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Exploring electron-energetic properties of composite films based on
graphene, LiTi,(PO4); and Li;V,(PO,); by first-principle methods
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By the density functional theory method, supercells of composite films based on graphene, lithium-titanium
phosphate and vanadium-lithium phosphate with different types of stacking were constructed. It was found that the
mutual arrangement of the components significantly affects the electron-energy parameters of these structures. The
obtained results contribute to solving the experimental problem of improving the performance and energy efficiency
of lithium-ion batteries, in which the considered structures can be used as cathodes.
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Introduction

One of the relevant scientific challenges in the power
field is a search for and development of new effective and
durable materials that can act as electrodes for chemical
current sources. Lithium-vanadium phosphate Li3V,(POy)3
(LVP) is a promising cathode material for fast-charging ac-
cumulators [1,2]. Lithium-titanium phosphate LiTi(POy4)3
(LTP) is a good base for solid-phase accumulator elec-
trolyte [3], and at the same time it can act as an anode
material [4] or an additive to the cathode material with
LVP for monitoring side processes [5]. Rhombohedral
LTP and monoclinic LVP belong to a NASICON group
of superionic conductors and their structural specific fea-
tures facilitate easy diffusion of lithium ions [3]. It is
reported that the lithium-ion accumulators, in which LTP
and LVP act as the anode and the cathode, respectively,
maintain high charge/discharge rates and performance of
their components as well as demonstrate high cyclic stability
even at low temperatures [6,7). However, LTP and LVP
have low conductivity and lose mechanical stability during
charging/discharging. Covering particles of these materials
with a carbon coating or formation of other LTP or LVP
electrode composites with particles of carbon nanomaterials
contributes to an increase of electron conduction and
mechanical strength of the electrode [8,9]. At the same
time, we still do not investigate an issue of interaction
of phosphates between each other and with nanocarbon
structures at an atomic level, in particular, these structures
are not investigated by quantum-chemical methods. The
present study is aimed at ab initio constructing atomic
supercells based on graphene lithium-titanium phosphate
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graphene, lithium titanium phosphate, vanadium lithium phosphate, quantum capacitance, surface

and vanadium-lithium phosphate as well as estimating their
electron-energy parameters: formation energy, a Fermi level,
a density of electron states, quantum capacitance and a
surface charge density.

1. Research methods

The studied structures were atomistically simulated by
a DFT method (Density Functional Theory) as part of
the gradient approximation (GGA) with the exchange and
correlation functional in the PBE version [10] in the Siesta
software package [11]. Dispersion interactions were taken
into account by the Grimme correction DFT-D2 [12]. The
Li, P, V atoms were simulated in the DZP basis, while
the O and C atoms were simulated in the lightweight DZ
basis. This is due to the fact that taking into account
polarization orbitals by the DZP basis for the O and C
atoms contributes only 4 % to the total charge of the atoms,
while for the atoms Li, Ti, P, V this accounting contributes
already about 25% to the total charge. Integration over the
irreducible part of the Brillouin zone was performed by a
Monkhorst-Pack method on grids of k-points 12 x 12 x 1
for 2D-films. Convergence with respect to a force affecting
the atom did not exceed 0.05 eV/A. The density of electronic
states (DOS) was plotted based on the eigenvalue matrix
obtained by solving the stationary Schrodinger equation.
When constructing the DOS, Gaussian distributions with a
broadening of 0.05 were used.

Energy of formation of the composite between graphene,
lithium-titanium phosphate and vanadium-lithium phosphate
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was calculated by a classic formula:
Eb(G/LTP/LVP) =E(G/LTP/LVP) — E(G) — E(LTP)
—E(LVP),

where E(G/LTP/LVP) is full energy of the composite, E(G),
E(LVP) and E(LTP) are full energies of graphene, lithium
titanate and lithium-vanadium oxide in an isolated state,
respectively.

The DFT method in an approximation of localized
molecular orbitals implies that basis functions are atom-
centered. It means that a number of electrons belonging
to the this atom can be found by summing all the basis
functions. According to the Mulliken formula, the charge
on the atom A can be found by the formula

qa =2Zs — Z”GA(PS)IJIJ’

where Z4 is an atomic charge of a nucleus, P is a density
matrix, S is an overlap matrix, ¢ is a atomic orbital basis
index [13].

Quantum capacitance (often referred to as ,.differential
quantum capacitance”), [F/g] for a stationary structure
depending on the applied voltage u, [V], corresponding to
the Fermi level shift Er can be obtained based on the DOS
graph [14]:

+oo

/ D(E)Fy (E - p)dE.

— 00
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where S is an area of the structure surface, [cm?], D is an
area under the DOS graph in the considered energy range,
[eV~!l.eV], ¢ — the elementary charge, [C], Fr(E) is a
thermal broadening function, [eV~!]. The differential quan-
tum capacitance reflects variation of the accumulated charge
taking into account an applied potential corresponding to the
Fermi level. As proposed by S. Luriy, in the chemical current
sources with low-dimensional structures as electrodes, the
quantum capacitance limits full capacitance of the structure
Cr along with geometrical capacitance Cp [15]:

111
Cr C3f " Cp’
The surface charge density (C/g) can be found as an
integral of a curve of differential quantum capacitance:

1%
0= / CiMdy.
0

It is important to calculate the surface charge density for
predicting an electrode type in one electrolyte or another.
A criterion of determining the electrode type is a ration
of absolute values of the maximum surface charge density
at negative voltage (o0,) to the maximum surface charge
density at positive voltage (o}, ) within a range of electrolyte’s

working potentials. If 6,/0, > 1.05, then the materials is
more suitable for the anode, if o,/0, < 0.95, it is more
suitable for the cathode, and when 0.95 < 6,/0;, < 1.05,
the material is a symmetrical electrode [7].

2. Results

The present study has considered the supercells of the
2D-films of the composites based on graphene (G), LTP
and LVP, whose designations correspond to a sequence
of their layout: LTP/G/LVP, LVP/LTP/G and LTP/LVP/G
(Fig. 1). Table 1 shows optimal translation vectors L, and
L, both for the produced 2D-films of the composites as
well as their isolated components (the translation vector
along the axis perpendicular to the film plane, L,, was
pre-defined to be 100A in order to exclude interlayer
interaction after translation) as well as the coefficients of
compression/tension of the translation vectors in relation to
the isolated state (&, and e,). As it is clear from Table 1,
the greatest deformations belong to graphene, which is
tensioned along a zigzag direction by 12.87 %—13.09 %.
Sizes of the LVP cell vary within the range 0.23 %—1.89 %,
whereas sizes of the LTP cell remain almost unchanged.
We note that all the considered composites are formed with
energy release. The highest formation energy corresponds
to the LTP/LVP/G 2D-film (—7.02¢V), while the least one

LTP/G/LVP LTP/LVP/G

LVP/LTP/G
2. § C

LVP=0.08¢ LVP=1.06e LVP=0.97¢
LTP=-0.13¢ LTP=-1.20e = LTP=-1.00e
G =0.05¢ G=0.14e G=0.03¢

Figure 1. Atomic supercells of the composites LTP/G/LVP,

LVP/LTP/G and LTP/LVP/G as well charge distribution on atoms.

Technical Physics, 2026, Vol. 71, No. 1
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Table 1. Boundary conditions of the 2D-films of the composites based on graphene, lithium-titanium phosphate and vanadium-lithium

phosphate as well as coefficients of compression/tension of translation vectors in relation to the isolated state

Structure L., A Ly, A & (Gr), % & (Gr), % & (LTP), % & (LTP), % & (LVP), % & (LVP), %
Graphene 7.38 8.52

LTP 8.49 8.59

LVP 8.63 8.62
LTP/G/LVP 8.48 8.59 12.97 0.82 0.12 0.00 1.74 0.35
LVP/LTP/G 8.49 8.60 13.09 0.93 0.00 0.12 1.65 0.23
LTP/LVP/G 847 8.57 12.87 0.58 0.24 0.23 1.89 0.58

corresponds to the LTP/G/LVP film (—0.19¢V). Energy of = Table 2.  Redistribution of the charge on the atoms and

formation of LVP/LTP/G is(—4.83 ¢V).

Redistribution of an absolute charge in the produced 2D-
films significantly varies depending on the layout (Fig. 1). In
the LTP/G/LVP composite, the components remain almost
electroneutral: the total charge on the graphene atoms is
0.05e, and it is 0.08¢ on the LVP atoms and —0.13e on
the LTP atoms. It can be concluded that in the LTP/G/LVP
system a graphene sheet prevents charge exchange between
LTP and LVP. Thus, interaction of the components in this
system is the least, thereby explaining the low formation
energy. In the cases of LVP/LTP/G and LTP/LVP/G, the
main charge transfer occurs between phosphates. The
maximum charge transfer is observed in the case when a
central component of the system is the LTP cell: in this case
the LVP cell accepts the charge of 1.06e and the graphene
cell accepts the charge of 0.14e. When there is the LVP cell
between graphene and LTP, LTP acts as a charge donor, but
the total charge imparted to the adjacent system components
is —le. Total redistribution of the charge per the system
atom types is shown in Table 2. As it is clear from Table,
the atoms of phosphorous and oxygen expectedly act as the
charge donors. At the same time, the largest charge is lost
by oxygen atoms from the LTP cell painted in various red
shades at a lower part of Fig. 1.

The graphs of the DOS and the partial DOS are shown
in Fig. 2. All the obtained Fermi levels of the considered
structures are within a range of the Fermi levels of the
components (Table 3). The least Fermi level corresponds
to the LTP/G/LVP system (—6.11¢eV), while for the other
structures the Fermi level is shifted to the right. The DOS
graphs for all the structures are similar and different only
by diversity of the peaks to the right of the Fermi level
(Fig. 3,a). Each structure at the Fermi level exhibits a peak
of the value of about 40eV~!, which is mainly contributed
by d-orbitals of vanadium. An energy gap to the left of the
Fermi level is closed by a contribution by the partial DOSes
of carbon atoms.

Fig. 3,b shows dependences of differential quantum
capacitance on the applied voltage for the film compos-
ites LVP/G/LTP, G/LVP/LTP and G/LTP/LVP. The largest

Technical Physics, 2026, Vol. 71, No. 1

the components of the 2D-films LTP/Gr/LVP, LVP/LTP/Gr and

LTP/LVP/Gr

Charge, ¢
Atom
LTP/G/LVP LVP/LTP/G LTP/LVP/G
Li 13.57 13.68 13.67
Ti 1232 12.47 12.56
C 0.05 0.14 0.03
P =5.77 —6.03 —6.19
\Y% 8.52 8.47 838
(0] —28.69 —28.47 —28.46

value of quantum capacitance at OV is observed for the
LTP/G/LVP composite (1161.35F/g), so is the least one for
the LVP/LTP/G composite (1022.17 F/g). All the considered
structures are characterized by sharp reduction of quantum
capacitance when voltage decreases from 0 to —0.3 V. It is
clearly seen in Fig. 3, ¢ that the graphs of the surface charge
density in a dependence on the applied voltage are almost
the same. Analyzing the values of the surface charge density
in the ranges of the electrolytes working potentials as
exemplified by the aqueous and non-aqueous liquid systems,
it can be concluded that all the composites considered in the
study are pronounced cathodes (o, /0, < 0.95) (Table 4).

Conclusion

We have ab initio optimized the supercells of the
composite 2D-films based on graphene, lithium-titanium
phosphate and vanadium-lithium phosphate with various
packaging types. It is found that the most energetically
profitable is synthesis of the LTP/LVP/G structure: its
formation results in release of a heat amount of —7.02¢eV.
It is explained by the most noticeable redistribution of
the charge between the phases inside the composite: the
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Figure 2. Graphs of the DOSes and the partial DOSes for the composites: @ — LVP/G/LTP; b — G/LVP/LTO; ¢ — G/LTP/LVP.
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Figure 3. Electron-energy characteristics of the composites LVP/G/LTP, G/LVP/LTP and G/LTP/LVP: a — the DOS; b — the differential

quantum capacitance; ¢ — the surface charge density.

Table 3. Electron-energy characteristics of the 2D-films based on graphene, lithium-titanium phosphate and lithium-vanadium phosphate

as well as their components separately

Structure Fermi level, eV Bonding energy, eV DOS (Fermi level), eV ™! C3™(Fermi level), F/g
Graphene —4.54 0.00 0.00
LTP —7.35 0.00 0.00
LVP —5.15 69.73 3505.13
LTP/G/LVP —6.11 —0.19 46.58 1161.35
LVP/LTP/G —5.39 —4.83 38.62 1022.17
LTP/LVP/G —5.59 —7.02 36.95 951.63

LTP cell acts as a charge acceptor and accepts —1.20e
received from the LVP cell (1.06e) and the graphene cell
(0.14e). The least redistribution of the charge and formation
energy corresponds to the LTP/G/LVP composite, since in
this system the graphene cell is between phosphates and
prevents their active interaction.

The largest quantum capacitance at the Fermi level is
demonstrated by the LTP/G/LVP composite (1161.35F/g),

so is the slightly lower one by LVP/LTP/G (1022.17 F/g),
and so is the least one by LTP/LVP/G (951.63F/g). At
the same time, transformation of the quantum capacitance
curve is the same for all the composites: when voltage
decreases from 0 to —2'V the values of quantum capacitance
sharply decrease; when voltage increases from 0 to 3V
they decrease not so much. The dependence of the surface
charge density was analyzed to show that the considered

Technical Physics, 2026, Vol. 71, No. 1
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Table 4. Maximum values of the surface charge density of the composites LVP/G/LTP, G/LVP/LTP and G/LTP/LVP in the ranges of the

electrolytes working potentials

Aqueous medium (—0.6; 0.6 V) Non-aqueous medium* (—1.2; 1.2V)
Composite
0.4, Clg oy, Clg 0a/0p Electrode 0.4, Clg oy, Clg 04/0p Electrode
LTP/G/LVP 166.81 616.44 0.27 Cathode 189.19 927.37 0.20 Cathode
LVP/LTP/G 146.83 530.67 0.28 Cathode 174.13 890.75 0.19 Cathode
LTP/LVP/G 136.34 613.26 0.22 Cathode 150.15 971.67 0.15 Cathode

Note. * The non-aqueous medium is understood to be any liquid electrolyte that is applied or considered for application in the lithium-ion accumulators
and is either a lithium salt solution (LiPF6, LiBF4, LiClO4, etc.) in a mixture of organic solvents or an ionic liquid. The main difference from the aqueous

medium is an extended range of potentials of oxidation-reduction stability.

composites were cathodes, if electrolytes are both aqueous
as well as non-aqueous liquid systems.

It is found that the total Fermi level varies in a
dependence on a sequence of ,packaging“ of the three
phases. The said packaging can be correlated to formation
of core-shell structures and contact of an external shell
with the third phase. The higher Fermi level among
the considered options for the LVP/LTP/G sequence
(—5.39¢V) shall correspond to improvement of conditions
for transferring an electron from the composite to a current
collector, i.e. to its oxidation. The lowest Fermi level for
the LTP/G/LVP sequence (—6.11eV) corresponds to the
largest difficulties of oxidation. The next important stage
of the study is to trace a pattern of variation of the Fermi
level and quantum capacitance when extracting lithium
from the variously-packaged composites. Such calculations
can initiate experiments of comparing properties of the
three-phase composites with a variously-packaged order.
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