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Effect of alloying Li on lithium-ion
batteries applicability

of two-dimensional TiN and TiC

as novel electrode materials: a first
principle study

Fatemeh Shirvani'*!, Mohammad Reza Jafari' & Aliasghar Shokri?

The two-dimensional structures of transition metal nitride and carbide, TiN, and TiC have been
alloyed with lithium (Li) in replacement of Ti, and their Li-ion applicability has been investigated using
density functional theory and general gradient approximation. The alloy composition of x = 0.125,
0.25, 0.375, and 0.5 have been considered and the stability of the alloys has been proved by cohesive
energy and phonon density of states results. Moreover, the bond lengths between atoms as structural
properties have been studied for these alloy structures. The largest peak of quantum capacitance and
the largest negative value of surface storage charge are for alloy composition of TiC with x = 0.125
with the values of 909.79 wF/cm? and — 1819.58 uC/cm?, respectively. Moreover, the results of the
quantum capacitance and surface storage charge as a function of voltage for all Li alloy compounds
are in the range of excellent supercapacitors and could have good potential to use as an electrode in
the capacitor of Li-ion batteries. Furthermore, the electronic density of states of this group of alloys
represents metallic behavior and therefore electrode material. In addition, the diffusion coefficient

at temperatures of 77 and 300 K has been calculated using molecular dynamic calculations, and its
lowest and largest values are 8 x 108 cm?/s (at 77 K) and 5.6 x 10~7 cm?/s (at 300), respectively. Plus,
the largest value of electrical conductivity per relaxation time at 300 K belongs to Lig 25Tio.75C with a
value 0f 9.8 x 10%9/(@ms).

Transition metal nitrides and carbides are favorable to researchers for many years because of their special prop-
erties like resistance to oxidation and corrosion, high hardness, and incompressibility which could make them
excellent candidates for many industries like hard coating industries'~'°. Recently, along with the unique features
of this group of compounds, various applications in the field of energy storage have been predicted for them; and
due to the benefit of environmentally friendly modality, they could be excellent for clean energy proposes!'~".
Since these compounds typically represent metallic behavior they could be good choices for electrode materials in
energy storage industries. Furthermore, alloying them with elements like magnesium could give them semicon-
ductor properties that can be used as a scatter area for some energy-saving applications like the thermoelectric,
supercapacitor, Li-ion batteries, and solar energy industries®'2413,

Recently, Zhang et al.* worked on Cellulose nanofibrils/AIN experimentally and reached a high thermal
conductivity of more than 4.2 W/m.K for managing the heat in energy storage devices.

Moreover, Gao et al.?® studied the effect of alloying Ni on supercapacitance properties of CrN using the arc
ion plating method and they got accessed to the value of 58.5 mF/cm? for the specific capacitance at 1 mA/cm?
for 54.2% presence of Ni and H,SO4 was used as an electrolyte material; and this value was 80 times higher than
for the pure CrN.

Wei et al?”? experimentally worked on VN pillared with Al atoms for the purpose of sodium-ion batteries
applications and they achieved specific capacitance with the value of 372 mAh/g at 50 mA/g and an energy
density of 78.43 Wh/Kg at the power density of 260 W/Kg.
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Using the situ polymerization method Zhang et al.** worked on ZrC nanoparticles and could improve the
thermal conductivity of it by 225.16%, 4962 W/m K which is good for energy storage applications.

TiN and TiC are other transition metal nitride/carbides which are noticed recently for energy storage
applications®*'*2. For example, Dong et al.>! worked experimentally on MnO,/TiN nanotubes and they obtained
the specific capacitance of 681 F/g at 2 A/g which is suitable for electrode material of supercapacitors. Further-
more, Irfan Ali et al.* studied Mo,TiC, alloyed with Sn?* ion using the cetyltrimethylammonium bromide
method and they measured a specific capacitance of 670 F/g which was more than three times larger than for
the pure Mo, TiC,.

Li-ion battery application is one of the energy storage properties of TiN and TiC. Kim et al.** worked on Si/
TiN nanocomposites with 33.3 Mol Si by using high energy mechanical milling method and they obtained capac-
ity with the value of 300 mAh/g which suggests a good anode for Li-ion batteries. In addition, Balogun et al.**
worked on nanoribbons of TiN by hydrothermal method for Li-ion battery applications and they got access to
specific capacitance with a value of 288 mAh/g at the current density of 1675 mA/g. Furthermore, Byeon et al.?
experimentally studied TiC MXene as a cathode for the coupled Mg?*/Li?* batteries and they measured the
capacity with the value of about 120 mAh/g. Using the density functional theory (DFT) method Chen et al.*
investigated the Li-ion applicability of TICN MXene; and for Ti3CN and TizCNO; which were saturated with
Li atoms they got access to the capacity with the values of 320 and 269 mAh/g, respectively.

In the present work, the two-dimensional structures of TiN and TiC have been considered, and Li atoms
have been alloyed in the replacement of Ti atoms with alloy composition of x = 0.125, 0.25, 0.375, and 0.5. The
calculations have been done using the DFT method and general gradient approximations (GGA). The computa-
tional details, structural, phonon, electronic properties (including quantum capacitance, surface storage charge,
electronic density of states, and electrical conductivity per relaxation time), and diffusion coefficient will be
discussed in the next sections and finally, the results will be concluded.

Computational details

The calculations on this work have been done using the DFT method and GGA approximation with Perdew-
Burke-Ernzerhof (PBE)correlation functional and by norm-conserving pseudopotential®”?®. The slabs have been
made at the direction of (110) from the NaCl bulk structure of TiN and TiC. Then the two-dimensional structures
of TiN and TiC alloyed with Li (see Figs. 1a-d and 2a-d) have been studied using the Quantum ESPRESSO
package®. The optimized energy cutoff and k-point mesh were 46 Ry and 10 x 10 x 1, respectively (these are
the points from which the total energy of the structure tends to a constant value). In addition, the structural
parameter and atomic position have been optimized and relaxed using the force and energy minimizing method
in the order of 0.01 eV/A and 10> eV, respectively. The site occupancy factor of each atom has been considered
to be 1 and the position of Li atoms for each alloy composition has been chosen according to the lowest energy
of each atomic array by using relaxation calculation (the atomic arrays which had the lowest energy were con-
sidered as the final Li composition). Moreover, a vacuum of about 27 A in the z-direction has been considered
to avoid the interaction between atoms. Furthermore, to study the phonon properties the density functional
perturbation theory (DFPT) has been used*.

To calculate the quantum capacitance and surface storage charge the relations e f too n(E)Fpp(E — e¢pr)dE
and f Cqdd have been used which e, n, E, E ¢, and Cq are charge of the electron, the electron density of states,
the difference between the energy of the electrons and Fermi level energy, Fermi-Dirac distribution function,
local potential, and quantum capacitance, respectively*' =,

In addition, the electrical conductivity per relaxation time (o/7) has been investigated using the semiclassical
Boltzmann theory and by implementing the BolTzraP package**-°.

The calculations have also been done using the GGA+ Hubbard potential (GGA+U) method but no special
difference from the GGA results has been achieved, therefore, its results are omitted in this work.

In the next section, first, the structural properties and mechanical stability of the alloy compounds will be
discussed, then the phonon properties using the phonon density of states will be studied, and finally, quantum
capacitance, surface storage charge, density of state, diffusion coefficient, and electrical conductivity per relaxa-
tion time for TiN and TiC in the presence of Li (with x = 0.125, 0.25, 0.375, 0.5) will be explained.

Results and discussions
The top view (XY), and side views (XZ, and YZ) of the relaxed ordered structure of two-dimensional TiN and
TiC alloyed with Li atoms with the alloy composition of with x = 0.125, 0.25, 0.375, 0.5 have been represented in
Figs. la-d and 2a-d. According to Fig. 1a—d for TiN alloyed with Li, between the alloy composition of x = 0.25
(Fig. 1b) and x = 0.125 (Fig. 1a) there is a difference in the position of N atoms (see the top view in the XZ direc-
tion) which is related to the bond length between N and Li or Ti atoms. For x = 0.375and x = 0.5 (see Fig. 1c-d),
there are octahedral distortions because of the changes in bond length between N atoms and Ti or Li atoms in
comparison with x = 0.25 which are obvious in top and side views. In addition, for x = 0.5 in comparison with
x = 0.375, there are changes in the placement of N atoms which can be seen in the side views of the structures.
According to the Fig. 2a-b, for TiC alloyed with Li atoms there is an obvious octahedral distortion in the
arrays of C atoms for x = 0.25 in comparison with x = 0.125 which can be seen in the side view in the XZ direc-
tion. Furthermore, for x = 0.375 (see Fig. 2c), there are differences in the placement of C atoms in comparison
with x = 0.25 and it can be seen in the top view and side (in the XZ direction) views, while for x = 0.5 (see
Fig. 2d) the replacement of C atoms in comparison with x = 0.375 is more visible and can be seen in top view
and both side views.
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Figure 1. Top view and side views of fully relaxed Li,Ti —,N: (a) x = 0.125, (b) x = 0.25, (¢) x = 0.375, and
(d) x = 0.5.

To evaluate the structural and mechanical stability of the alloy compounds the cohesive energies as a function
of alloy composition have been calculated and represented in Fig. 3 for Li alloys of TiN (blue bar graph) and TiC
(red bar graph). The cohesive energy is calculated using the following formula®!:

Ecoh = Etot — Z mEy, (1)

Here, Eor, m, and E are related to the total energy of the alloys, number of each element (Li, Ti, N or C) in the
alloy compounds, and the total energy just for one atom of each kind of element, respectively.

According to Fig. 3, the cohesive energy for all of Li,Ti;—xN and Li,Ti—C is negative which refers to the
structural and mechanical stability of these alloys compounds. The largest negative value for Li, Tij_xN alloys
belongs to x = 0.125 with a value of — 82.86 eV and the lowest negative value is related to x = 0.5 with a value
of — 64.29 eV. Moreover, the largest negative value of cohesive energy for Li, Ti; _,C is for x = 0.125 with a value
of — 35.13 eV while its lowest negative value is — 17.85 eV for x = 0.5. In addition, the cohesive energy values
for alloys of TiN have larger negative values in comparison with TiC alloy which indicates more structural and
mechanical stability of TiN alloys.

The bond length between atoms as a function of alloy composition has been depicted in Fig. 4a-b and the blue
bar graphs are related to the bond length of Ti with N or C atoms while the red bar graphs are related to the bond
lengths of Li atoms with N or C atoms. The larger value of bond length refers to the weaker bond between atoms
and the lower values refer to the more powerful bonds. According to Fig. 4a, the largest bond length between Ti
and N atoms belongs to x = 0.25 with a value of 2.04 A while the lowest value of Ti-N is 1.95 A and is related
to x = 0.375. Furthermore, the largest value for bond length between Li and N atoms belongs to x = 0.25 and
equals 2.11 A while the lowest Li-N is related to x = 0.5 with a value of 2.01 A. As can be seen in Fig. 4b, the
highest values of Ti~C and Li-C belong to x = 0.125 with a value of 2.13 A and the lowest values of them are
related to x = 0.5 with a value of 2.03 A. In addition, for the x = 0.375, the Ti-C and Li-C are 2.09 and 2.11 A
respectively; while for x = 0.25, both Ti-C and Li-C have the same values of 2.12 A.

The thermal stability of the alloy compositions has been investigated by calculating the enthalpy of formation
energy. According to Table 1, the large negative values of enthalpy of formation energy for all alloy composition
refers to the thermal stability of the alloys.
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Figure 2. Top view and side views of fully relaxed Li, Ti; —C: (a) x = 0.125, (b) x = 0.25, (c) x = 0.375, and
(d) x = 0.5.
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Figure 3. Cohesive energy as a function of alloy composition (x = 0.125, 0.25, 0.375, and 0.5) for Li, Tij_xN
and Li, Ti;_,C.

The phonon density of states (phonon DOS) as a function of frequency has been calculated for Li alloys of
both TiN and TiC and has been depicted in Fig. 5a-h. Positive modes and zero values of phonon DOS at zero
frequency for all alloys indicate the dynamic stability of these alloy compounds. According to Fig. 5e-d, the
largest peak for TiN with the alloy composition of x = 0.125is 5.91 and occurs at the frequency of 239.04 cm™,
while for x = 0.25, 0.375, and 0.5 are 0.3, 0.12, and 0.42 at 581.89, 435.08, and 397.94 cm™ 1, respectively. In
addition, according to Fig. 5e-h, for TiC alloys the highest peak for alloy composition of x = 0.125, 0.25, 0.375,
and 0.5 are 3.28, 0.55, 0.56, and 6.77 at the frequencies of 318.62, 526.18, 444.33, and 504.77 cm™ ), respectively.

Furthermore, for TiN with Li composition of x = 0.125, there are two gaps between modes with the values
0f 28.01 cm™! (between 336.38 and 364.39 cm™!), and 60.29 cm™! (between 395.38 and 455.67 cm™!). Moreo-
ver, for TiC with alloy composition of x = 0.125, there is a gap with a value of 6.87 cm~! (between 498.07 and
504.94 cm™!), however, the values of phonon DOS at upper than 400 cm ™! until 504.94 cm™! are close to zero.
For alloy composition of x = 0.25 of TiC, there is an obvious gap between modes with a value of 20.56 cm™!

Scientific Reports |

(2023) 13:15680 | https://doi.org/10.1038/s41598-023-42954-w nature portfolio



www.nature.com/scientificreports/

2.125 2.4 —r——————7
I Ti-C

2.100 ElLic 2125

2.075

2.050

2.025

204 (@ BTN ()
BN 22 F

2202} o 2 <
< 7 < a0} 42.1000 2
= - o= = =
e02.00 oo o o
2 . E 2208} 42.075
= =z = )
B 198} | e =206} 2.050
& ] A &

196 y 2.04 | - 2.025

1.94 2.000 2.02
0.000 0.125 0.250 0375 0.500 0.000 0.125

X

Figure 4. Bond lengths (Ti-N, Li-N, Ti-C, and Li-C) as a function of alloy composition (x = 0.125, 0.25,
0.375, and 0.5) for (a) Li, Ti;_,N, and (b) Li, Ti; _,C.

Compounds Enthalpy of formation energy (kJ/mol)
Lig.125Tio.g75N —7954.56

Lig 25Tio.75N —7513.92

Lig3755Tip.625N | —6996.48

LigsTio.sN —6171.84

Lig125Tip.g75C —3372.48

Lig25Tio75C —2599.68

Lig 375 Ti0.625C —1824.96

LigsTio.sC —1713.6

Table 1. The calculated enthalpy of formation energy (kJ/mol) for Li,Ti; N and Li, Ti; —,C.

(between 420.16 and 440.72 cm™1); while for x = 0.375, there is a gap with a value 0of 10.16 cm ! (between 374.16
and 384.32 cm™1). All of these gaps could refer to the low phonon contribution of thermal conductivity of the
alloys at these modes which could be applicable for saving energy industries like thermoelectric applications (as
the phonon contribution of thermal conductivity is the dominant contribution in total thermal conductivity).

The quantum capacitance (Cq) for Li alloys of TiN and TiC as a function of voltage (from — 2 to + 2 V) have
been calculated and represented in Fig. 6a and b. According to Fig. 6a, the largest value of C( for TiN alloy is
related to alloy composition of x = 0.5 at a negative voltage of — 1.67 V with a value of 772.35 pF/cm?; and the
lowest maximum belongs to alloy composition of x = 0.25 with a value of 587.2 pF/cm? at the positive voltage
of 1.47 V. Moreover, the largest peak for x = 0.125 (616.49 pF/cm?) and x = 0.375 (699.34 WF/cm?) occur at the
positive (1.21 V) and negative (- 2 V) voltage, respectively. The largest peak for TiC alloy compositions belongs
to x = 0.125 at the negative voltage (- 2 V) with a value of 909.79 uF/cm?, and the lowest maximum is related to
x = 0.5 with a value of 618.25 WF/cm? at — 1.97 V. In addition, the largest peaks of x = 0.25 (888.82 uF/cm?) and
x = 0.375(737.1 WF/cm?) occur at negative voltages of — 1.27, and — 1.38 V, respectively. Moreover, for x = 0.5,
the values of Cq tend to zero from — 1 V (the values are in the order of 10716-107%2 at the positive voltages).

The results of Cq, at both positive and negative voltages, exhibit large values which are in the range of anode
and cathode for supercapacitors, and because of the presence of Li atoms, they could be useful as an electrode
in the capacitor of the Li-ion batteries.

Present results are typically in the order of 10 magnitudes larger than the results of Yang et al.>* for graphene-
based materials. In addition, in comparison with Wang et al.*® results for graphene doped with metal and codoped
with nitrogen and metal, the present results of quantum capacitance are typically 5 times larger.

The surface storage charge (Q) has been calculated for both TiN and TiC alloys and depicted in Fig. 7a-b.
According to Fig. 7a, the largest negative value of TiN alloys at negative voltages is related to the alloy composi-
tion of x = 0.375 at — 2 V with a value of — 1398.68 uC/cm?, and at positive voltages, the largest peak occurs for
x = 0.25at 1.48 V with a value of 865.26 j1.C/cm?. Furthermore, according to Fig. 7b, the largest negative value
of Q for TiC alloy compositions belongs to x = 0.125at — 2 V with a value of — 1819.58 wC/cm?, and at positive
voltages, the largest peak also belongs to this alloy composition with a value of 924.63 |LC/cm? at 1.84 V.

The present results for Q are compatible with the results of the others which introduce the materials with
supercapacitance performance****. For example, in comparison with Rani et al.* work for Tellurene bilayer
derivatives, the present results for Li alloy of TiN and TiC are larger.

The electronic density of states as a function of energy for Li alloy of TiN and TiC have been calculated using
k-point mesh of 25 x 25 x 1and have been presented in Fig. 8a and b by setting the Fermi level at zero point. As
can be seen for all of the alloy compositions of both TiN and TiC the Fermi level is crossed by the curves which
refers to the metallic behavior of these alloys. Moreover, for TiN alloys the largest peak at valence and conduction
bands belongs to x = 0.125 at — 3.73 eV with a value of 19.96 and at 1.23 eV with a value of 13.35. In addition,
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Figure 5. Phonon density of states (Phonon DOS) as a function of frequency for (a) Lig.125Tio.875N, (b) Lig 25
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Figure 6. Quantum capacitance as a function of voltage for (a) Li,Ti 4N, and (b) Li, Tj; —,C.

for TiC alloy the highest peak at the valence band is related to x = 0.125 with a value of 21.27 at — 2.01 eV; while
for the conduction band, the largest peak belongs to x = 0.5 with a value of 12.45 at 1.3 eV.

The diffusion coefficient for Li,Ti;—,N and Li, Ti;—,C at temperatures of 77 and 300 K (which are important
temperatures for transport properties) has been calculated using molecular dynamic (MD) calculations and col-
lected in Table 2. According to Table 2, the lowest and largest value of the diffusion coefficient at 77 K have values
of 8 x 1078 cm?/s (belongs to Lig.125Tio.875N, Lig.125Ti0.875C, and Lig 25Tip.75C) and 1.5 x 1077 cm?/s (belongs to
Lig 5Tio 5C), respectively. Furthermore, at 300 K the lowest and largest values are 2.8 x 1077 cm?/s (belongs to
Lio.125Ti0.875C, and Lig 25Ti0.75C) and 5.6 x 10~/ cm?/s (belongs to Lig 5Tig.5C), respectively.
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D77 (cm?/s) | D3gg (cm?/s)

Lig.125Tip.s7sN | 8 x 1078 4x1077

Lig2sTio.7sN 1x 1077 4.1 %1077
Lig3755Tipe2sN |12 x 1077 | 4.8 x 1077
Lig.sTiosN 12x1077 |44 x1077
Lig.125Tio.875C 8§ x 1078 2.8 %1077
Lip25Ti0.75C 8 x 1078 2.8 x 1077
Lip 375Ti0.625C 1x 1077 3.9 x 1077
LigsTip.sC 1L5x 1077 |56 x 1077

Table 2. The calculated diffusion coefficient (cm?/s) for Li,Ti;_,N and Li, Ti;_,C at temperatures of 77 and
300 K (D77, and D3 refer to diffusion coeflicient at 77 and 300 K, respectively).

The electrical conductivity per relaxation time, o/t has been calculated at room temperature (300 K) by using
the semiclassical Boltzmann theory, and the largest peaks for alloy compositions along with related chemical
potential have been collected in Table 3. According to Table 3, all of the largest peaks occur at negative chemical
potential and the largest value belongs to Lig 25Tig.75C (with a value of 9.8 x 10'%/(Q2 m s) and at the chemical
potential of — 2.19 eV). Moreover, the lowest value belongs to Lip 5TipsN (with a value of 3.43 x 10Y%/(Q m s)
and at the chemical potential of — 3.88 V).

Conclusions

The calculations in this work, have been done with the DFT method and GGA approximation on the two-
dimensional structures of TiN and TiC alloyed with Li. The cohesive energy values for all alloy compositions
were negative which approved the structural and mechanical stability of them. Moreover, the phonon calculations
showed no negative modes for all the alloys of both TiN and TiC which indicated their dynamic stability. In
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o/t (1/2ms) | Chemical potential (eV)
Lip12sTios7sN | 7.62 x 10" —033
Lig.25Tio75N 4.14 x 107 —4.19
Lig3755Tins2sN | 3.58 x 10" —3.02
Li.sTiosN 3.43 x 101 —3.88
Lig.125Tio.875C 7.37 x 107 — 145
Lig.25Tio.75C 9.8 x 10%° —2.19
Lig 375 Ti0.625C 6.27 x 10 — 147
Lig.sTio.sC 6.5 x 101 —431

Table 3. The calculated electrical conductivity per relaxation time, o/t (1/22 m s) for Li,Ti—4N and Li, Ti; —,C
along with related chemical potential (eV) at room temperature (300 K).

addition, the gap between modes of phonon DOS could refer to low phonon contribution of thermal conductivity
which introduced the potential candidate for thermoelectric applications. Furthermore, the peaks of quantum
capacitance and the values of surface storage charge at the negative and positive voltage were competitive with
the materials which were known as electrode materials for supercapacitors, and so these alloy compositions can
be useful as electrodes of capacitors for Li-ion batteries and improve their efficiency. In addition, the electronic
density of states of all of the alloy compositions showed metallic behavior. Moreover, using molecular dynamic
calculations, the diffusion coefficient at temperatures of 77 and 300 K was calculated, and its lowest and largest
values were 8 x 1078 cm?/s (at 77 K) and 5.6 x 10~7 cm?/s (at 300 K), respectively. Finally, the electrical con-
ductivity per relaxation time was studied at room temperature using semiclassical Boltzmann theory, and the
largest peak was 9.8 x 10%/(Qm s) and belonged to Lip 25Tio.75C.
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