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The search for new cheap materials for sodium-ion batteries is very important for theo-
retical research and practical application. In this paper, the applicability of the mineral
Humboldtine as an anode material in sodium-ion batteries is discussed. Using molecu-
lar modeling based on DFT, as implemented in the QUANTUM ESPRESSO computing
package, the electrochemical activity of Humboldtine intercalated with a Sodium atom is
estimated, as well as a change in the band gap width depending on dehydration, and then
intercalation of Sodium into Humboldtine. The electrochemical parameters obtained ear-
lier for Lithium intercalation, such as adsorption energy and Open Circuit Voltage(OCV ),
are also compared with the values obtained in this work on the intercalation of Humbold-
tine with Sodium. The analysis shows that in the case when water is removed from the
Humboldtine structure, the value of the band gap changes from 2.05 eV to 0.63 eV .
Further, as a result of intercalation of dehydrated Humboldtine with a Sodium atom, the
value increases to 1.18 eV . The electrochemical parameters calculated for Humboldtine
intercalated with a Sodium atom were equal to Eads = -2.35 eV and OCV = 1.22 V , re-
spectively. The results show that the voltage of the Na-ion battery was less than that of
the lithium-ion battery, and it is better to use a lower voltage for the anodes.
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1 INTRODUCTION

1.1 Background

Lithium-ion batteries have been widely used recently and represent the most massive
chemical current source. The need for them is growing day by day, but certain problems
are also associated with this growth: the high cost of lithium salts, limited world reserves
of the metal and the heterogeneity of the distribution of minerals containing it on Earth.
To overcome these difficulties, researchers are trying to create an alternative technology
for sodium-ion batteries. It is assumed that it will be able to displace not only lithium-ion,
but also lead-acid batteries.

Sodium is the sixth most common element in the earth’s crust, the price of salts of which is
about 100 times lower than lithium. These elements are located in the same group of alkali
metals, and their properties are somewhat similar. However, due to some differences in
chemical properties, it is necessary to look for special approaches to replace lithium with
sodium.

The main problem of sodium-ion batteries is the anode. If graphite is successfully used
in lithium analogues, then it is not suitable for sodium ones due to the fact that the sizes
of carbon hexagons and sodium cation do not correspond to each other and intercalation
of ions into the graphite lattice does not occur. Alternatively, some minerals such as
Humboldtine can be used in such a system.

Figure 1. Natural Humboldtin(https://rruff.info/Humboldtine/R170002)

https://rruff.info/Humboldtine/R170002
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Humboldtine (Fig.1) is not only an important synthetic intermediate, but also a key build-
ing block for the production of various modern materials. Humboldtine is an iron oxalate.
There are two types of humboldtine. In the orthorhombic phase, β−FeC2O4 ·2H2O and
monoclinic phase α− FeC2O4 ·2H2O (Fig.2) [1].

This material is distinguished by photocatalytic activity and high proton conductivity (1.3
mS ·cm−1) [2].

Until recently, Humboldtine has been mainly used as an inexpensive material for photo-
catalytic applications [3, 4].

This mineral has also found application in the "green" economy, thanks to the extraordi-
nary photocatalytic and Fenton activity, it is possible to use Humboldtine in wastewater
treatment [5].

Figure 2. Types of Humboldtine(iron oxalate(II))

Humboldtine is also a promising material for the production of an anode for Sodium-ion
batteries, because, as described in [6, 7], its properties can be flexibly changed. For in-
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stance, Zhang et al. [7] synthesized Humboldtine by a solvothermal methal and showed
that by controlling the temperature of the solvent, not only the crystal structure changes,
but also the morphology and particle size vary, which allows manipulating parameters of
the source material that affects the properties of the lithium anode. In a second work,
Zhang et al. [6], reported the possibility of obtaining multilayer materials from Humbold-
tine with different crystal water through sintering. These articles show that humboldtine
is available not only as a natural mineral, but that there are already ways to synthesize this
material in the laboratory.

More recently, scientists have begun to discuss the applicability a natural compound of
iron oxalate dihydrate (FOD) (FeC2O4 · 2H2O) as an anode material in Lithium-ion bat-
teries.

Based on molecular simulations, it was found out that iron oxalate is a promising anode
material with high electrochemical stability. It was also found that completely dehydrated
iron oxalate is a more preferable material for the anode, since it has a 20 percent higher
theoretical capacity Li intercalation and a lower voltage compared to its hydrated or par-
tially hydrated analog [8].

These studies were carried out for casting, as for sodium, there have not yet been extensive
studies on its intercolation into humboldtin, thus, after conducting molecular modeling on
the intercalation of Humboldtine with Sodium and obtaining correlating results presented
in the article for the intercalation of Humboldtine with Lithium [8], it will be possible to
assume that Humboldtine is possible to use as an inexpensive anode for Lithium-ion and
Sodium-ion batteries.

Thus, we get that there is a natural material that is often found in the earth’s crust. It has
high electrochemical stability, photocatalytic and Fenton activity. The material for which
it is possible to create different modifications, and most importantly the possibility of
artificial synthesis, for example from from hematite and oxalic acid [9]. All these things
make Humboldtine a promising material for use as an anode for Sodium-ion batteries.

1.2 Objectives and delimitations

The goals set in this work were as follows :

1) Since there is small amount of information on the electronic structure of Humboldtine,
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The purpose of this work is to determine the electronic structure by using the density func-
tional theory with a plane wave basis using the PWscf software package of QUANTUM
ESPRESSO .

2) Plot the Band structures of hydrated and non-hydrated Humboldtine.

3)Plot DOS profiles for two variants of Humboldtine.

4)Conduct a simulation for the intercalation of Sodium into this system.

5) Optimize the geometry of Sodium intercalated system.

6) Plot the Band structures for Sodium Intercalated Humboldtine.

7)Plot DOS profiles for Humboldtine intercalated with Sodium.

8) Calculate the adsorption energy and open circuit voltage (OCV ) for the resulting sys-
tem.

9) Compare the results with those available for calculations with Lithium.

1.3 Structure of the thesis

Chapter 1 provides a brief introduction to the problem of modern Lithium-ion batteries.
Subsection

Subsection 1.1 explains the relevance of Humboldtine research as a potential material for
the anode of sodium-ion batteries.

Subsection 1.2 describes the main tasks defined in this work .

Chapter 2 describes the algorithms used for calculations, namely DFT.

Subsection 2.1 describes the Schrödinger equation.

Subsection 2.2 describes the basic mathematical theorems put forward by Hohenberg,
Kohn and Sham.
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Subsection 2.3 explains about the exchange-correlation functional. Finding it is the key
to solving the Kohn-Sham equation.

Subsection 2.4 describes the concept of plane waves, which are needed to decompose
wave functions into the Kohn-Sham equation.

Subsection 2.5 explains the method of smoothing discontinuous functions that are needed
for special cases of DFT, for example for metals.

Subsection 2.6 explains the dimension of the basic set of plane waves involved in the
decomposition of wave functions, it is determined by the value of the Ecut energy, called
the cutoff energy.

Subsection 2.7 explains that the pseudopotential replaces the electron density of the se-
lected set of electrons of the inner shells with a smoothed density, which simplifies calcu-
lations.

Subsection 2.8 explains why the convergence criterion is needed in the self-consistent
field method.

Subsection 2.9 describes the capabilities of the QUANTUM ESPRESSO computing pack-
age

Chapter 3 describes the simulation.

Subsection 3.1 describes which sources were used in the calculation. What pseudo-
potentials were taken. Shows a graphical representation of the structures used.

Subsection 3.2 describes which methods improved the quality of calculations. It explains
what a convergence test is.

Subsection 3.3 describes the course of the experiment.

subsection 3.4 describes the results obtained as a result of molecular simulation, charac-
terized by the values of Band Gap, Eads, as well as OCV .

Chapter 4 describes the results obtained as a result of molecular simulation, based on the
data obtained, conclusions are drawn on the work done, as well as assumptions are made
for further research.
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2 PROPOSED METHODS

2.1 Algorithms

2.1.1 Schrödinger equation

Density functional theory is a method for calculating the electronic structure of systems of
many particles (molecules or crystals). The method is based on quantum mechanical con-
cepts. To describe the system under consideration, it is necessary to solve the Schrödinger
equation for it:

Ĥϕ(r1, ..., rN , R1, ..., RM) = Eϕ(r1, ..., rN , R1, ..., RM) (1)

where Ĥ is the Hamiltonian of the system, ϕ is the wave function of the system, (r1, ..., rN)
are the radius vectors of electrons,(R1, ..., RM) are the radius vectors of atomic nuclei, and
E is the total energy of the ground state of the system.

(2)

where M is the number of cores in the system, mnucl
i is the mass of the i-th nucleus, N

- quantity electrons, me is the electron mass, Zie- charge i-th core.The five terms rep-
resent the kinetic energy of the nuclei, the kinetic energy electrons, interaction energy
of nuclei, interaction energy electrons, the energy of interaction of electrons with nuclei,
respectively.

Since the mass of the proton and neutron exceeds the mass of the electron in approxi-
mately 1800 times, electrons respond much faster to changes in their environment. As a
result, we can solve the Schrödinger equation only for electrons, with fixed positions of
atomic nuclei. In this case, the Schrödinger equation is said to be solved in the approxi-
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mation Born-Oppenheimer. It simplifies to the following form:

Ĥψ(r1, ..., rN) = Eψ(r1, ..., rN) (3)

where r1, ..., rN is the electron wave function, E is the energy of the ground state of
electrons. The Hamiltonian has the form:

(4)

wave function ψ can be approximated by the product of one-electron wave functions,

ψ(r1, ..., rN) = ψ1(r1) · ψ2(r2) · ... · ψN(rN) (5)

This representation of the wave function is called the Hartree product. Since the wave
function depends on the set of coordinates (3N), solving the Schrödinger equation directly
is very difficult or impossible for real systems.

In density functional theory, electron density plays the main role:

n(r) = 2
∑
i

ψi(r)ψ
∗
i (r) (6)

Here we sum up the squares of the modules of the wave functions of all single-electron
states, each of which is occupied by two electrons with opposite spin projections.

2.1.2 Hohenberg-Kohn theorems and Kohn-Sham equations

The density functional theory is based on two important mathematical theorems proved
by Kohn and Hohenberg, and the Kohn-Sham equations [10, 11]. The main idea of
the Hohenberg-Kohn theorem is that the properties of the ground state of a system are
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uniquely determined by its electron density n(r).

This means that the ground state energy is a function of the electron density: E = E[n(r)],
and also that there is an unambiguous correspondence between the ground state wave
function ψ and the electron density n(r). This means that it is possible to solve the
Schrödinger equation by finding the wave function ψ of 3N variables and the electron
density n(r) depending on only three variables. However, the first theorem says nothing
about the form or properties of the functional E = E[n(r)].

The second theorem tells us that the electron density at which the functional E[n(r)]
reaches a minimum, is the electron density of the ground state. Unfortunately, the exact
form of the functional is still not known, so various approximations and tricks are used.

The functional can be represented in terms of one-electron wave functions, since they are
connected by an unambiguous correspondence with the electron density. Let’s write it
down as known

E[ψi] = Eknow[ψi] + EXC [ψi] (7)

where the functional consists of a known part Eknow[ψi], which we can write in a simple
analytical form, and EXC [ψi] the exchange-correlation functional.

The known part consists of four terms:

(8)

,where V (r) is the Coulomb potential of the nuclei. These terms, from left to right,
represent the kinetic energy of electrons, the energy of the Coulomb interaction between
nuclei and electrons, the Coulomb energy interactions between electrons and the Coulomb
interaction energy of nuclei.

The second term in the full energy functional, EXC [ψi], is an exchange-correlation func-
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tional and includes all quantum mechanical effects that are not taken into account in the
"known" part.

The wave functions minimizing the energy functional are found from the Kohn-Sham
equations:

[− h̄2

2m
∇2 + V (r) + VH(r) + VXC(r)]ψi(r) = ϵiψi(r) (9)

In contrast to equation (5), the solutions of the Kohn-Sham equations are single-electron
wave functions that depend only on three spatial coordinates. In the left part of the equa-
tions there are potentials V , VH , VXC . The first of them also appeared in the complete
equation Schrödinger (5) and in the "known" part of the functional (7). This potential de-
scribes the energy of interaction between an electron and all nuclei. The second potential
is called the Hartree potential and has the form:

VH(r) = e2
∫

n(r
′
)

|r − r′|
d3r

′
(10)

This potential describes the Coulomb repulsion between the electron considered in one
of the Kohn-Sham equations and the electron density created by all the electrons of the
system. The Hartree potential includes the so-called contribution of self-action, because
the electron, which is described in this Kohn-Sham equation, also contributes to the elec-
tron density, and because of this, part of VH is the energy of the interaction of the electron
with itself. This self-action is not physical, and this effect is among those that are taken
into account by the third potential – exchange potential- VXC correlations. VXC can be
formally defined as a functional derivative of the exchange-correlation energy EXC(r) by
electron density n(r):

VXC(r) =
δEXC(r)

δn(r)
(11)

So, to solve the Kohn-Sham equations, it is necessary to determine the Hartree potential,
and to determine the Hartree potential, it is necessary to know the electron density. The
electron density is found from one-electron wave functions, and they, in turn, are solutions
of the equations Kon-Sham. To break this circle, the problem is solved iteratively using
the following algorithm:
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1. Determine the initial, trial electron density, n(r) .

2. Solve the Kohn-Sham equations with a potential determined using a trial electron
density and find one-electron wave functions ψi(r).

3. Calculate the electron density using the obtained solutions of the Kohn-Sham equa-
tions, nKS(r) = 2

∑
i ψi(r)ψ

∗
i (r)

4. Compare the calculated electron density, nKS(r), with a trial electron density,n(r) . If
they coincide (with some accuracy), then this is the desired ground state electron density,
which can be used to calculate the total energy. If they are different, the test electron
density must be changed in a certain way. After that, the process starts again with the
second step.

The purpose of this algorithm is to obtain a self-consistent solution of the Kohn-Sham
equations.

2.1.3 Exchange-correlation functionality

The results of Hohenberg, Kohn and Sham clearly demonstrate that the desired ground
state can be found by minimizing the energy functional, and this result can be achieved by
finding a self-consistent solution to a set of one-particle equations. There is one difficulty
in the proposed algorithm – to solve this equation (the Kohn-Sham Equation), it is neces-
sary to find an exchange-correlation functional, EXC [ψi]. The Hohenberg-Kohn theorem
guarantees the existence of this functional, but its exact form is unknown. A homogeneous
electron gas allows us to find an approximation for the exchange-correlation functional,
since for a homogeneous electron gas it can be derived exactly. The approximation is that
the exchange-correlation potential VXC at each point is given by the potential value for a
homogeneous electron gas V electron.gas

XC with the same electron density as at this point:

VXC(r) = V electron.gas
XC [n(r)] (12)

This approximation uses only the local density to determine the exchange-correlation
functional, so it is called the local density approximation (LDA - local density approxi-
mation). The second most well-known approximation uses not only the local electron den-
sity, but also its gradient to determine the exchange-correlation functional, it is called the
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generalized gradient approximation (GGA - generalized gradient approximation). Since
there are many ways to use the local electron density gradient to approximate. There
are many different GGA functionals. The two most widely used in condensed matter
calculations are the Purdue–Wang functional (PW91) [12] and the (PBE) functional [13].

2.1.4 The basis of plane waves

The Kohn-Sham equations are solved by decomposing the wave functions by the ba-
sis. The solution methods are classified according to the choice of this basis. In general
terms, the methods use either spatially localized functions or plane waves as a basis. The
bases of spatially localized functions are used in calculations of the properties of isolated
molecules in quantum chemistry, since their wave functions decrease to zero as they move
away. As a rule, in materials with translational symmetry, plane waves are commonly used
in physical calculations. The crystal structure of the system under consideration is deter-
mined by the assignment of the main translational vectors a1, a2 and a3 of the supercell. A
supercell does not have to be a primitive cell. According to Bloch’s theorem, the solution
of the Schrödinger equation for a periodic system it can be represented as a sum of terms
having the form:

ϕk(r) = exp(ik · r)uk(r) (13)

where uk(r) has the same spatial periodicity as the system: uk(r+n1a1+n2a2+n2a2) =

uk(r) for any integers n1, n2 and n3 . The equation Schrödinger can be solved indepen-
dently for each value of k. This also applies to all quantities expressed in terms of wave
functions, such as electron density. In the calculations of the density functional theory ,it
is often necessary to numerically solve integrals of the form:

Vcell
(2π)3

∫
BZ

g(k)dk (14)

where Vcell is the volume of the cell, and the integral is taken from the Brillouin zone.
Selection method k-grids for computing such integrals were developed by Monkhorst
and Pack in 1976 [14]. It requires you to specify the number of points in the grid along
each vector of the inverse lattice. If M points are used along each direction, it is written
that the calculations are carried out on an M ×M ×M grid of k-points. The presence of
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symmetry greatly simplifies the calculation of integrals, since in this case the integral can
be taken only for that part of the Brillouin zone that can be restored to the full zone using
symmetry operations. This part of it is called the irreducible Brillouin zone. For materials
with high symmetry, such as cubic, this greatly simplifies calculations. In the case of a
face-centered cubic lattice from a grid in 10 × 10 × 10 points a total of 35 points lie in
the irreducible Brillouin zone.

2.1.5 Methods of smoothing discontinuous functions

Numerical methods for calculating integrals give an accurate result faster when the inte-
grand is continuous. In density functional theory calculations, functions are not always
continuous in k-space. The most important example is metals. The Brillouin zone of a
metal can be divided into two parts – one is occupied by electrons, and the other is free.
The surface separating these parts is called the Fermi surface. From the point of view of
calculating integrals in k-space, this causes considerable difficulties, since the integrable
function suffers a discontinuity on the Fermi surface. If you do not take into account the
presence of this gap in any way, you may need a very dense grid of k-points to obtain
sufficient convergence.

Since metals are important materials for studying, methods have been developed to im-
prove the convergence of such integrals. One of them is the tetrahedron method [15]. The
idea of the method is to define a set of k-points representing the vertices of tetrahedra fill-
ing the inverse space, and using interpolation to set the values of the integrable functions
inside each tetrahedron. In the simplest case, it is used linear interpolation. After interpo-
lation, the function has a simple form in the entire k-space and is easily integrated. Bloch
developed a variation of this method with more complex interpolation, and it is currently
the most widely used variation of the tetrahedron method [15].

Another approach to calculating integrals from discontinuous functions is to smooth under
the integral function. For example, the Fermi-Dirac function can be used as a smoothing
function:

f(
k − k0
σ

) = [exp(
k − k0
σ

) + 1]−1 (15)

Figure.3 shows graphs of this function for several values of σ .
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Figure 3. Fermi-Dirac function with k0 = 1 and different values σ .

As σ tends to zero, the Fermi-Dirac function tends to a unit step function with a disconti-
nuity at k = k0.

The idea of the method is to replace all step functions in the integral with smoothed
functions and thus obtain a continuous integral function. It is desirable to obtain the
result of the calculation by extrapolating to the limit σ → 0. One of the widely used
smoothing methods has been developed by Metfessel and Paxton [16]. In their method,
the smoothing function has a more complex form than in the above example, but is still
given by with one parameter σ.

2.1.6 Cutoff energy

According to Bloch’s theorem, the solution of the Schrödinger equation for a supercell
has the form:

ϕk(r) = exp(ik · r)uk(r) (16)
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where uk(r) has the same spatial period as the supercell. Its periodicity means that uk(r)
can be decomposed in a series of plane waves:

uk(r) =
∑
G

cGexp(iG · r) (17)

where the summation goes over all vectors

G = m1b1 +m2b2 +m3b3 (18)

of the inverse lattice. Combining expressions (16) and (17), we get

ϕk(r) =
∑
G

ck+Gexp(i(k +G) · r) (19)

According to the resulting decomposition, in order to obtain the solution of the equation
for a single point in k-space, it is necessary to sum the series over all vectors of the inverse
lattice. But the summable functions have a simple interpretation – they are solutions of
the Schrödinger equation with kinetic energy

E =
h̄2

2m
|k +G|2. (20)

Since solutions with lower energy are physically more important than solutions with high
energy, the summation of the series can be performed up to some cut-off energy:

Ecut =
h̄2

2m
G2

cut. (21)

Then the infinite series will be simplified to a finite sum:

ϕk(r) =
∑

|k+G|<Gcut

ck+Gexp(i(k +G) · r). (22)
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Cutoff energy for wave functions Ecut is another parameter set when calculating the den-
sity functional theory. If the user has not set the cutoff energy value, most computing
packages set the default values.

2.1.7 Pseudopotentials

To account for plane waves having a small wavelength, it is necessary to set a large cut-off
energy. This creates problems, since the electrons of the inner shells, closely connected to
the nucleus, have wave functions with just such short-wave harmonics. From a physical
point of view, these electrons do not play a important role in the formation of chemical
bonds and practically do not affect other physical properties of the material, because these
properties are determined to a large extent by valence electrons. Since the advent of plane
wave methods, it has been known that finding the method of approximately taking into
account the properties of bound electrons will make it possible to reduce the number of
plane waves used in calculations.

The most common approach to reducing computational cost is the use of pseudo–potentials.
The pseudopotential replaces the electron density of the selected set of electrons of the in-
ner shells with a smoothed density selected in such a way as to correctly display the phys-
ical and mathematical properties of a real ion. The electrons of the inner shells, therefore,
do not participate in the calculation, such the approximation is called the frozen core ap-
proximation. There are also methods that take into account all electrons, but they are less
common than methods based on the frozen nucleus approximation. For each chemical
element, a pseudopotential is developed by considering one isolated atom of this element.
The resultant pseudo-potential can be used for any calculations with this element without
the need to make corrections to the pseudo-potential. Modern computing packages, as a
rule, provide libraries of pseudopotentials for all or almost all elements of the periodic
table.

The pseudopotential includes information about the minimum value of the cut-off energy
that should be used in the calculation. There are pseudopotentials that require high cutoff
energy (hard pseudopotentials), or low cutoff energy (soft pseudopotentials). The most
common type of pseudopotentials was developed by Vanderbilt [17], this type requires
the least cutoff energy among others, so it was named USPP (ultrasoft pseudopotential).
One of the disadvantage of USPP is that in order to create a pseudo-potential for each
element, several empirical parameters must be set. Another approach with a frozen core
approximation that avoids some of the disadvantages of USPP is called PAW (projector
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augmented-wave). It was originally developed by Bloch [15], and was later adapted for
calculations with a plane wave basis by Kress and Joubert [18]. They conducted a detailed
comparison of calculations using USPP, PAW and calculations with all electrons. Their
work shows that correctly compiled USPP and PAW methods give almost identical results
in many cases, and that these results are in agreement with the results of calculations with
all electrons.

2.1.8 Convergence criterion in the self-consistent field method

It is inconvenient to compare the calculated electron densities in each iteration of the
method, although this is the most obvious way to check whether a self-consistent solution
has been found. An easier way is to calculate the electronic energy after each iteration and
compare it with the energy obtained in the previous iteration. If the iterations converge to
a certain limit, the difference between the energies obtained in successive iterations will
tend to zero. Thus, integration can be stopped after the difference between the energies
in successive iterations becomes less than some specified threshold. In most computing
packages , the default value for this parameter is defined. For example, in QUANTUM
ESPRESSO it is 10−6Ry = 1.36 · 10−5eV

2.1.9 Types of calculations in QUANTUM ESPRESSO

Four types of calculations were carried out in the work:

• "scf" (self-consistent field) – the usual calculation of the electronic structure for a
given fixed supercell with fixed positions of atoms according to the iterative algo-
rithm of the density functional theory.

• "relax" (relaxation) - structural optimization with a fixed supercell. The forces act-
ing on the atoms in the supercell are minimized. At each iteration of the struc-
tural optimization algorithm, a "scf" calculation is performed. In all calculations in
this paper the quasi-Newtonian BFGS algorithm (the Broiden-Fletcher-Goldfarb-
Shanno algorithm) was used [19–21].

• "vc-relax" (variable-cell relaxation) is a structural optimization with a variable su-
percell. The same as "relax", but the tension in the supercell are also minimized.
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• "bands– calculation of the energies of Kohn-Sham states along a given path with
a given density of points in the Brillouin zone, based on the results of the "scf"
calculation. Allows you to get the zone structure of the crystal.
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3 Simulations

3.1 Data

Various samples (.cif files of various configurations) were taken for modeling.The primary
structure used for molecular modeling of Humboldtine consisted of Humboldtine (4 Fe
atoms, 8 atoms C, 16 O atoms and 8 H2O molecules) and a sodium atom. the Bravais
grille was monoclinic. The ratio of axes a,b,c was equal to 1.25906 ·101 Å, 5.66061 Å,
9.81093 Å. The angle is 1.28901 ·102 degrees. Due to the small amount of information
available, it was necessary to compare the available data with the data obtained as a result
of simulation using the QUANTUM ESPRESSO computing package.

To check the Bandgap,DOS and Humboldtine electronic structure, a model mp-698316
[22–24] was taken from the site [https://materialsproject.org/materials/mp-698316/].

Further, it was found out that more recent versions of the Humboldtine structure are in the
American Mineralogist Crystal Structure Database [25]. The structure used for molecular
modeling of Humboldtine consisted of Humboldtine (4 Fe atoms, 8 atoms C, 16O atoms
and 8 H2O molecules) and a sodium atom. the Bravais grille was monoclinic. The ratio
of axes a,b,c was equal to 1.20110 ·101 Å, 5.55700 Å, 9.92000 Å. The angle is 1.28530
·102 degrees. Further work on molecular simulation was carried out based on the latest
up-to-date files from AMS.

Based on the results for Li intercalation [8], water molecules were removed from the
Humboldtine model. Next, a Sodium atom was added to this model.

The pseudopotentials that were used for calculations were taken from an open resource
[QUANTUM ESPRESSO].

The following pseudopotentials were used:

Fe 55.84500 Fe.pbe-nd-rrkjus.UPF

C 12.01070 C.pbe-rrkjus.UPF

O1 15.99940 O.pbe-rrkjus.UPF

O2 15.99940 O.pbe-rrkjus.UPF

https://materialsproject.org/materials/mp-698316/
https://www.quantum-espresso.org/pseudopotentials
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Na 22.98977 Na.pbe-sp-vanak.UPF.

The Figs.4, 5, 6 and 7 below show all the systems used in the simulation.

Figure 4. Humboldtine structure taken from American Mineralogist Crystal Structure Database

Fig.4 shows a Humboldtine model taken from the American Mineralogist Crystal Struc-
ture Database [25]. Preference was given to the data provided by this source, since at the
time of writing it was the most relevant.
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Figure 5. Unit cell structure of dehydrated Humboldtine

Fig.5 is a kind of simulational model after the removal of water molecules.

Figs.6 and 7 show the two different starting structures of Na-intercalated dehydrated
Humboldtine.
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Figure 6. Unit cell structure of dehydrated Humboldtine with Sodium atom

Figure 7. Unit cell structure of dehydrated Humboldtine with Sodium atom(front view)

Thus, models with different configurations were used for calculations.
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3.2 Evaluation criteria

One of the main ways to optimize primary data for modeling is a convergence test. This
test helps to efficiently use limited computing resources.

If it is possible to find the correct initial values for the calculations, this will lead to an
increase in the accuracy and reliability of the simulation, as well as save the computational
time.

Density functional theory (DFT) obtains the result using an iterative method, the self-
consistent field (SCF) method. The SCF determines the electron density of the ground
state by calculating the energy difference for a small change in electron density.

In the case when the energy reaches its minimum at convergence, the calculations stop.
Achieving convergence means that a certain difference has been reached between the
current energy and the energy at the previous step (convergence threshold).

Computers determine if convergence has been achieved using a set threshold. Thus, set-
ting smaller thresholds gives more accurate results.

However, it takes more time to calculate the fine input setting. Therefore, a convergence
test is required to find a setting that is optimized for the model.

There are several methods for checking convergence. In my simulations, I used a method
that is to check energy convergence by changing the cutoff energy.
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Figure 8. Convergence Test

To conduct the test, different cutoff energies are taken and the total energy of the system
is looked up, then a graph is drawn up. As a result of the analysis of the convergence
graph, it can be seen that the optimal values for calculations are values starting from 50
Ry.

3.3 Description of Simulation

Calculations by the density functional theory were carried out using a personal computing
cluster using an open computing package QUANTUM ESPRESSO.

As part of this work, geometry optimization and calculation of the electronic structure of
the material based on Humboldtine with intercalated sodium atom was carried out.

The adsorption energy of the resulting system and Open circuit voltage (OCV ) were also
found.

Standard pseudopotentials Na, Li, Fe, C, O was taken from the open library QUANTUM
ESPRESSO (PBE).
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Stage 1

At the first stage, a geometric Humboldtine model was built by using primary Crystallo-
graphic Information Files via XCrySDen [26].

A convergence test was performed from starting Cutoff energy of 20 Ry, and then self-
consistent calculations were performed with Cutoff energy of 80 Ry.

After the calculations, a data set with coordinates of final structure were used for "bands"
and "nscf" simulations as primary parametrs. After that constructing a Band structure and
DOS by using output coordinates file was conducted. These values are then processed
using the matplotlib library in Python.

Stage 2

At the second stage, water molecules were removed from the Humboldtine model.

Since it is the anhydrous (AFO) forms of iron oxalate that has been recommended as
promising anode materials for lithium-ion batteries [7, 27].

For the obtained models, the figures of the electronic structure and the electronic density
of states (DOS) were constructed.

Stage 3

At the third stage, a sodium atom was intercalated into the model, and then the ge-
ometry of the system was optimized taking into account the dispersion interaction, the
BFGS method was used for optimization, the value for ion optimization was 1.00000e-03
Ry/Bohr. The maximum number of relaxation iterations depended on the simulation
and ranged from 100 to 1010, the obtained atomic positions were used for self-consistent
calculations.

The electronic structure is constructed along the direction of the Brillouin zone.

To optimize the geometry, a grid of 1x2x2 k-points was used for integration over the
Brillouin zone. The k-point grid for the structure under study was determined based on
the article [28].

The primary cell of the Na-intercalated system was consisted of humboldtine (4 Fe atoms,
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8 C atoms, 16 O atoms) and a sodium atom.

The primary cell was broadcast in the form of a primitive monoclinic Bravais lattice.

Stage 4

At the fourth stage, the calculations were carried out for lithium intercalation, in order to
verify the results obtained.

3.4 Results

3.4.1 Humboldtine

To analyze the electronic structure of Humboldtine ,DFT calculations were carried out.
Fig.9 shows the electronic band structure of Humboldtine and Fig.10 present the corre-
sponding DOS profile. As seen in both figures, the band gap of Humboldtine is 2.05 eV
while the previously obtained as a result of DFT simulation , the width of the forbidden
zone is equal to 2.51 eV [22, 23, 29].

The research [22,23,29] was carried out within the framework of density functional theory
(DFT) in the form implemented in the VASP software package (Vienna Ab-initio model-
ing package). A generalized gradient approximation with correction was used to describe
various types of systems Hubbard (GGA+U). Pseudopotentials VASP PAW: Fepv H C O

were used.U Values for was Fe: 5.3 eV . Cutoff Energy equal to 520 eV . The possible dif-
ference in values may be caused by the fact that the authors used the Semi-DFT method
and another computational package in their calculations, and the discrepancy in values
may also be due to a more accurate pruning energy and a longer and iterative calculation.
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Figure 9. Electronic band structure of Humboldtine.

Compared with the already available data for DFT calculations, it can be seen that the
value obtained in this simulation is closer than that obtained in the article [3].

For iron α-oxalate dihydrate, as a result of the simulation described in the article [3], the
band gap value 2.17 eV was obtained by a classical Tauc approach [30].

The obtained value differs from the one calculated in this work by 0.12 eV .

In the same article, the calculated value using DFT is 1.13 eV, which is 0.92 eV different
from the value obtained in this study [3].
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Figure 10. DOS profile of Humboldtine.

3.4.2 Humboldtine without water

Figs 11 and 12 displays the band structure and DOS profile of water-free Humboldtine
(i.e. AFO), respectively. These figures indicate that the removal of the coordinated water
molecules from Humboldtine and creating AFO changes the electronic band structure and
density profile significantly. As a result, the band gap reduces from 2.05 to 0.63 eV.

Figure 11. Electronic band structure of AFO.
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This change may be due to the fact that there was a decrease in the number of electrons
in the conduction band and, accordingly, holes in the Humboldtine valence band.

Figure 12. DOS profile of AFO.

3.4.3 Humboldtine intercalated with a Sodium atom

Figs 13 and 14 displays the Band structure and DOS profile of water-free Humboldtine
intercalated with Sodium. These figures indicate that the intercalation of the Sodium atom
into Humboldtine changes the electronic band structure and density profile significantly.
As a result, the band gap increases from 0.63 eV to 1.18 eV.

This phenomenon may be due to the fact that when a Sodium atom is added, the number
of electrons in the conduction band increases, as a result of which the width of the band
gap also increases.
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Figure 13. Electronic band structure of AFO intercalated with Sodium

Figure 14. DOS profile of AFO intercalated with Sodium

To obtain information about the performance of this anode material for Sodium-ion bat-
teries, it is necessary to calculate the adsorption energy and OCV .

Formulas for calculating the adsorption energy and OCV are presented below.

Eads = Eads−sys − Esys − Eads−elem (23)
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In this formula, Eads−sys is the energy of a system with an adsorbent and an adsor-
bate(Humboldtine intercalated with Sodium), Esys is energy of adsorption structure: the
slab structure with the adsorbent(AFO) and Eads−elem is energy of adsorbate in the vac-
uum. [31]

Open circuit voltage (OCV ) =−(Eads+Ecoh,Na) whereEcoh is the cohision energy gained
by arranging the atoms in a crystalline state, as compared with the gas state. Ecoh,Na =
1.13eV [8, 32]

To obtain more reliable results, 6 models of different calculation parameters, these models
differed in relaxation time and, accordingly, the number of iterations.

1) In the first case, the data were obtained from a system in which there were 660 re-
laxation iterations by the vc-relax method. The relaxation value was obtained by fitting
simulation parameters such as time of modelling and Cutoff Energy.Larger values of it-
erations would lead to a significant increase in the calculation time, but at the same time
would give a more accurate idea of the intercalation process. The allowed time for calcu-
lations was 172800 seconds, Cutoff energy is 90 Ry.

As a result of calculations, the total energy of the system was equal to −920.5329968Ry.

Further, from the calculations for humboldtine without intercalation, we can take the in-
formation that the total energy of the system with a self-consistent calculation is equal to
−824.21890787Ry.

Knowing these values, it becomes possible to find the adsorption energy and OCV .

Eads = −2, 36eV

OCV = 1, 23eV

The structure used in the calculations is shown in the Fig. 15.
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Figure 15. AFO intercalated with Sodium after 660 optimization iterations

2) For the second simulation, 1010 relaxation iterations were performed. The allowed
time for calculations was 345600 seconds, Cutoff energy is 90 Ry. As a result of self-
consistent calculations, the total energy of the system was equal to −920.54140234Ry

giving:

Eads = −2, 47eV

OCV = 1, 34eV

The structure used in the calculations is shown in the Fig.16.

Figure 16. AFO intercalated with Sodium after 1010 optimization iterations
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3) For the third simulation, 630 relaxation iterations were performed. The allowed time
for calculations was 172800 seconds, Cutoff energy is 85 Ry.The total energy of the
system was equal to −920, 53031877Ry, giving:

Eads = −2, 32eV

OCV = 1, 19eV

The structure used in the calculations is shown in the Fig.17.

Figure 17. AFO intercalated with Sodium after 630 optimization iterations

4) For the fourth simulation, 540 optimization iterations were performed. The allowed
time for calculations was 138240 seconds, Cutoff energy is 90 Ry. The total energy of
the system was equal to −920, 51455924Ry, giving:

Eads = −2, 11eV

OCV = 0, 98eV

The structure used in the calculations is shown in the Fig. 18.
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Figure 18. AFO intercalated with Sodium after 540 optimization iterations

5) For the fifth simulation, 990 optimization iterations were performed. The allowed time
for calculations was 345600 seconds, Cutoff energy is 85 Ry. The total energy of the
system was equal to −920, 54146555Ry, giving:

Eads = −2, 47eV

OCV = 1, 14eV

The structure used in the calculations is shown in the Fig. 19.

Figure 19. AFO intercalated with Sodium after 990 optimize iterations



39

To get the overall result, we will find the average value and the standard error. As a result
, we have such values for the group of systems under study:

average Eads (eV) = −2.35± 0.01 eV

average OCV (V) = 1.22± 0.01 eV

3.4.4 Humboldtine intercalated with a Lithium atom

In order to check the correlation of the results obtained with the calculations carried out
for a similar system, but with Lithium intercalation [8], an additional simulation of the
lithium atom-based system was carried out using the QUANTUM ESPRESSO computing
package.

The structure used in the calculations is shown in the Fig. 20.

Figure 20. Non optimized AFO intercalated with Lithium

To do this, a Lithium atom was intercalated into the initial system of dehydrated Hum-
boldtine, the cut-off energy was the same as for Sodium and was 90 Ry.

As a result of self-consistent calculations, the total energy of the system was equal to
-826.25135028 Ry. Thus we get that the adsorption energy is equal to: Eads = -2.99 eV .

It means that the OCV is 1.32 V for Li-ion battery.
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This result is consistent with the values obtained in the article [8] for the intercalation of
Lithium into Humboldtine using VASP.
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4 DISCUSSION

4.1 Current study

Thus, as a result of this work, images of the electronic structure and DOS profiles of
Humboldtine as well as its anhydrous form(AFO) were obtained.

The electronic structure of dehydrated Humboldtine was also obtained. As a result, the
values obtained are similar in order to those presented in the literature.

It was found out how the system reacts when a sodium atom is intercalated into it, the
intercalated sodium is localized between two humboldtine chains. The Band gap of AFO
intercalated with Sodium increases relative to the original AFO form.

Having obtained the values of the total energy of the simulated systems, it became pos-
sible to calculate the adsorption energy and OCV as Eads = -2.35 eV and OCV = 1.22V,
respectively.

To verify the values, the total energy, adsorption energy and OCV were additionally cal-
culated for Humboldtine in intercalated with a Lithium atom.

The data obtained means that the voltage for the lithium-ion battery is 1.32 V. Since the
voltage of the Na-ion battery was 1.22 V, and for anodes a lower voltage is better, the
Na-ion battery should be a little more useful.

4.2 Future work

In future works, it would be interesting to introduce several sodium atoms into the system
and observe the relaxation of them, it would also be interesting to see how the system
would behave if the number of relaxation iterations were increased to 10,000 or more.

It might be interesting to conduct an simulation with changing the original Humboldtine
lattice and see how this will affect the adsorption energy and OCV.

It was also interesting how the relaxation time and adsorption energy change with different
variants of the initial intercalation position.
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5 CONCLUSION

This thesis studied the structure of Humboldtine at two different hydration states and
evaluated its electrochemical performance as an anode material for Na-ion batteries. The
main results of the work carried out are as follows:

The band gap energy of Humboldtine is 2.05 eV. In the case when water is removed from
the structure 0.63 eV. When the Sodium atom is intercalated, the value increases to 1.18
eV. The data obtained complement the amount of information available to Humboldtine.

The process of intercalation of a Sodium atom inside Humboldtine is considered.

According to the value of the energy of the system after intercalation, the adsorption
energy and OCV were calculated, which were equal to Eads = -2.35 eV and OCV =
1.22V.

The obtained values were compared with the values for lithium intercalation. The results
indicate that the voltage of the Na-ion battery was less than that of the Li-ion battery, and
it is better to use a lower voltage for anodes. As a result, it can be considered that the
Na-ion battery should be more useful.
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