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Surface coating of electrodes is an effective way to enhance the performance of lithium-ion batteries (LIBs).
It is highly desirable to find ideal coating materials with fast Li penetration and low areal density. Based on
first-principles calculations we propose that monolayer sheets can be used as such materials by taking
graphdiyne as a test case. We find that the porous structure of graphdiyne can allow fast Li penetration
and block the direct contact between the electrode and electrolyte with strong binding between
graphdiyne and the LiCoO, cathode. Graphdiyne has a low areal density, and its electrochemical window
is wide enough for it to work at different voltages. In addition, the electronic conductivity of LiCoO, is
improved when coated with graphdiyne as a result of the metallic electronic structure and low interfacial

resistance of the graphdiyne coated LiCoO, electrode. These intriguing theoretical findings would
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Introduction

Lithium-ion batteries (LIBs), as the leading energy storage tech-
nology, have been intensively studied for decades." However,
several issues still exist that affect the performance of LIBs,
including the undesirable reactions from direct contact between
electrodes and electrolytes,” strain induced cracking and pulver-
ization of electrodes® and poor electron kinetics of semi-
conducting electrodes.* To improve the electrochemical
performance of electrodes, surface coating has been widely used
to block the direct contact between electrodes and electrolytes,>**
and in some cases it can also improve the mechanical and
structural stability,>® and the surface electronic conductivity of
electrodes.” It has been demonstrated that an ideal coating
material needs to meet some basic requirements: (1) tight
bonding with electrodes,® (2) light mass and high chemical and
electrochemical stability, and low areal density>® and (3) fast Li
conduction and slow electrolyte penetration,> while it is also
expected to achieve multifunctionalities.® In this sense, most
metal oxides should not be seen as ideal coatings due to their
poor electronic and ionic conductivity,»* while traditional
carbon coatings are thick and heavy, which would reduce specific
capacity and result in slower Li kinetics.*>® Here, we propose that
thin and light monolayers could have the potential to be used as
coatings, and find that graphdiyne'> would be one of the best
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stimulate experimental work on searching for novel coating materials for LIBs.

coating materials. Unlike pristine graphene, which has a high
penetration barrier of 9.71 eV," graphdiyne is penetrable by Li
without a penetration barrier when used as an anode,* and has
an ultralow areal density of 0.47 mg m ™2 that is only 68% of that
for graphene.”® Moreover, graphdiyne is found to be both
mechanically strong and ductile,’* which can improve the
strength of coated particles.” It also has high chemical stability,"”
and can remain stable under an O,-rich environment.*® In addi-
tion, the realization of particles encapsulated by monolayers,
such as non-precious metals coated with graphene' and Co
oxides coated with a g-CN monolayer,* suggests that it is tech-
nologically feasible to coat electrodes with graphdiyne.

In this work, we conduct first-principles calculations to
investigate the transport behaviors of Li and the ethylene
carbonate molecule, the smallest molecule among the widely
used organic electrolytes,' through the pores in graphdiyne. We
also calculate the electrochemical window of graphdiyne to
evaluate its electrochemical stability, and then coat graphdiyne
on the LiCoO, cathode to study the bonding and electronic
properties of the stacked heterostructure. Our results show that
the graphdiyne coating layer allows ultrafast Li penetration and
effectively blocks the contact between the electrolyte and the
electrode with a wide electrochemical window, proving the high
electrochemical stability of graphdiyne, and the electronic
conductivity of the LiCoO, cathode is improved with tight
bonding between graphdiyne and the LiCoO, surface.

Computational methods

All the quantum mechanical calculations are conducted based
on density functional theory (DFT), as implemented in the

This journal is © The Royal Society of Chemistry 2018
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Vienna ab initio Simulation Package (VASP).>* The projector
augmented wave (PAW) method® is employed with a kinetic
energy cutoff of 500 eV,”**** and the exchange-correlation
interactions are treated by the Perdew-Burke-Ernzerhof (PBE)
functional.” Although the PBE functional is known to under-
estimate the band gap of semiconductors,* it can correctly
predict the trends and physical mechanisms,*” while the more
accurate HSE functional®® is not computationally affordable for
large systems.>® To consider the van der Waals forces, a DFT-D2
dispersion-correlation approach® is used, which is widely
adopted in the graphdiyne related systems.'®>**'*> The rota-
tionally invariant formulation of the on-site Hubbard-U model**
is utilized at the Co sites with a U-J value of 3.3 eV.** The first
Brillouin zone is sampled with the k-points using the Mon-
khorst-Pack scheme® with a grid density of 27t x 0.02 A~*, and
the convergence criteria of 10™* eV for total energy and
0.01 eV A" for atomic forces are used. A large vacuum space of
~20 A in the perpendicular direction is used to avoid the
interactions between the periodic images. The Bader charge
analysis®® is carried out to quantitatively study the electron
transfer. Ab initio molecular dynamics (AIMD) simulations are
performed to study the passing-through events®” of Li and the
EC molecule through the pores in graphdiyne by using the NVT
ensemble with the Nosé heat bath method?*® at 300 K.

Results and discussion

In Fig. 1, we show the geometrical structures of graphdiyne, a Li
atom and an EC molecule to qualitatively analyze the perme-
ability of the Li atom and the EC molecule through the pores of
graphdiyne. Graphdiyne is composed of sp>-hybridized carbon
atoms (denoted as C; in Fig. 1(a)), and two types of sp-hybrid-
ized carbon atoms (denoted as C, and C;), and the existence of
sp-hybridized bonds between C, and C; carbon atoms makes
the structure porous with ultralow areal density, as shown in
Fig. 1(a). The optimized lattice constant is 9.45 A, which is
consistent with previous studies,”** and the van der Waals pore
size of graphdiyne is estimated to be 3.90 A by considering the
van der Waals radius of the acetylenic carbon (1.60 A).* The van
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der Waals diameter of a freestanding Li atom is 3.64 A,* which
is smaller than 3.90 A and favors the penetration.* The Bader
charge analysis shows that a Li atom would transfer 0.90 e~ to
graphdiyne, further reducing the size of Li.*! For EC, although it
is the smallest molecule among common organic electrolytes
(EC(C3H,05), PC(CsH,0s), DEC(CsH,;00;), DMC(C3He05),
EMC(C4Hg03))," as indicated in Fig. 1(c), its size is too big to
penetrate the pores in graphdiyne.

In order to quantitatively study the penetration behavior of
Li and EC through the graphdiyne pores, the interaction energy
profiles for Li and EC approaching the pores in graphdiyne are
calculated. The results are presented in Fig. 2(a) and (b), which
show a barrierless penetration of the Li atom through graph-
diyne, and a high energy barrier of 2.18 eV for the EC molecule
to overcome when approaching the graphdiyne plane. The easy
penetration of Li should allow us to observe passing-through
events®” within the AIMD simulations. We introduce 16 Li
atoms in a 4 x 4 x 1 graphdiyne supercell (Li;¢C,gg) to perform
the AIMD simulation at 300 K. As shown in Fig. 2(c), during the
simulations of 10 picoseconds, the passing-through events for
a Li atom are observed on average 64 times, which corresponds
to a passage rate*? of 6.4 x 10'> s~'. The ultrahigh passage rate
suggests ultrafast Li penetration through the graphdiyne plane
as compared to that of the typical coating materials listed in
Table 1, which results from the zero energy barrier and the
ultrathin nature of graphdiyne. Similar AIMD simulations for
EC molecules are also performed. However, as illustrated in
Fig. 2(d), no passing-through event is observed during the same
simulation time frame, which indicates that graphdiyne can
effectively block the direct contact between EC and the elec-
trodes. We also set a control group of Li passing-through the
graphene plane with divacancies based on AIMD simulations.
The results are plotted in Fig. S1 in the ESI.{ Again no passing-
through event is observed, implying that graphene cannot allow
Li penetration, and is not suitable for electrode coating.

To understand the underlying mechanisms that govern the
ultrahigh passage rate for Li and the no passing through effect
for EC on graphdiyne, we plot the electron density distributions
with z = 0 A in Fig. 2(e) and (f). We note that there is little

< 509A—>

Fig. 1 (a—c) Structures of graphdiyne, a Li atom and an EC molecule, respectively. Color coding: C: brown; Li: green; O: red; H: pink.
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Fig. 2 (a) and (b) Potential energy profiles of a Li atom and an EC molecule approaching the pores in graphdiyne, respectively. z denotes the
distance between the geometric center of Li/EC and the graphdiyne plane. The inset images show the configurations of Li/EC approaching
graphdiyne. The orientation of EC shown here is the one with the lowest barrier among five trial configurations, and the other four orientations
are provided in the ESI.T (c) and (d) Time-dependent distance between a Li atom/an EC molecule and the graphdiyne plane during the AIMD

simulations, respectively. (e) and (f) electron density distributions with an iso value of 0.02 Bohr A=3 for the states where z = 0 A.

overlap between the electron densities of the Li atom and
graphdiyne, and the geometry of graphdiyne remains almost
intact, showing that Li can easily penetrate the graphdiyne
layer. However a huge lattice distortion of graphdiyne and
a large overlap between the electron densities of the EC mole-
cule and the pore rim of graphdiyne occur when accommo-
dating an EC molecule, hindering the penetration of the EC
molecule through the graphdiyne plane. In previous studies, it
has also been found that the molecules with higher penetration
barriers exhibit more pronounced electron density overlap with
the pores in nanosheets.'®**

In order to evaluate the electrochemical stability, the elec-
trochemical window of graphdiyne is determined using the
following scheme:®

C18 + 6L1+ + o — Li5C18, CVd = E(Clg) + E(6Ll+) + E(ée_)
— E(LisCis) 1)

Cis = Cis_5 + 6C" + de, eV, = E(Cy5_5) + E(6C") + E(de")
— E(Cp) (@)

where reaction (1) is the possible Li adsorption reaction on
graphdiyne (denoted as C,g in reactions (1) and (2) as one

graphdiyne primitive cell consists of 18 carbon atoms) during
the discharge process, reaction (2) is the first step of the
possible decomposition reaction of graphdiyne during the
charge process, é denotes a dilute amount, E represents the total
energy of each system, and Vg and V. are the highest discharge
potential and the lowest charge potential with regard to the
Li'/Li anode, respectively. A more detailed discussion about
reaction (2) is provided in the ESI.{ The operating voltages of
coated electrodes should be larger than V4 and smaller than V.
for graphdiyne to remain electrochemically inactive. Here, we
build a 2 x 2 x 1 graphdiyne supercell as the initial state and
estimate the reactions by adding one Li atom or removing one
carbon atom (corresponding to ¢ = 0.25 in reactions (1) and (2),
and removing different types of carbon atoms does not change
the value of V), and get V4 = 1.02 V and V., = 7.85 V, which
covers the operating voltages of some anodes**® and most
cathodes.* The width of the window (6.83 V) is also bigger than
that of most organic electrolytes* and much larger than that of
the narrowest acceptable window for cathode coatings (0.5 V),°
showing the high electrochemical stability of graphdiyne.
LiCo0,, as the cathode material for most commercial Li-ion
batteries,* possesses the operating voltages (3.0 V to 4.4 V)*

Table 1 Diffusion barriers (in eV) and the estimated passage rate at 300 K (in s of Li in graphdiyne and some typical coating materials with

assumed thicknesses of 1 nm

Material Graphdiyne AlyOj (ref. 11) AlF; (ref. 11) MgO (ref. 11) ZrO, (ref. 11) TiO, (ref. 43)
Diffusion barrier 0 0.73 0.65 1.42 0.96 1.31
Passage rate 6.4 x 10" 2.9 65 7.5 x 1072 4.0 x 10°* 5.5 x 107"
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Table 2 Structural details of the heterostructures composed of
graphdiyne and the (101), (104) and (012) surfaces of LiCoO,. a, b and ¢
represent the superlattice parameters, and N denotes the number of
atoms in the supercells. The lattice mismatches between graphdiyne
and the surfaces are given inside the parentheses

Graphdiyne  LiCoO, (101) LiCoO, (104) LiCoO, (012)
a 945A 9.97 A (5.2%)  11.8 A (19.9%) 10.4 A (9.1%)
b 16.37A 16.92 A (3.3%) 16.92 A (3.3%)  16.92 A (3.3%)
6 90° 90° 90° 90°
N 36 192 180 192

deep inside the electrochemical window of graphdiyne, and
a band gap of 1.02 eV (ref. 4) at the PBE level. As an example, we
choose LiCoO, as the electrode to study the bonding and elec-
tronic properties of graphdiyne-coated electrodes. Three
nonpolar surfaces of LiCoO,, namely the (101), (104) and (012)
surfaces, are experimentally observed to be the preferential
surfaces.*®**® Based on Zur-McGill's scheme,” we build three
heterostructures by stacking the graphdiyne monolayer and the
three surfaces of LiCoO,, respectively. The surfaces are modeled
using the four-layer LiCoO, slab supercells with thicknesses of
around 9 A. The total number of atoms in the heterostructures
is set to be less than 250 because DFT calculations are not
tractable for large systems. The structural details of the heter-
ostructures are listed in Table 2. It is obvious that the lattice
mismatch between graphdiyne and the LiCoO, (101) surface is
acceptable within the limited number of atoms, because it is
less than the ultimate strain of graphdiyne (6.3%),?* while in the
other two cases, the large strains would cause structural failure
of graphdiyne in the heterostructure models. Therefore, we
further study the heterostructure composed of graphdiyne and
the LiCoO, (101) surface.

In the heterostructure, we choose to stretch the graphdiyne
supercell to match the LiCoO, surface supercell because of its
high ductility and low atomic ratio in the model, and we keep
the positions of the bottom two layers of LiCoO, fixed while
relaxing that of all other atoms. The optimized structure is
plotted in Fig. 3(a) and (b), which show no significant distortion
in the geometry of graphdiyne after optimization, implying that

(L
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.
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the lattice strain is not destructive in this model. Then we study
the bonding strength by calculating the binding energy, which
is defined as:

Ey, = (Eqy — Eg — EV)/n (3)

where Ey is the total energy of the heterostructure, Eg and Ey, are
the total energies of the graphdiyne and the LiCoO, slab
supercells, respectively, and n represents the number of carbon
atoms in graphdiyne. Fig. 3(c) shows the binding energy as
a function of the interlayer distance. The equilibrium interlayer
distance is found to be 2.05 A with a binding energy of 0.19 eV
per atom. The bonding feature is similar to that of graphdiyne/
Pt, Ni, Pd heterostructures,* and shows a stronger binding than
some typical van der Waals crystals such as graphite (3.33 A,
0.052 eV per atom) and h-BN (3.33 A, 0.065 eV per atom).
Moreover, the bonding is stronger than that of graphdiyne on
the Cu (111) surface (3.21 A, 0.11 eV per atom),* and is much
stronger than that of bilayer graphdiyne (3.42 A, 0.030 eV per
atom),* suggesting that it is energetically favorable to transfer
graphdiyne from Cu (111) to LiCoO, (101) or to directly
synthesize the complex of graphdiyne on the LiCoO, (101)
surface, and it is much more preferable for graphdiyne to cover
the whole LiCoO, (101) surface than form the multilayer
structure, which is beneficial to uniform coating.

In order to understand the bonding mechanism, we calcu-
late the electrostatic potential and charge density difference of
the heterostructure composed of graphdiyne and the LiCoO,
surface. The results are presented in Fig. 4(a) and (b). Fig. 4(a)
shows that graphdiyne has a much deeper electrostatic poten-
tial than the LiCoO, surface, implying that electrons tend to
transfer from the LiCoO, surface to graphdiyne, and after
contact electron leakage to the electrolytes becomes more
difficult because electrons are trapped in a deeper potential
well. The Bader charge analysis shows that after contact
graphdiyne gains 0.05 e per atom on average; among them C;
carbon atoms gain 0.02 e~ per atom, C, carbon atoms gain
0.20 e~ per atom while C; carbon atoms lose 0.06 e~ per atom
with respect to the charges in free standing graphdiyne. The
magnitude of electron transfer here is larger than that of typical
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Fig. 3 (a) Top and (b) side views of the optimized heterostructure composed of graphdiyne and the LiCoO, (101) surface. (c) Binding energy as
a function of the interlayer distance between the graphdiyne monolayer and the LiCoO, surface. Color coding: C: brown; Li: green; Co: dark

blue; O: red.
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Fig.4 (a). Electrostatic potential of the graphdiyne/LiCoO, (101) surface heterostructure. (b) Charge density difference with an iso value of 0.002
Bohr A~3 by subtracting the electronic charge of the heterostructure from those of the graphdiyne and LiCoO, (101) surface. Yellow: electron

accumulation; blue: electron depletion.

van der Waals heterostructures like graphene/black phosphor-
ene (0.003 e per atom)* and graphene/MoS, (0.02 e~ per
atom),”® again suggesting a strong interaction between graph-
diyne and the LiCoO, (101) surface. Fig. 4(b) shows that in the
surface layer of LiCoO,, Co atoms and Li atoms lose electrons
and O atoms acquire electrons, implying the redistribution of
surface dangling bonds. Here two kinds of atoms with small
electronegativities lose electrons (Li: 0.98; Co: 1.88), while the
others with large electronegativities gain electrons (C: 2.55; O:
3.44).” This trend raises the expectation that other LiCoO,-like
electrodes, such as LiMnO, (Mn: 1.55) and LiNiO, (Ni: 1.91),*
might share similar interfacial bonding characters with LiCoO,
when coated with graphdiyne. Moreover, as a result of large
electron transfer and strong interaction® between graphdiyne
and LiCoO,, as shown in Fig. 4(a) there is no tunneling barrier
appearing at the graphdiyne/LiCoO, interface, which is similar
to the case in graphdiyne/Pd contact® and would result in a low
interfacial electron resistance with a 100% electron tunneling
possibility.>**”

Finally, the density of states (DOS) of the freestanding
graphdiyne and the LiCoO, (101) slab, and the DOS of the
graphdiyne and the LiCoO, slab supercells in the hetero-
structure model are calculated and plotted in Fig. 5. The band
gap of 0.48 eV of freestanding graphdiyne is close to that of
a previous study (0.46 eV),> while the band gap of the free-
standing LiCoO, slab (0.73 eV) is smaller than that of the bulk
material (1.02 eV),* which is common in slab model calcula-
tions.*® However, after contact both of the two components in
the heterostructure transform from semiconductors into
metals: as mentioned above, the LiCoO, slab loses electrons to
graphdiyne, and as a result the Fermi level moves downward
into the valence band, which is equivalent to a p-type doping
and known to notably improve the electronic conductivity of
LiCo0,;* as for graphdiyne, in the heterostructure model it
gains electrons from LiCo0O,, leading to the metallization®” of
graphdiyne and with more electronic states near the Fermi level,
the electronic conductivity of graphdiyne is also improved.
Together with the aforementioned low interfacial resistance
between graphdiyne and the LiCoO, slab, we believe that the

12634 | J. Mater. Chem. A, 2018, 6, 12630-12636

graphdiyne coating would improve the electronic conductivity
of LiCoO,.

Based on the above discussions, it is clear that graphdiyne
can bond tightly with the LiCoO, surface and improve the
electronic conductivity of LiCoO,. To demonstrate the general
suitability of graphdiyne coating, we need to prove that during
the charging/discharging process, the binding between graph-
diyne and Li,CoO, (0 < x < 1) remains strong. To this end, we
choose Liy;Co0, as an example of the intermediate states,
because lithium intercalation/deintercalation is reversible only
in the compositional range of LiCoO,-Li, 5C00,.** However for
other widely used cathode materials, we choose LiMng 5Nig 50,
(ref. 61) and LiFePO, (ref. 6) as other two examples. The electron
work functions of graphdiyne, LiCoO, (101), LiysC0o0O, (101),
LiMn, 5Ni; 50, (101), and LiFePO, (010) (preferable surface®)
surfaces are calculated, and the results are given in Fig. S3 in the
ESI.{ The larger the difference of electron work functions, the
more the charge transfer, and the stronger the binding between
the coating layer and the cathode. The electron work function of
the Liy 5C00, (101) surface is found to be slightly larger than
that of the LiCoO, (101) surface, but much smaller than that of
graphdiyne, which indicates that when coated with graphdiyne,
the LiysCo0, (101) surface would share similar interaction
behaviors with the fully Li-intercalated state. For the LiMn, 5-
Ni 50, (101) surface, its electron work function is also slightly
larger than that of the LiCoO, (101) surface and much smaller
than that of graphdiyne. However the electron work function of
the LiFePO, (010) surface is even smaller than that of the
LiCoO, (101) surface. This suggests that besides LiCoO, (101),
graphdiyne can also be used as a coating material for LiMn, s-
Niy 50, and LiFePO,.

In addition to considering the interaction, we study the
volumetric change of LiCoO,. We find that, as compared to
LiCo0,, the volume of Li, sCo0, expands only 1.34%, which is
consistent with the previous work,* and the lattice mismatch
between graphdiyne and the Li, 5C00, (101) surface is 5.3% and
3.4% in the a and b directions, respectively, as shown in Table 2,
which are very close to the values of the LiCoO, (101) surface,
and smaller than the ultimate strain of graphdiyne (6.3%),

This journal is © The Royal Society of Chemistry 2018
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Fig.5 (a) DOS of freestanding graphdiyne and that of graphdiyne in the heterostructure model. (b) DOS of freestanding LiCoO, (101) surface and
that of the LiCoO, slab supercell in the heterostructure model. The Fermi levels are set to be O eV.

indicating that graphdiyne coating could bear the volumetric
change during the charge/discharge process of LiCoO,. There-
fore, we demonstrate that as a coating material, graphdiyne
remains tightly bound with the cathode LiCoO, surface during
charging and discharging processes, and it can also be coated
on Liy5C00,, LiMn, 5Ni, 50, and LiFePO, surfaces.

Conclusions

In summary, we show that graphdiyne can be considered as an
ideal monolayer coating material for LIB cathodes because it
meets all the basic requirements and exhibits ultrafast Li
diffusion and ultralow areal density. Based on extensive DFT
calculations, we find that graphdiyne can bind the LiCoO,
surface with a large binding energy of 0.19 eV per C atom, which
is beneficial to uniform coating and close attachment. Graph-
diyne can allow Li penetration without energy barrier, while it
blocks the direct contact between electrodes and the EC mole-
cule. Moreover, graphdiyne shows a high electrochemical
stability with a wide electrochemical window of 6.83 V, and the
graphdiyne coating enhances the electronic conductivity of
semiconducting electrodes. We further demonstrate that our
findings based on LiCoO, are also suitable for LijsC00,,
LiMn, sNi, 50, and LiFePO,. These features are favorable for
large specific capacity, high rate performance and long cycling
life for LIBs.
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