has CNp;_; = 10.41
and CNy;_c = 3.32 (Table 3). The Li ions inside the pore cavity
and wall have Li-to-C ratios of 3.14 and 0.41, respectively, in
their surrounding atomic environments (Table 3). The Li ion
inside the pore wall has a C-rich environment and should break
bonds with attractive carbon atoms to escape from the pore
wall, whereas the Li ion inside the pore cavity has a Li-rich

400 1 T 1 T T T T
@) o L E
AR
300} Ll |
2
— B . C
«— Ik—) '
< 200} o i -
@ IR
"cE ' l — fast
:‘ — slow
100} - A — average

Fig. 8

(a) Mean-square displacements (d,s) of fast- and slow-moving Li ions in the fully lithiated MC-20 (Li; gCg) structure at T =900 K. Atomic

structures at (b) O, (c) 4, (d) 8, (e) 13, (f) 17, and (g) 23 ps indicated by arrows in (a). In (b), the fast and slow Li ions are indicated by red and blue
arrows, respectively. In (c—g), only the two Li ions, indicated by arrows in (b), are shown for clarity of illustration.
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Table 3 Average coordination numbers (CNy;_x) and Li—X distances
(dii—x) of the fast and slow Li ions inside the pore cavity and wall,
respectively, in Fig. 8, obtained from the AIMD simulation of the fully
lithiated MC-20 (Li; gCg) structure for 40 ps at T = 900 K“

Fast Li (pore Slow Li (pore

X cavity) wall)
CNypix Li 10.41 5.15
C 3.32 12.52
(3.14) (0.41)
diix (A) Li 2.79 2.73
C 2.36 2.43

“ The atomic bonds are connected when the Li-Li and Li-C distances

are within 3.4 and 2.9 A, respectively. Values in parentheses indicate
Li-to-C ratios.

environment and is relatively free to move. The Li ion inside the
pore cavity has a Li-C bond length of dy; ¢ = 2.36 A, which is
shorter by 0.07 A than that (2.43 A) for the Li ion inside the pore
wall (Table 3). The short (and therefore strong) Li-C bonds
hinder fast Li ion diffusion, as discussed in Section 3.5, but Li-C
bonds are formed when the Li ion approaches the pore wall. The
Li ion initially present in the pore cavity rarely encounters
carbon atoms until it approaches the pore wall; thereby, its
diffusion is not prevented by carbon atoms while present in the
pore cavity.

The motion of the Li ion in the pore cavity was closely
observed during different periods A, B, C, D, and E (Fig. 8a).
During the period of A (2.5-6.0 ps), the Li ion moves inside the
pore cavity without forming bonds with carbon atoms (Fig. 8c
and Table 4). During period B (7.5-9.0 ps), the Li ion moves
suddenly to the pore wall by the attraction of carbon atoms,
resulting in a steep slope in the d,,s curve (Fig. 8a), and begins to
form bonds with carbon atoms on the pore wall surface (Fig. 8d
and Table 4). During period C (10.0-15.0 ps), the Li ion adsor-
bed on the pore wall surface forms two bonds with carbon
atoms (Fig. 8e and Table 4) and vibrates strongly on the surface
(Fig. 8a). During period D (16.0-18.0 ps), the Li ion begins to
enter the pore wall, forming five or six bonds with the carbon
atoms (Fig. 8f and Table 4). This process occurs rapidly because
many carbon atoms strongly attract the Li ion, resulting in
a sharp increase in the d.s curve (Fig. 8a). During period E
(20.0-25.0 ps), the Li ion remains in the subsurface region of the

Table 4 CNy;_x and d|;_x of the fast Li ion in Fig. 8, obtained over
partial periods of A (2.5-6.0 ps), B (7.5-9.0 ps), C (10.0-15.0 ps), D
(16.0-18.0 ps), and E (20.0-25.0 ps) in the AIMD simulation of the fully
lithiated MC-20 (Li; gCg) structure for 40 ps at T = 900 K*

X A B c D E
CNyix Li 11.77 11.24 11.19 8.77 10.12
C — 0.83 2.01 5.74 4.55
(13.54)  (5.57)  (1.53)  (2:22)
diix (A) Li 2.81 2.75 2.78 2.77 2.79
C — 2.48 217 2.36 2.36

“ Values in parentheses indicate Li-to-C ratios.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances

pore wall and vibrates violently while maintaining four or five
bonds with the carbons (Fig. 8g and Table 4). The calculated Li-
to-C ratios in periods B, C, D, and E are 13.54, 5.57, 1.53, and
2.22, respectively (Table 4), indicating that the Li-to-C ratio
generally decreases as the Li ion moves from the pore cavity to
the pore wall. The Li ion during periods D and E has low Li-to-C
ratios of 1.53 and 2.22, but these values are still higher than that
(0.41) for the slow Li ion embedded in the pore wall (see the blue
arrow in Fig. 8b). Our analyses in Fig. 8 and Table 3 and 4
suggest that the Li-to-C ratio around Li is an important factor
affecting the movement of individual Li ions. As the Li-to-C ratio
increases, Li ions move freely and contribute to the conduc-
tivity, but as the Li-to-C ratio decreases, Li ions become
immobile Li ions (or kinetically lost Li ions).

3.7 Discussion

This study of the lithiation of microporous carbon suggested
that a large total pore volume could increase the total capacity
and that a large average pore volume could increase the
reversible capacity and conductivity. Therefore, a microporous
carbon structure composed of large and uniform micropores is
expected to deliver superior performance in terms of lithium
storage and transport. However, too large pore size may be
detrimental to thermal stability at high current densities as it
can promote the growth of lithium dendrites and eventually
lead to thermal runaway.*** The optimal size of uniform
micropores needs to be determined through elaborate experi-
mental investigations. Our microporous carbon structures with
initial densities of 1.5-2.5 ¢ cm > showed volume expansion
ratios of 77.3-180.6% upon full lithiation, and the volume
expansion ratio decreased with decreasing initial density. It is
thus desirable that the initial density of the microporous carbon
structure be less than 1.5 g em™®, because large volume
expansion of the electrode can decrease the cycle stability. The
observed difficult diffusion of the Li ions embedded inside the
pore walls suggests that they are responsible for irreversible
capacities. To minimize the amount of Li ions entering the pore
walls during lithiation, it is necessary to prepare a microporous
carbon structure with stable pore surfaces that exhibit low
reactivity toward Li ions. In the end, the factors affecting the
reversibility of lithium storage in microporous carbon are the
storage sites of Li ions, the average pore size, and the reactivity
between Li ions and the pore surface.

4. Conclusion

The present first-principles study has demonstrated that
microporous carbon provides excellent lithium storage ability
and fast lithium-ion transport. Microporous carbon structures
with initial densities of 1.5, 2.0, and 2.5 g cm > deliver
considerably high capacities of 3032, 2783, and 3006 mA h g™,
respectively. In fully lithiated microporous carbon, about 62%
of Li ions are present inside the pore cavity and on the pore
surface, responsible for reversible capacity, and about 38% of Li
ions are present inside the pore wall, responsible for irreversible
capacity. The total pore volume and average pore volume of

Nanoscale Adv., 2022, 4, 5378-5391 | 5389
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lithiated microporous carbon are related to total capacity and
reversible capacity, respectively. During lithiation, the total pore
volumes of microporous carbon structures with different initial
densities become similar, but their average pore volumes can
grow differently depending on the extent to which Li ions locally
disrupt the carbon network. The calculated Li ion conductivities
are as high as 6.3-25.4 and 3.8-103.5 mS cm ™' for the Li, 4Cg
and Li; g g 4Cs compositions, respectively. The highest conduc-
tivity of 103.5 mS ecm ™" is achieved for the largest average pore
volume, and thereby, the average pore volume is related to the
conductivity. Li ions can diffuse rapidly inside Li-rich pore
cavities, suggesting that the Li-to-C ratio around Li is an
important factor influencing Li ion motion. Our discussion of
the pore structure, pore size, carbon density, and pore surface of
microporous carbon will serve as a useful guide for experi-
mental researchers in developing efficient microporous carbon
electrodes for lithium-ion batteries.
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