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Recent advances in Zr and Hf-based MXenes and
their hetero-structure as novel anode materials for
Ca-ion batteries: theoretical insights from DFT
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Recently, MXenes have been widely investigated for use as electrodes in various ion storage batteries. In this

study, Zr,N, Hf;N and ZrHfN were explored as potential anode materials for Ca-ion batteries. AIMD

simulations predict higher structural stability for our proposed MXenes at a temperature of 300 K. The

adsorption energies at the most favourable adsorption sites are 1.31, 1.33 and 1.27 eV for Zr,N, Hf;N and

ZrHfN, respectively. During the adsorption process, a significant amount of charge transfer occurs from
the Ca atom to the nanosheets. DOS and PDOS analyses reveal that the adsorption of Ca atoms
enhances the conductivity of the nanosheets. Moreover, the low diffusion barriers are found to be 0.076,

0.073 and 0.097 eV when the Ca atom migrates from its favourable adsorption site to a nearby site on

ZroN, Hf;N and ZrHfN nanosheets, resulting in high charging rates. The theoretical capacities of Zr;N,
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Hf,N and ZrHfN nanosheets are 1034, 561 and 707 mA h g1, respectively. All the results from this study

suggest that our proposed nanosheets can be potential anode materials for Ca-ion batteries. Among
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1. Introduction

Rechargeable batteries, known as ion storage batteries, play
a crucial role in electronic devices by storing energy through
reversible ion reduction. These batteries with different configu-
rations are fabricated to store electric energy in various electronic
devices. In order to ensure desired performances, steady opera-
tional energy sources are typically required in these devices. Long
life, compact size, lightweight, high energy density, safety, envi-
ronmental compatibility, low cost, and widespread consumer
availability are the main characteristics of a perfect battery. Most
of the ion storage batteries cannot possess the above mentioned
properties owing to some limitations and challenges." The
performance of these batteries relies on the active materials that
comprise the cathode, anode, and other integrated components.>
The advancements in ion storage batteries have been made to
meet the increasing demand for portable devices.** Recent
literature indicates that there has been a significant development
in battery technology.**°

Undoubtedly, lithium-ion batteries (LIBs) are the most
popular energy storage system for various electronic devices,
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them, the Zr,N nanosheet shows superior anodic properties for Ca-ion batteries, which is also
confirmed by specific capacity, diffusion barrier and open circuit voltage calculations.

electric vehicles, and grid storage applications. Nevertheless,
because of their toxicity, safety issues, high cost and low lithium
storage capability alternatives to LIBs are being explored.'* To
mitigate these kinds of issues, researchers found some earth-
abundant and cheap materials such as Ca, Mg, Zn and Al,
which are considered to produce highly efficient storage
devices.” Among these materials, Ca has drawn researchers’
attention because of its low cost, lightweight, and chemical
safety.”® The storage capability of Ca is approximately 1000
times greater than that of Li."* Thus, the shortage of ion reser-
vation in LIBs can be mitigated by Ca. Although Ca has rarely
been employed in ion storage batteries owing to its large ionic
radius, the SEP of Ca (—2.87 V) is comparable to Li's (—3.05 V),
making it significant for high-voltage battery applications.'® In
contrast, electrode materials and the cycling ability of calcium-
ion batteries (CIBs) limit its favourable voltage.” Therefore,
finding a compatible anode material with superior energy
density, high stability and a faster charging/discharging rate
has been a vital step in enhancing the efficiency of CIBs.
Different types of 2D nanomaterials have been explored'*>°
for battery applications. However, the performance of the storage
devices is still beyond our expectations. The introduction of the
transition metal carbides and nitrides termed MXenes provides
new insight into various applications.”"** As a potential storage
material, MXenes have sparked significant research interest®
because of their outstanding properties including ultra large
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interlayer spacing, outstanding electrical conductivity, large
surface area, great safety performance and high capacity.**’
MXenes could be synthesized by selective etching of A atom from
the MAX phase with hydrofluoric acid at room temperature.?® The
MAX phase (M,AX,) is the parent compound of MXene,
where M is an early transition metal, A is an element from group
A of the periodic table, X is either carbon or nitrogen and n = 1-
3.2 Experimentally, Ti,C, TizC,, TasCs, TizCN, (TipsNbgs).C,
(Vo.5Cro.5)3Cs, Nb,C and V,C have been synthesized so far.* Ti,C
is a common MXene which is used as an anode material for ion
storage devices.*’** Additionally, Er et al discovered Ti;C, as
a high-capacity electrode for Li-ion batteries.*® However, the
capacity and stability of current MXene electrode materials have
fallen short of our requirements. It has been anticipated that
MXenes containing other M elements such as Sc, Zr, Hf, and Mo
exist.**?* Without functionalization, nitride MXenes are more
stable than their carbide counterparts, which are typically
unstable.*® Moreover, N imparts one extra electron to the crystal
structure, making nitride-based MXenes more metallic than
carbides.’” The preparation of nitride-based MXene has been
challenging due to the high formation energy of M,,.;N,,.** Hence,
the synthesis of nitride MXenes still needs a breakthrough.
Therefore, it is necessary to investigate nitride-based MXenes
comprehensively to find a way out.

In this work, M,N nanosheets, comprising two M (Zr or Hf)
atomic layers and one N atomic layer with the pattern of M-N-
M, form Zr,N, Hf,N and ZrHfN MXenes. The interaction
between Ca and our proposed MXenes was investigated using
the density functional theory (DFT). The ab initio molecular
dynamics (AIMD) simulation examined the thermal stability of
the pristine Zr,N nanosheet. Furthermore, the band structure,
density of states (DOS), charge transfer and charge density
difference (CDD) maps explained the electronic properties of
the nanosheets. Finally, the efficiency of these anode materials
was predicted by calculating the diffusion barrier, specific
capacity (SC) and open circuit voltage (OCV).

2. Computational details

Density functional theory (DFT) was employed in the Dmol®
module to investigate the anodic behaviour of the materials.'®
Within the generalized gradient approximation (GGA), Perdew-
Burke-Ernzerhof (PBE) was implemented to explain the
exchange-correlation functional of electron-electron interac-
tions.*>* The long-range dispersion correction proposed by
Tkatchenko and Scheffler (TS) was utilized to take into account
the van der Waals interaction.*' To describe the core electrons
for relativistic effects, DFT semi-core pseudopots (DSPP) were
considered and a double-numeric quality basis with a polariza-
tion (DNP) function was chosen as a basis set.”” The global
orbital cut-off of 5.6 A was set for better quality. A k-points mesh
of 4 x 4 x 1 was applied for geometry optimization. To avoid
the interaction between surrounding layers, periodic boundary
conditions were implemented with a vacuum distance of 20 A
along the z-direction. Furthermore, the AIMD simulation was
performed using a Hoover thermostat and NVT ensemble at
300 k with 10 ps and 2 fs time step to explain thermal stability.**
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The cohesive energies of Zr,N, Hf,N and ZrHfN MXenes were
measured using the following equation,**

(aETM + bEN)
a+b

EMXene —

Econ = 1)
where, the total energy of MXene is defined as Eyxene; Erm and
Ey represent the energy of Zr or Hf and N atoms, respectively;
a and b are the number of atoms.

To understand the adsorption strength of MXenes, adsorp-
tion energy per Ca adatom was calculated using the equation
given below,*

ECa,\ MXene — EMchc - XEC'd [2)
X

Eus =

where, Eca wmxene iS the total energy of the complex with x
number of Ca; Enxene 1S the total energy of MXene; Ec, is the
energy of a single Ca of a bulk Ca cluster and x is the total
number of Ca atoms adsorbed in MXene.

The average open circuit voltage (OCV) is a crucial parameter
to evaluate the performance of ion batteries. It mainly depends
on the anode material and the number of Ca atoms adsorb on
it.*® The OCV can be obtained by,*

Emxene + XEca — Exca-MXene

Vocv = 3
ocv Xye (3)

where, Eyixene and Eycamxene represent the total energy of
MXene before and after the adsorption of Ca ad atoms; y
represents the valence electron of the Ca atom (here y = 2).

3. Results and discussion

3.1. Geometry and structural stability

A 3 x 3 x 1 supercell of Zr,N consists of 18 Zr atoms and 16 N
atoms. On the other hand, Zr atoms are replaced by Hf and Zr/
Hf atoms to form Hf,N and bi-transition metal ZrHfN where the
doping ratio is 52.94%. Previously, Zhang et al. investigated bi-
transition metal carbide V;,M;,,C as an anode material for Li-
ion batteries.*” In this study, we have chosen Zr,N, Hf,N and
ZrHfN nanosheets as anode material for Ca-ion batteries, which
have been optimized and shown in Fig. 1. The lattice parame-
ters of these optimized structures are ¢ = b = 9.1137 A. The
bond lengths of Zr-N and Hf-N are 2.206 and 2.204 A in Zr,N
and HIf,N, respectively, while in ZrHfN, the bond lengths are
2.218 and 2.192 A for Zr-N and Hf-N bonds. The bond lengths
vary due to the chemical environment of different atoms. The
band structure of a crystal structure explains the allowed energy
levels of electrons. As a result, it can easily reveal whether
a material is a conductor, semi-conductor, or insulator.*® Since
PBE functional underestimates the band gap, the HSE06 hybrid
functional was implemented to describe the band structures of
Zr,N, Hf,N and ZrHfN nanosheets.*’ As stated in Fig. 2, these
three nanosheets show metallic behaviour which is consistent
with the previous study.>®** Hence, these nanosheets would be
ideal anode materials for rechargeable batteries.

The cohesive energy is the parameter to measure the
strength of the bond in the crystal structures. Shein et al.*
found that the cohesive energy of nitride MXenes was lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) (b)

Fig. 1 The optimized structures of (a) Zr,N, (b) Hf;N and (c) ZrHfN.
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Fig. 2 The band structures of (a) Zr;N, (b) Hf;N and (c) ZrHfN where blue lines indicate up spin and red lines denote down spin.

than that of carbide MXenes. In this study, the cohesive energy
of Zr,N, Hf,N and ZrHfN are 0.13, 0.12 and 0.11 eV, respectively.
These values of cohesive energy indicate that the Zr,N nano-
sheet has more structural stability among the three nanosheets.
The thermal stability of pristine Zr,N nanosheet was investi-
gated by ab initio molecular dynamics (AIMD) simulation at 300
K temperature. The variation of total energy and the tempera-
ture fluctuations of Zr,N are shown in Fig. 3. The AIMD simu-
lation time was set to 2 fs. Fig. 3a depicts that the energy
fluctuates with a slight decrease, which confirms the structural
stability of Zr,N at 300 K. Moreover, there is no considerable
deformation in the atomic structure. This calculation predicts
that Zr,N has good thermal stability at the temperature of 300 K,
which supports the previous study.® Since Zr atoms are
substituted by Hf and Zr/Hf to form Hf,N and ZrHfN, these two
nanosheets would also be thermodynamically stable at this
temperature.

3.2. Adsorption energies at different adsorption sites

Adsorption energy is an important parameter to explain the
molecular interaction of a system. Therefore, it is necessary to
find the most favourable adsorption site for each nanosheet.
Different adsorption sites (center, over Zr, over Hf and over N) of
the Ca adatom on MXenes were investigated to explore the suit-
able adsorption sites and are represented in Fig. 4a-c. As per
Table 1, the most favourable adsorption site for a Ca adatom is
over Zr in both Zr,N and ZrHfN nanosheets. On the other hand,

© 2024 The Author(s). Published by the Royal Society of Chemistry

the Hf,N nanosheet shows better adsorptivity when the Ca atom
is placed on the Hf atom. The adsorption energy basically
depends on the distance between the adatom and the uppermost
layer of the nanosheet.*® The top layers of Zr,N, Hf,N and ZrHfN
nanosheets consist of Zr and/or Hf atoms, resulting in higher
adsorption energy over Zr and Hf atoms with minimum inter-
action distance. The minimum distances between Ca adatom
and MXenes are represented in Fig. S1.1 The adsorption energies
of these three nanosheets are negative and maximum energies
are found to be —1.31, —1.33 and —1.27 ev for the adsorption of
single Ca atom on Zr,N, Hf,N and ZrHfN, respectively. Charge
transfer analysis of the system also predicts the superior
adsorption behaviour of our proposed MXenes while Ca adatom
is over transition metal atom (Zr or Hf). Table 1 shows that at the
transition metal sites, a significant amount of charge is trans-
ferred during the adsorption of Ca and the calculated values are
1.100, 1.175 and 1.106e for Zr,N, Hf,N and ZrHfN, respectively.
The positive value of charge infers that charge is transferred from
the Ca atom to nanosheets. Moreover, charge density difference
(CDD) maps of these three adsorption systems were investigated
to obtain better insight into charge transfer as represented in
Fig. S2.T The CDD map gives a visualization of charge transfer
using the following equation,*

PMXene

AP = PCa—MXene — — PcCa (4)

where pyxene and pc, represent the electronic charge distribu-
tion of MXene and Ca atoms, respectively, and pca-mxene denotes

Nanoscale Adv, 2024, 6, 3441-3449 | 3443
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Fig.4 Different adsorption sites of the Ca atom on (a) Zr,N, (b) Hf;N and (c) ZrHfN, where A (Center), B (over Zr/Hf), C (over N) and D (over Hf) are

the adsorption sites for the Ca atom.

Table 1 The calculated adsorption energy (E.q4s), charge transfer (Q)
and distance (d) in different adsorption sites

Adsorption
Structures site Eags (€V) Q(e) d(A)
Ca-Zr,N Center —1.30 1.010 3.099
Over Zr —-1.31 1.100 3.266
Over N —-1.27 0.996 3.227
Ca-Hf,N Center —-1.31 1.173 2.968
Over Hf —-1.33 1.175 3.172
Over N —-1.31 1.162 3.183
Ca-ZrHfN Center —1.25 1.100 2.931
Over Zr —-1.27 1.106 3.211
Over Hf —1.23 1.067 2.894
Over N —1.25 1.098 3.205

the charge distribution of Ca-adsorbed MXene. The red and
yellow colours of the CDD map exhibit the accumulation and
depletion of electrons, respectively. Looking more closely at the
CDD maps, it is observed that charge is transferred from the Ca
atom to nearby transition metal atoms of the nanosheet.

3.3. Ca adsorption on Zr,N, Hf,N and ZrHfN

After finding a favourable adsorption site for Ca adatoms, the
number of Ca atoms was increased on Zr,N, Hf,N and ZrHfN
nanosheets. Firstly, adatoms were adsorbed over Zr, Hf and Zr

3444 | Nanoscale Adv., 2024, 6, 3441-3449

atoms of Zr,N, Hf,N and ZrHfN nanosheets, respectively, as these
sites showed maximum adsorption ability (as per the previous
section). Secondly, Ca adatoms were distributed on both sides of
the nanosheets (when the number of adatoms was more than 10)
to mitigate the repulsion tendency. When more than 7 atoms are
added to the upper surface and more than 14 atoms to the both
sides of the nanosheets, they arrange themselves along different
lines on the nanosheets. Ca adatoms distribute on the nano-
sheets along different lines due to their repulsion. The optimized
configurations of nanosheets with Ca adatoms are represented in
Fig. S3-S5.f A maximum of 36 Ca atoms were loaded on both
sides of the nanosheets without observing any major structural
deformation. Since adatoms accumulate on and also leave the
nanosheet concerning charging and discharging, structural
stability is highly recommended for ion batteries."”

The adsorption behaviour and charge transfer with respect
to the number of Ca ions on these three nanosheets were
explored and the data are shown in Fig. S6.f According to
Fig. S6a,T the adsorption energies exhibit a decreasing trend
with ion concentration because extra Ca ions on the nanosheet
cause repulsion in this system. This repulsion also affects the
favourable adsorption sites of atoms and forces them to rear-
range randomly. The calculated adsorption energies were
—1.31, —1.33 and —1.27 eV during the single atom adsorption
on Zr,N, Hf,N and ZrHfN, respectively. Eventually, these
adsorption energies were reduced to —0.53, —0.51 and —0.59 eV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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while the maximum number of Ca atoms are attached to Zr,N,
Hf,N and ZrHfN, respectively. The negative values of the
adsorption energy imply a favourable interaction during the
adsorption process. Similar to the adsorption energy, charge
transfer diminished from 1.100, 1.175 and 1.106e to 0.160,
0.208 and 0.190e for the adsorption of a maximum number of
Ca atoms on Zr,N, Hf,N and ZrHfN, respectively [Fig. S6bt]. It is
manifested that the maximum charge transfer occurred
between Ca atoms and the Hf,N nanosheet.

The electronic properties of Zr,N, Hf,N and ZrHfN nano-
sheets were examined by total density of states (TDOS) and
partial density of states (PDOS) with up and down spin. The
electrical conductivity of these three nanosheets is explained by
looking at the DOS before and after the adsorption of ions.
Fig. 5 depicts three nanosheets showing metallic behaviour due
to the availability of an occupied state at the Fermi level. This
metallic characteristic of nanosheets is crucial for battery
applications, as an anode material should be conducted during
battery operation. Looking at the DOSs, we can see that extra
states are available after the Ca ion adsorption, i.e., this process
makes our proposed nanosheets even more conducting, which
is favourable for ion batteries. Additionally, extra states in DOS
ensure the increased concentration of ca atoms.

3.4. Ca ion diffusion on MXenes

Diffusion barrier and migration path are two crucial terms to
evaluate the performance of an anode material in an ion storage
battery. In this study, the barriers of Ca ions on the surface of
Zr,N, Hf,N and ZrHfN were investigated by the LST/QST
method. The diffusion barrier of Ca ions on electrode mate-
rial affects the charging/discharging rate of ion storage
batteries. Hence, the charging/discharging rate depends on how
fast the Ca ion migrates from one site to another throughout the
electrode material. The Arrhenius equation states that the
diffusion barrier at constant temperature determines the
mobility of metal atoms. The Arrhenius equation is given
below,*”

View Article Online
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—E,

DoceksT (5)

where, E,, Kz and T are the migration barrier, Boltzmann
constant and ambient temperature, respectively. According to
Fig. 6, two paths were chosen to calculate the energy barrier.
For Zr,N and Hf,N, first path is from the transition metal site
to the nearest N atom such as Zr — N and Hf — N and the
second path is the reverse process; N — Zr and N — Hf.
Moreover, for ZrHfN, there were four paths; Zr — N, Hf —
N, N — Zr and N — Hf. The energy barriers of Ca atoms along
Zr — N and N — Zr are 0.076 and 0.047 eV, respectively, for
Zr,N. The migration energy of Ca atoms on Hf,N stands at
0.073 and 0.047 eV along Hf — N and N — Hf, respectively. On
the other hand, the Ca atoms diffuse on ZrHfN along Zr — N,
Hf — N, N — Zr and N — Hf with the energy barriers of 0.097,
0.041, 0.085 and 0.061 eV, respectively. These values show
consistency with the previous theoretical value of nitride
MXenes (<0.1 eV)*® and also predict that our proposed MXenes
have superior diffusion properties than graphene®® and other
covalent organic framework-based materials.”” The smallest
diffusion barriers are found when Ca atoms move on Zr,N and
Hf,N. Therefore, one of these two nanosheets as an anode
material would possess fast charging/discharging properties
for CIBs. However, the above data on diffusion barriers reveals
that the three nanosheets have better diffusion properties for
Ca atoms.

3.5. Specific capacity and OCV

The specific capacity (SC) and the open circuit voltage (OCV) are
the two important factors in examining the overall efficiency of
an electrode material. The maximum capacity of an anode
material has been calculated by the equation given below,*®

nzkF

SC= ——————
Atomic weight

(6)

where n and z are the valence electrons of Ca ions and the total
number of ions in the electrochemical system and F represents
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Fig. 5 Density of states of (a) Zr;N, (b) Hf;N and (c) ZrHfN. Fermi level are at zero energy which is denoted by the dotted line.
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Fig. 6 Ca ion diffusion through the different paths on the nanosheets.

the Faraday constant (96 500 C mol™"). The maximum specific
capacity depends on the highest number of alkali atoms
adsorbed on the nanosheet.> Moreover, the higher value of the

3446 | Nanoscale Adv., 2024, 6, 3441-3449

specific capacity of an ion battery infers that the maximum
amount of electricity can be supplied during the discharge
process. In the present study, Zr,N and Hf,N adsorbed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The calculated OCV for different numbers of Ca on (a) Zr;N, (b) Hf;N and (c) ZrHfN.

a maximum of 36 Ca atoms, while ZrHfN adsorbed 35 Ca atoms
with minimum deformation. The specific capacity values of Ca
ion on Zr,N, Hf,N and ZrHfN are 1034, 561 and 707 mA h g™,
respectively. Among the three nanosheets, Zr,N has the highest
capacity. It is noticeable that the obtained superior capacity of
Zr,N is almost 2 times greater than the previous theoretical
capacity (545.9 mA h g~ 1).%

The OCYV is the electrical potential difference between anode
and cathode while no load is connected. The main objective of
OCV calculation is to determine the electrical potential capa-
bility of an ion storage battery. The calculated OCVs of CIB in
terms of the number of Ca ions on Zr,N, Hf,N and ZrHfN are
displayed in Fig. 7. For Zr,N, Hf,N and ZrHfN nanosheets, the
OCV decreases with increasing Ca concentration. When the ion
concentration reaches its peak, the OCV drops to its lowest
value. This reduction occurs due to the existence of a large
number of Ca ions on the nanosheets, which repel each other.
The OCVs for single Ca ion on Zr,N, Hf,N and ZrHfN nano-
sheets are 0.65, 0.68 and 0.63 eV, respectively. While the
nanosheets are able to adsorb the maximum number of Ca
atoms (~36 per nanosheet), the OCVs decrease to 0.27, 0.26,
and 0.29 for Zr,N, Hf,N and ZrHfN, respectively. The positive
OCV infers that all the structures are favourable as anode
materials for Ca-ion batteries. The previous DFT calculation
predicted the possible maximum and minimum voltage of Ca-
ion batteries, which were 1.20 and 0.57 V, respectively.®® These
values confirm the validity of our calculated OCVs for CIB.

4. Conclusions

First-principles calculations were implemented within DFT to
investigate the performance of the transition metal nitrides
(MXenes) as an anode material for CIBs. In this study, Zr and Hf
replaced the transition metal atoms to form Zr,N, Hf,N and
ZrHfN MXenes. All these nanosheets show metallic behaviour,
which is favourable for ion storage batteries. AIMD calculations
confirm that these structures have good thermal stability at 300 K
temperature. To explore the adsorption behaviour of Ca atom on
Zr,N, Hf,N and ZrHfN, the adsorption energies of these nano-
sheets were calculated. The most favourable adsorption site was
found by adsorbing a single Ca atom in different adsorption sites
which was over the transition metal atom (Zr or Hf) of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanosheets. The adsorption energies at the most favourable
adsorption site are —1.31, —1.33 and —1.27 eV for Zr,N, Hf,N and
ZrHIN, respectively. The diffusion barrier of Zr,N, Hf,N and
ZrHfN nanosheets are 0.076/0.047 along Zr — N/N — Zr, 0.073/
0.047 along Hf — N/N — Hf and 0.097/0.041 and 0.085/
0.061 eV along Zr — N/Hf — Nand N — Zr/N — Hf, respectively.
Ca atom showed ultrafast migration barrier on these nanosheets.
Moreover, specific capacity was calculated as 1034, 561 and
707 mA h g for Zr,N, Hf,N and ZrHfN, respectively. The results
of this study infer that our proposed nanosheets would be the
superior anode materials for CIBs as well as other ion storage
batteries due to their promising properties. However, the Zr,N
nanosheet has better characteristics as an anode material for
CIBs.
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