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ABSTRACT

In the search for an energy storage medium with higher electronic conductivity, rate performance and moderate volume expansion, van der Waals heterostructures
are a promising alternative. Herein, the potential of graphene (Gr) and Zirconium dichalcogenide (ZrXy, X = S, Se) van der Waals heterostructures for applications as
battery electrodes is explored using density functional theory (DFT) calculations. Through intercalating alkali ions (Li and K) between the Gr and ZrX,, we obtain low
energy activation barriers, indicating that Gr-ZrX; van der Waals heterostructures can be candidates for high rate performance electrode application.

DFT calculations also indicate that the Gr-ZrXy heterostructure formation is energetically favoured with better volume expansion as compared to bilayer Gr and
ZrXs. The calculated open circuit voltage (OCV) for K intercalation was 0.66 V (Gr-ZrSey) and 0.77 V (Gr-ZrS5), hence suitable for anodic application in Potassium-ion
batteries (KIB). The calculated OCV for Li interaction was 2.83 V (Gr-ZrSey) and 2.95 V (Gr-ZrSy) hence suitable for cathodic applications.

1. Introduction

Efficient alkali ion batteries require high electronic and ionic con-
ductivity, specific energy density and cycling stability [1,2]. However,
current Lithium ion batteries (LIBs) are unable to meet this demand [1].
In response to this need, theoretical calculations based on first princi-
ples, such as, density functional theory (DFT) have been used to explore
the potential of two-dimensional systems and van der Waals hetero-
structures as battery materials [3-6]. Two-dimensional layered mate-
rials (2DLMs) have courted attention since the discovery of graphene
(Gr) due to their novel properties. Beyond Gr, there is a wide spectrum of
2D electronic materials that range from; semiconductors such as ZrSs
[71, ZrSey [8,9], HfSy [3,10], s-phosphorene [11], blue phosphorene
[12] and MoS; [13,14]; to semimetals WTey [15], TiSey [16], among
others; to NbS, [17], VSes [18], which are true metals; to insulators such
as boron nitride [19] and also to superconductors including NbSe; [20],
TaSy [21], depending on their composition.

This extensive collection of 2DLMs with selectable and/or tunable
material properties opens up the prospect of heterogeneous combina-
tions at the atomic scale and hence creating novel hybrid structures such
as MoS,/ZnO [22] that display totally new physics and enable unique
functionality that can be exploited in the design of electrode materials
[23,24]. Formation of heterostructures based on Gr and transition metal
dichalcogenides (TMDCs) have been found to be especially attractive

* Corresponding author.
E-mail address: gking.kingori@gamil.com (G.W. King’ori).

https://doi.org/10.1016/j.surfin.2021.101036

due to the wide range of properties they possess that can complement
the shortcomings of Gr. Several theoretical studies have established that
Gr hybrid with Hafnium disulfide (Gr/HfS,) [3], Antimonene (Gr/Sb)
[25], phosphorene (P/Gr) [26], as well as experimental synthesis of
two-dimensional MXene/Gr heterostructures [27, 28], among others,
have good performance in energy storage applications. In addition,
vertical heterostructures have an interlayer distance that can be
adjusted to intercalate more metal ions and further enhance the specific
capacity of batteries [29].

Zr compounds have been found useful for thin film applications
(ZrO3) [30-32], electronic applications (ZrS; and ZrSey) among others.
However, ZrS, and ZrSe, are the TMDC materials of interest in this work.
Their compounds crystallize in a layered type structure. They have
strong covalent bonds within the layers and weak van der Waals inter-
action between the layers [33]. They have the form TX, (where T is a
transition metal and X is a chalcogen), all TMDCs have a hexagonal
structure, with each monolayer comprising three stacked layers (X-T-X)
[34]. ZrS; is a transparent semiconducting TMDC with an indirect band
gap of 1.28 eV and an electron mobility of 1,200 cm? V™! s7! [7]. In
addition it has an empty d valence band [35], good thermodynamic
stability and is environmentally friendly [36]. Meanwhile, monolayer
ZrSey is a semiconductor with an indirect electronic band gap of ~ 0.25
eV, and an electron mobility of 2,316 cm?eV les! [8,9,37]. The layered
structure of ZrSy and ZrSep makes them excellent hosts for guest atom
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Table 1
Bulk lattice constants as calculated with vdW-DF2.
Material a(h) cd)
This work 2.46 3.35
Graphite Experiment 2.46 [50] 3.36 [50, 51]
Others theoretical 2.47 [52]
studies
This work 3.68 5.98
ZrS, Experiment 3.66 + 0.030 [53] 5.85 + 0.030 [53]
3.63 - 3.66 [54] 5.81 - 5.85 [54]
Others theoretical 3.687 [54] 6.659 [54], 6.32
studies [55]
This work 3.76 6.13
ZrSe, Experiment 3.76 £ 0.010 [53] 6.15 + 0.010 [53]

Others theoretical
studies

3.77 - 3.80 [54]
3.804 [56] 3.768
[54]

6.14 - 6.19 [54]
6.753 [56], 6.155
[54]

intercalation that can also tune their already novel properties [34,
38-40]. There are two possible polymorphs for monolayer TMDCs:
1T-phase with D3d point group and 2H-phase with D3h point group. The
2H-phases of Zr-compounds are dynamically unstable and therefore, we
only focus on the 1T-phase of the TMDCs of interest [41,42]. In this work
we investigated using density functional theory, vertically-stacked van
der Waals heterostructures of Gr-ZrS; and Gr-ZrSe;. The stacking con-
figurations as well as the structural, electronic, electrochemical and
intercalation properties of Gr-ZrS, and Gr-ZrSe; heterostructures, were
explored.

2. Computational details

Density functional theory based calculations as implemented in
Quantum ESPRESSO code [43] were used to investigate the various
properties of the Gr-ZrX; heterostructures. In these calculations, a
plane-wave basis set with an energy cut-off of 90 Ry was used. The study
also used the Perdew-Burke-Ernzerhof (PBE) functional [44] for
exchange-correlation approximation. In this study, ions-electrons
interaction has been described using norm-conserving pseudopoten-
tials [45] for all the atoms species. In addition, to account for the van der
Waals interactions at the interface of the Gr-ZrS; and Gr-ZrSey systems,
the Van der Waals density functional (vdW-DF2) scheme [46] was
employed in all the calculations. A 10® eV energy and a 107> eV A~}
force convergence criteria were set to achieve the ground state structure
and its energy. A gamma centred 8 x 8 x 1 K-point mesh was used to
sample the irreducible Brillouin zone of the heterostructures. All
mentioned parameters were carefully examined to guarantee conver-
gence in subsequent calculations (see Figure S1-Figure S3 in supple-
mentary material). The respective monolayers to prepare the
heterostructures were obtained from the optimized bulk structures of Gr
and ZrXo (where X= S, Se). The monolayer unit cells of Gr and ZrX, were
created from the bulk systems by adding a 20 A vacuum along ¢ axis. The
atomic positions of the monolayer systems were relaxed keeping the
volume fixed.

To reduce the lattice mismatch between the monolayers, the Gr-ZrX,
heterostructure was constructed by considering different supercell sizes.
In this case, a heterostructure with a 3 x 3 x 1 supercell of Gr and a 2 x
2 x 1 supercell of ZrX, were constructed, by stacking the Gr monolayer
on top of the ZrX; monolayer. The resulting Gr-ZrX» heterostructure has
18 atoms of C, 8 atoms of X and 4 atoms of Zr. To determine the
migration energy barrier for the diffusion of alkali Li and K intercalants,
the climbing image nudged elastic band (CI-NEB) [47] method, as
implemented in the Quantum ESPRESSO transition state tools was
employed. The CI-NEB method with 3 - 5 images, depending on the
length of the pathways, was used to calculate the minimum energy path
(MEP) and the activation energy of alkali-ion diffusion. For comparison,
alkali-ion diffusion through bilayer Gr (BLGr) and bilayer ZrXs (BLZrS5)
was also considered.
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Table 2
Binding energies and lattice mismatches associated with the Gr-ZrX, hetero-
structure configurations. E}, is the binding energy per Carbon atom.

Ep(eV) Lattice mismatch

GrZrS, GrZrSe, GrZrS, GrZrSey
Gr as a reference -0.80 -0.039 0.27 % 1.86 %
ZrX, as a reference -0.07 -0.039 0.27 % 1.90 %
Gr and ZrX, as reference -0.69 -0.038 0.14 % 0.94 %
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Figure 1. Optimized equilibrium interlayer distance of the Gr-ZrX, van der
Waals heterostructure. Inset image shows the interlayer distance d of interest.

3. Results and discussion
3.1. Gr - ZrX; heterostructure stacking configurations

The Gr-ZrX, heterostructure is a vertical bilayer of Gr monolayer
stacked on top of a ZrX, monolayer (see Figure 2), with a 20 A vacuum
also imposed on the heterostructure along the ¢ axis. The calculated
lattice parameters of the bulk systems are shown in Table 1 and
compared to previous experimental and theoretical studies. To obtain
the equilibrium stacking heterostructure configuration binding energy
per C atom (Ep), of the different stacking configurations was obtained.
The Ej, was calculated using equation 1 [48,49].

_ EGr—Zer - (EGr - EZer)
Nc¢

E, (€8]

where, Egr_zrx,, Ecr and Ezx, are the calculated total energies of the Gr-
ZrX, heterostructure, Gr monolayer and ZrX; monolayer respectively. N,
is the total number of C atoms in the heterostructure. The configuration
with the lowest binding energy was chosen as the equilibrium hetero-
structure configuration to be used for subsequent calculations. The
different stacking configurations considered, include; a configuration
with the lattice parameter of Gr as the reference; a configuration with
the lattice parameter(s) of ZrX, as reference; and a configuration with
the lattice parameters of Gr and ZrXy averaged as reference. Table 2
shows the calculated Ej, for the Gr-ZrXs heterostructures.

We note that the calculated binding energies are negative for all the
systems investigated, confirming the stability of each system against
phase separation. In addition, the binding energy indicates that the
systems having Gr lattice parameter as the reference, are more stable
than the rest as they had the lowest E,. Using equation 2, the calculated
lattice mismatch for the most stable Gr-ZrS; and Gr-ZrSe, hetero-
structures is 0.27 % and 1.86 % respectively. Both these values are
within an acceptable range of mismatches used for heterostructures.
Other systems have been found to exhibit higher mismatches of 1.37%
for Gr/HfS, [3], 1.7% for Gr/Ti,CO4 [57], 1.7 % for Gr/hBN and 2.37%
for HfS,/MoTe, [58] heterostructures.
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Figure 2. Top and side view of the optimized Gr-ZrX, heterostructure.
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Figure 3. Calculated electronic band structures of the pristine (Gr, ZrS; & ZrSe,) and heterostructure systems of Gr-ZrS, and Gr-ZeSe,.
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where a;; and ag are the optimized lattice parameters of the first and
second layers forming the heterostructure and ay. is the lattice param-
eter of the layer used as reference.

Ep was further used to evaluate the interactions between the Gr
monolayer and ZrX, monolayer forming the heterostructure, in order to
obtain the equilibrium interlayer distance dy (see, Figure 1). The d value
associated with the lowest value Ej (Figure 1) was chosen as the equi-
librium inter layer distance, dp.

The calculated dy for Gr-ZrS; and Gr-ZrSe; heterostructures was 3.25
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Figure 4. Adsorption/intercalation sites of the Li/K atom on the Gr-ZrX; vdW
heterostructure.

Table 3
Adsorption energies (in eV) corresponding to alkali metal positioned in varying
sites of the Gr-ZrX, heterostructure.

Gr-ZrS, Gr-ZrSey

Site Li K Li K

A 0.874 0.124 0.901 0.147
B 0.889 0.129 0.915 0.154
C 0.601 0.060 —-0.034 0.089
D —0.858 —0.939 —0.853 —0.876
E —0.119 —0.528 —0.891 —0.880
F —0.996 —1.000 —0.901 —0.890
G 0.220 —0.433 0.817 0.150
H —0.707 —1.063 —0.170 —0.459
1 —0.881 —1.142 —0.230 —0.504

A and 3.50 A, respectively. These values were then used to obtain the
equilibrium heterostructure geometry (configuration) of the form shown
in Figure 2. This is what was used for all the subsequent calculations.
The obtained interlayer distances indicate that the interlayer binding
energy is stronger in Gr-ZrS; than in Gr-ZrSe,, with the calculated values
being —44.0 meV for Gr-ZrS; and —27.9 meV for Gr-ZrSey, respectively.

The calculated binding energies for Gr-ZrS; and Gr-ZrSey hetero-
structures are consistent with what has been reported for Gr/h-BN het-
erostructure (-28 meV) [59] and Gr/Gr-like germanium carbide
heterostructure (—38 meV) [60].

3.2. Electronic properties

The electronic band structures of the pristine monolayers and the
proposed heterostructures are shown in Figure 3. As seen in Figure 3, Gr
is semi metallic while the monolayer of ZrS; (see Figure 3b) has a band
gap of 1.25 eV, which is consistent with a previous study that established
its band gap to be 1.28 eV [35]. The ZrSe; monolayer (see Figure 3c) has
an electronic band gap of 0.25 eV, which compares well with previous
studies that have reported a band gap of 0.23 eV [37].

Both Gr-ZrS; and Gr-ZrSe; heterostructures were found to be
metallic. This indicates that the presence of Gr improves the electronic
conductivity of the pristine ZrX; monolayers. Other Gr based hetero-
structures with a metallic character include Gr /Tricyanomethanide
(C4N3) [61] and SnO/Gr [62]. The lack of a bandgap in the Gr-ZrXs
heterostructures, means that when used as electrode materials, the
heterostructures would be expected to lead to efficient (seamless)
movement of electrons in the electrode, hence enhancing conductivity.
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a) Diffusion of alkali adatoms
through bilayer Graphene

c) Diffusion of alkali adatoms through
the Gr-TMDC heterostructures.

b) Diffusion of Li/K alkali
adatoms through the bilayer TMDCs.

Figure 5. Minimum energy paths for the alkali metal intercalants

3.3. Alkali ion adsorption/intercalation

Intercalation/adsorption of ions into the heterostructure was done
using only Li and K Intercalants. Na intercalation was not done since,
borrowing from an earlier study, Na intercalation into Gr-HfS; [3] was
found to be thermodynamically unstable. The optimal adsorption side
for the alkali ions Li/K was identified by considering the alkali ion
adsorbed above the Gr layer forming the heterostructure, in between the
Gr and ZrX, layers and below the ZrX; layer. The adsorption sites
considered are as shown in Figure 4 and their associated adsorption
energies (Eg) (see Table 3) were calculated using equation 3,

(EGZer—nM Eczix, — nEM)

E, = — 3)
n

where Egzrx,-num iS the total energy of the Gr-ZrX, heterostructure with
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Figure 6. Energy profile associated with the paths shown in Figure 5. Only the
lowest energy barrier profiles are shown for the various systems.
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Table 4
Minimum energy barriers (in eV) associated with each intercalant through the
various systems.

SYSTEM Path Li K

Gr-Z1S, 1 0.280 0.060
Gr-ZrSe; 1 0.044 0.026
BLGr 1 0.390 0.110
BLZrS, 1 0.350 0.110
BLZrSe, 1 0.367 0.304

the alkali adatom, Egzx, is the total energy of the Gr-ZrX, hetero-
structure without any adatom, Ey; is the total energy of the free metal
adatom, n corresponds to the number of alkali ions in the hetero-
structure, and M is the free metal adatom.

The F site in Figure 4 was the most energetically favoured interca-
lation site over the other sites considered for Li in Gr-ZrS,, Gr-ZrSe, and
K in Gr-ZrSe;. Intercalation sites D and E were also favoured since the
binding energies were also negative, it is worth noting that site I was
favoured by K in Gr-ZrS,. These E, results indicate the possibility of
alkali ion intercalations and alkalisation (lithiation) of the hetero-
structure. Sites A and B were not favoured by alkali ions in both Gr-ZrSy
and Gr-ZrSe, heterostructures with site C also not favoured in the case of
Gr-ZrS, heterostructure.

3.4. Diffusion of alkali ions

Having established that the Gr-ZrX, heterostructures enable elec-
trical conductivity (see Figure 3), their ionic conductivity was investi-
gated. The charge/discharge rates of metal-ion batteries predominantly
depend on the ion diffusion within the electrode. Poor diffusivity leads
to significant structural damage with continued cycling, consequently
affecting the lifetime of the battery [63]. In order to estimate the
feasibility of alkali metal intercalation in the heterostructures, an
investigation of the migration of alkali ions is crucial. As indicated in the
computational details, CI-NEB calculations were carried out to obtain
the respective minimum energy paths (MEPs) (see Figure 5), and acti-
vation energies (see Figure 6). The activation energy, the energy dif-
ference between the highest energy point on the MEP and the reference
point are given in Table 4. In all cases the K intercalant exhibits a lower
activation energy than Li intercalant, a similar observation has been
reported for 2D ByPg [64] and for K intercalation in a- and p-beryllene
[65]. Path 1 is also seen to be the preferred diffusion path in all the cases,
diffusion of alkali ions preferring the zigzag path has also been reported

a)

01F — GrZsSe,
i — Gr-ZsS,
- +—+ BLGr

00 - —a BLZIS
L BLZsSe,

Binding energy per atom {eV/atom)
.
=)
(V)

-0.4

TTT T[T rrr[rTrrr[rr

Y] SRR B B

1 2 3 B
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VS, [66]. It is also worth noting from Table 4, that the minimum energy
paths for the heterostructures have activation energies that are less than
those of the pristine bilayers, indicating that formation of the hetero-
structures reduced the energy barriers associated with the pristine
bilayers.

In addition, the activation energy barrier is significantly lower in the
Gr-ZrSe; heterostructure than in the Gr-ZrS; in all the cases. This can be
attributed to the difference in equilibrium interlayer distance between
the heterostructures (3.25 A and 3.50 A for Gr-ZrS, and Gr-ZrSe; het-
erostructures, respectively). The larger interlayer distance in the
GrZrSe; makes movement of intercalants in GrZrSe; easier than in Gr-
ZrS,. In general, the values of the activation energies associated with the
heterostructures are lower than for Li ion on graphite (0.42 eV) [67] and
that on commercially used anode materials based on TiO;
(0.32—0.55eV) [68]. The lower alkali ion diffusion energy barriers in the
heterostructure systems, imply faster kinetics for the battery operations,
and hence improved battery rate performance for the heterostructures.

3.5. Electrochemical properties of the heterostructures

Ions usually intercalate into or deintercalate from the interlayer
spaces of the heterostructure during charge or discharge cycles of bat-
teries. To determine the intercalation properties of the heterostructure,
Li/K adatoms were intercalated into the most favorable intercalation site
followed by other equivalent sites one at a time. In each case, the atomic
positions were relaxed fully to the required convergence threshold
before addition of the next adatom. For each intercalant added, E, was
determined using equation 3. A plot of the binding energy per atom
against the number of intercalated adatoms is shown in Figure 7. A
strong binding between the Li/K intercalants and the host Gr-ZrXy
bilayer is necessary to avoid the formation of metallic clusters, which
improves the safety and reversibility of the alkali ion battery. We
observe from Figure 7 that both heterostructures had binding energies
that lie between the two extremes (BLGr < Gr-ZrS; < BLZrX,). In
addition, K intercalation into BLGr becomes endothermic at the point
when a second K intercalant is positioned (see Figure 7 (b)). However,
the heterostructures are able to take in intercalants in all the 4 sym-
metric equivalent sites. This indicates that the formation of the hetero-
structure moderates the binding energies associated with the pristine
materials.

Another key aspect that determines the performance of an electrode
is the open-circuit voltage (OCV). Negative values of the potential dif-
ference suggest that guest adatoms prefer to form metallic clusters

b)
0.10F
g N ——————————
= L
o -0.10F
g [
; 5
2 -020F
] L
5 L s Gr-ZsSc,
Zo -0.30 [ s Gr-ZS,
g [ +— BLGr
) - +«— BLZsS,
-040F BLZrSe,
-0.50"""""""
1 2 3 4

No. of Li adatoms in the pristine bilayers and heterostructures No. of K adatoms in the pristine bilayers and heterostructures

Figure 7. Average binding energy per atom in the structure as a function of the of intercalated Li/K adatoms
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Figure 8. Open circuit voltage profiles as a function of Li/K concentration.

Table 5
Average OCV values (in V), associated with the pristine bilayers and the
heterostructures.

System Li-intercalated K-intercalated
Gr-ZrSey 2.83 0.66
Gr-ZrS, 2.95 0.77
BLGr 1.87 0.09
BLZrS, 4.00 1.56
BLZrSe, 3.01 0.80

instead of adsorption to the electrode, while positive values indicate
intercalation possibility. In order to gain insights into the changes that
occur in the process of Li and K intercalation into the Gr-ZrX; hetero-
structures, the open-circuit-voltage (OCV) was determined using equa-
tion 4 [69-71].

EGiz15; 1) + (Xa— X1 )]
(- x1 ) e

[(Ecizes, +x1y —

V ~ “4)

where Egrzrs, 1x, and Egrzes,+x,, are the total energies of the Gr-ZrXa
heterostructure with x; and x, alkali adatom intercalated, respectively,
pp is the chemical potential of Li/K atom and e denotes the elementary
charge quantity. The chemical potential of Li/K atom is approximately
equal to the total energy per Li/K adatom, and hence this was the value
used in equation 4 [69,71]. For comparison purposes, the OCV for the
bilayer materials was also considered. The calculated voltage profiles
are shown in Figure 8. It is observed that the voltage decreases gradu-
ally, except for Li-BLZrSez and K-BLZrS,, whose OCV initially increases
after insertion of the first intercalant and then decreases. This is indic-
ative of a stable voltage for the intercalated adatoms; and this further
suggests good cycling performance [72]. As seen in Figure 8, except for
the profile associated with K-BLGr, all the other systems have a positive
value even after intercalating all the identical most favoured sites,
indicating that additional adatoms can be intercalated by seeking other
less favourable sites. The calculated voltage values correlate with the
binding energy values, whereby the highest voltage is found for Li
intercalated BLZrSs, since this system has the largest binding energy (see
Figure 7 (a)).

The calculated OCVs are shown in Table 5. It is observed that the
calculated voltage values correlate with the binding energy values per
atom (see Figure 7). Li intercalated systems have higher binding energy
values and hence higher OCV, than K intercalated systems. Since ideally,
a good anode should have a low electrode potential, our calculated

Table 6

Specific capacity in mAh/g for different Li/K-Gr-ZrX, heterostructures.
System Li K
Gr-ZrS, 480 448
Gr-ZrSey 640 243
Graphite 372 [74]
Gr/Antimonene (Gr-Sb) 369.03 [25]
Gr/Vanadium disulfide (Gr-VS,) 569 [6]

Germanium selenide/black phosphorus (GeSe/BP) 313.67 [75]

voltage profile suggest that the K intercalated systems with average OCV
of less than 1.56 V are suitable as anodes for Lithium Ion batteries. For
the heterostructures the average OCV values are 0.66 V, 0.77 V and 0.80
V for K intercalated GrZrSep, GrZrS; and BLZrSep, respectively, and
these values are within the desired potential range (0.10 -1.00 V) for
anode materials [69]. These systems would therefore, be suitable for use
as anode materials in Potassium Ion Batteries (KIBs). In the case of Li
intercalated systems, except for BLGr, the other systems have OCV’s
ranging between 2.83 - 4.00 V and hence would be more suitable for use
as cathode materials for LIBs.

Theoretical specific capacity is another important electrode prop-
erty, that describes the maximum number of Li/K adatoms that could be
intercalated in the heterostructures. This was determined by seeking all
the favourable intercalation sites in the heterostructures. For each
adatom added, the adsorption energy was determined using equation 3,
up to the point where the reaction becomes endothermic. This point
marks the capacity limit for the given electrode material. The theoretical
specific capacity of the heterostructures for various species was then
determined from equation 5 [73];

Cc— xNyn.e (5)

m

where C refers to the specific capacity of the heterostructure, x is the
maximum number of intercalated ions in the electrode, N, is the Avo-
gadro constant, n, is the valence of ions, e is the electric charge of an
electron, m is the molar mass of the heterostructure with ion interca-
lation. The reaction at the anode for the graphene-ZrXs heterostructure
can be expressed as shown in equation 6 [72];

xLiCi3/(ZrX,), 2xLit +xe” + Ci3/(ZrXs), (6)

where x is the maximum number of intercalated ions in the hetero-
structure, e is the electric charge of an electron, C;g refers to the atoms in
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Figure 9. The interlayer displacement as a function of intercalated alkali adatoms.

Table 7
Maximum volumetric expansion in the z-direction associated with the pristine
bilayers and the heterostructures

System Li-intercalated K-intercalated
Gr-ZrSey 4.85 % 53.07 %
Gr-ZrS, 5.19 % 54.13 %
BLG 5.28 % 57.17 %
BLZrS, 30.86 % 75.61 %
BLZrSe, 12.73 % 90.32 %

the Gr layer and (ZrX»)4 refers to the size of the TMDC layer.

The maximum number of Li and K intercalants that could be inter-
calated in the heterostructure layers, gives a theoretical specific capacity
of the Gr-ZrX, heterostructures as shown in Table 6. The table also in-
cludes a comparison with other Gr based heterostructures that have
been proposed as suitable electrode materials.

Li intercalated Gr-ZrSe; heterostructure has the highest theoretical
specific capacity while K intercalated Gr-ZrSey heterostructure has the
least. Except for the K intercalated Gr-ZrSe; heterostructure, the theo-
retical capacity for the other three systems is higher than the one for
commercially used graphite which is 372 mAh/g [74]. The calculated
theoretical capacities suggests that the intercalated Gr-ZrX, hetero-
structures are indeed suitable as anode materials for both LIB and KIB.
As seen from Figure S4 (in the supplementary material), Li intercalated
Gr-ZrSe; is still in a position to accommodate many more intercalants,
since even at 29 intercalants, it has not attained its maximum adsorption
energy per atom.

~SHB/F

Q

3.6. Influence of alkali adatom intercalation on interlayer distance

A good electrode material for rechargeable ion batteries should be
one with small volume evolution upon intercalating ions. The change in
the interlayer distance between the two layers forming the Gr-ZrXp
heterostructure as a function of the intercalated Li/K adatoms is shown
in Figure 9. The maximum volumetric expansion in the z-direction
associated with each system is shown in Table 7. It is observed that for
each intercalant, the maximum volume expansion is evident in the
pristine materials, while the heterostructures moderate these expansion.
Except for the K intercalated BLGr, the other systems after peaking at 1 K
intercalant, undergo a reduction in interlayer spacing (see Figure 9 (b)).
The maximum volumetric expansion associated with the Gr-ZrSe;, (Gr-
ZrS5) heterostructures is respectively, 4.85 (5.19) % and 53.07 (54.13)
% for Li and K intercalants. The Gr-ZrSe; has a lower volume expansion
than Gr-ZrS,. However, these volumetric expansions are comparable to
that for K intercalation in graphite (~61 %) [76] or Li intercalation in
graphite anodes (10%) [77], and much lower than for silicon based
electrodes which is 280% [78] or 260% for alloy-type anodes of
Germanium (Ge) and Tin (Sn), and 300% for Phosphorus (P) [77].

The combination of positive and negative volume changes observed
during intercalation into the heterostructures, can help maintain the
structural integrity of the Gr-ZrXs heterostructure during the discharge/
charge process. This could mean that Gr-ZrX; heterostructure is likely to
possess a reversible reaction process of Li and K adatoms intercalation.

b)

¢ EREBP

Se

'Zr
e S

Figure 10. Charge density difference plots for the (a) Gr-ZrSe, and (b) Gr-ZrS; heterostructure systems
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Table 8
Lowdin charge difference associated with varying levels of Li intercalation in the Gr-ZrX, hosts.
Gr-ZrS, Gr-ZrSey
No. of intercalants Zr So C Li Zr Ses C Li
1L -0.023 -0.005 0.006 3.032 -0.031 0.011 0.005 3.029
2 Li -0.033 0.009 0.011 2.991 -0.039 0.027 0.010 2.970
3 Li -0.058 0.024 0.022 2.950 -0.063 0.043 0.023 2.925
4 1i -0.069 0.049 0.031 2.916 -0.064 0.075 0.030 2.166
Table 9
Lowdin charge difference associated with varying levels of K intercalation in the Gr-ZrX, hosts.
Gr-ZrS, Gr-ZrSey
No. of intercalants Zr So C K Zr Se, C K
1K -0.008 -0.047 0.017 8.939 -0.008 -0.035 0.019 8.830
2K -0.017 -0.049 0.025 8.944 -0.020 -0.028 0.025 8.898
3K -0.030 -0.056 0.029 8.976 -0.031 -0.025 0.031 8.920
4K -0.032 0.053 0.028 8.997 -0.024 -0.012 0.027 8.945

3.7. Charge density distribution

To visualize the charge transfer from either Li/K to the Gr-ZrX5 host,
the charge density iso-surface plots were evaluated for the most fav-
oured intercalation sites, using the charge densities difference (Ap)
relation given by equation 7:

AP = APGr_zxyinm — BPGrzr, = BPum @)
where pg, zx, .ay is the charge density of the heterostructure with
adatom, A pg, zx, is the charge density of the heterostructure and Apuy
is the charge density of n number of Li/K adatoms. M is the free metal
adatom. The resulting charge density difference distribution is shown in
Figure S5-Figure S8, in the supplementary material. Charge accumula-
tion is shown by the red iso-surface while charge depletion is repre-
sented by the green iso-surface. In addition, the iso-surface level for the
pristine Gr-ZrX, heterostructure is found to be 0.001 e/A® while that of
the intercalated heterostructures is 0.003 e/A3. Before introduction of
the intercalant (see Figure 10), the Gr layer is observed to be a region of
charge depletion while that around the ZrX; layer has charge
accumulation.

Upon intercalation, the intercalants induce charge transfer in which
case the intercalants donate their charges to the host, leaving them
depleted of charge, while the Gr layer is observed to receive most of the
donated charges and becomes an isosurface of charge accumulation (see
Figure S5-Figure S8 in the supplementary material). The ZrX, surface
also receives a substantial amount of charge and hence becomes an
isosurface of charge accumulation. This observation is further confirmed
by the results of the Lowdin charge difference shown in Table 8 and
Table 9.

The alkali intercalants gain a positive charge upon adsorption into
the heterostructure. Similar observations have been made previously for
the Gr/MoS, [79] and tungsten sulphide Wsy/Gr [80] heterostructures.
It has also been shown that Tungsten diselenide (WSeg) is a weak
acceptor of electrons upon contact with Gr, in a WSey/Gr hetero-
structure [81]. Charge transfer to the host system is known to increase
the value of the binding energy as it gives rise to stronger ionic in-
teractions [82], which explains the increase in binding energy that is
observed for the heterostructure, (see Figure 7).

4. Conclusion

In this work, we combined the outstanding electrical conductivity of
Gr with the unique crystal structure of ZrX, to construct vertical bilayer
Gr-ZrX, heterostructures. We carried out first-principles calculations to
systematically explore their feasibility as electrode materials for alkali-
ion batteries. The ground state stable stacking configurations of Gr-

ZrX bilayer heterostructures was determined as the configuration that
uses the Gr lattice parameters as the reference parameters for the het-
erostructure. For the ground state stacking, the interlayer binding is
strong, and was found to decrease as the Li/K concentration increases
due to enhanced repulsive interaction between the positively charged
Li/K ions. The Li/K intercalated Gr-ZrXs heterostructure was found to
exhibits large atom binding energies, thus making it a promising
candidate for battery applications. In addition, intercalant diffusion in
the heterostructures is associated with lower energy barrier heights,
which imply faster kinetics for the battery operations. The results of this
study also show that formation of the heterostructures improves the
intercalation properties of the pristine bilayers. The findings of this
study suggest that the layered Gr-ZrX, heterostructures have the
advantage of good electrical and ionic conductivity, appropriate open
circuit voltage, high theoretical specific capacities and moderate volume
expansion, all of which are essential for proper operation of a battery.
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