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Abstract 

In this study, the structural, electronic and dynamic properties of Li3Pb compound were examined by using Density Functional Theory within 

the Generalized Gradient Approximation. The lattice constant and the bulk modulus were calculated and compared with the experimental and 

theoretical results in the literature and the calculations were found to be consistent. The energy band and the total density of state diagrams of 

the Li3Pb compound were generated and it was seen that Li3Pb compound shows a metallic property. The values of the acoustic and the optical 

modes of the transverse and longitudinal branches at Γ, X, L, K, W and U high symmetry points were calculated and the phonon distribution 

curve was plotted against these high symmetry points. These calculations were not previously performed in the literature. It is thought that 

these calculations will shed light on the studies that will take place in the future. 
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1. Introduction 

In recent years, there has been a focus on the development of nano-oxide materials as an anode material for lithium-ion 

batteries [1-4]. Lithium-based alloys are currently regarded as promising materials for use as negative electrode materials in 

Lithium-ion batteries [5]. Martos et al [6] noticed that, (electrochemically or chemically produced) lead (Pb) experiences on 

electrochemical reaction with lithium (Li) in the potential range 0-1 Volt forming the LixPb (0.5<x<4.4). Zalkin and Ramsey [7] 

studied the structural properties of Li3Pb and Li7Pb2 compounds experimentally. Zalkin and Ramsey showed that Li3Pb was FCC 

(Face Centered Cubic) and the lattice constant was 6.64 Å. Henry et al [8] reported that the coordinates of the atoms forming the 

Li3Pb structure were Pb 0.0 0.0 0.0, Li (1) 0.25 0.25 0.25, Li (2) 0.5 0.5 0.5,  Li (3) 0.75 0.75 0.75. Wood [9] examined Li 

diffusion coefficients for LixPb compounds and compared them with 4A group Si and Ge based compounds, using a melt 

synthesis technique in the study. Wang et al [10] suggested that the electrochemical reaction of PbO with Li was associated with 

Li2O and six intermetallic compounds (LiPb, Li2.5Pb, Li3.33Pb, Li3.5Pb and Li4Pb). Tericka et al [11] measured the integral 

mixture enthalpy of liquid Li-Pb alloys  using the calorimetric technique. Zhou et al [12] calculated the thermodynamic 

properties and phase limits of the LiPb system with the first principle calculations. In this study, the structural, electronic and 

dynamic properties of the cubic Li3Pb compound were investigated using the Density Functional Theory with Local Density 

Approximation. Below, in Section 2 we give computation details. Results and discussion and conclusions are given in Sections 3 

and 4, respectively. 

2. Computational Details 

The structural, electronic and dynamic properties of the Li3Pb compound were investigated using the Quantum Espresso 

package program. The Quantum Espresso [13] package program is based on the Density Functional Theory and the plane wave 

theory. In the Perdew-Burke-Ernzerhof (PBE) [14] scheme, the Generalized Gradient Approximation was used and the electron-

ion interaction was defined by ultrasoft Vanderbilt pseodopotential. The electronic configurations used for the pseudo potentials 

were taken as Li (2s1) and Pb (4f¹4 5d10 6s² 6p²). It has been extended to the plane wave set with single particle wave functions 

with a cutoff energy of 70 Ry. The values of cutoff energies used in Li3Pb are summarized in Table 1. The compound or a system 

becomes stable at the total energy  (Etot) value. In optimizations in order to shorten the procedure with a minimum error, a value 

of energy should be chosen that is cut off (Ecut) energy. For a state (e.g. ground state) the total energy is fixed but one can chose 
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different cut off energies. The bigger values of cut of energy extends the time of the procedure but minimizes errors. In other 

words, even if the cutoff energy changes, the total energy does not change, so the cutoff energy is 70 Ry. The total energy here is 

the ground state energy corresponding to the cutoff energy. As seen from Table 1, Li3Pb compound becomes stable with the 

value of -9.02025, but one can chose cut off energy as 50, 70 or 80 Ry. Kinetic cutoff energy of 280 Ry is used for electronic 

density. For the calculations in the Brillouin Region, 14x14x14 k points clusters were selected. 0.02 Ry smearing parameter was 

used in the calculations. In the phonon distribution curve analysis, 4x4x4 q-points were used by using Monkhorst and Pack 

technique [15]. The dynamic properties of the Li3Pb compound have been investigated from the self-consistent solutions of 

Khon-Sham  equations [16]. 

Table 1. The total energies in the ground states for equilibrium of Li3Pb with various cutoff energies.  

Ecut (Ry) 10 30 50 70 80 

Etot  (Ry) -8.9868 -9.02023 -9.02025 -9.02025 -9.02025 

3. Results and Discussion 

In this study, firstly the structural properties of Li3Pb binary intermetallic compound were investigated. Li3Pb is in B1 phase 

and in cubic structure with Fm3m (225) space group [7]. The crystal structure and positions of atoms in a unit cell of Li3Pb 

compound is shown in Figure 1. The compound Li3Pb contains four atoms in its molecule and its unit cell composed of one 

molecule. The change in the total energy according to the volume was calculated by fitting the values to Birch Murnaghan 

equation. The Birch Murnaghan equation can be seen in Eq. (1). The Energy versus volume graph of Li3Pb compound is plotted 

and displayed in Figure 2. After fit process we have obtained the lattice constant (a), bulk modulus (B0) and bulk modulus 

pressure (
'

0B ) of the Li3Pb compound. 

 

Figure 1. Crystal structure of Li3Pb compound [16]. 
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Figure 2. Energy volume of Li3Pb compound.  

 E(V) is the total energy as a function of volume, E0 and V0 are the equilibrium energy and volume values, respectively. The 

lattice constant, bulk modulus and pressure derivative values of the bulk modulus are given in Table 2. The lattice constant and 

bulk modulus obtained from the calculations were compared with the theoretical and experimental results. It is seen that our 

results are in a good agreement with the literature. The pressure variant of the bulk modulus of Li3Pb compound was calculated 

for the first time in this study. 

Table 2. The calculated lattice constant (a),  bulk modulus (B0) and bulk modulus pressure (

'

0B
). 

 a (Å) B0 (GPa) '

0B
 

This work* 6.375 21.50 3.647 

Ref 6 6.697 25.50  

Ref 11 6.687   

 

The electronic properties of Li3Pb compounds were investigated by obtaining the electronic band structure and the total 

density of states graphs of Li3Pb compound. The electronic band structure of the Li3Pb compound was formed using the 

calculated lattice constants. The energy band diagram along the high symmetry points in the first Brillouin Region is shown in 

Figure 3. The result of total density of states is plotted for Li3Pb compound in Figure 4. From both graphs it is seen that there is 

no forbidden energy band gap at Fermi level. That is, the valance and conduction bands coincide at the Fermi level. It can be said 

that Li3Pb compound has a metalic property.  

 

Figure 3. Band structure of Li3Pb compound. 
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Figure 4. Total density of states of Li3Pb compound.  

Since there are four atoms in the unit cell of the Li3Pb compound, there are twelve phonon branches. Three of the twelve 

phonon branches are acoustic and nine are optical branches. Figure 5 and Figure 6 show the phonon distribution curve and 

phonon density of states, respectively. All phonon branches of Li3Pb compound have positive frequency values and from these 

graphs it is noticed that Li3Pb have stable dynamic structure. 

 

Figure 5. Phonon distribution curve and cross-section of Li3Pb compound. 
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Figure 6. Calculated phonon DOS of Li3Pb. 

Since the mass ratio of the atoms forming the compound is as high as  (mPb/mLi) = 29.86, there is a large gap between the 

optical and acoustic modes. Degeneration is mostly in transverse optical and transverse acoustic modes. The frequency values of 

transverse and longitudinal acoustic and optical modes for high symmetry points such as Γ, X, L, K, W and U high symmetry 

points are given in cm-1 units.  

Since there is no theoretical or experimental data to compare the values of the phonon distribution curve and phonon density 

of states values of Li3Pb compound, the results which are found in this study could not have been compared but, these results are 

thought to be beneficial for future studies. 

4. Conclusion 

We have performed a first principles study in order to determine the structural, electronic and dynamic properties of Li3Pb. 

First we have obtained the total energy values as a function of volume. Fitting the total energy values to the Birch Murnaghan 

equation, we have examined lattice parameter, bulk modulus and bulk modulus derivation. The electronic band structure and the 

density of states calculations show that the Li3Pb is in metalic structure. The electronic band structure is in close agreement with 

experimental and theoretical results. Next, we have studied the dynamic properties of Li3Pb and we have calculated the 

frequency values of transverse and longitudinal acustic and optic modes frequency values and we have also obtained phonon 

density of states structure of Li3Pb crystal. From those phonon calculations, we have show that Li3Pb has a stable dynamic 

structure. It is believed that this study will be useful for further investigations of researchers on Li3Pb compound. 

References 

[1] Y. M. Sun, X. L. Hu, W. Lou, and  Y. H. Huang, “Ultrafine MoO 2 nanoparticles embedded in a carbon matrix as a high-

capacity and long-life anode for lithium-ion batteries”, Journal of Material Chemistry, 22, pp. 425-431, 2012.  

[2] S. W. Ko, J. J. Lee, H. S. Yang,  S. J. Park, and U. Jeong, “Mesoporous CuO particles threaded with CNTs for high‐

performance lithium‐ion battery anodes”, Advanced Materials, 24, pp. 4451-4456, 2012. 

[3]  S. A. Needham, G. X.  Wang, and H. K. Liu,” Synthesis of NiO nanotubes for use as negative electrodes in lithium ion 

batteries”, Journal of Power Sources, 159, pp. 254-257, 2006.  

[4]  Y, İşler, “Performance Analysis of Storage, Grid Connected Hybrid Photovoltaic System,” International Scientific and 

Vocational Studies Journal , 2 (2) , 118-124, 2018. 



36 

 

[5]  J. O. Besenhard, J. Yang, and M. Winter,” Will advanced lithium-alloy anodes have a chance in lithium-ion batteries?”,  

Journal Power Sources, 68(1), pp. 87-90, 1997.  

[6]  M. Martos, J. Morales, and L. Sanchez,” Lead-based systems as suitable anode materials for Li-ion batteries”, 

Electrochimica Acta, 48, pp. 615-621, 2003.  

[7]  A. Zalkin, and W. J. Ramsey, “Intermetallic Compounds between Lithium and Lead. I. The Structures of Li3Pb and 

Li7Pb2”., The Journal of Physical Chemistry, 60, pp. 234-236, 1956.  

[8] N. F. M. Henry, and K. Lonsdale, “International tables for X- ray crystallogrophy”, by The Kynoch Press, Birminghan, 

England, 1952. 

[9] S. M. Wood, and Ph.D. Thesis,  “Studies of Potential Anode Materials for Lithium–Ion Batteries”, The University of 

Texas at Austin, 2016.  

[10] D. Wang, K. Wu, L. Ren, J.  Shou, J. Shui, R. Ma, X. Lin, N. Long, Y. Ren,  and J. Shu, “Facile fabrication of Pb (NO3) 

2/C as advanced anode material and its lithium storage mechanism”, Electrochimica Acta, 120, pp. 110-121, 2014.  

[11] S. Terlicka, A. Dębski, and W. Gąsior, “Thermodynamic properties of Li-Pb system”, Journal of Molecular Liquids, 

249, pp. 66-72, 2018.  

[12] C. Zhou, C. Guo, C. Li, and Z. Du, “Thermodynamic optimization of the Li–Pb system aided by first-principles 

calculations”,  Journal of Nuclear Materials, 477,  2016 pp. 95-101, 2016.  

[13] S. Baroni, A. D. Corso, S. de Gironcoli, P. Giannozzi, C. Cavazzoni,  G. Ballabio,  S. Scandolo, G. Chiarotti,  P. Focher,  

A. Pasquarello, K. Laasonen, A. Trave, R. Car, N. Marzari, and A. Kokalj, Quantum Espresso package, 2005. www.quantum-

espresso.org/  

[14] P. J. Perdew,  K. Burke, and M. Ernzerhof, “Generalized Gradient Approximation Made Simple”,  Physical Review 

Letters, 77, pp. 3865-3868, 1996.  

[15] H. J. Monkhorst, and J. D. Pack, “Special points for Brillouin-zone integrations”, Physical Review B, 13, pp. 5188-5192, 

1976. 

[16] W. Kohn, and L. J. Sham, “Self-consistent equations including exchange and correlation effects”, Physical Review, 140, 

pp. 1133-1138, 1965. 

[17] A. Kokalj, “XCrySDen—a new program for displaying crystalline structures and electron densities”, Journal of 

Molecular Graphics and Modelling, 17, pp. 176-179, 1999.  


