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Interlayer engineering of graphite anodes in alkali metal ion (M = Li, Na, and K) batteries is carried out
based on the first-principles calculations. By increasing the interlayer spacing of graphite, the specific
capacity of Li or Na does not increase while that of K increases continuously (from 279 mA h g™* at the
equilibrium interlayer spacing to 1396 mA h g~ at the interlayer spacing of 20.0 A). As the interlayer
spacing increases, the electrostatic potential of graphite becomes smoother, and the ability to buffer the
electrostatic potential fluctuation becomes poorer in M ions. These two effects jointly lead to minima of
the diffusion barrier of M ions on graphite (0.01-0.05 eV), instead of strictly monotonous declines with
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the increasing interlayer spacing. To perform the interlayer engineering of anode candidates more
efficiently, a set of high-throughput programs has been developed and can be easily applied to other
systems. Our research has guiding significance for achieving the optimal effect in interlayer engineering
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1. Introduction

As the most significant energy storage devices in our daily life,
the rechargeable alkali metal ion batteries have a strong per-
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formance dependence on electrode materials."”” The typically
used electrodes are composed of layered bulk materials, and
we call them three-dimensional (3D) electrodes for short. They
usually naturally exist or can be easily fabricated.>* When the
interlayer spacing of these layered materials is artificially
expanded through interlayer engineering, they can transform
into two-dimensional (2D) materials. The electrodes consisting
of 2D materials, denoted as 2D electrodes for short, provide
relatively larger specific surface,”® masses of electrochemically
active sites, and ion storage space, which generally contribute
to the large specific capacity further.®® For example, from the
anode with bulk C,N to its monolayer counterpart, the theore-
tical specific capacity increases from 705 mA h g™" to 2469 mA
h g7* for Li-ions, and from 470 mA h g™ to 2939 mA h g™" for
Na-ions.”'® In the case of K-ion batteries, the experimental
capacity increased by a factor of about 2.5 when the bulk
graphite anode was changed to the 7 layers of the graphene
anode."

Besides, because the alkali metal ion on the surface of 2D
materials experiences only half atom interaction compared
with that in their bulk layered materials, it generally has a
lower diffusion barrier and thus a faster charging-discharging
rate."” For example, on replacing the bulk graphite anode with
the 7 layers of the graphene anode in K-ion batteries, the rate
capability is retained from almost zero to ~60% at the same
current density of 3C experimentally."' The rate performance
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with this few-layered graphite anode shows a critical improve-
ment under the joint action of bulk diffusion and surface
diffusion.™ In the Li-ion batteries, the diffusion barrier is 0.34
eV when the Li-ion migrates within AA-stacked bilayer gra-
phene, while it decreases to 0.26 eV on the outside under the
same calculation setting.'® Taken together, 2D electrodes are
attracting more and more attention in recent years because of
their contribution to battery capacity and rate performance.

The realistic 2D material electrode consists of substantial
2D materials. However, a free-standing individual 2D material
is absent in the actual 2D electrode. Due to van der Waals
interaction, these 2D materials tend to reaggregate into a
mother layered bulk material.”** In terms of doping,"™"” func-
tional group modification,'® solvating/using complex
anions,'®>* assembling hierarchical architectures,®>*>® and
so on, we can open the self-accumulated layered materials to
some extent. Thus, the realistic 2D electrode can be simplified
as a 3D layered material with an expanded interlayer spacing
through interlayer engineering. Apparently, the electrode pro-
perties, such as specific capacity and diffusion barrier, depend
on the interlayer spacing. Therefore, it is highly important to
examine the electrode property dependence on the interlayer
spacing of 3D layered materials and to find an overall optimal
interlayer spacing.

In this work, we take the commercial-used 3D graphite
anode and its 2D counterpart graphene anode in alkali metal
ion batteries (M = Li, Na, and K) as examples (M/C systems for
short) and investigate the dependence of the structural, ener-
getic, electronic, and ionic features of the graphite anode on
the interlayer spacing using density functional theory (DFT).
The 3D graphite anode can gradually transform into the gra-
phene anode by increasing the interlayer spacing. The term
“interlayer spacing” is uniformly used for convenience. The
initial specific capacity of the Li-graphite anode is 372 mA h
g~ and sharply drops to below 41 mA h g™*, and then remains
with the increasing interlayer spacing. The diffusion barrier of
the Li-ion is 0.47 eV at the equilibrium interlayer spacing, and
drops to the minimum of 0.05 eV, and rebounds to 0.30 eV
with the increasing interlayer spacing. The initial specific
capacity of the Na-graphite anode is below 35 mA h g™" at any
interlayer spacing. The diffusion barrier of the Na-ion is 0.29
eV at its equilibrium interlayer spacing of 4.5 A and decreases
to a minimum of 0.01 eV and remains. The enlarged interlayer
spacing has no contribution to the specific capacity in the Li-
ion and Na-ion batteries. While for the K-graphite anode, the
initial specific capacity continuously increases from 279 mA h
g™ ! at its equilibrium interlayer spacing of 5.4 A to 1396 mA h
g~ at an interlayer spacing of 20.0 A. The diffusion barrier of
the K-ion is 0.15 eV at 5.4 A and decreases to a minimum of
0.01 eV, and then slightly rebounds to 0.05 eV. Besides, the
working mechanism of the anodes shows a tendency from
intercalation to plating with the increasing interlayer spacing
in the K-ion batteries.

We find that interlayer engineering can indeed improve the
performance of batteries. Thus, a strategy is put forward to
choose an overall optimal interlayer spacing, according to the
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performance of capacity, ion transfer, and electron transfer.
Although different kinds of electrode hosts and ions show
various features when the interlayer spacing changes, the
research methods and procedures are the same. In order to
investigate other electrodes more efficiently, we also develop a
set of high-throughput (HT) computing programs, including
the diffusion barrier calculation and capacity estimation. This
set of HT computing programs can be easily applied to other
systems in need.

2. Model and method

All calculations are performed using the Vienna ab initio simu-
lation package (VASP).*>*° The exchange and correlation func-
tional is the Perdew-Burke-Ernzerhof (PBE) form of the gener-
alized gradient approximation (GGA).>'"** The pseudopotential
is projector augmented wave (PAW)*® with a high energy cutoff
of 600 eV to ensure accuracy. The valence electrons for Li, C,
Na, and K are 2s’, 2s*2p?, 3s', and 3s®3p°4s’, respectively. The
zero damping DFT-D3 method of Grimme®***’ is adopted
according to the van der Waals correction test (details are
given in part 1 in the ESIT). All structures are fully relaxed with
the convergence threshold of 107° eV in energy and 107> eV
A" in force. For graphite (Ce) and stage-I graphite (M,,Cs and
M, Cg) structures, the 7 x 7 x 7 Monkhorst-Pack k-point
meshes in the Brillouin zone are set for geometry optimization
and the 15 x 15 x 15 one for static electronic structure calcu-
lations. The term stage-I refers to the point when the M ions
separate the anode host layers one by one. For stage-I graphite
supercells (MC,, and M,Cs,), the k-point meshes are set as 3 x
3 x 3 for geometry optimization and 7 x 7 x 7 for static elec-
tronic structure calculations. For the ion transport, the climb-
ing-image nudged elastic band (CI-NEB) method®*™*' is
applied on MC,, supercells to find the diffusion path with
minimum diffusion barriers. Three intermediate images are
linearly inserted in each structure.

The high-performance calculations are designed and
carried out on the MatCloud+ High Throughput Materials
Simulation platform.*>** The initial structures and the calcu-
lation parameters of the conventional and the HT methods are
the same.

3. Results and discussion
3.1. Adsorption of a single layer of M ions

To begin with, we calculate the structural, energetic, electronic,
and ionic properties of graphite adsorbing a single layer of M
ions under different carbon interlayer spacings d and then
analyze their evolution features. We use the most commonly
studied stage-I structure, MCg, to investigate the first three pro-
perties. To further eliminate the influence of the M-M
Coulomb repulsion, we use a larger supercell, MC,,, to investi-
gate the ionic properties. The AA-stacked carbon host is
chosen since it is more energetically favorable than the AB-
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stacked counterpart with one layer of M ions adsorbed." d is
set with an upper limit of 20 A, which is large enough to
model the graphene anode.

For the structural properties, we illustrate the vertical dis-
tance d; (i = 1, 2) between the M ion layer and the two adjacent
carbon layers under different d in Fig. 1(a). In the stage-I struc-
ture of this work, each M ion is sandwiched between two

carbon layers.

d, (or d,) refers to the vertical distance

between the M ion and the closer (or further) carbon layer. We
have d = d, + d,. The tendencies of d, or d, for Li, Na, and K
ions with the increasing interlayer spacing are similar: when d
is smaller than a threshold value dg,, d, = d, = d/2; when d >
dwn, di < d,. After the threshold, d; has a small decline (LiCg,
NaCg) or wave (KCg) and then stays constant, while d, keeps

increasing.
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—
@
~
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Fig. 1

View Article Online

Paper

Quantificationally, dy, of the LiCq, NaCg, and KCg structures
are 4.0, 8.0, and 7.0 A, respectively. When d > dy, for each, d,
of LiCs drops by 0.2 A and is stabilized at 1.8 A, and d; of NaCg
drops by 0.5 A and is stabilized at 3.5 A. Unlike the case of
LiCs and NaCg, d; of KC4 increases by 0.1 A when d reaches
8.0 A, and then drops by 0.3 A and stabilizes at 3.3 A. By chan-
ging d, the LiCs, NaCes, and KCg structures have the largest
dimax Of 2.0, 4.0, and 3.6 A, respectively. It can be speculated
that the abnormal decline or wave of d, after the threshold is
caused by the attraction of the further carbon layer to the M
ion, which makes the ion stay relatively away from the closer
one. Since this intensity of attraction is inversely related to the
value of d,, d, tends to be only affected by the closer carbon
layer and stabilized when d is rather large. The large d, is con-
ducive to the low ionic diffusion barrier and will be elaborated
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(a) Vertical distance (d;) between the M ion layer and the adjacent two carbon layers, (b) adsorption energy (E,q4), (c) transferred electrons (Q)

from the M atom to the carbon layers, and (d) the density of states at E; (N(Ef)) per MCg unit cell at different interlayer spacings d. (e) Diffusion bar-
riers (@) of the M ion migrating parallel to the graphene planes (MCj,,4) at different d values. The migrating pathways are depicted in the illustration. M
represents Li, Na, and K from left to right. The data represented by the red pentagrams are obtained by the HT program, which generally coincide
with the traditional calculated ones. More data are calculated when the properties change more drastically with the interlayer spacing.
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later in the ionic property part of this section. Besides, it is
worth noting that dy, and steady d, are both in the sequence
of Li < K < Na, which are different from Shannon’s ionic radii
in the Li < Na < K sequence with the same coordinate number
of VL.**** This inverted order between Na and K is thought to
be related to their actual charge transfer situation, namely the
real ionic radii in the anode environment.*> The analysis of
the inverted order will also be given later in the electronic
property part of this section.

Based on the previous studies, the adsorption energy (E,q)
can be measured as follows:*°

Eaq = Evmc, — Ec, — Em (1)

where Eyc, and Ec_ are the total energies of MCg and Cg at the
set interlayer spacing, respectively. Ey, is the total energy per M
atom in its bulk structure. The negative E,4 means the adsorp-
tion is exothermic and spontaneous. As shown in Fig. 1(b), the
interlayer spacings d.q of the most stable state are 3.7, 4.5, and
5.4 A for the LiCs, NaCs, and KCg structures, respectively.
Given d.q of 3.66 A under the AA-stacked mode and 3.42 A
under the AB-stacked mode for pristine graphite, the single-
layer M ions enlarge the interlayer spacing of graphite. The
total energies of pristine graphite at different d are given in
part 2 of the ESL.}

The E,q of Li, Na, and K ions all plummet first with the
increasing d and then increase slowly until they reach constant
values. For the LiCe structure, E,q is —0.20 eV per Li-ion at deq
= 3.7 A, which is consistent with the previous theoretical result
of —0.21 eV per Li-ion.”” The E,q of LiCq is negative for 3.3 < d
< 4.2 A. As d increases, E,q increases to 0.61 eV per Li-ion
when d = 7.0 A and then remains constant. This value of E,q is
consistent with the previous DFT results of about 0.6 eV per Li-
ion on graphene.*® The final positive E,q manifests that gra-
phene cannot spontaneously adsorb Li-ions, implying a low
theoretical capacity of the graphene anode in the Li-ion
batteries.

For the NaCg structure, E,q is —0.09 €V per Na-ion at deq =
4.5 A, which is consistent with the previous theoretical result
of about —0.1 eV per Na-ion.”” When 4.2 < d < 5.0 A, Eq is
technically negative but pretty close to 0. When d > 10 A, E,q
almost stays constant with a value of 0.19 eV per Na-ion. These
high E,4 indicate the poor capacity performance in the Na/C
system at any interlayer spacing.

For the KCg structure, E,q reaches its minimum of —0.45 eV
per K-ion at deq = 5.4 A, which is consistent with the previous
theoretical result of —0.48 eV per K-ion.>® E,4 remains negative
when d > 4.7 A. Until d > 10.0 A, E,q hardly changes with a
value of —0.08 eV per Na-ion. The persistent negative E,q fore-
casts a great K-ion capacity of both the graphite and graphene
anodes. Besides, compared with the Li-ion, the K-ion has more
negative E,q with both graphite and graphene hosts, which
indicates that the K-ion has a stronger bonding and better
wetting performance with the carbon host. A better wetting
means the electrode host has a larger contact area with the
metal ions and corresponds to lower interfacial resistance.’
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The origin of the wetting difference between Li and K with

carbon host deserves deeper study.

The enlarged d., compared with pristine graphite implies
the volume changes during the charging-discharging process
if the graphite anode has no modification, especially in the
Na-ion and K-ion batteries. Nevertheless, the most negative E,4
for the three MCg structures still occur when the carbon layers
are at their bulk state, manifesting that the 3D graphite anode
has a stronger adsorption ability to M ions than the graphene
anode. The much higher E,q in LiCs, NaCs, and KCe at d =
20 A manifest the relatively poor wetting of graphene with the
alkali metals.>*

For the electronic properties, the number of the transferred
electrons from M atoms to carbon layers (Q) and the density of
states at the Fermi levels (N(E;)) are further calculated. The
larger Q indicates the stronger ionic bonding between the
carbon host and the M ions, and the smaller ionic radius for
the same element. In Fig. 1(c), the maxima of Q in LiCs, NaCg,
and KCg structures are 0.89, 0.82, and 0.78 e per M atom at a d
of 4.2, 4.6, and 5.0 A, respectively, which are almost the same
with those at their d.q (0.86, 0.82, and 0.74 e for per M atom in
LiCs, NaCs, and KCg structures, respectively). When d reaches
a certain value (LiCq: 7 A; NaCq: 10 A; KCg: 10 A), Q remains
constant instead of decreasing. When d = 20 A, Q are 0.67,
0.17, and 0.26 e per M atom in LiCg, NaCe, and KCq structures,
respectively. In general, we can find that M atoms transfer
more electrons to graphite than to graphene. The phenom-
enon that Q remains relatively large from the Li atom to gra-
phene but rather small from Na, or K atom to graphene
deserves to be further studied. Moreover, the K atom transfers
more electrons than the Na atom at the same d > 5 A. So the
real ionic radius for K is closer to Shannon’s one, while the
real ionic radius for Na may be much larger than Shannon’s
one. It can explain the inverted order of interlayer spacing
thresholds between Na and K. Besides, compared with the
trend of the adsorption energy, a larger Q roughly corresponds
to a more negative E,q for each element, indicating that the
proportion of ionic bonds may have a great impact on the
adsorption energy.

. . . . dn
According to the Einstein relation ¢ = e* —

dy
tronic conductivity o is positively correlated to the electronic

Dqite, the elec-

. . dn X
density of states at the Fermi level i N(E¢), where Dy is

the diffusion constant.”> N(E) are 1.547, 1.62, and 1.85 states
per eV for LiCg, NaCg, and KCg unit cells at their d.q, respect-
ively. For the LiC¢ unit cell, N(E;) increases from 0.70 states per
eV at d = 3 A to 2.00 states per eV at d = 5 A and then keeps
within 1.84-2.00 states per eV. At d = 20 A, N(E) for the LiCq
unit cell is 1.93 states per eV. The abnormally high N(E¢) of the
LiCs structure at d = 2 A is caused by the band structure defor-
mation with the extremely small interlayer spacing, and the
detailed analysis is given in part 3 of the ESI.7 For the Na and
K counterparts, N(E¢) has a summit of 1.94 states per eV at d =
5 A and 2.06 states per eV at d = 6 A but drops to 1.00 and 1.13
states per eV at d = 20 A per unit cell, respectively. Similar to Q,
N(E¢) also stays large for the Li-ion but decreases drastically for

This journal is © The Royal Society of Chemistry 2021
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the Na- and K-ion from the graphite anode to the graphene
anode. The persistent high Q and N(E;) for the Li-ion both
manifest that the anode with Li-ions can retain fast electronic
conduction when the spacing of carbon layers increases.
However, the falls of Q and N(E;) for the Na- and K-ion imply
the wunderlying poorer -electronic-conducting performance
from the graphite anode to the graphene anodes in the Na-ion
and K-ion batteries.

For the ionic properties, the CI-NEB method is specially
performed. As shown in Fig. 1(e), in general, the diffusion bar-
riers (@) fall drastically and then remain still for all alkali
metal ions. Energy profiles are provided as Fig. S4.T Their ener-
getically favorable d.q is 3.8, 4.4, and 5.4 A for LiC,,, NaC,,,
and KC,,, respectively, and the corresponding ®.q are 0.36,
0.37, and 0.15 eV. d with the lowest barriers for LiC,,, NaC,,,
and KC,, are 5.0, 8.0, and 8.0 A, respectively, and the corres-
ponding &, are 0.05, 0.01, and 0.01 eV, respectively. The
above data show that the enlarged interlayer spacing can mark-
edly reduce the ion diffusion barriers. When the interlayer
spacing d continuously increases, @ finally stabilizes at 0.30,
0.01, and 0.05 eV for LiC,,;, NaC,,, and KC,,, respectively,
which is also consistent with the previous theoretical studies
(0.311,> 0.096,>* and 0.039 eV (ref. 55) for Li-, Na-, and K-ions
on pristine graphene supercells). It is interesting that the
barrier has a little pit near its minimum, rather than strictly
monotonically descending. Besides, it also shows a strong
dependence between the d of @.,;, and the d of djmax. Given
that, we illustrate the electrostatic potential for carbon layers
(U) along the x-axis at the different interlayer spacing in Fig. 2.
From graphite to graphene, U becomes smoother and
smoother, leading to the overall decrease in @. Focusing on d
around @i, d; and Ad; for MC,, during M ion diffusion are
listed in Table 1. d; can reflect the degree of in-plane fluctu-
ation of U, and Ad,; can reflect the ability of M ions to buffer

24 Jo7v "\ 20A
o9V 15 A
-4 14V
— 10 A
-
> B
28V
= 5A
WD © o q
0 1 2 3 4

Position on x axis (A)

Fig. 2 Electrostatic potential of the AA-stacked carbon layers (U) along
the x-axis, namely parallel to the carbon layers. The interlayer spacing
between carbon layers is set as 5, 10, 15, and 20 A, respectively. The
positions of C atoms along the x-axis are marked with gray spheres.
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Table 1 Structural details of MC,4 (M = Li, Na, and K) at the interlayer
spacing near the barrier minimum. From the top view, the M ion
migrates from the center of a carbon ring (hollow site, H for short), over
the C-C bond (bridge site, B for short), to the center of the neighboring
carbon ring during the CI-NEB calculation. d; represents the vertical dis-
tance between the M ion and its nearest carbon layer. Ad, refers to the
d, difference between the H site and B site

di (A)
Structures Interlayer spacing (A) H site B site Ad; (A)
LiCyy 4 1.9996 2.0007 0.0011
5 1.8332 2.2943 0.4611
6 1.7391 2.0228 0.2837
NaC,, 7 3.4942 3.4935 —0.0007
8 3.3768 3.3905 0.0137
9 3.2809 3.2931 0.0122
KCyy 7 3.4947 3.4942 —0.0005
8 3.9944 3.9964 0.0020
9 2.5926 2.6902 0.0976

the fluctuation of U by changing its vertical distance to the
closer carbon layer during diffusion. It can be found that @,
appears when either d; is relatively large (LiC,4, NaC,,4) or Ady
is large (KC,,4). These data show that the value of @ is the joint
result of the degree of the fluctuation of U and the ability of M
to buffer the fluctuation of U. When @ no longer changes with
d, it can be considered that the M ion has large enough space
to buffer the potential fluctuation and the diffusion of the M
ion is only influenced by the closer carbon layer. In other
words, the ion-transfer mechanism changes from bulk
diffusion to surface diffusion, which is conducive to improving
rate performance.’"*® This also explains why the amplitude of
electrostatic potential fluctuation of expanded graphite has a
difference of 0.2 eV under d = 15 A and 20 A, while the
diffusion barriers are the same for each M ion.

3.2. Adsorption of multiple layers of M ions

To investigate the dependence of adsorption of multiple layers
of M ions on the interlayer spacing, we measure the specific
capacity as follows:*”>®

XmaxZF
C: max

o @)

where W, Xmax, 2, and F are the relative molecular mass of the
graphite anode at the set d in g mol™, the maximum adsorp-
tion concentration of M ions, the valence number (z = 1 for Li,
Na, and K), and the Faraday constant (26810 mA h mol ™),
respectively. For the selected anode materials (graphite) and
ionic carriers (Li, Na, and K), the specific capacity is simply
determined by X, which will change with d. x,.x can be
measured by the average adsorption energy (E..) and the

open-circuit voltage (OCV) with the formulas:*”*®

E — Ec — xE
e = MxC xc M (3)

Em,,c — Em, c — (%2 — x1)Em,,c

OCV =
(22 —x1)e

(4)
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where Eyicc, Em,, c, and Ey,c are the total energies of the M
ion adsorbed graphite anode at the set d with an M ion con-
centration of x, x;, and x,, respectively. Ec and E\ are the total
energies of the graphite anode at the set interlayer spacing and
per M atom in its bulk structure. The negative E,,. value rep-
resents that the overall adsorption process is spontaneous
exothermic, and the positive OCV value manifests that the new
coming M tends to be adsorbed in terms of ionic states rather
than metallic states, or vice versa. With the increasing concen-
tration, the Coulomb repulsion among M ions becomes more
vigorous, leading to an increase of E,,. and a decrease of
OCV.””%*? When either E,. becomes positive or OCV becomes
negative, the adsorption concentration reaches its maximum
value, X,y Details of E,, and OCV are given in part 5 of the
ESLT

According to the results of E,,. and OCV, the calculated
specific capacity for the Li-ion or K-ion adsorbed carbon layer
at different d is illustrated in Fig. 3. In order to get a more

372 e LiC,
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Fig. 3 Capacity of the carbon layers at different d values of (a) Li and (b)
K according to E,,. and OCV. The hollow circles or pentacles indicate
that the corresponding capacity values are not reached. The data rep-
resented by the red pentacles are obtained by the HT program, which
coincide with the traditional calculated ones.
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accurate critical point of the capacity changing from negligible
small to having a substantial value, a denser interlayer spacing
sampling is adopted around the critical point. For the Li-ion,
the carbon anode only possesses a substantial capacity of
372 mA h g™ (LiCe) when 3.3 < d < 4.2 A. Such a capacity is
consistent with that in the bulk pristine graphite anode for Li-
ion batteries in experiments (370-380 mA h g*).>**® When d <
3.3 A, the strong Coulomb repulsion among C and Li atoms
inhibits the Li intercalation. When d > 4.2 A, the bonding
between the Li-ion and the carbon host is too weak to fix the
Li-ions. Thus, E.. becomes positive after 4.2 A even at a low
concentration of x = 1/54 (LiCs,), which corresponds to an
unreached capacity of 41 mA h g~'. However, few-layered gra-
phene can hold a large Li-ion capacity in experiments. For
example, Sonia et al. found that the Li-ion capacity of the few-
layered graphene (~7 layers) anode is about 3-4 times that of
the bulk graphite (~450 nm thick) anode.’® The large Li-ion
capacity of graphene is mainly contributed by the “stepped
edges” of graphene, which has been verified both theoretically
and experimentally.”® Other defects, such as the domain/grain
boundaries of alternate pentagon-heptagon pairs or Stone-
Wales defects and divacancies can also increase the storage of
Li-ions but has non-negligible contribution only when they
have large defect concentration.®***

Regarding the Na-ion, the previous studies show that its
specific capacity with the pristine graphite anode is below
35 mA h g' (corresponds to NaCg,) both theoretically and
experimentally,®®*7%” which is too small for practical use. The
DFT studies find that Na has relatively weaker ionic and
covalent co-bonding with C compared with other alkali metal
ions®® and the Na-intercalation stretches the C-C bonds.*
With the help of ether-based electrolytes, the expanded graph-
ite can store Na-ions with a capacity of 150-220 mA h
g~ 1.29697% These solvent molecules can not only enlarge the
spacing of graphite but also screen the bad interaction
between Na and C.'®*"??> Whereas, only enlarging the inter-
layer spacing cannot enhance the capacity performance since
graphene even has weaker bonding with Na than graphite. In
the experiment, the number of Na-ions adsorbed/desorbed on
single-layered graphene reversibly without the ether-based
electrolyte is lower than 20 pA h em™2, which is further con-
firmed to be the electrochemical response of the copper sub-
strate, rather than that of the graphene anode.”' Besides, we
calculated that E,,. of stage-I NaCys and NaCg configurations
are rather high at any interlayer spacing of graphite (Eu. >
—0.09 eV per Na-ion, shown in part 6 of the ESI}), which will
lead to a rather small capacity. Thus, we do not take the multi-
adsorption performance of Na on graphite/graphene into
account.

Unlike the case of Li-ions and Na-ions, the capacity of
K-ions increases continuously with the increasing interlayer
spacing. At first, the capacity is below 31 mA h g™' (KC,)
when d < 4.6 A, due to the strong Coulomb repulsion. When
4.6 A < d < 7.0 A, it has a substantial theoretical capacity of
279 mA h g' (KCg), which is consistent with the experi-
mental value of the pristine graphite anode (273 mA h
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g~ ").”* Compared with the bulk graphite anode (about 1400
carbon layers), the capacity of the 7-layered graphene anode
in the K-ion battery increases to about 2.5 times in experi-
ments, and the capacity increases as the number of gra-
phene layers decreases (~3 times for bilayer graphene).''
(One should distinguish the inner and outer interlayer
spacing, details are shown in part 7 of the ESLf}) After
K-ions intercalate into the spacing of graphene layers to
form the KCg structure, their DFT calculation shows that
K-ions preferentially form a second layer on the few-layered
graphene surface, and then accumulate at the edges.'' The
reason for the difference of adsorption priority between Li-
and K-ions on graphene deserves further study. According to
our calculations, the graphite anode also shows an increas-
ing K-ion capacity with the increasing interlayer spacing and
the capacity is 1396 mA h g™ (KsCg) at d = 20 A. Under this
circumstance, each carbon layer can adsorb five layers of
K-ions. The energetically favorable adsorption of multi-
layered K-ions manifests that K can grow layer by layer,
instead of forming dendrites like Li.>" This implies that K
may be suitable for designing metal batteries.

In order to study the electronic properties of the multilayer
adsorbed K-ions and find out whether there is an upper limit
of the K-ion capacity with the increasing d, we further perform
the Bader charge analysis and electron localization function
(ELF) at d = 20 A. As shown in Fig. 4(a), the total transferred
charges (the total Q) from K atoms to carbon tend to increase
with the increasing K layers. However, only when the newly-
formed K layer adsorbs on the carbon layer the total Q
increases obviously (Cg—KCs, K,Cs—K3Cg, and K,Cg—Ks5Cs),
and when the newly-formed K layer adsorbs on the K layer, the
total Q remains almost unchanged (KCg—K,Cg) or even
decreases (K3Cg—K,Cg). For example, the total Q stays almost
the same from one layer of K adsorbed (0.29 e per KCg unit
cell) to two layers of K adsorbed (0.30 e per K,Cg unit cell), but
it increases to 0.69 e per K;Cg unit cell with three layers of
K-ions adsorbed. We find that the K,Cg has a larger vertical
distance between the carbon layer and its nearest K-ion layer
than that of K;Cg, which may explain the abnormal decrease of
total Q here. The Q of each layer of K when K increases from
one layer to five is shown in the right of Fig. 4(a). The K atoms
near the carbon layer give more charge, while those far away
from the carbon layer are almost neutral or even gain
electrons.

The dependence of Q on the K-ion layer number is also
reflected in ELF. As shown in Fig. 4(b), when there is only one
layer of K on each side of the carbon layer (KCg and K;Cg), the
electrons of K are more localized. When there are two or more
layers of K on one side of the carbon layer, these K contribute
electrons forming free electron gas. These data indicate that
the adsorbed K in multiple layers away from carbon layers
tend to become metallic,”® which is undesirable in ion bat-
teries but normal in metal batteries. The working mechanism
of the graphene anode gradually transforms from K intercala-
tion to K plating as the number of adsorption layers increases.
Thus, we cannot tell the upper limit of the storage capacity of

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Transferred electrons (Q) from the K atoms to the C layer and
(b) electron localization function (ELF) of K,Cg (x = 1, 2, 3, 4, and 5) at
the interlayer spacing of 20 A. ELF is measured under the absolute scale
with “1" representing the highest degree of electronic localization and
“0" representing the lowest one.

K-ions since K-ions can keep plating on the carbon layered
anode. More details can be seen in part 8 of the ESL.{

The above capacities are gained with the fixed d of graphite.
With the limited d, K-ions cannot intercalate into the graphite
anode without an end due to the increasingly strong Coulomb
repulsion. Whereas, the strong Coulomb repulsion can be
relieved if the lattice of K-intercalated graphite is allowed to
change freely. Thus, we fully relax the lattice of K,Cjg structures
and examine whether the graphite anode can adsorb multiple
layers of K-ions without external pressure. In terms of E,,. and
OCYV, the adsorption of multiple K-ion layers is actually energe-
tically feasible for the graphite anode in the ideal environment
without any external stress. However, the equilibrium inter-
layer spacing d.q of graphite, as a representative parameter of
the lattice, changes drastically with K-ion intercalation/deinter-
calation. Compared with that of pristine AB-stacked graphite
(3.42 A), d.q enlarges to 154% with one layer of K-ion (KCy)
and 271% with two layers of K-ion (K,Cg). Such huge volume
changes are unacceptable in the actual scenarios. We also
speculate that the reason why the graphite anode only holds a
K-ion storage capacity of 273 mA h g~' (~KCy) in practice” is
that the anode would feel external pressure inevitably. Hence,
interlayer engineering is still needed to enlarge the interlayer
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spacing of the graphite anode at the very beginning to avoid
the huge volume change. More details are given in part 9 of
the ESL.}

3.3. Strategies for selecting the optimal interlayer spacing

Based on the above theoretical results, we can find that the
properties of the graphite anode do not change strictly mono-
tonically with the interlayer spacing d, and d is not always the
bigger, the better. Besides, each property does not always
perform the best at the same d. Thus, during interlayer engin-
eering, it is necessary to consider various indicators compre-
hensively according to the designing needs and find out the
overall optimal interlayer spacing dp.

Given that the ion battery is an energy storage device essen-
tially, we reckon that the first step is to ensure a substantial
capacity with the selected interlayer spacing. Then, since ions
move much slower than electrons, and the ion transport speed
has a more obvious limiting effect on battery rate perform-
ance, the high ionic conductivity should be given priority over
the high electronic conductivity.”* Under conditions of high
ionic conductivity, we can choose the interlayer spacing with
higher electronic conductivity.

We perform the above strategies on the alkali metal ion bat-
teries with the graphite anodes and try to find the d,, of graph-
ite. Regarding the Li-ion battery, d,, should be designed at
3.3-4.2 A to ensure a substantial capacity. Within this range, the
Li-ion diffusion barrier becomes significantly smaller when d
increases. Thus, the d,, of the graphite anode in the Li-ion
battery is 4.2 A. Regarding the Na-ion battery, we fail to find its
d,p when graphite is used as the anode, but the strategy and
process of finding the optimal d are the same when other anode
materials are considered. Regarding the K-ion battery, d should
be larger than 4.7 A to ensure substantial capacity. Within this
range, the K-ion diffusion barrier is smallest when d = 8.0 A and
remains small when d > 6.0 A. When d > 6.0 A, the electronic
transport slows down with the increase of d, and the electronic
conductivity at 6.0 A is much higher than that at 8.0 A. Thus,
the d,, of the graphite anode is 8.0 A in the K-ion battery.
However, if the K battery is designed as a metal one, a larger d,,
can also be considered due to the increasing specific capacity.

In the actual case, the electrochemical performance of the
electrode is jointly influenced by d and the chosen interlayer
engineering techniques. For example, the doping atoms not
only enlarge the d of the electrode, but also provide extra active
sites generally. Thus, to get d,, in the actual case, one should
test the dependence of the electrochemical performance of the
electrode on d with the specific interlayer engineering tech-
nique. Noticeably, the approaches and procedures are the same.

4. Discussion

4.1. The high-throughput computing program for interlayer
spacing engineering

To investigate the interlayer engineering performance of other
layered electrode materials more efficiently, we have developed
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a high-throughput computing program. Considering that the
ion diffusion barrier calculation by the CI-NEB method and
the ion storage capacity calculation are two of the most compli-
cated tasks in analyzing the properties of anode materials, this
HT program focuses on the automatic implementation of
these two tasks. The flowchart is shown in Fig. 5.

The HT program firstly obtains the initial structures from
databases. Then these structures are uniformly designed
according to the needs like changing the interlayer spacing in
this research (other modifications, such as doping or adding
chemical groups, can also be achieved in a similar manner).
All non-equivalent adsorption sites are found according to
their symmetry, and the most stable adsorption site can be
found by searching for the lowest adsorption energy. In the
CI-NEB calculation part, the program will build supercells to
avoid the Coulomb repulsion among the moving ions. In the
initial and final images, the ions are set in the two nearest
equivalent most stable sites by the CI-NEB method, respect-
ively. Then the program screens the anode materials with a
diffusion barrier that is smaller than the set value. The bat-
teries made of these materials as anodes are expected to have
good rate performance.

In the capacity calculation part, the program automatically
finds the multiple M ion adsorbed structures with the lowest
energy at each concentration of M until the maximum concen-
tration is reached. Here the criteria for reaching the maximum
concentration are that (1) E,. becomes positive, or (2) OCV
becomes negative, or (3) obvious structure deformation
appears.*®®”7>7% 1t is worth noting that the deformation cri-
terion for graphite/graphene is usually not considered due to
their high mechanical strength. However, some other
materials may undergo larger deformations during the ion
intercalation/deintercalation.”” Thus, the HT program con-
siders the deformation criterion wuniformly. After the
maximum adsorption concentration is determined, the
specific capacity is calculated. This HT program is specially
designed for interlayer engineering and is expected to be used
widely for other layered electrode materials.

4.2. Potential methods to perform interlayer spacing
engineering

In experiments, interlayer engineering has four main
approaches — doping, functional group modification, solvating
or using complex anions, and assembling hierarchical archi-
tectures. As listed in Table 2, different methods extend the
interlayer spacing of electrode materials to different degrees.

First, doping the electrode with larger radius atoms can
slightly expand the interlayer spacing of electrode materials. N,
P, and S atoms are usually used to replace C atoms.'®'””” The
degree of expansion by doping is related to the atom radius
difference and the interlayer spacing will not expand to exceed
0.1 nm in this way.

Second, the functional group modification approach refers
to adding functional groups to the electrode host and thus
enlarging the interlayer spacing. The degree of expansion by
functional group modification is related to the types and

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Flowchart of the HT calculations of the anode materials properties. The diffusion barrier calculation (the orange area) and the capacity esti-
mation (the blue area) are included.

Table 2 Comparison of expansion of interlayer spacing in different experimental methods

Intrinsic Expanded
Intrinsic electrode interlayer interlayer
General methods materials Specific methods spacing (nm) spacing (nm) Ref.
Doping Graphite N-Doping 0.335 0.344 16
Graphite S-Doping — 0.38-0.41 17
Hard carbon P-Doping 0.374 0.383 77
nanofibers
MoSe, N,P-Doping 0.62-0.65 0.68 81
Functional group Graphite C-OH and C=0 groups 0.34 0.365-0.371 82
modification Graphite C-OH groups 0.34 0.43 18
Multiwalled carbon C=O0, CH,, C-OH, C-0-C, and O-C=O0 groups 0.37 <0.8 83
nanotubes
Solvating/using complex Graphite AlCl,~ — 0.57 84
anions Graphite [Na-DEGDME] + complex 0.335 0.743 19
two [Na-DEGDME] + complexes 1.198
MoS, Poly(ethylene oxide) 0.62 1.45 85
Hierarchical SnS, SnS,/graphene/SnS, heterostructure 0.28-0.32 0.803 25
architectures MoS, N-Doped graphene/MoS, heterostructure 0.62 0.99 86
MoS, MoS,/carbon fibers heterostructure 0.62 1.34 26
Reduced graphene SnO, quantum dots/S-doped reduced graphene = — 2.2-40 78
oxides oxides heterostructure

number of functional groups. Since the functional groups,
such as C-OH and C=O0 groups, have a larger size than atoms,
the interlayer spacing is expanded to a greater extent than
doping. The expansion range is about 0.1-0.5 nm in this way.
Third, the solvating approach represents the use of solvent
molecules to intercalate into the electrode materials and then

This journal is © The Royal Society of Chemistry 2021

expand the interlayer spacing. Using a complex anion with a
larger radius, like using AICl,~ to replace AI**, can similarly
enlarge the interlayer spacing. The degree of expansion by sol-
vating/using complex anions depends on the size of solvent
molecules/complex anions and the number of intercalated
molecules/complex anions. In virtue of large size solvent mole-
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cules/complex anions, the interlayer spacing can be expanded
by 0.2-1.0 nm in most cases.

Fourth, the hierarchical architecture approach refers to
mixing different materials to form the electrodes. For
example, Wu et al. synthesized SnO, quantum dots with a
diameter of 2.2-3.7 nm and SnO, nanoparticles with a dia-
meter of about 40 nm to enlarge the interlayer spacing of
reduced graphene oxides.”® In particular, the expansion range
of interlayer spacing we count is 0.3-40 nm by compositing
hierarchical architectures, which can expand the interlayer
spacing by an order of magnitude. From the above, it is
believed that interlayer spacing can be expanded by 107>-10"
nm through the selected interlayer engineering method in
experiments.

5. Conclusion and outlook

To conclude, the graphite anodes have weaker attractions to M
ions (Li, Na, and K) when the interlayer spacing of graphite d
increases. From the 3D graphite to graphene anode, the E,q of
Li- and Na-ions increase to be positive while that of K-ions is
still negative. The enlarged d fails to increase the capacities of
Li- and Na-ions but helps increase that of K-ions. Only when
E,q maintains a negative value as d increases, the expanded d
of the electrode can increase the capacity. Specifically, the Li-
ion capacity decreases drastically from 372 mA h g™ at the
equilibrium interlayer spacing d.q to below 41 mA h ¢! when
d > 4.2 A; the Na-ion capacity is below 35 mA h g™* at any inter-
layer spacing; the K-ion capacity grows monotonously from
279 mA h g™" at its dq to 1396 mA h g~" at d = 20 A. Thus, the
increase in the capacity of a 2D electrode compared to its bulk
counterpart can be predicted by the dependence of E,q on d.
Besides, the storage mechanism shows a tendency from K
intercalation to K plating as the number of adsorption layers
increases.

The diffusion barriers decrease generally with d and remain
still when d is rather large, indicating that the ion-transfer
mechanism transforms from bulk diffusion to surface
diffusion. Specifically, by increasing d, the electrostatic poten-
tial of graphite U becomes smoother, and the ability to buffer
the fluctuation of U becomes poorer in the M ions. These two
effects jointly lead to a minimum of the diffusion barrier of M
ions on graphite when d; is near its maximum (0.01-0.05 eV),
instead of a strictly monotonous decline with d. Based on the
design needs, a strategy is put forward to choose the overall
optimal d according to the dependence of capacity, ion trans-
fer, and electron transfer on d.

Finally, a set of HT programs have been developed to screen
the well-performed anode materials and their optimal inter-
layer spacing d,, more efficiently. This HT program is expected
to be applied more widely. The dependence of d on the per-
formance of other layered anode materials, such as C,N’° and
black phosphorus,®® can also be investigated with the above
procedures. The relationship between the diffusion barrier and
capacity is worth more research. In all, our theoretical findings
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can guide interlayer engineering in experiments to choose suit-
able techniques and achieve the best performance.
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