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Effect of periodic permeability of lung airways on the flow dynamics of viscous fluid

J. Kori∗, Pratibha

Department of Mathematics, Indian Institute of Technology Roorkee, Roorkee-247667, Uttarakhand, India
∗jyotikorii@gmail.com

DOI 10.17586/2220-8054-2019-10-3-235-242

In this study, we aimed to find the effect of periodic permeability on the flow dynamics of an incompressible, Newtonian, viscous and pulsatile flow
of air flowing through airway generations 5–10. To solve this problem, we used a generalized Navier Stokes equation by including the Darcy law
of a porous media with periodic permeability for the flow of air and Newton equation of motion for the flow of nanoparticles. The finite difference
explicit numerical scheme has been carried out to solve the governing nonlinear equations and then computational work is done on MATLAB
R2016 by user defined code. After performing numerical computation we found by varying mean permeability of porous media velocity of air and
particle increased gradually with axial and radial distance respectively.
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1. Introduction

Every day billions of particles are inhaled with the ambient air [1,2]. Concerning the effect of inhaled particulate
matter on different regions of human lung, a number of studies are done. Tian et al. [3] stated that nanoparticles of
range 5.52–98.2 nm pose risks for occupational workers and are the cause of various respiratory, cardiovascular, and
neurological disorders. A study based base on CT scanner images carried out by Debo et al. [4] to find the effect
of micron particles (1–10 µm) and nanoparticles (1–100 nm) in the nasal cavity up to the upper six-generation of
the lung has observed that the deposition efficiency of micron particles there is much higher than nanoparticles in
the nasal region. A theoretical study by Sturm [5] states that due to very small size, nanoparticles are aggregates
with highly irregular shape (chain-like, loose, compact) and that these particles are taken after inhalation up into the
respiratory tract by the mechanism of Brownian diffusion, sedimentation [6] and are then stored in the epithelial cells
for a longer time span, which causes the formation of cancerous cells. Recently, Saini et al. [7] studied the deposition
of nanoparticles of diameter 100 nm and found that these particles travel deeper into the lung and ultimately deposit
in the alveolar ducts of the human lung.

According to Haber et al. [8] the deposition of particles also depends on media porosity due to the large number
of alveoli inside the human lung. Many researchers [9, 10] defined it as a sponge or porous medium. Cheng [11] and
Vafai et al. [12] used the porous media approach for convective mass transfer in the airway and its surrounding wall
tissue. Also, Kuwahara et al. [13] obtained mass transfer resistance between the inlet of the trachea and the blood in
the capillaries using the porous media approach. Saini et al. [14] treated the alveolar region as a biofilter and found
removal efficiency of lung for nanoparticles by using generalized Navier-Stokes equations. Recently DeGroot and
Straatman [9] worked on expansion and contraction of alveolar duct and assumed lung is a porous medium by using
theory of volume-averaging technique for unit cell of an alveolar duct to predict permeability of human lung.

Based on our literature review we found that there are a few studies which considered the lung as a porous medium.
Those studies which took this point of view, however, assumed either that the permeability depends on the porosity or
that it is constant. Thus, we aimed to study the effect of periodic permeability on the two dimensional pulsatile flow
of viscous air flowing through airway generations 5–10 due to periodic breathing. The governing nonlinear equations
are described in detail and then solved numerically by using finite difference methods. The computational work was
carried out using MATLAB 2016 through a user defined code.

2. Mathematical modeling

2.1. Physical configuration

To understand the flow regime within airway generations 5–10, an extended horizontal circular cylindrical tube
(representing an airway tube) of the circular cross section is considered whose radius is ‘b’ and is placed perpendicu-
larly to the incoming flow [15]. A schematic diagram is shown in Fig. 1, where, ‘z’ is the axial direction of flow and
‘r’ is the radial direction of flow.
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FIG. 1. Cross sectional view of airway duct (circular cylindrical tube) of a tracheobronchial tree
[16], where ‘r’ is the radial direction and ‘z’ is the axial direction of viscous air flow

2.2. Governing equations for viscous air flowing through airway tube

We assumed that an incompressible, laminar, unsteady, axi-symmetric, Newtonian and fully-developed fluid is
flowing along the axis of the circular tube with time dependent sinusoidal pressure gradient. The tissue of the airway
tube is approximated as a homogeneous porous medium, which is viewed as a continuum, and saturated with an
incompressible fluid. A mathematical model proposed by Saini et al. [7] is taken under consideration by using Darcy
low of porous media together with the periodic permeability of the medium in order to find their effect on the flow of
fluid 1. The corresponding two dimensional conservation equations of mass, momentum together with particle motion
in the cylindrical polar coordinates system (r, z) for symmetrical flow (θ = constant) which satisfy our assumptions
are given below:

First, there is the equation of continuity, given by:

∂ur
∂r

+
ur
r

+
∂uz
∂z

= 0. (1)

∂vr
∂r

+
vr
r

+
∂vz
∂z

= 0. (2)

Secondly there is the equation of radial momentum, given by:

∂ur
∂t

+
ur
ε

∂ur
∂r

+
uz
ε

∂ur
∂z

= − ε

ρa

∂p

∂r
+ ν

(
∂2ur
∂r2

+
1

r

∂ur
∂r

+
∂2ur
∂z2

)
+ kf

ρp
ρa

(vr − ur) − εν

K
ur. (3)

Finally we have the equation of axial momentum, given by:

∂uz
∂t

+
ur
ε

∂uz
∂r

+
uz
ε

∂uz
∂z

= − ε

ρa

∂p

∂z
+ ν

(
∂2uz
∂r2

+
1

r

∂uz
∂r

+
∂2uz
∂z2

)
+ kf

ρp
ρa

(vz − uz) − εν

K
uz. (4)

where, ε is the porosity of lung and K is the permeability of porous medium. We also have the equations for the
particle motion. In the radial direction, we have:

∂vr
∂t

+ vz
∂vr
∂z

+ vr
∂vr
∂r

=
kf (ur − vr)

m
. (5)

In the axial direction, we have:
∂vz
∂t

+ vz
∂vz
∂z

+ vr
∂vz
∂r

=
kf (uz − vz)

m
. (6)

kf = 3πµd.

1Henry Darcy was a French engineer who gave a mathematical relationship between permeability and velocity of media, which is known as
Darcy law of porous media [17]
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2.3. Assumption

There is no radial flow along the axis of the airway duct and the axial velocity gradient of the streaming air may
be implicit to be equal to zero:

ur = 0, vr = 0,
∂uz
∂r

= 0,
∂vz
∂r

= 0. (7)

2.4. Initial and boundary condition

• At rest t ≤ 0, no flow takes place therefore,

ur = vr = ur = vr = 0, (8)

The boundary conditions for t > 0 are given as follows,

• Due to periciliary liquid layer, no-slip condition is forced at the inner surface of the wall:

ur = 0, uz = 0, vr = 0, vz = 0. (9)

3. Methodology

3.1. Transformation of the governing equations

In order to solve the equations numerically we have to make the above equations dimensionless by using following
quantities:

R∗ =
r

b
, Z∗ =

z

b
, p∗ =

P

ρaU2
0

, τ∗ =
tU0

b
, U∗

r =
ur
U0
, U∗

z =
uz
U0
, V ∗

r =
vr
U0
, V ∗

z =
vz
U0
,

Da =
K

b2
, Pl =

ρp
ρa
, Sm =

rk

U0
, Re =

rU0

ν
.

Finally, we obtain the following equations:

∂Ur

∂R
+
Ur

R
+
∂Uz

∂Z
= 0. (10)

∂Vr
∂R

+
Vr
R

+
∂Vz
∂Z

= 0. (11)

∂Uz

∂τ
+
Ur

ε

∂Uz

∂R
+
Uz

ε

∂Uz

∂Z
= −ε∂P

∂Z
+

1

Re

(
∂2Uz

∂R2
+

1

R

∂Uz

∂R
+
∂2Uz

∂Z2

)
+ SmPl (Vz − Uz)

− ε

DaRe
Uz. (12)

∂Vz
∂τ

+ Vr
∂Vz
∂R

+ Vz
∂Vz
∂Z

=
Sm (Uz − Vz)

m
. (13)

In equation 12, due to rhythmic breathing, expansion and contraction and the right heart pressure we assumed a
non-dimensional time dependent sinusoidal pressure gradient inside airway duct as follows,

∂P

∂Z
= −a0 sinωt, ω = 2πf (14)

where f is the frequency of breathing. Also, in this equation, we assumed permeability, K, of media is periodic [18]
due to an oscillation of velocity about a nonzero constant mean. So, K can be defined in non-dimensional form as

K =
K0

1 − a0cos(πZ)
, (15)

where, K0 is the mean permeability of porous medium and a0 is the amplitude of oscillation.
Also, transformed initial and boundary conditions together with assumptions respectively are as follows:

Ur = 0, Uz = 0, Vr = 0, Vz = 0. (16)

Ur = 0, Vr = 0, Uz = 0, Vz = 0. (17)

Ur = 0,
∂Uz

∂R
= 0, Vr = 0,

∂Vz
∂R

= 0 (18)
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FIG. 2. A comparative result between published [7] and present work for axial velocity profile of
air at τ = 0.9, R = 0, Z = [0, 1], Re = 10, d = 100 nm and a = 125 µm

4. Numerical scheme

Analytical approaches are suitable for linear problems, but the governing equations of the present issue are non-
linear. Consequently it is difficult to find the solution of these nonlinear equations subject to the initial and boundary
conditions by an analytical approach. For this reason, we have adopted a numerical procedure to find solutions of the
problem. Although there are various numerical techniques, for example, the finite difference method (FDM) [7,19–21],
the finite element method (FEM) [10, 22] or the finite volume method (FVM) [23] have been used to solve such non-
linear problem. Among those methods, FDM is a basic and less tedious technique for regular geometry. Our problem
is related to the flow in a circular cylinder, with a regular geometry. Thus, to solve the present problem we also applied
finite difference numerical scheme. The discretization of the axial velocity U(R,Z, τ) is written as Uz(Ri, Zj , τ) or
((Uz)i,j)

k and computational grid that has been used is of the following form:

Ri = i.∆R; i = 0, 1, 2, ...M,RM = 1.0,

Zj = j.∆Z; j = 0, 1, 2, ...N,

τk = k.∆τ ; k = 0, 1, 2, ...O. (19)

Where i, j and k are the space and time indices, and ∆R = 0.01, ∆Z = 0.01 and ∆τ = 10−5 are increments in radial,
axial and time respectively. We used central difference approximations, for all the spatial derivatives, as follows,

∂Uz

∂Z
=

(Uz)ni,j+1 − (Uz)ni,j−1

2∆Z
. (20)

For the second order central difference approximation for the time and space derivatives we have used:

∂2Uz

∂Z2
=

(Uz)ni,j+1 − 2(Uz)ni,j + (Uz)ni,j−1

(∆Z)2
. (21)

and for first order time derivative at point (Ri, Zj , τk) we applied forward difference approximation as follows:

∂(Uz)

∂τ
=

(Uz)n+1
i,j − (Uz)ni,j

2∆τ
. (22)

After applying the above mentioned discretization techniques, we have obtained velocity profiles at the (j+ 1)th time
level in terms of the velocity at jth time level for Equations (11)-(18) respectively.
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FIG. 3. Effect of mean permeability of porous media on axial velocity of (a) air and (b) particles at
τ = 0.5, R = 0, Z = [0, 1], Re = 10, d = 50 nm, a = 0.5 µm

We used following stability criteria for explicit finite difference scheme and found our results are accurate of order
10−5 by using grid size 100×100×105 (i.e. M = 100, N = 100, O = 105):

max

(
∆τ

∆Z2

)
≤ 0.5. (23)

4.1. Model Validation and Grid Independency Test

Before analyzing the problem related to periodic permeability and sinusoidal pressure gradient due to periodic
breathing, a grid independency test, together with a numerical code validation to find the predictive accuracy of the
mathematical model is done by comparing outcomes produced by present study with the study of Saini et al. [7] and
shown in Fig. 2 for grid sizes 10×10×105, 50×50×105 and 100×100×105. Saini et al. [7] performed an extensive
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FIG. 4. Effect of mean permeability of porous media on radial velocity of (c) air and (d) particles
at τ = 0.5, R = 0, Z = [0, 1], Re = 10, d = 50 nm, a = 0.5 µm

quantitative study through numerical computations to study the flow of viscous air in alveolar region and calculated
the location of deposition of the nanoparticles of diameter=100 nm inside the alveolar duct of the human lung. All
the results are presented in graphical form in both radial and axial directions at various time points. However, in their
study authors did not consider porosity of alveolar region, which an important factor for biological tissues. So, in the
present study we include porosity of media and used periodic permeability due to an oscillation of velocity about a
nonzero constant mean.

We compared result of present study with the result of Saini et al. [7] in Fig. 2 for velocity of air with respect
to axial distance at τ = 0.9, R = 0, Z = [0, 1] after removing porosity and relevant terms (Darcy term, periodic
permeability) at Re = 10, d = 100 nm, and a = 125 µm. We found that our results did not change for grid size of
100×100×105 and higher. Hence, a grid size of 100×100×105 is chosen for all of our computations.
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We compared result of present study with the result of Saini et al. [7] in Fig. 2 for velocity of air with respect
to axial distance at τ = 0.9, R = 0, Z = [0, 1] after removing porosity and relevant terms (Darcy term, periodic
permeability) at Re = 10, d = 100 nm, and a = 125 µm. We found that our results did not change for grid size of
100×100×105 and higher. Hence, a grid size of 100×100×105 is chosen for all of our computations.

5. Results and discussion

In this work we aimed to find the effect of periodic permeability of the porous lung on air and particle velocity by
varying the mean permeability of medium. A numerical computation is done by using following values [7,18,24–27]:

m = 0.0002 Kg/l, d = 50 nm, f = 0.3 hz, ρa = 1.145 kg/m3, ρp = 0.02504 · 1012m−3,

r = 0.5 µm, a0 = 1 Kg/m2s2, ν = 1.71 · 10−5 m2/s, Re = 1 − 20, ε = 0.6, K0 = 0.1 − 5. (24)

In Fig. 3, we obtained effect of periodic permeability of media by varying mean permeability K0 of medium from
0.1 to 5 on axial velocity of air and particle at τ = 0.5, R = 0, Z = [0, 1], Re = 10, d = 50 nm, a = 0.5 µm
respectively. We found from Fig. 3(a)–3(b), at K0 = 0.1 the velocity of air and particle in axial directions are
lesser than velocities at K0 = 5. However, by increasing value of mean permeability (K0) from 0.1 to 5 periodic
permeability of airways increases and due to highly permeable walls, level of pressure inside airway tubes reduces,
which increases velocity of air and particles in axial directions of flow periodically.

In Fig. 4, we obtained effect of periodic permeability of media by varying mean permeability K0 of medium from
0.1 to 5 on radial velocity of air and particle at τ = 0.5, R = 0, Z = [0, 1], Re = 10, d = 50 nm, a = 0.5 µm
respectively. We found from Fig. 4(a)–4(b), at K0 = 0.1 velocity of air and particle in radial directions are lesser than
velocities atK0 = 5. However, by increasing the value of mean permeability (K0) from 0.1 to 5 periodic permeability
of airways increases and due to highly permeable walls, level of pressure inside airway tubes reduces, which increases
velocity of air and particles in radial directions of flow periodically.

Consequently, we found that axial and radial velocity of air and particle influenced highly as compared to axial
and radial velocity of particle and concluded that the increase in permeability, K0, elevates airflow inside the lung
airways.

6. Conclusion

A mathematical model characterizing the motion of nanoparticles, diameter 50 nm, with the laminar, sinusoidal
flow of air through airway duct is developed. Porosity of tissue and periodic permeability of media due to rhythmic
breathing is considered. It is found that periodic permeability affects the velocity of air and particles in axial and radial
direction of flow such as the increment in the permeability of porous media, K0, rises the flow of air inside the lung
airways.
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Appendix

Nomenclature is defined in Table 1.

TABLE 1. Nomenclature

Variable Description Variable Description

r radial direction of flow z axial direction of flow

ur air velocity radial direction vr particle velocity radial direction

uz air velocity axial direction vz particle velocity axial direction

ρp density of particles ρa density of air

ν kinematic viscosity kf Stokes drag force

K permeability of tissue K0 Mean permeability of medium

Pl particle load Da Darcy number

a0 amplitude f breathing frequency

µ dynamics viscosity Re Reynolds number

t time ε media porosity

d diameter of spherical particle of unite density
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1. Introduction

Liquid crystal technology has a major effect on many areas of science and technology. Applications of this kind
of materials are being discovered and continued to provide effective solution to many different problems. For modern
industrial application, wide temperature range of liquid crystal phase, high optical and dielectric anisotropy and fast
switching time are required. By composing liquid crystalline mixtures or using guest materials in host liquid crystals
are two basic methods for obtaining liquid crystals with enhanced properties. Metal oxide nanoparticles are novel type
of guest materials. Doping nanomaterials in liquid crystals enhances the properties of liquid crystals. Different types
of metal oxide nanoparticles are used to achieve this purpose [1].

Liquid crystals, being anisotropic media, provide good support for self-assembly of nanomaterials into large
organizing structures in multiple dimensions. Therefore, doping of nanoparticle into liquid crystals has emerged as a
fascinating area of applied research. Nano objects (Guests) are embedded in the liquid crystals (Hosts) that can trap
the ion concentration, electrical conductivity and improve the electro-optical response of the host [2].

Incorporation of metal oxide nanoparticles into liquid crystals makes it easier to obtain better display parameter
profiles [3]. The metal oxide nanoparticles embedded in liquid crystal bases have attracted much interest not only in
the field of magnetic recording media but also in the area of medical care. The medical applications,which include
radio frequency, hyperthermia, photo magnetic and magnetic resonance imaging, cancer therapy, sensors and high
frequency applications, were reported [4–7].

In the present work, an effort has been made to study the effect of metal oxide nanoparticles on the orientation
order parameter of 4-Cyano 4’-Propoxy-1, 1’-Biphenyl liquid crystal by image analysis and Newton’s ring techniques.
There are several techniques for studying the temperature dependence of liquid crystal properties [8–11]. But they
involve technical difficulties in measuring required parameters.

In this paper, we have explored image analysis-computer program technique to find orientation order parameter
of liquid crystalline nanocomposites. In the image analysis technique, textures of liquid crystal samples are captured
from crystal to isotropic phase by using POM. The changes in textural feature as a function of temperature are useful
to compute thermo-optical properties of liquid crystals. By this technique, it is possible to extract as much information
as possible from the textural image by means of applying computational algorithms on image data or intensity values.
MAT LAB software [12, 13] is used for the analysis of liquid crystal textures and to estimate the orientational order
parameter.
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TABLE 1. Liquid crystalline compound and its nanocomposites

Sl. No.
Liquid crystalline compound

(100 mg)
Metal oxide nanoparticles

(1 mg)
Liquid crystalline
nanocomposites

1
4-Cyano 4’-Propoxy-1, 1’-Biphenyl

(C16H15NO) — S1

2
4-Cyano 4’-Propoxy-1, 1’-Biphenyl

(C16H15NO) ZnO S11

3
4-Cyano 4’-Propoxy-1, 1’-Biphenyl

(C16H15NO) TiO2 S12

4
4-Cyano 4’-Propoxy-1, 1’-Biphenyl

(C16H15NO) Fe3O4 S13

5
4-Cyano 4’-Propoxy-1, 1’-Biphenyl

(C16H15NO) Fe2O3 S14

2. Materials and methods

In this present work 4-Cyano 4’-Propoxy-1, 1’-Biphenyl liquid crystal was purchased from TCI, Ltd. and ZnO,
TiO2, Fe3O4 and Fe2O3 nanoparticles were obtained from VTU-PG centre, Muddenahalli, Chikkaballapura District,
Bengaluru, India. Liquid crystalline nanocomposites are prepared using sonication method and its composition names
are given in the Table 1. Textural features are studied using POM to confirm its liquid crystalline behavior. Then
the transition temperature is measured with DSC studies for reliable information. Optical parameters like birefrin-
gence and order parameters of such nanocomposites are studied using conventional newton’s ring method as well as
computational methods using MATLAB program.

3. Results and discussions

3.1. Polarizing optical microscope

The liquid crystalline nanocomposites are characterized by different liquid crystalline phases due to the changes
in local molecular order with temperature [14]. The characterization of these mesophases will provide very important
information on the pattern and textures of LCs. The transition temperatures and optical textures observed by polarizing
optical microscope is shown in Figs. 1–5. As a representative case, the schelieren texture of nematic phase from
isotropic phase is observed at 61.5 ◦C then it is grown to curved brushes texture observed at 54 ◦C and finally at
47.5 ◦C the crystalline texture is formed which is not transparent hence look dark, all this textures are represented in
the set of Fig. 1.

(a) (b) (c)

FIG. 1. POM Textures of sample S1: Isotropic – Nematic Transition Phase @ 61.5 ◦C (a); Nematic
Phase @ 54 ◦C (b); Solid Phase @ 47.5 ◦C (c)

Dispersion of nanoparticles with liquid crystal influenced the textural features of the sample at different phases
with respect to temperature and nanomaterial is observed in POM textures. The surface to volume ratio of sample
liquid crystal increases due to surface restructuring by nanoparticle dispersion. This phenomenon of molecular re-
structuring varies as a function of temperature and nanoparticle composition. It is observed that orientational order
of liquid crystal molecules are further strengthened heavily at isotropic to nematic phase and strengthened less at
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(a) (b) (c)

FIG. 2. POM Textures of sample S11: Isotropic – Nematic Transition Phase @ 60.5 ◦C (a); Nematic
Phase @ 56.5 ◦C (b); Solid Phase @ 46 ◦C (c)

(a) (b) (c)

FIG. 3. POM Textures of sample S12: Isotropic – Nematic Transition Phase @ 60.5 ◦C (a); Nematic
Phase @ 56.5 ◦C (b); Solid Phase @ 46 ◦C (c)

(a) (b) (c)

FIG. 4. POM Textures of sample S13: Isotropic – Nematic Transition Phase @ 59.5 ◦C (a); Nematic
Phase @ 54 ◦C (b); Solid Phase @ 50 ◦C (c)

crystalline phase by the nanoparticles with shifting transition temperature. This is because possibility of increasing its
surface area and decreasing its volume. It is also observed that molecular weight of nanoparticles plays vital role in re-
structuring liquid crystal molecules. The observation of POM shows that restructuring of molecules leads to defective
textural images at various instances.

Phase transition temperatures observed for liquid crystalline nanocomposites using POM and DSC shows that
they are reduced due to the dispersion of nanoparticles. The nanoparticles ZnO, TiO2, Fe3O4 and Fe2O3 influences
the liquid crystal and reduces the transition temperature by 1 ◦C, 1 ◦C, 1 ◦C and 2 ◦C respectively.
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(a) (b) (c)

FIG. 5. POM Textures of sample S14: Isotropic – Nematic Transition Phase @ 60.5 ◦C (a); Nematic
Phase @ 52 ◦C (b); Solid Phase @ 49.5 ◦C (c)

3.2. Differential scanning calorimeter (DSC) studies

The thermal analysis by DSC study provides data regarding the temperatures and heat capacity of different phases.
DSC study reveals presence of phase transition in materials by detecting the enthalpy change associated with each
phase transition. DSC study is used in conjunction with optical polarizing microscopy to determine the mesophase
types exhibited by the materials. The different thermograms of liquid crystalline nanocomposites are recorded from
DSC as shown in Figs. 6, 7.

(a) (b)

FIG. 6. DSC Thermogram of sample S1 (a) and S11 (b)

The phase transition temperatures obtained by POM and DSC are tabulated for pure and nanocomposites liquid
crystals at different phases in Table 2. The samples show isotropic, nematic and crystalline phases. The phases of
samples are confirmed with the help of POM images obtained and corresponding transition temperatures are consid-
ered with the help of DSC values. The temperatures are measured in degree centigrade (◦C). The enthalpy jump at
various phase is noted in the given table with in units of Joules per gram (J/g).

3.3. Birefringence studies by Newton’s rings method

The experimental setup consists of plano-convex lens of small radius of curvature (13 mm) and plane glass plate
which is being placed in hot stage connected to specially designed microcontroller based temperature and image
capturing device. The LC sample is introduced between the glass plate and lens and set the polarizer and the analyzer
in the crossed position. The hot stage along with LC sample mount is placed on the microscope stage and then adjust
hot stage axis to coincide with the microscopic axis. Set the reflector of the microscope to pass the light through LC
sample until the clear Newton’s rings are formed on the monitor. These rings are formed due to the interference of
ordinary and extra ordinary rays after passing through the analyzer. The diameter of various rings was measured. The
experimental setup is shown in the Fig. 8 and ring pattern in Fig. 9.
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(a) (b) (c)

FIG. 7. DSC Thermogram of sample S12 (a), S13 (b) and S14 (c)

TABLE 2. Phase transition temperature of S1, S11, S12, S13 and S14

Nano Composite Study Unit Phase Variance

LC I–N N N-Crystal state

S1 POM ◦C 62 52

DSC
◦C
J/g

61.89
(0.22)

53.85
(7.23)

49.7
(30.11)

S11 POM ◦C 61.21 56.98

DSC
◦C
J/g

60.85
(0.24)

56.71
(6.32)

46.79
(13.54)

S12 POM ◦C 61.41 57.2

DSC
◦C
J/g

60.86
(0.26)

56.7
(6.51)

46.8
(14.22)

S13 POM ◦C 60.32 55

DSC
◦C
J/g

59.69
(0.78)

54.11
(8.79)

50.65
(31.15)

S14 POM ◦C 61.23 53.17

DSC
◦C
J/g

60.41
(0.86)

52.14
(8.14)

50.16
(30.55)

The optical path difference between e-ray (extra ordinary ray) and o-ray (ordinary ray) is given by y, δn which
corresponds to ring number k and wavelength λ for a bright fringe is given by:

δn =
kλ

y
, (1)

y =
x2

2R
. (2)

From equations (1) and (2):

δn = (2Rλ)
k

x2
. (3)

Since 2Rλ = c, cell constant for the given wavelength of light:

δn =
ck

x2
, (4)

where x is the radius of the ring and R – the radius of curvature of the lens used.



248 M. Munavar Hussain, B. H. Doreswamy, N. C. Shobha, V. N. Vijayakumar, K. Fakruddin

FIG. 8. Experimental setup to measure
birefringence (Newtons rings method)

FIG. 9. Newtons Rings observed in
samples S1 at temperatures 59 ◦C

δn can be measured with great accuracy by finding the slope of the straight line drawn between x2 versus the ring
number k and shown in Figs. 10–12. We can obtain the same result by considering the dark rings also. The schematic
diagram is shown in Fig. 13.

FIG. 10. The square of radius of ring Vs ring number at various temperature of sample S1

(a) (b)

FIG. 11. The square of radius of ring Vs ring number at various temperature of sample S11 (a) & S12 (b)
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(a) (b)

FIG. 12. The square of radius of ring Vs ring number at various temperature of sample S13 (a) & S14 (b)

FIG. 13. Schematic diagram of Newtons Rings method for calculation of birefringence (δn)

As the temperature decreases, birefringence δn increases. The method adopted for the estimation of orientational
order parameter from δn given by Kuczynski et al. as follows where ∆n is birefringence at crystalline phase and is
obtained by linear regression method shown in Figs. 14–16 [15, 16]:

S =
δn

∆n
. (5)

FIG. 14. log δn and log(1 − (T/T ∗)) graph of S1 by Newtons rings method



250 M. Munavar Hussain, B. H. Doreswamy, N. C. Shobha, V. N. Vijayakumar, K. Fakruddin

(a) (b)

FIG. 15. log δn and log(1 − (T/T ∗)) graph of S11 (a) and S12 (b) by Newtons rings method

(a) (b)

FIG. 16. log δn and log(1 − (T/T ∗)) graph of S13 (a) and S14 (b) by Newtons rings method

3.4. Birefringence and order parameter by image analysis

Phase transitions are characterized by abrupt changes, discontinuities, breaking of symmetry and strong fluctua-
tions of the molecules in a compound. The identification of transition temperatures is essential to study the physical
properties of the LC materials. The transition also indicates the transformation from an ordered phase to relatively
disordered phase and Vice versa as the temperatures are raised or cooled [17, 18].

The behavior of light with respect to temperature is known as the thermo-optical parameters. Optical birefringence
and order parameters are the important thermo-optical parameters. Image analysis is the extraction of meaningful
information from images (Textures) by applying computational techniques and algorithms to image data. Image
analysis technique compute the statistics and measurement based on grey level intensities of the image pixels. In
the present work, optical birefringence and order parameter are computed from the optical textures of samples as a
function of temperatures by image analysis technique.

The birefringence of the liquid crystals was measured as a function of temperature by substituting the thickness d
of liquid crystalline sample layer and wavelength of color in the following equation to calculate birefringence [8]:

I = I0 sin2

(
πdδn

λ

)
, (6)

where d is thickness of liquid crystal layer, I0 is the intensity of light observed when there is no sample (Liquid crystal
layer) between light source and lens, I is the Intensity of light observed when there is sample (Liquid crystal layer).
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The temperature dependent birefringence values of the samples are used to calculate the order parameter using
Kuczynski equation given below [16, 19]:

S =
δn

∆n
, (7)

where ∆n is birefringence at crystalline stateand is obtained by linear regression method using Newton’s rings exper-
iment.

In the image analysis technique, optical textures, thickness of the liquid crystal layer (d) and birefringence in
perfect order (∆n) are given as input to obtain birefringence and order parameter. The birefringence and order pa-
rameter evaluated at different liquid crystalline phases by image analysis and Newton’s rings methods are represented
in Tables 3–7. The order parameter values are found to be same using both methods. The order parameter found to
decrease with increase of temperature. The temperature variation of order parameter is depicted in Fig. 17.

TABLE 3. Birefringence and order parameter of sample S1 by Newton’s ring and image processing
methods at various phases

∆n = 0.35 β = 0.24

Temp (◦C) T (K) Phase Variance Newton’s ring method Image processing method

δn S =
δn

∆n

Thickness of
sample layer
(d) in meter

δn S =
δn

∆n

61.5 334.5 I–N 0.09671 0.276314286 1.12E-6 0.0957982 0.273709

54 327 N 0.1684 0.481142857 1.01E-6 0.170262 0.486463

47.5 320.5 Cr — — 0.81E-6 0.307646 0.878989

TABLE 4. Birefringence and order parameter of sample S11 by Newton’s ring and image processing
methods at various phases

∆n = 0.391 β = 0.186

Temp (◦C) T (K) Phase Variance Newton’s ring method Image processing method

δn S =
δn

∆n

Thickness of
sample layer
(d) in meter

δn S =
δn

∆n

60.5 333.5 I–N 0.13758 0.351867 1.45E-06 0.124618 0.318717

56.5 329.5 N 0.18492 0.472941 1.18E-06 0.185199 0.473655

46 319 Cr — — 0.72E-06 0.352115 0.90055

From our investigation it is observed that order parameter increases due to the dispersion of metal oxide nanopar-
ticles in 4-Cyano 4’-Propoxy-1, 1’-Biphenyl liquid crystal. The percentage of increase of order parameter in nematic
phase is 1.27 % to 4.5 %, 7.13 % to 15.81 %, 19.93 % to 23.1 % and 18.51 % to 19.03 % due the dispersion of ZnO,
TiO2, Fe3O4 and Fe2O3 nanoparticles respectively.
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TABLE 5. Birefringence and order parameter of sample S12 by Newton’s ring and image processing
methods at various phases

∆n = 0.347 β = 0.186

Temp (◦C) T (K) Phase Variance Newton’s ring method Image processing method

δn S =
δn

∆n

Thickness of
sample layer
(d) in meter

δn S =
δn

∆n

60.5 333.5 I–N 0.15611 0.449885 1.30E-06 0.15156 0.431796

56.5 329.5 N 0.20503 0.590865 1.05E-06 0.195764 0.557733

46 319 Cr — — 0.79E-6 0.311774 0.888244

TABLE 6. Birefringence and order parameter of sample S13 Newton’s ring and image processing
methods at various phases

∆n = 0.324 β = 0.188

Temp (◦C) T (K) Phase Variance Newton’s ring method Image processing method

δn S =
δn

∆n

Thickness of
sample layer
(d) in meter

δn S =
δn

∆n

59.5 332.5 I–N 0.15548 0.479877 1.00E-06 0.163524 0.504705

54 327 N 0.22365 0.690278 9.70E-07 0.222162 0.685685

50 323 Cr —- —- 0.788E-6 0.291083 0.898404

TABLE 7. Birefringence and order parameter of sample S14 by Newton’s ring and image processing
methods at various phases

∆n = 0.329 β = 0.197

Temp (◦C) T (K) Phase Variance Newton’s ring method Image processing method

δn S =
δn

∆n

Thickness of
sample layer
(d) in meter

δn S =
δn

∆n

60 333 I–N 0.141953 0.431468 1.1E-06 0.152654 0.463995

52 325 N 0.221508 0.673277 1.02E-06 0.220937 0.671541

49.5 322.5 Cr — — 0.78E-6 0.295959 0.899572
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FIG. 17. Order parameter with respect to temperature by Newtons rings method and Image analysis
method in samples S1, S11, S12, S13 and S14
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4. Conclusion

The advantage of the image analysis method is that it is simple, less complex, efficient and reliable in this type of
studies, unlike other techniques, there is no need to arrange different experimental setup except to arrange POM. By
conventional techniques, the order parameter can be estimated in the nematic and smectic phases only; however, in the
image analysis method, the order parameter can be evaluated in the crystalline phase in addition to the nematic and
smectic phases. By the image analysis technique, the order parameter can be estimated in all liquid crystalline phases
such as nematic, smectic and crystalline phases, whereas in Newton’s rings method it can be evaluated only in nematic,
smectic phases. Due to the dispersion of Nano particles, the birefringence anisotropy increases. Therefore,the view
angle increases and this can be most advantageous in liquid crystal display devices, to produce large panel LC displays
with good depth.
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Multiferroic Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) nanoparticles were prepared using an auto-combustion method. The effect of cerium
substitution on the crystal structure, electrical and magnetic properties of BiFeO3 (Bismuth Ferrite) was studied. X-raydiffraction spectra revealed
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1. Introduction

One of the reasons for fabricating novel materials for attaining rich functionality is to unite different physical
properties in single material. Magnetic and Ferroelectric materials are enduring subject of study and have led to
notable progress in the development of technology to date. These apparently distinct phenomena can coexist in certain
unusual substances, termedas multiferroics which are of key importance, both from research as well as technological
perspective.

Multiferroic materials exhibit the phenomena of ferroelectricity (FE), ferromagnetism (FM) and ferroelasticity
simultaneously in their singlephase [1–3]. Although the possibility of coupling orinteraction between ferromagnetic
and ferroelectric order parameters is known for quite long time, its existence and practical applications were realized
only after the discovery of multiferroicity in BiFeO3.

Bismuth ferrite is found to be one such material which demonstrate a coupling between magnetic and ferroelectric
order, having Curie temperature TC ≈ 1100 ◦K and antiferromagnetic temperature TN ≈ 640 ◦K [4, 5]. Bismuth
ferrite possesses G-type antiferromagnetic ordering because of its complex cycloidal spin structure with a wavelength
of 62 nm with [110] spiral direction and (110) spin rotation plane [6]. However BiFeO3 suffers from several major
issues like phase defects such as oxygen vacancies and impurity, high leakage current, spiral spin structure, large
difference in transition temperature (TC & TN ). The leakage current a rises in BiFeO3 due to its nonstoichiometry.
This is particular lybecause of the difficulty in obtaining stoichiometric singlephase BiFeO3 materials. In order to
reduce leakage current density efforts have been made by using different fabrication methods. Several techniques have
also been recently adopted to eliminate secondary phases and oxygen vacancies [7–11]. Particle size also plays a vital
role in controlling the structural and magnetic properties of BiFeO3 [12]. The authors [13] described the necessity to
lower the sintering time during the increasein synthesis temperature to confine the formed BiFeO3 crystals within the
nanosize range. The current trend is to avoid brute force methods in order to have a better control of stoichiometry,
structure, and phase purity of metal oxides. The authors [14]reported cerium-substituted BiFeO3 powders using
hydrothermal method revealed the lattice contraction and decrease of grain size. Synthesis of Ce substituted BiFeO3

nanoflakes [15] using sol-gel method has resulted in enhancement of electrical properties. The combustion or fire
synthesis is quite simple, fast, and economical. It is possible to control the particle size of solid combustion product to
nano-range by using suitable fuels that control the nature of combustion. Urea is documented as an ideal fuel for the
combustion synthesis of high temperature oxides [16]. In this work, auto combustion method was used for synthesis
as it has not been reported for the synthesis of Ce doped BiFeO3 and urea was chosen as the fuel, which act as a
self-catalyst and generates heat as its melting point is very low, which further helps in increasing the reactivity of the
samples yielding a good result as compared to solid state process.

Attempts to improve the electrical properties have been made by doping it with rare earth elements such as lan-
thanum (La), samarium(Sm), gadolinium (Gd) and dysprosium (Dy) etc. [17, 18]. Efforts have also been made to
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overcome these issues by doping transition metals [19] into BiFeO3, also modifying material by including solid so-
lution of BiFeO3 with BaTiO3 etc. [20, 21]. Difficulties also prevail in the practical realization of BiFeO3, resulting
from weak ferromagnetism exhibited by BiFeO3, as the spiral spin modulation, superimposed on G-type antiferro-
magnetic spin ordering [22, 23], cancels out any possible net magnetization. One means for suppressing spiral spin
modulation in BiFeO3 is the chemical substitution in the A-sublattice [24–29]. Diamagnetic substitution at A-site in
BiFeO3 has been shown to enhance the net magnetization of parent material because of the kind of diamagnetic dopant
element [30, 31].

In the present work, we have incorporated the compositional variations which have permitted the attainment of
improved multiferroic properties. Cerium was chosen to substitute at A-site of BiFeO3 because the ionic radius of
Ce3+ is comparable with that of Bi3+. The electronic configuration of Ce3+ also causes hybridization resulting in
formation of Ce–O bond [32] leading to a noncentrosymmetrically distorted structure and a suppressed spiral spin
structure, probably improving the ferroelectric and magnetic properties. The partial substitution of Bi3+ ions by rare
earth ions are reported to improve multiferroic properties of BiFeO3 [33–37].

2. Experimental

The samples with the composition Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) were prepared byan auto combus-
tion method using urea as a fuel. The prime basis of auto combustion method depends on the proficiency of high
lyexothermic reactions to be self-sustaining and,therefore, energetically efficient. The exothermic reaction is initiated
at the ignition temperature, and generate sheat which is displayed in a maximum or combustion temperature (Tcomb),
which can volatilize low boiling point impurities, and therefore result in purer products than those produced by more
conventional techniques.

The precursor materials used for the synthesis of Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) bythe auto com-
bustion route were analytical reagent grade bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), ferric nitrate nonahy-
drate (Fe(NO3)3 ·9H2O), Cerium(III) nitratehexahydrate (Ce(NO3)3 ·6H2O) with a purity of more than 99 %. Analyt-
ical grade urea in a powder form with purity more than 99 % was used as fuel in the synthesis of the Bi1−xCexFeO3

powder. Appropriate quantities of materials were weighed in microbalance according to the stoichiometry to obtain
(0.05, 0.1, 0.15, 0.2) trivalent Ce3+ dopant concentrations to replace trivalent Bi3+. Stoichiometry of there doxmix-
ture for combustion is calculated based on the total oxidizing and reducing valencies of oxidizer and fuel. So that the
equivalent oxidizer to fuel ratio becomes unity which results in release of maximum heat [38, 39]:

0.8Bi(NO3)3 · 5H2O+ Fe(NO3)3 · 9H2O+ 0.2Ce(NO3)3 · 6H2O+ 5CH4N2O

→ Bi0.8Ce0.2FeO3(s) + 8N2(g) + 24H2O(l) + 5CO2(g).

According to propellant chemistry, the valencies of the elements carbon, hydrogen, nitrogen and oxygen are +4,
+1, 0 and −2 respectively. The valency of nitrogen is taken as zero because of its conversion to molecular nitrogen
during combustion. The valencies of metal depend upon metal ions in that compound. The valencies of the metals
bismuth, iron and cerium are +3, +3 and +3 respectively. Thus, amixture of (Bi(NO3)3 · 5H2O), (Fe(NO3)3 · 9H2O),
Ce(NO3)3 · 6H2O and urea in an appropriate molar proportion were thorough lymixed by grinding using agate mortar
and pestle to form a homogeneous mixture. This homogeneous mixture was then poured into a crucible and was
introduced into a 500 ◦C preheated mufflefurnace, which under goes self-propagating, gas producing combustion
reaction to yield voluminous metal oxide in less than 5 minutes, which is a porous and foamy product [40]. The
porous powder was ground in a mortar and pestle to obtain a fine powder. The ground powder was again placed into
the furnace for sintering at 400 ◦C for 3 hours.

The samples were then characterized by using various techniques. X-raypowder diffraction data was collected
using an XPERT-PRO diffractometer with CuKα radiation (λ = 0.15456 nm) at step of 0.02 in the range 2θ = 200
to 800. The magnetic properties were measured by a vibrating sample magnetometer (Lakeshore VSM 7410) at room
temperature. Dielectric measurements were performed on an impedance analyzer (WeynnKerr6500B) for which the
sintered samples were mechanically pressed inh ydraulic press and an Ag paste was applied to both sides of the
polished pellets. Ferroelectric hysteresis loops were studied by a P–E loop tracer.

3. Result and discussion

Room temperature powder x-ray diffraction was then carried out on Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2).
Rhombohedral perovskite structure is retained even after substituting Ce3+ ions for Bi3+ in BiFeO3. The profile fit for
the Rietveld refinement of Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) samples are shown in Fig.1(a,b,c,d) respectively.
Ce doping causes the peaks to shift toward lower 2θ value this indicates that Ce is getting substituted in the BiFeO3

lattice.
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(a) (b)

(c) (d)

FIG. 1. The fit for the Rietveld refined profile for the Bi0.95Ce0.05FeO3 (a); Bi0.9Ce0.1FeO3 (b);
Bi0.85Ce0.15FeO3 (c) and Bi0.8Ce0.2FeO3 (d) samples

The lattice parameters are found to increase with Ce doping because ionic radii of Ce3+ (radius = 1.01 Å) is more
than that of Bi3+ (radius = 1.03 Å) ion [41]. The crystallite sizes of all the samples Bi1−xCexFeO3 (x = 0.05, 0.1,
0.15, 0.2) were found to be 16 nm, 19 nm, 22 nm and 27 nm respectively obtained by considering the most intense
diffraction peak in the pattern using Scherer’s formula.

The stimulated XRD patterns of sample coincide well with the measured XRD pattern with generally small R-
values as illustrated in Table 1. The lattice parameters and other refined parameter are also tabulated in Table 1.

SEM micrograph of Ce doped samples exhibits finegrained structure with sharp grain boundaries with almost
uniform diameter as shown in Fig. 2. The micrographs of the samples showed relatively greater homogeneity in
the microstructure. Also the grain size of the samples decreases with increasing cerium in BiFeO3 which is a clear
indication of incorporation of cerium into BiFeO3.

Typical TEM images of Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) samples prepared by the auto combustion
method is shown in Fig. 3 respectively.

The average particle size estimated from TEM images for Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) were found
to be 15 nm, 20 nm, 24 nm and 27 nm respectively, which is in accordance with XRD analysis. The particles are well
connected with each other and are found to be approximate lysphericalin shape. The average particle size is found to
decrease with Ce doping. Thus we can conclude that the substitution of Bismuth by rare-earth in multiferroic material
BiFeO3is accompanied by a significant decrease in particle size [42].
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TABLE 1. Details of Rietveld refined XRD parameters for Bi1−xCexFeO3

Parameters Bi0.95Ce0.05FeO3 Bi0.9Ce0.1FeO3 Bi0.85Ce0.15FeO3 Bi0.8Ce0.2FeO3

2θ range
(deg.) 20◦ to 80◦ 20◦ to 80◦ 20◦ to 80◦ 20◦ to 80◦

Step size
(deg.) 0.02 0.02 0.02 0.02

Wavelength 1.5406 AA 1.5406 Å 1.5406 Å 1.5406 Å

Space group R3c R3c R3c R3c

a ( Å) 5.587 Å 5.613 Å 5.643 Å 5.659 Å

b ( Å) 5.587 Å 5.613 Å 5.643 Å 5.659 Å

c ( Å) 13.876 Å 13.902 Å 13.932 Å 13.948 Å

Volume ( Å3) 375.09 Å3 379.3 Å3 384.19 Å3 386.82 Å3

RF 1.7 2.1 2.5 2.8

RBragg 2.95 2.8 2.6 2.35

Rwp 16 15.6 14.5 13.0

Rexp 13.8 14.0 15.6 17.6

Rp 12.4 13.5 14.4 15.4

χ2 1.924 1.804 1.423 1.34

FIG. 2. SEM images of Bi1−xCexFeO3 nanoparticles (a) x = 0.05; (b) x = 0.1; (c) x = 0.15 and
(d) x = 0.2

Thermal analysis of Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) samples sintered at 400 ◦C has been carried out
with DTA (600 – 900 ◦C) to study the transition temperatures. DTA results for temperature range (800 – 900 ◦C)
are shown in Fig. 4. For Bi1−xCexFeO3 respectively. A peak is observed for all the samples. Kaczmareket al. [43]
have attributed the peak observed in DTA near 830 ◦C to ferroelectric phase transition (Curie temperature, TC) of bulk
BiFeO3. This clear endothermic peak is of chief interest here.

The peak is shifted towards higher temperature with increase in Ce concentration. This increase in TC can be due
to the decrease in pressure with increase in the cell volume. In BaTiO3, the various transition temperatures shift down
on compression [44]. Similarly, lowering of ferroelectric transition temperature is observed when doped with smaller
atoms [45].

The room temperature magnetic hysteresis loops for Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) samples are shown
in Fig. 5 recorded at 300 K. It is noted that saturation is achieved in all the samples for an applied field of <10 KOe.
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FIG. 3. TEM images of Bi1−xCexFeO3 nanoparticles (a) x = 0.05; (b) x = 0.1; (c) x = 0.15 and
(d) x = 0.2

FIG. 4. DTA curve of Bi1−xCexFeO3 sintered at 400 ◦C

All the samples exhibited ferromagnetic ordering at room temperature. Owing to finite size the nanoparticles usually
show unusual magnetic behaviors distinct from that of their bulk counterparts. In antiferromagnetic nanoparticles, due
to the large surface to volume ratio, the contribution of uncompensated spins at the surface becomes higher.

Nèel [46–48] proposed that the finite magnetic moment of nanoparticles of antiferro-magnetic materials is due
to the presence of the seun compensated spin sat the surface of the particles. Apart from uncompensated spins at the
surface, canting of spins in antiferromagnetic sublattices also plays an important role in the magnetic properties of
the nanostructures [49, 50]. Ce doping could have increased the canting angle, which in turn has resulted in enhanced
magnetic properties. Another reason for the observed ferromagnetism is the suppression of spirals pin structure char-
acteristic of BiFeO3. When the particle size is on the order of or <62 nm, this spiral spin structure changes so as to
result in enhancement in magnetic properties. The variation of magnetic parameters and crystallite size is tabulated in
Table 2. It is clear that Ce doping has strengthened the magnetic properties of BiFeO3 significantly.

Figure 6 shows P–E hysteresis loops for the Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) as a function of electric
field. Ferroelectric parameters at room temperature for Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) samples are given
in Table 3. All samples show typical ferroelectric behavior. According to Wang et al. [51], the ferroelectricity of
the BiFeO3 samples originated from the displacements of Bi with respect to the FeO6 cages along the (111) plane.
Experimental results suggested that partial doping of Ce ions in BiFeO3 acts as donor in oxygen octahedron and force
the reduction of oxygen vacancies by restricting the formation of Fe3+ to Fe2+ ions, resulting in a great suppression
of leakage current.

It is found that remanent polarization is found to increase with an increase in crystallite size. As the grain boundary
is a low permittivity region, it has weak ferroelectricity. Therefore, polarization of grain boundary may be little or
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FIG. 5. The M–H plot of Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) at 300 K

TABLE 2. Details of Magnetic Parameters at Room Temperature for Bi1−xCexFeO3 samples

Sample
Remanent

Magnetization
(emu/g)

Saturation
Magnetization

(emu/g)

Crystallite
Size (nm)

Bi0.95Ce0.05FeO3 0.5 1.48 16

Bi0.9Ce0.1FeO3 0.7 1.89 19

Bi0.85Ce0.15FeO3 1.3 2.71 22

Bi0.8Ce0.2FeO3 1.6 3.38 27

FIG. 6. Ferroelectric hysteresis loop of Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) at 50 Hz
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TABLE 3. Details of Ferroelectric Parameters at Room Temperature for Bi1−xCexFeO3 samples

Sample
Electric field, Ec

(KV/cm)

Remnant
polarization Pr

(µC/cm2)

Crystallite
Size (nm)

Bi0.95Ce0.05FeO3 25 3.08 16

Bi0.9Ce0.1FeO3 38 4.21 19

Bi0.85Ce0.15FeO3 46 5.02 22

Bi0.8Ce0.2FeO3 63 6.8 27

even nonexistent. On the other hand, space charges in grain boundary exclude polarization charge on grain surface
and depletion layer on grain surface can be formed. That results in polarization discontinuity on grain surface to form
depolarization field and polarization decreases. The number of grain boundary increases as crystallite size decreases.
Consequently, the remanent polarization increases as the crystallite size increases [52]. Also the remanent polarization
is found to increase with Ce concentration, hence we may anticipate that replacement of highly volatile Bi3+ with
Ce3+ reduces the concentration of oxygen vacancies giving reduced leakage current and thus improves ferroelectric
properties.

The measured temperature dependence of dielectric constant ε and loss for Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15
and 0.2) samples at 100 Hz frequency are shown in Fig. 7(a,b), respectively. The peak in the dielectric constant
is attributed to a transformation from the antiferromagnetic order to the paramagnetic order,indicating an effect of
disappearing magnetic order as compared to electric order and attests to magneto-electric coupling in the samples.
This type of anomaly near the Nèel temperature has also been predicted by several studies [53–58]. Here, the peaks
show a diffuse nature. The substitution of cerium shifts the dielectric peak to low temperature region and a diffuse
dielectric peak results. The peak shift may be attributed to the slightly larger ionic radii of Ce3+ which replaces Bi3+

due to which tolerance factor decreases which in turn reduces the Nèel temperature. Another significant result is peak
broadening with increased cerium concentration.

Figure 7(b) shows the variation in dielectric loss tan δ for Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) samples.
Further as noted in the dielectric constant, anomalies are observed at 390, 380, 374 and 352 ◦C for x = 0.05, 0.1,
0.15 & 0.2 respectively. In addition, the peaks in dielectric constant ε and dielectric loss tan δ shifted towards a
lower temperature with increased Ce3+ substitution, which indicates a decrease in the antiferromagnetic ordering
temperature upon Ce3+ substitution.

Frequency (100 Hz – 1 MHz) dependence of real part of dielectric constant ε′ and loss for the Bi1−xCexFeO3

(x = 0.05, 0.1, 0.15, 0.2) samples at 300 K is shown in Fig. 8(a,b) respectively. For all samples, the ε′ decreases
with the increase in frequency and is consistent with combined response of orientational relaxation of dipoles and
conduction of charge carriers. It may be attributable to the fact that the intra well hopping probability of charge carriers
dominates and dipoles are unable to follow the field reversal in such a small interval of time at higher frequencies.
It has been observed that ε′ is increasing with substitution of Ce. Variation in tan δ with frequency at 300 K for
Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) samples is shown in Fig. 8(a,b).

It is evident that tan δ also decreases with an increase infrequency. The increase in the dielectric constant may be
attributed to the suppression of oxygen vacancies due to the substitution of Ce3+ at Bi3+ site. Since the substitution of
Ce at Bi site is ascribed to compensation of the volatile Bi component in BiFeO3, which causes reduction in the oxygen
vacancies, which could have been generated to compensate the positive charge deficiency caused by the volatization
of Bi [59,60]. As a result, the number of oxygen vacancies decrease, therefore Bi0.8Ce0.2FeO3 has the highest ε value
among all the Ce doped compositions.

4. Conclusions

It can be concluded from the present work that auto-combustion synthesis technique can be an advantageous
method to prepare single phase cerium-doped BiFeO3. The XRD pattern showed rhombohedrally distorted perovskite
structure for cerium-doped BiFeO3. The crystallite size is found to increase with increasing cerium concentration.
Magnetization is found to increase considerably in all doped samples due to canting of spins and particle size less
than 62 nm, which is less than the periodicity of BiFeO3. Also cerium-doped BiFeO3 sample shows fairly good
ferroelectric behavior with increased remanent polarization with increasing crystallite size. Increasing the cerium
concentration is found to reduce the N’ eel temperature, which is observed from the temperature dependant dielectric
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(a)

(b)

FIG. 7. (a) Temperature dependent dielectric constant at 50 Hz; (b) Dielectric loss of
Bi1−xCexFeO3(x = 0.05, 0.1, 0.15, 0.2) at 50 Hz

anomaly. This dielectric anomaly observed in all the samples is a signature of magneto-electric coupling. Dielectric
constant also shows strong frequency dependence for all the samples, indicating the usual dielectric dispersion. It is
anticipated that appropriate doping at A Site of BiFeO3 can enhance the intrinsic magnets and ferroelectric properties
as well as generating novel functionalities.
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(a)

(b)

FIG. 8. (a) Real part of Frequency dependent dielectric constant; (b) Dielectric loss of
Bi1−xCexFeO3 (x = 0.05, 0.1, 0.15, 0.2) at 300 K
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Diamond nanoparticles containing single color centers are considered to be one of the most promising realizations of the sources of single pho-
tons required for many potential applications in quantum telecommunication and quantum computing systems. Their implementation in practical
schemes, however, requires a sufficient increase in their brightness, including the enhancement of both emission and collection efficiency. In this
work, we propose a design of a compact planar structure composed of a dielectric periodic cavity coupled with a strip waveguide that is particularly
suitable for improving optical characteristics of color centers embedded in a nanodiamond placed inside the structure. We numerically demonstrate
that such scheme permits the achievement of simultaneous increase of emission rate of color centers by ≈ 50 times in a spectral range ≈ 2 nm, and
up to ≈ 85 % out-coupling efficiency of emission to the dielectric strip waveguides. We analyze the main factors that decrease the performance of
the proposed arrangement and discuss the possible ways for restoring it.
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Color centers in diamonds are recognized as one of the most propitious platforms for development of single photon
sources [1,2], for creating nanoscale sensors [3], for magnetometry [4,5], and thermometry [6,7] due to the possibility
of their manipulation at room temperature and quite long electronic spin coherence times. The main problem that
prevents their implementation in practical schemes is their relatively low brightness, i.e., the number of photons that a
defect emits in a certain period of time, and that can be further collected, is relatively small [2].

The brightness of a source is determined by several factors: its luminescence rate, emission collection efficiency,
internal quantum efficiency of the source and radiative efficiency of the surrounding environment. Moreover, creation
of coherent sources of indistinguishable single photons based on color centers for quantum applications requires them
to emit predominantly into the zero phonon line (ZPL), while, for instance, for negatively charged NV centers at room
temperature about 96% of the energy is emitted through the phonon side-band [1]. Some other types of color centers,
e.g., SiV− defects, exhibit much higher fraction of ZPL emission, however, they suffer from low internal quantum
efficiency [1, 8]. Another essential problem is the efficient collection of the luminescence. For instance, the fraction
of emission from color centers in bulk diamond or diamond films that can be detected by a confocal microscope is
limited by only several percents due to high refractive index contrast between the diamond and vacuum. Emission
from color centers in nanodiamonds does not suffer from such a problem, but being dipole-like in nature, it slightly
differs from the isotropic one. Consequently, the development of optical devices based on color centers requires a
sufficient increase of their brightness, which implies the increase of both emission rate and collection efficiency.

Conventionally, the emission rate of color centers can be enhanced by exploiting the Purcell effect, which mani-
fests itself as a modification of emission properties, when an emitter is placed in the vicinity of a cavity with a resonant
frequency that coincides with the ZPL of the color center [9]. High emission rate is usually achieved either by using
plasmonic cavities that are characterized by ultrasmall mode volume, or dielectric cavities that can be designed to
have very large quality factors (Q-factors) [10]. In the plasmonic structures [11–13], the strength of the Purcell effect,
however, substantially depends on the position of the emitter, and strong Ohmic losses in metals may result in low
radiation efficiency. Therefore, most of the studies are focused on coupling color centers to dielectric cavities, which
can be divided into two main groups based on the type of the considered geometry.

The first one relies on color centers embedded in bulk diamond or diamond films. A scenario of their interaction
with dielectric cavities is realized by fabrication of the resonant structures from the diamond itself [14–19]. Although
such an approach allows for the control over the orientation of the color center symmetry axis, it is not very common,
because fabrication of high-quality diamond nanostructures presents major technological difficulties [9, 14].

In this study, we focus on the second type of diamond-based sources in the form of small diamond nanoparticles
with the size of several tens of nanometers containing single or multiple defects. Such nanoparticles can be exper-
imentally tested after the fabrication, and then the ones with the desired properties (e.g., containing a single defect
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FIG. 1. (a) Scheme of the considered structure: a diamond nanoparticle with an embedded color
center is placed in the middle of the cavity formed by dielectric particles with high refractive index.
The single-mode homogeneous dielectric waveguides butt-coupled to the cavity serve as channels
for efficient photon extraction. Parameters of the system are given in the text

with high quantum efficiency and absence of photo-bleaching) can be placed at the appropriate position using differ-
ent techniques [11, 13, 20–22], usually by a pick-and-place method with atom-force microscopy tip. Coupling of an
emitter in a diamond nanoparticle to a dielectric cavity is usually achieved by placing it on the surface of a dielectric
cavity [20, 21, 23–26]. In this case, however, the interaction occurs only via evanescent tails of the cavity field, which
is far from ideal, because the electric field in dielectric cavities is typically concentrated inside the dielectric material.
Therefore, one of the specific problems is to design a proper cavity that will ensure its efficient interaction with a color
center embedded in a nanodiamond located in such structure [27].

Another important problem is the efficient collection of the emission from the color centers. Typically, in exper-
iments the emission is collected by using far-field optical microscopes. While this might be a convenient approach
for the experiments in a laboratory, for the practical advancement in the scalable photonic and quantum integrated
circuits, the more favorable scheme is the coupling of the emission into a mode of a planar single-mode ridge/strip
waveguide or a nanowire [28–30]. However, coupling of a defect in a nanodiamond directly to the homogeneous
dielectric waveguide or optical fiber is also a quite inefficient process, because similarly to dielectric cavities, coupling
occurs only through the evanescent field of a guided mode [22, 31–34].

The approach, exploited in this study, is based on the use of periodic waveguides with high local density of optical
guided modes, which provides a substantial increase in the rate of emission that is directed into the waveguide modes.
Namely, we consider a system composed of a waveguide-type cavity made of high-refractive-index nanoparticles butt-
coupled to a single mode homogeneous optical waveguide (see Fig. 1), that allows improvement of both the ZPL
emission rate and the collection efficiency of the emission from the color center in a nanodiamond at the same time.
First, we calculate the properties of the designed cavity, then we analyze its coupling with single-mode homogeneous
strip waveguide, and after that we discuss the main issues that deteriorate the performance of considered structure and
suggest different modifications that can partially restore it.

The designed cavity operates on the quasi-dark mode of the subwavelength array of mutually coupled magnetic
dipole resonances of single dielectric nanoparticles with high refractive index [35, 36]. Interaction of a dipole emitter
with such cavity is similar to the interaction with photonic-crystal waveguides and is based on the excitation of the
slow light guided modes of a periodic system, i.e. modes which are characterized with a group velocity that tends
to zero at the edge of the Brillouin zone and, consequently, a high density of optical states [37]. Photonic crystal
waveguides, however, exhibit maximum field distribution of the guided mode inside the dielectric layer [38], which
is the reason why such structures work well for emitters embedded inside the waveguide slab [19, 39]. In contrast,
the cavity suggested in this work, interacts efficiently with emitters placed in the gap between the dielectric particles.
This can be seen from the calculated dispersion of the infinite periodic system along with the field distribution of the
corresponding mode, shown in Fig. 2(a-c) for the following parameters of the system: dimensions of the particles
ax = 160 nm, ay = 180 nm, az = 100 nm, material of the particles is lossless dielectric with ε = 14, period of
the structure d = 225 nm, and the refractive index of the substrate is n = 1.45. All numerical simulations were
performed in a commercial software Computer Simulation Technology (CST). Fig. 2(a) shows that the dispersion of
the fundamental waveguide mode is characterized by zero group velocity and, consequently, with the Purcell factor
(PF) that diverges near the frequency ≈ 410 THz. Calculation of the PF, defined as the emission rate of a point-like
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FIG. 2. (a) Dispersion diagram of an infinite periodic (in x direction) chain of cubic nanoparticles
(bottom horizontal axis) and Purcell factor (PF) (top horizontal axis in logarithmic scale) calculated
for the source placed in the infinite periodic system at the point shown with a green circle in (b,c);
k is the Bloch wavenumber, d is the period of the array. (b,c) Distribution of the y-component of
electric field in the single unit cell for the eigenmode at the edge of the Brillouin zone in the plane
(b) x = 0, (c) z = 0. Blue lines indicate the position of the dielectric nanoparticles. Geometrical
parameters of the system are given in the text

dipole normalized by the emission rate of the same source in vacuum, was performed based on the eigenmode field
distribution [37], assuming that a dipole is placed exactly in the middle of the gap between the particles at the distance
of 25 nm above the substrate and its orientation coincides with the orientation of the electric field of the excited mode.
From Figs. 2(b,c) we can notice that the interaction of the electric dipole source with such waveguide mode is strong
when it is placed between the two central particles. Since the gap between the particles in our calculations was equal
to 65 nm, the arrangment is particularly suitable for placing a nanodiamond with a size of 30-50 nm in it.

Further, we calculate the properties of the finite-size structure, shown in Fig. 1. In order to extract the radiation
from such a cavity it was butt-coupled to homogeneous strip waveguides with the same height az = 100 nm and
different width wy = 130 nm and made from the same material as the nanoparticles. The size of a homogeneous
waveguide was chosen so that the propagation constant of its mode coincides with the propagation constant of the
periodic waveguide-cavity. In calculations we assume that an electric dipole source is oriented in y direction and
located in the center of spherical diamond nanoparticle (refractive index n = 2.4) with radius rND = 25 nm, which
is, in turn, placed on the substrate between the two middle particles.

The distribution of the power flow in the investigated structure is schematically shown in Fig. 3(a). In the absence
of material losses, the main characteristics are determined by the β−factor, defined as the power emitted into the
modes of the strip waveguides PWG normalized by the total power emitted by the source Ptot = PWG + Pfs (where
Pfs is the power emitted into free space or substrate), and by the PF, defined here as the power emitted by the point
dipole in the structure Ptot divided by the power emitted by the same source in the nanodiamond in vacuum P0.
Such characteristics calculated for the system with 24 particles are presented in Fig. 3(b,c) with solid black curves,
respectively. The arrangement allows for almost 40-fold enhancement of the power emitted by the source, while at
the same time almost 90% of this power is directed into the modes of the strip waveguides. The quality factor of
the structure consisting of 24 particles was ≈ 300, with the linewidth ≈2 nm. At low temperature, the ZPL of color
centers can be very narrow (close to the transform-limited line), and the interaction strength can be further increased
by implementing a composition of larger number of particles and consequently higher Q-factor. The parameters of
the considered structure were tuned in such a way that the finite size system exhibits a resonance at the wavelength
≈ 737 nm, which corresponds to the ZPL of the SiV− color centers in diamond [8]. However, we emphasize that the
proposed dielectric structure can be easily tuned to the desired wavelength by adjusting the geometrical parameters.
An example of the scheme designed for the NV− centers is considered further.

In the basic symmetric arrangement in Fig. 1 photons are emitted in both directions. A unidirectional emission
can be straightforwardly achieved by placing a Bragg mirror on one of the sides of the structure. The Bragg reflector
consisted of 10 particles (in order to ensure the sufficient reflection coefficient) with adjusted width ay . Since the Bloch
wavelength of the periodic waveguide is close to 2d, the reflected wave should be almost in-phase with the emitted
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one, regardless of the number of particles in the cavity. The calculated PF and β factor for the system with reflector,
shown in Fig. 3(b,c) with dashed blue curves, confirm this: the power emitted by the source has almost doubled, while
approximately the same fraction ≈ 85% is channeled into one remaining strip waveguide. This can be potentially
beneficial for the development of scalable quantum optical circuits with different elements connected via single-mode
dielectric strip waveguides. The extraction of propagating photons from the nanowaveguide with high efficiency can
be achieved by well-established methods of far-field [40] or nanowaveguide/fiber [41] grating out-coupling.

There are several main factors that can substantially affect the performance of considered structure, including
position of the source, orientation of its dipole moment, and material losses in dielectric. One of the essential issues
is related to the orientation of the dipole source. In fact, the designed system works well only for the y-oriented
source. Therefore, if, for example, the symmetry axis of the NV− center in a nanodiamond placed inside the structure
happens to be oriented along the y direction, its dipole moment can be oriented either along x or along z direction.
Consequently, the coupling of such source to the cavity mode vanishes. In order to overcome this problem, we consider
a “2D” structure, that is composed of two considered “1D” structures shown in Fig. 1, one of which is rotated by 90
degrees in x− y plane, thus achieving identical performance characteristics for arbitrary orientation of a dipole source
in the plane of the substrate. Because the gap between the particles is small as compared to their width, four central
particles become noticeably overlapped with each other, which leads to overall decreased performance of the structure.
In order to restore approximately the same value of Q-factor and PF as for the “1D” structure, we have increased the
number of particles in the system to 36 and have slightly adjusted the four central particles by changing ax from 160 to
150 nm. The results of calculations show that such “2D” structure with 36 particles maintains the same Q-factor and
PF as “1D” structure [see black solid and green dashed curves in Fig. 3(b)]. Although the β-factor has dropped down
to ≈ 50% [green dashed curves in Fig. 3(c)], in this geometry all characteristics remain the same for any orientation
of the dipole source in x− y plane.

Further, we consider the effect of small deviations of the position of the source on the emission and extraction
efficiency. The change in the PF is determined mainly by the interaction with the cavity mode, in which strength is
proportional to the electric field intensity at the point of the source location. According to eigenmode calculations
shown in Fig. 2(b,c), the dependence is quite weak. We have confirmed this by performing the exact numerical
calculations for the finite system. Colormaps plotted in Figs. 4(a-c) show the values of PF for different positions of
the color center at the distances up to 20 nm from the center of the nanodiamond in x− y and x− z and y− z planes.
The variation of PF is observed only in the range from ≈ 30− 60, which shows that for almost arbitrary position of a
defect in a nanodiamond the emission rate remains as high as in the center.

The similar maps in Figs.4(d-f) show the dependence of β-factor on the position of the dipole source. Since in the
absence of losses in the system β-factor is determined as β = PWG/(Pfs + PWG) (see Fig. 3(a), it can be modified in
two ways. First, the decrease (increase) of PF reduces (enhances) the β-factor directly. And, second, the increase of
PFS, which occurs when the dipole source gets closer to the substrate [42], also reduces β-factor. The combination of
these two factors gives the result shown in Figs. 4(d-f). Overall, we can expect approximately the same characteristics
of the system (PF and β-factor) for almost arbitrary position of the color center in the small nanodiamond (40−50 nm).
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We stress here that because the optical size of a nanodiamond is much smaller than the wavelength, its form and size
also do not noticeably affect emission properties [27, 43]. We also note, that further tolerance to the position of the
emitter can be achieved by designing a similar structure with smaller height az . Our calculations show (not presented
here) that e.g. for az = 50 nm field distribution in the gap between the particles becomes even more homogeneous,
and, consequently, dependence of emission properties on the position becomes even more negligible.

Finally, we consider the effect of material losses in the system. For instance, crystalline silicon, the most exploited
material with high refractive index at visible frequency range, has an imaginary part of permittivity of about 0.065
at the wavelength λ ≈ 737 nm [44]. Our calculations revealed that taking into account the material losses in silicon
results in following changes. The Q-factor of the resonance and, consequently, the PF and Ptot are reduced by ≈ 3
times and the fraction of power lost in the cavity P loss

cav /Pcav [see Fig. 3(a)] reaches almost 60%. Moreover, the total
radiation efficiency also depends on the losses in the strip waveguides P loss

WG, which grow with the increase of the
length of the waveguide. E.g. for the 4µm-size waveguides we have estimated the radiative PF (Pout/P0) to be only
≈ 10, while the β-factor (which is defined as Pout/Ptot for the system with losses) dropped down to 10%. For color
centers with ZPL at lower wavelengths radiation efficiency is expected to be even lower due to higher losses in silicon.

This problem can be overcome by using different materials with lower losses. E.g. gallium phosphide with
refractive index n ≈3.5 or materials with lower refractive index, such as TiO2 or SiN [45]. To illustrate the possibility
of engineering structures tuned at different operational frequencies and fabricated from difference materials, we have
developed a similar system made from GaP, that is suitable for operation with NV color centers with ZPL at ≈ 637
nm. The numerical simulation results, shown in Fig. 5 demonstrate, that it is indeed possible to have similar values
of PF and β for considered structure. In this case the radiation efficiency of this composition is limited only by the
internal quantum efficiency of the color center, which in the case of the nanodiamond, can be estimated before the
placement in the nanostructure.

In summary, we have proposed a design of a dielectric structure composed of a nanoparticle waveguide-cavity
butt-coupled to dielectric strip waveguide for efficient interaction with the color centers embedded in small nanodi-
amonds with linear size up to ≈ 50 nm. We have studied numerically optical properties of considered arrangement
and have shown that it allows one to increase the emission rate of color centers by several orders of magnitude in
≈ 2 nm spectral range and at the same time to provide out-coupling of emission to planar strip waveguide with up to
85% efficiency. We have shown that tuning of the system can be realized in a straight-forward way by adjusting the
geometrical parameters of nanostructures, which makes them a promising platform for creating bright single photon
sources based on nanodiamonds containing color centers for quantum optical integrated circuits.
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[32] Schröder T., Fujiwara M., Noda T., Zhao H.-Q., Benson O., Takeuchi S. A nanodiamond-tapered fiber system with high single-mode coupling
efficiency. Opt. Express, 2012, 20, P. 10490–10497.

[33] Liebermeister L. Photonic Waveguides Evanescently Coupled with Single NV-centers. Fakultat fur Physik der LudwigMaximiliansUniversitat
Munchen, 2015.
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1. Introduction

Semiconductor quantum dots (SQDs) are model systems for investigating nonlinear light-matter interaction that
have attracted much interest. SQDs are referred to zero-dimensional systems that restrict the movement of charge
carriers in the three spatial dimensions, which results in atom-like discrete energy spectra and strongly enhanced
carrier lifetimes [1]. These atoms like structures have been proposed for the use as qubits in quantum information
processing [2] as well as for laser devices [3]. Some of the most recent investigations indicate that these types of
heterostructures can undergo abrupt changes in the spectral response with minimal variations in their size and mor-
phology, offering important applications for optics, among which are next-generation lasers, diodes, light emitters,
optical multiplexers, biosensors, spectral tuners, quantum computing, logic gates, among others [4–12]. Due to their
large dipole moments, reaching values on the order of 10−17 esu cm [13], the interaction between SQDs and optical
light fields is strongly enhanced in comparison with atomic systems, making them good candidates for the study of
nonlinear optical propagation effects. Recently, it has become possible to combine nanostructures with other poly-
meric materials such as optical fibers, giving rise to nanocomposites, which are generally composed of several phases
such as SiO2, where one or more of its dimensions are found at the nanoscale [14–22]. The optical fibers are important
elements for the propagation of light wave signals with water and for the propagation of electromagnetic waves in the
visible, ultraviolet and infrared range. In an optical fiber, it is necessary to consider a theory of wave propagation
in dispersive media. The nonlinear Schrödinger equation (NLSE) gives a complete description of a variety of the
localized non-linear effects that have been extensively studied in various contexts of the sciences and that the theory
can directly link with the propagation of intense optical pulses in non-linear optical fibers that give rise to the optical
solitons. Although there are many experimental advances in the propagation of solitons in optical fibers, in practice,
the propagation of solitary pulses across large distances at a commercial level has not been possible due to the different
technical functions [23–26]. The study allows us to propose a general model which permits the coupling of solitons
from a set of quantum dots with specific characteristics in an optical fiber that has non-linear optical characteristics. As
a result, a numerical simulation is developed to study the evolution of the soliton inside a non-linear optical fiber with
the Fourier Split-Step numerical technique with the real parameters associated with the SQD and the optical fiber. The
effect of soliton density and electric field on the full width at half maximum (FWHM) of re-emitted solitonic pulse is
studied. Phase planes represent the stability/instability of solitons.
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2. Theoretical analysis

SQDs can confine the movement of charge carriers in all dimensions due to their zero dimensional nanosized
structures, which exhibits a discrete energy system. We consider a two-dimensional sheet of inhomogeneously broad-
ened SQDs which forms a transition layer on one of the surfaces of the planar waveguide. The waveguide soliton
satisfies the Maxwell–Bloch equations with nonlinear boundary conditions. The purpose of the present article is to
theoretically investigate the formation processes of optical solitons under the condition of SIT in a semiconductor
waveguide.

A SQD of three-level energy system is considered, whose ground state is |ψ1〉 and has energy εψ1
= 0. The states

|ψ2〉 and |ψ3〉 have energies εψ2
= hυ0 = εx +

δx
2

and εψ3
= hυ′0 = 2εx − δxx, respectively. Where the quantities

εx = (εψ2
+ ε′ψ2

)/2 and εψ3
describe the energies of the single-excitonic and biexcitonic states, respectively.

FIG. 1. Schematic diagram of energy structures of semiconductor quantum dots

The energy of exciton fine structure splitting is denoted by δx = εψ2
− ε′ψ2

and biexciton binding energy is
denoted by δxx. h is Planck constant. The Hamiltonian of system is described by:

H = H0 +H ′0, (1)

where H0 = hυ0|ψ2〉〈ψ2| +
1

2
hυ′0|ψ3〉〈ψ3| is called the Hamiltonian of single excitonic state |ψ2〉 and biexcitonic

state |ψ3〉. The additional term H ′0 in the Hamiltonian is present due to the interaction of the light pulse with SQDs
andH ′0 = −

−→
P ·
−→
E . During the excitation of the SQDs, an external light source is considered, composed of a linearly-

polarized, high intensity optical wave from a laser and we will study the formation of non-linear optical waves that
are re-emitted by the SQDs. Fig. 2 represents a schematic of a linearly-polarized plane wave incident on SQDs. In the
process, due to the interaction of the light with the SQDs, the light is re-emitted in the form of a non-linear wave with
special characteristics that will depend on the morphology of the quantum dot and the incident wave.

FIG. 2. Schematic arrangement of SQDs and optical fiber with an external light source
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In the analytical treatment the electric field vector of incident light beam is taken as below:

~E(z, t) =
∑
l=±1

~elÊlϕl, (2)

where:
−→e =

1√
2
(−→x + i−→y ) , (3)

is the complex polarization vector. −→x and −→y are unit vector along the x and y axes. ϕl = eil(kz−υlt) is a periodic
wave function and Ê is the slowly changing amplitude of the electric field. The incident light is considered linearly-
polarized in TE mode and has a width T and angular frequency w � T − 1 propagating along z direction. When an
external light beam interacts with SQDs, then a secondary dipolar field is produced in same direction as incident field
and can be written as:

−c2 ∂
2 ~E(z, t)

∂z2
+ η2

∂2 ~E(z, t)

∂t2
= −4π∂

2 ~P (z, t)

∂t2
, (4)

where the polarization component of ensemble of SQDs is the following:
−→
P (z, t) =

1

2
n0

∫
g (υ01)~e(µ12ρ21 + µ23ρ32)(υ, z, t)dυ + c.c., (5)

which is determined by the interband transitions occurring in the quantum dots between the three energy levels. The
quantities µ12 and µ23 are the dipole moments for the corresponding transitions which we assume to be parallel to
each other. g (υ01) is an inhomogeneous broadening function which arises due to the quantum dot size fluctuations.
Because the energy levels depend on the size of dots, the exciton frequency υ0 and detuning quantity υ01 = υ0 − υ1
are also size dependent. η is the refractive index of semiconductor and n0 is the density of Quantum Dots. ρij are the
matrix elements of the density matrix and ρ can be determined from Liouville equation:

i~ρ̇mn =
∑

(〈n |H| l〉 ρlm − ρnl 〈l |H|m〉) , (6)

where n, m, l = 1, 2, 3.
The density matrix of the pulse is considered of the form:

ρ21 = ρ̂21ϕ3, ρ32 = ρ̂32ϕ1, ρ31 = ρ̂31ϕ2, (7)

where ρ̂nm is the slowly varying complex amplitudes of the elements of density matrix. ϕ1,2,3 is taken in for envelope
function. To guarantee that E is a real number we choose slow envelope approach, it is considered that amplitude Êl
of pulse is very smooth in space and time and can be written as:∣∣∣∣∣∂Êl∂t

∣∣∣∣∣� υl

∣∣∣Êl∣∣∣ , (8)

and ∣∣∣∣∣∂Êl∂z

∣∣∣∣∣� k
∣∣∣Êl∣∣∣ , (9)

then nonlinear carrier wave equation can be written as following form:∑
l=±1

ϕl

[
l2
(
c2k2 − η2υ21

)
Êl − 2iklc2

∂Êl
∂z
− 2ilη2υ1

∂Êl
∂t

]
= −2πl2υ21n0

[
µ12ρ̂21+µ23ρ̂32

]
ei(kx−υ1t)+c.c. (10)

The diagonal elements ρ12, ρ22 and ρ33 give rise to the populations in the states |ψ1〉, |ψ2〉 and |ψ3〉 respectively.
Non-diagonal elements ρmn(n 6= m) contain the relative phase between the states that describe the atomic coherence.
In the absence of phase modulation Êl = Ê−l = Ê∗l = Ê. Therefore, the system of equations for the slowly varying
amplitudes:

i~ρ̇11 = (ρ̂∗21 − ρ̂21)µ12Ê,

i~ρ̇22 = (ρ̂21 − ρ̂∗21 + δρ̂∗32 − δρ̂32)µ12Ê,

i~ρ̇33 = (ρ̂32 − ρ̂∗32)µ12Ê,

i~ρ̇21 = h (υ0 − υ) ρ̂21 − [(ρ̂11 − ρ̂22) + δρ̂31]µ12Ê,

i~ρ̇32 = h
(
υl0 − υ0 − υ

)
ρ̂32 + [δ (ρ̂33 − ρ̂22) + ρ̂31]µ12Ê,

i~ρ̇31 = h
(
υl0 − 2υ

)
ρ̂31 + [ρ̂32 − δρ̂21]µ12Ê.

(11)



276 O. P. Swami, V. Kumar, B. Suthar, A. K. Nagar

In the above equations, the rotating wave approximation has been applied and δ =
µ23

µ12
. The solution of the

system of equations (11), allows the calculation of the elements of the right side of equation (10). As the diagonal
elements of matrix give rise to the populations in the states, for ground state ρ11 = 1, ρ11 = 0 and ρ33 = 0, the
equations (11) take the form:

ρ̂21 =
i

2d3
(
sin 2Ad+ 2δ2 sinAd

)
,

ρ̂32 =
iδ

2d3
(sin 2Ad− 2 sinAd) ,

(12)

where d =
√
(1 + δ2) and A =

2πµ12

h

∫ t

−∞
E(z, t)dt, which is called the area of nonlinear optical pulse.

Applying the dispersion law for linear wave guide modes, wave equation (4) will take following form:

(2ψ)tt +
c

η
(2ψ)zt +

2π2υµ2
12n0

hη2
sin(2ψ) = 0, (13)

where
ψ = Ad. (14)

Equation (13) can be written in the form of electric field as below:(
dÊ

dξ

)
=
Ê2

T 2
− π2µ2

12Ê
4

h2
, (15)

with ξ = t− z

V
and constant phase velocity V . The solution of equation (15) for the envelope function has the form:

Ê =
h√

2πµ12T
sech

(
ξ

T

)
, (16)

which is well-known solitonic solution, with width of the pulse remitted by SQD:

T =

√
hη2

4π2υn0µ2
12

(
c− ηV
ηV

)
. (17)

These soliton became stable when the speed of light (phase velocity) in SQD media c/η remains greater than the
phase velocity V .

3. Result and discussion

The theoretical result of wave equation (4) is presented as a soliton. In other words, the excitation of SQDs from
an intense nonlinear wave can produce optical solitons as a result of light-SQDs interaction. During the nonlinear
interaction process, the SQDs are considered as a three-level energy quantum system, in which the optical transitions
are given from the ground state to the biexcitonic and excitonic states. The allowed transitions between the ground
state to the biexcitonic and excitonic states have very low dipole moment compared to the transition between the
ground state and the background of the exciton band. On the other hand, the characteristics of the light re-emitted by
the sheets of quantum dots in the form of optical solitons depend on the intensity of the incident light, whose minimum
value to form the optical solitons can be specifically determined depending on the nature of the SQDs. In this way, the
soliton remitted will depend on the refractive index of the semiconductor η, the dipole moment corresponding to the
transitions between the ground state and the excitonic state or between the biexcitonic state and the excitonic state µ12.
In order to study the propagation of short optical pulses through nonlinear optical fibers, the non-linear Schrodinger
equation (NLSE) is used, which takes into account the effects of the length of the fiber, the dispersion effect of group
speed and non-linear optical effects as a consequence of the high intensity of light. The Fourier Split-Step method is a
pseudo-spectral technique that is extremely useful due to its rapidity and high accuracy in calculations. In general, this
method obtains an approximate solution of the propagation equation, assuming that dispersion effects and non-linear
effects act independently along the fiber in very small steps. This technique was used to simulate the evolution of
solitons that are re-emitted by the SQD.

In the results, it is observed that as the density of SQD increases, the peak intensity also increases. Because as the
number of QDs per unit volume increases, absorption will also increases. Therefore the intensity of re-emitted beam
will increase. Due to this the pulse width (FWHM) will also decrease. Same concept is applies for electric field verses
FWHM. In the mathematical modelling of proposed work, the interactions of QDs in the Hamiltonian are omitted.
For the simulation, we have proposed SQDs with pyramidal morphology of In as manufactured with a cylindrical
symmetry with the parameters η = 2.11, µ12 = 1.92× 10−28 C·m and V = 1.37× 108 m/s.
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Figures 3(a–d) represent the simulation of solitons created by SQDs arrays with different densities of SQDs
according to following table. It is clear from equation (17) that the pulse width decreases as n0 increases. In many
optical fiber communications systems, FWHM is required 1 ps or below, which can be achieved by increasing the
density of SQDs. Simulated data are summarized in Table 1.

(a) (b)

(c) (d)

FIG. 3. Simulation of soliton generated by SQDs system with different densities of QDs.(a) n0 =
2.59 × 1012 cm−3; (b) n0 = 8.00 × 1012 cm−3; (c) n0 = 23.35 × 1012 cm−3 and (d) n0 =
99.12× 1012 cm−3

TABLE 1. Relation between the density of SQDs and FWHM of solitons

S.No. Density of SQD(1012 cm−3) FWHM(ps)

1. 2.59 6.18

2. 8.00 3.52

3. 23.35 2.06

4. 99.12 1.00

Figures 4(a–d) represent that the soliton width as determined from equation (16) is decreased as electric field E is
increased. According to Table 2, it is clear that when the amplitude of the electric field is increased, then the FWHM
of TM mode of wave decreases, which is a basic requirements for many optical fiber communications systems.

Figures 5(a–d) represent the evolution of soliton profiles in SQDs for different values of refractive index of mate-
rial of SQDs as taking V = 1.37× 108 m/s.

Figures 6(a–d) represent the phase plane portraits for Figs. 5(a–d) respectively for stability analysis. Closed limit
cycles of phase plane structures clearly indicate a stable soliton, while spiral-like phase plane structures indicate an
unstable soliton. It is clear from below Table 3 that as c/η become less than V , the soliton become unstable, which is
summarised in Table 3.
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(a) (b)

(c) (d)

FIG. 4. Transverse view of soliton in SQD with electric field (a) E = 0.96 × 108 V/m; (b) E =
1.73× 108 V/m; (c) E = 2.86× 108 V/m and (d) E = 6.00× 108 V/m

TABLE 2. Relation between the amplitude of Electric field and FWHM of TM mode of solitons

S.No. Amplitude of electric field(108 V/m) FWHM(ps)

1. 0.96 6.26

2. 1.73 3.46

3. 2.86 2.10

4. 6.00 1.00

TABLE 3. Relation between refractive index of material of SQDs and (in)stability of soliton

S. No. Refractive index(η) of SQDs c/η (m/s) Nature of soliton

1 2.05 1.46× 108 Stable

2 2.11 1.42× 108 Stable

3 2.40 1.25× 108 Unsable

4 3.50 0.86× 108 Unstable
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(a) (b)

(c) (d)

FIG. 5. Simulation of soliton generated by SQDs system with different refractive indices of QDs.
(a) 2.05; (b) 2.11; (c) 2.40 and (d) 3.50 taking V = 1.37× 108 m/s

Figure 7(a) represents the soliton profiles for input pulse in optical fiber and the Fig. 7(b) represents the pulse in
optical fiber after travelling the distance of z = 1000 m. Simulations are made using split-step Fourier method with
the parameters: nonlinear fiber parameter γ = 0.32 W/m, fiber attenuation constant α = 0.2 dB/km and second order
dispersion coefficient β = −2× 10−26 s2/m.

4. Conclusions

In this paper, we have investigated the formation of optical solitonic pulses in three level semiconductor quantum
dots embedded in nonlinear optical fibers for propagation of fields without losses over long distances. Light solitons
are produced in semiconductor quantum dots by the interaction of laser field with SQDs. The FWHM of solitonic
pulses can be modulated according to densities of SQDs and field intensity. If the density of SQD is increased, the
peak intensity is also increased. Because as the number of QDs per unit volume is increased, absorption will also be
increased. Therefore the intensity of re-emitted beam will be increased. Due to this, the pulse width (FWHM) will
also be decreased. The same concept is applied for electric field verses FWHM. The stability/instability of generated
solitons is dependent on the refractive indices of SQDs material. Likewise, it is proposed the manufacture of these
types of nanostructures with different morphologies inserted in optical fibers that allow the propagation of solitons
without losses over the long distances.
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(a) (b)

(c) (d)

FIG. 6. Phase plane portraits for solitons for different refractive indices of QDs.(a) 2.05; (b) 2.11;
(c) 2.40 and (d) 3.50 taking V = 1.37× 108 m/s

(a) (b)

FIG. 7. Evolution of soliton through nonlinear optical fiber at (a) z = 0 m and (b) z = 1000 m
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Composite membranes based on polymer with intrinsic microporosity (PIM-1) confined in the pores of porous anodic alumina (AAO) supports
were prepared by spin-coating method under vacuum suction. Water permeance of the membranes was measured at humidities ranging from
10 to 70 %. High permeance towards water vapors reaching the value of ∼ 13700 l/(m2·bar·h) coupled with the H2O/N2 selectivity of 1400
was observed at the humidity of 70 % for composite membranes due to the condensation in nanopores of polymer and anodic alumina channels.
The obtained selectivity exceeds strongly that of bulk PIM-1 due to confinement of polymer chains mobility in AAO channels. The water vapor
sorption capacity for composite membranes exceeds 7 % being governed both by condensation in polymer micropores and anodic alumina channels.
Physical ageing of the membranes was monitored for a period of 6 months and then the membranes were subjected to activation in methanol. It
was established that physical ageing substantially reduces the water permeance but activation in methanol allows one to partially rejuvenate water
transport performance.
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1. Introduction

Dehumidification of gas mixtures is of vital importance in industry, including natural gas purification in the
petroleum industry and air conditioning for electronics, food industry and medicine [1]. For this purpose, membrane
technology is of great demand, owing to its low cost and high performance [2–4]. Among membrane separation tech-
nologies, capillary transport of water vapor appears favorable as providing both high permeance and selectivity due
to the blockage of membrane channels by the condensate. Membrane operation in the capillary transport regime has
been previously reported for inorganic membranes, including Vycor glass [5], porous anodic alumina [6, 7], graphene
oxide [8,9], as well as microporous polymer membranes with thermodynamic (reverse) selectivity, including polysul-
fone, sulfonated polyether-etherketon (sPEEK) and poly-trimethylsylilpropyne (PTMSP) [10, 11]. Due to high sol-
ubility of water vapors in hydrophilic microporous polymers, it becomes possible to achieve outstanding membrane
performance. Among the listed polymers, the highest permeance of 61000 Barrer coupled with high H2O/N2 selec-
tivity of 107 is exhibited by sulfonated polyether-etherketone [12]. On the other hand, polymer membranes are easily
degradable due to the plasticization in the presence of water vapor; also, high H2O sorption capacity usually demands
a means of polymer regeneration. Another drawback is the implementation of bulk polymer membranes which are
rather expensive. Thus, there is still a need for high-quality mechanically stable membranes for the dehumidification
of gases.

A good decision is the design of composite polymer-inorganic membranes where the mechanically-stable highly-
permeable support provides the robustness of the membrane, while the polymer thin selective layer provides high
performance and selectivity. Recently, we have shown that geometric confinement of polymer chains in a rigid matrix
can strongly hinder the transport of permanent gases [13,14]. As a result, polymers confined in nanochannels illustrate
significant reduction of permeance towards permanent gases, whereas the transport characteristics of condensable
vapors are preserved due to polymer swelling. The effect enhances polymer selectivity, and is best pronounced for rigid
polymers with large Kuhn segment. A good candidate for this purpose is polymer with intrinsic microporosity (PIM-1)
with rigid ladder-like macromolecules and the size of Kuhn segment equal to the entire size of the macromolecule.
Also, owing to the polar nature of its monomer unit due to the presence of nitrile groups and ether oxygen, PIM-1
exhibits elevated sorption capacity towards water vapor [4].

In the present paper, we apply the concept of geometric confinement to the preparation of PIM-1-based com-
posite membranes for the dehumidification of gases. The composite membranes were obtained by spin-coating onto
nanoporous anodic aluminum oxide (AAO) supports, their permeance and sorption capacity towards water vapors was
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measured, the evolution of permeance and selectivity was monitored in time and the influence of membrane activation
with methanol was tested.

2. Experimental section

Anodic alumina films, utilized as membrane supports, were prepared by anodic oxidation of high purity aluminum
in 0.3 M oxalic acid at 40 V and in 0.3 M sulfuric acid at 25V. The detailed description of the AAO preparation can
be found in [15–17]. Composite membranes were obtained by spin-coating of 1 wt.% polymer solution in chloroform
onto AAO supports under vacuum suction. Detailed preparation procedure is described in [15].

The microstructure of AAO supports and composite membranes was studied using SEM Carl Zeiss NVision 40 (5
kV, InLens detector) electron microscope. The homogeneity of PIM-1 layer of composite membranes was examined
with luminescence microscopy on Renishaw InVia spectrometer equipped with Leica DMLM optics (50× objective)
with 20 mW 514 nm Ar laser excitation. Luminescence intensity distribution maps were acquired in streamline mode
with line-focused laser beam (a length of ∼ 50 µm and a thickness below 1 µm) with point accumulation time of 10 s.
The obtained intensity distribution maps were treated in Wire 3.4 Renishaw software.

Sorption capacity towards H2O for composite membrane PIM-1/AAO-40, AAO-40 membrane and PIM-1 thin
film, was measured using quartz microbalance. The outer selective layer of the PIM-1/AAO-40 sample was prelim-
inary removed using wipe with chloroform so that the sample include only geometrically-confined polymer. Then,
composite membranes as well as AAO-40 membrane, were grinded into a fine powder and deposited onto both sides
of the quartz resonators with the fundamental frequency of 12 MHz. PIM-1 polymer thin film was deposited on the
surface of the quartz resonators from 0.05 wt.% solution in chloroform. Typical frequency shift after sample deposi-
tion was ∼ 30 kHz. The change of frequency of quartz resonators upon sorption of water vapors was calculated as
follows:

ω (H2O) =
∆f (H2O)−∆f0 − f0

∆f0
· 100 %,

where ω (H2O) – water sorption capacity of the sample, %, ∆f0 – frequency shift of quartz resonator with deposited
sample at zero humidity, MHz, ∆f (H2O) – frequency shift of quartz resonator with deposited sample during the
sorption of water, MHz.

The permeance of AAO supports and composite membranes was measured in two-compartment cross-flow cell
using a permeance setup equipped with SLA5850 mass-flow controllers (Brooks, England), PD-100-DI pressure trans-
ducers (OVEN, Russia) and T-Station 75 vacuum system (BOC Edwards, England). The gas scheme of experimental
setup has been described recently in [8]. The measurements were performed at ambient temperature (22 ± 2 ◦C).
The flux and humidity of air was controlled with two mass-flow controllers SLA5850 (Brooks, USA). To control
the humidity one of inlet air streams was saturated with water vapor in humidifier by direct air-water contact. Air
temperature and humidity on the inlet and outlet of a composite membrane was monitored by HIH-4000 (Honeywell,
USA) sensors. Dew point temperature of the outlet air was also determined by a chilled mirror dew-point hygrometer
TOROS-3VY (Ukraine). The permeance of water was calculated using the following equation:

F =
J(He) ·RHout

S · Psat · (RHin −RHout)
,

where J(He) – helium carrier flux, RHin and RHout – inlet and outlet relative humidity, Psat – saturated water vapor
pressure at a given temperature (calculation was performed by Antoinie Equation with coefficients determined by
Stull [18]), and S – membrane area.

3. Results and discussion

According to SEM, the microstructure of the composite membranes comprises a few m-thick dense outer layer
and porous AAO support with partly infilled pores (Fig. 1). The thickness of the external polymer selective layer is
somewhat lower for PIM-1/AAO-40 membrane which can result from more effective infiltration of macromolecules
(Table 1). The inner selective layer is represented by polymer nanofibers formed during infiltration of polymer solution
into the AAO channels. The polymer replica obtained from the PIM-1/AAO-40 sample after the dissolution of the
AAO support in 0.3 V NaOH, clearly evidences the formation of partly hollow polymer fibers and directly proves the
polymer infiltration into the AAO supports.

To prove the uniformity of the polymer selective layers and quantify the amount of polymer in composite mem-
branes, the maps of polymer luminescence intensity were recorded (Fig. 2). As it has been shown recently, the photo-
luminescence (PL) intensity of thin PIM-1 films can be used as semiquantitative characteristics of PIM-1 content [14].
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FIG. 1. SEM-images of composite membranes: a) cross-section of PIM-1/AAO-25 membrane;
b) cross-section of PIM-1/AAO-40 membrane; c) polymer replica of the selective layer of PIM-
1/AAO-40 membrane

TABLE 1. Microstructure characteristics and statistical analysis of luminescence intensity maps for
PIM-1-based composite membranes

Sample

Thickness of the
external

selective layer
(SEM), µm

Pore diameter
of the AAO

support,
nm

Average PL
intensity,
cps·104

PL intensity
RSD, %

PL intensity
interval for P90,

cps·104

PIM-1/AAO-25 2.6 ± 0.1 21 ± 5 2.82 10.2 2.44 – 3.41

PIM-1/AAO-40 2.0 ± 0.1 36 ± 5 3.50 5.77 3.16 – 3.81

FIG. 2. Luminescence intensity distribution maps for a) PIM-1/AAO-25; b) PIM-1/AAO-40 membranes

According to the obtained results, the luminescence intensity is uniform enough across the whole thickness of the
selective coatings indicating polymer macromolecules are homogeneously distributed on the surface of the AAO sup-
port. The statistical analysis has shown (Table 1) that the relative standard deviation (RSD) of luminescence intensity
along the membrane for PIM-1/AAO-25 sample is nearly 2 times higher than for PIM-1/AAO-40 sample, indicat-
ing more uneven distribution of macromolecules in PIM-1/AAO-25 which also can be associated with hindrances of
macromolecules incorporation into small-diameter nanochannels. Note that the average luminescence intensity of the
PIM-1/AAO-40 sample is greater as compared to the PIM-1/AAO-25 membrane, while the thickness of the external
layer for this sample is smaller (see Table 1). This suggests that the greater quantity of the polymer is introduced into
AAO under vacuum suction for the substrate with larger diameter of the channels. This stays in line with increasing
liquid permeance of AAO membranes with pore diameters [17].

To get detailed understanding of water vapor transport in composite membranes, the sorption capacity of PIM-
1/AAO-40 sample as well as anodic alumina AAO-40 and pure PIM-1 thin film was measured as a function of partial
water vapor pressure using quartz microbalance method (Fig. 3).

According to the obtained results, all the isotherms include 3 standard regions: the Henry region (up to 0.3 P0),
the Langmuir region (0.3 – 0.6 P0) and the region of capillary condensation (over 0.6 P0).
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FIG. 3. Sorption isotherms of water vapor on the composite membrane PIM-1/AAO-40, anodic
alumina AAO-40 and thin PIM-1 polymer film

A significant increase in sorption capacity of the AAO-40 substrate is observed at the humidity of 75 % which
can be attributed to the capillary condensation of water vapor in nanometer-sized channels of the AAO [7, 19, 20].
According to the Kelvin equation, the capillary radius can be estimated as:

r =
2σM

ρRT · ln (pc/p0)
,

where σ is the surface tension of liquid water, pc and p0 are the pressure of condensation in the pore with radius r and
the pressure of water vapors condensation on a flat surface, respectively, M and ρ are the molecular mass and density
of water.

Taking the beginning of the capillary condensation in the AAO-40 film at the relative pressure of 0.75 P0, the
condensation diameter can be estimated as 7.4 nm which differs dramatically from the diameter of AAO channels
(∼ 35 ± 5 nm). The value can be attributed to the presence of small-sized mesopores in AAO walls, accessible to the
condensation of water, those were evidenced during examination of thermal properties of AAO membranes [21].

The sample of PIM-1 polymer exhibits maximal sorption capacity of 3.2 % manifesting the filling of polymer
free volume elements with water molecules. At ∼ 0.4 P0, the first kink at the isotherm is observed, corresponding
likely to beginning of filling of free-volume elements with water molecules. The average diameter of the microvoids
in PIM-1 according to the Kelvin equation was estimated as 4 nm. According to the data obtained from NMR, PALS,
and low-temperature nitrogen adsorption, the average diameter of spherical microvoids in PIM-1 polymer ranges from
0.6 to 1 nm [22,23]. The discrepancy in the derived values can be regarded to some variation of the accessible porosity
in PIM-1 for water vapors, governed by hydrophilicity of polymer and its local structure [4].

The sorption capacity of PIM-1/AAO-40 sample can be regarded as a result of cooperative sorption in the AAO-40
matrix and the PIM-1 polymer. In the range 0.1 – 0.7 P0 it follows the behavior of the PIM-1 sorption curve, while at
∼ 0.7 P0 the in-channel condensation of water vapors begins. At low humidity range the sorption curve for the PIM-
1/AAO-40 is located significantly higher than that for the AAO-40 substrate, suggesting that the sorption of water
vapors is provided mainly by the polymer inside the AAO channels. Besides, the condensation in PIM-1/AAO-40
composite membrane begins at lower pressure compared to AAO-40 support which can be attributed to the facilitated
condensation in the free volume elements generated by polymer in the AAO pores. Thus, the porosity, available for
water condensation in composite membrane inherits both the features of PIM-1 and AAO, while high enough H2O
vapor sorption capacity allows their application in dehumidification processes.

Figure 4 (a, b) represents the dependencies of water vapor permeance on the humidity of the feed stream for PIM-
1/AAO-25 and PIM-1/AAO-40 composite membranes, respectively. An increase in permeance with the elevation
of humidity level is observed owing to the growth of the sorption capacity. At a humidity of 70 %, the maximum
permeance value of 19000 L/(m2·bar·h) is achieved for the membrane PIM-1/AAO-40 accompanied with the H2O/N2

selectivity of 600 (Table 2). The permeance of the PIM-1/AAO-25 composite membrane is lower (13700 L/(m2·bar·h),
due to the smaller channels of the AAO-25 support which hinder polymer chains mobility and elevates the vapors flow
resistance. This effect allows one to reach greater H2O/N2 selectivity for PIM-1/AAO-25 (see Table 2). The maximum
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membrane selectivity of 1400 is achieved for the PIM-1/AAO-25 composite membrane at the feed humidity of 70 %
which, coupled with the high permeance, is favorable for air dehumidification processes.

According to Fig. 4, the significant reduction of permeance of composite membranes is observed with time which
can be attributed to the physical ageing of polymer structure. To quantitatively show the decay of the membrane
permeance, the permeance reduction coefficient was calculated PL (see Table 2):

PL =
Pref − PC

Pref
· 100 %,

where PC – the permeance of composite membrane under physical ageing, L/(m2·bar·h), Pref – the permance of
freshly prepared membrane, L/(m2·bar·h).

TABLE 2. The permeance, ideal selectivity and permeance reduction coefficients for the PIM-1-
based composite membranes at the feed flow humidity of 70 %

Sample
Permeance, L/(m2·bar·h) Selectivity

H2O/N2

Permeance reduction
coefficients at

the humidity of 70 %, %H2O N2

PIM-1, bulk 50 µm [4] 1590 20 80 —

PIM-1/AAO-25 13700 10 1400 —

PIM-1/AAO-25-2m 9700 7 1390 30

PIM-1/AAO-25-6m 3100 4 770 80

PIM-1/AAO-25-6m-CH3OH 9970 30 330 30

PIM-1/AAO-40 19000 30 600 —

PIM-1/AAO-40-2m 10100 20 500 50

PIM-1/AAO-40-6m 4020 9 450 80

PIM-1/AAO-40-6m-CH3OH 15250 40 400 25

During the first two months of physical ageing, composite membranes lose about 30 – 50 % of the initial perme-
ance, and after 6 months, the permeance reduction achieves ∼ 80 % manifesting the significant compaction of selective
polymer layers due to the relaxation of macromolecules to thermodynamically stable conformations (Table 2). The
accelerated reduction of polymer permeance can be associated with the effect of geometric confinement in the chan-
nels of AAO. Nevertheless, the H2O/N2 selectivity of physically-aged composite membranes stays nearly at the same
level due to the synchronous reduction of polymer permeance towards water vapors as well as N2. At the same time,
the significant fall in permeance discounts this virtue.

It is well documented that the soaking of microporous polymers in methanol and ethanol can be considered as one
of the ways to rejuvenate the polymer permeance [24,25]. The specific interactions of alcohol molecules with polymer
chains leads to the enhancement of local segmental mobility of the macromolecules and the most pronounced effect is
observed when methanol is used. In this work, the composite membranes were activated by soaking in pure methanol
for a few minutes. According to Fig. 4, the activation in methanol enables one to elevate the membrane permeance,
but it does not allow one to reach the initial permeance level of fresh membranes. For activated PIM-1/AAO-25 and
PIM-1/AAO-40 composite membranes, the water permeance achieves the values of 80 % of the initial permeances
for freshly-prepared membranes. According to [26] and [4], water molecules can form stable water clusters inside
the free-volume elements of the polymer which can hardly be removed from the structure. This phenomenon can be
considered as one of the key reasons preventing the complete rejuvenation of polymer permeance during activation.
Nevertheless, the achieved regeneration values can be considered as high enough for practical applications.
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FIG. 4. The dependence of water vapor permeance on relative humidity of the feed gas for the com-
posite membranes: ) PIM-1/AAO-25; b) PIM-1/AAO-40; c) the dependence of H2O/N2 selectivity
of composite membranes on the humidity of the feed gas for the freshly-prepared membranes

4. Conclusions

Thus, composite membranes based on polymer with intrinsic microporosity (PIM-1) spatially confined in the
pores of anodic alumina membranes with variable diameter have been considered as potential material for gas dehu-
midification processes. The H2O vapors sorption capacity of the composite membranes was found to be a result of the
cooperative sorption in PIM-1 polymer and AAO support with the dominating role of PIM-1 in the water vapor trans-
port. It is shown that for the freshly-prepared PIM-1-based composite membranes the H2O vapor permeance increases
strongly with humidity, owing to the polar nature of the PIM-1. On the other hand, the confined polymeric phase
exhibits strong hindrance for permanent gases transport giving rise to the enhancement of H2O/N2 ideal selectivity up
to 1400 compared to bulk polymer selectivity of 80. During 6 months of physical ageing, composite membranes lose
about 80 % of their initial H2O vapor permeance accompanied by loss in selectivity. The activation in methanol allows
to rejuvenate up to 80 % of the initial polymer permeance. According to the obtained results, PIM-1-based composite
membranes are suitable candidates for water vapor extraction from gas streams, but regular activation in methanol is
required in order to save optimal polymer performance.
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The combined action of ceria nanoparticles and doxorubicin on the early stages of ontogenesis of Danio rerio and Puntius tetrazona was studied.
Results obtained indicate that there is a synergetic effect of CeO2 nanoparticles and doxorubicin which is demonstrated by a high incidence of
embryonic malformations in fish. This synergetic effect is more pronounced in tiger barbs than in zebrafish, and depends strongly on the synthetic
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1. Introduction

Nanoscale cerium oxide (nanoceria) is widely used in modern technological applications as a key component of
catalysts, an abrasive, a corrosion inhibitor and a constituent of healthcare and cosmetics products [1, 2].

Nanoceria applications in biomedicine have been extensively discussed in several reviews [3–6]. It has been
demonstrated that ceria nanoparticles are capable of playing the role of reactive oxygen species (ROS) level regula-
tor and free radicals scavenger, both in vitro and in vivo. The usefulness of nanoceria for biomedical applications
can be attributed to two main factors: its oxygen nonstoichiometry and its relatively low toxicity. The first factor
determines the ability of nanoceria to affect the redox processes in the living cell, in particular under oxidative stress
conditions caused by ROS. The second factor offers the prospect of comparative safety for in vivo applications of ceria
nanoparticles.

Another specific property of nanoceria is the ability to regenerate its oxygen nonstoichiometry: after participating
in a redox process, ceria nanoparticles are able to return to their initial state in a relatively short period of time; this
feature is responsible for a prolonged therapeutic effect of nanosized ceria inside the living body [7].

Current data on nanoceria effects on living beings are still somewhat controversial. Some papers have reported
on the pro-oxidant properties of nanoceria [8–10], while others have demonstrated its antioxidant behavior [11–14].
Recent in vitro experiments have demonstrated the fine interplay between the synthesis conditions of nanoceria and its
toxicity [15].

The data on nanoceria’s effects on aquatic organisms are also quite controversial [16]. Different aquatic species
demonstrate different sensitivity rates towards nanoceria. For instance, nanoceria did not show any toxic effects in an
acute test with Daphnia magna for concentrations from 10 to 1000 mg/l [17], yet it appeared to be toxic for two other
genus representatives, with significant interspecies differences. Toxicity for D. similis was 350 times as high as for
D. pulex [18].

No toxic effects were observed upon microinjection of nanoceria into yolk of Danio rerio embryos [17, 19]. A
recent study [20] revealed that CeO2 nanoparticles are non-hazardous to D.rerio embryos, both under visible light and
UV-A irradiation; also, nanoceria does not exhibit any UV-A-induced phototoxic effects on zebrafish.

In the majority of papers, the toxic effects were only observed at high concentrations of nanoparticles. In turn,
estimated nanoceria concentrations in the environment have been fairly low [21, 22], and in aquatic systems the ma-
jority of nanoparticles precipitate [23] and only 1.3 % remain suspended in water. For nanoceria concentrations below
1 mg/l, the toxicity has only been observed in one investigation [24]. The technique of suspension preparation also
affects toxicity of nanoceria. Suspensions prepared using magnetic stirring did not show any toxic effects in C. dubia,
while the same suspension prepared under sonication caused death (EC50 = 11.9 – 25.3 mg/l) [25]. Another significant
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factor that predetermines toxicity of nanoceria is the composition of precursors for CeO2 synthesis. CeO2 nanoparti-
cles prepared with hexamethylenetetramine (HMT) caused toxic effects in Daphnia during a 48-hour test [26], while
HMT itself did not. It should be noted that, in this case, the formation of ceria nanoparticles was accompanied by
hydrolysis of HMT, with the release of harmful formaldehyde. Some authors have suggested that nanoceria effects
on living organisms depend on the synthesis conditions [4] and type of stabilizers used [27]. For example, in the
experiment with fibroblasts, CeO2 nanoparticles stabilized by citrate species interacted more actively with cells and
were able to penetrate them [27]. It is worth noting that, in the presence of dissolved organic substances, stability
of ceria suspensions increases and aggregate size decreases [17, 28, 29]. It is fair to assume that synergetic effects of
nanoceria and dissolved ecotoxic agents may also be observed in a natural water environment.

The present paper aims to investigate the synergetic action of CeO2 nanoparticles and doxorubicin on the early
stages of fish ontogenesis. The effects of antibiotics on the early stages of embryogenesis have been quite well inves-
tigated. Doxorubicin is a strong cardiotoxin, and the choice of doxorubicin in our experiments was due to the fact that
its cardiotoxic effect is easily observable and can be distinguished from the effects caused by nanoparticles [30]. As
the toxic effects of nanoceria-doxorubicin composition can exhibit interspecies differences, we used two fish species
in our study, namely zebrafish (Danio rerio) and tiger barb (Puntius tetrazona), whose embryogenesis features are
different.

2. Materials and methods

We used three types of ceria nanoparticle, including two aqueous sols and water-dispersible nanopowder. A non-
stabilized 6 nm ceria aqueous sol was synthesized using a previously reported technique of hydrothermal–microwave
treatment of the colloid solution formed upon anionite treatment of a cerium (III) nitrate aqueous solution [31]. Briefly,
Amberlite IRA 410 CL ion-exchange resin (Aldrich, #216569), preliminarily converted to the OH-form, was gradually
added to a 0.01 M cerium (III) nitrate (Aldrich, #238538) solution until pH reached 10.0. Sols formed in this way
were separated from the resin by filtering, immediately transferred to 100 ml polytetrafluoroethylene autoclaves (filled
to 50 %) and subjected to hydrothermal–microwave treatment in a Berghof Speedwave MWS-3+ setup at 190 ◦C for
3 h. Upon completion of the synthesis, the autoclaves were withdrawn from the microwave oven and cooled down to
room temperature in air. A citrate-stabilized ceria sol was obtained from the “naked” one by addition of an equimolar
quantity of citric acid, and through careful neutralizing of the solution with ammonia (Chimmed, Russia). In addition,
a CeO2 nanopowder was used (Sigma Aldrich, particle size < 25 nm).

Lyophilized doxorubicin hydrochloride powder (Pharmachemi, Netherlands) was purchased from a local distrib-
utor.

Particle size measurements by dynamic light scattering and ζ-potential measurements by automatic titration were
carried out on the Malvern Zetasizer Nano ZS analyser (Malvern Instruments, UK). The light source used was a
helium–neon laser, (the radiation wavelength was 632.8 nm).

Tests were carried out in zebrafish (Danio rerio) and tiger barb (Puntius tetrazona) embryos. The fish were
kept under standard conditions in 20 litre aquaria at 26 ◦C with a 12 h light / 12 h dark time-schedule. The eggs
were collected immediately after spawning; the quality was estimated under a stereomicroscope. The embryos were
incubated in embryo media (5 mmol NaCl; 0.17 mmol KCl; 0.33 mmol CaCl2; 0.33 mmol MgSO4; pH = 7.2 – 7.3) in
24-well plates.

In a preliminary experiment, we assessed the action of pure doxorubicin (concentrations from 0.1 to 50 mg/l) on
the development of zebrafish using ceria nanoparticles alone (0.001, 0.01, 0.1, 1.0 and 10 mg/l), doxorubicin alone
(1.0, 5.0, 10, 20, 30 and 50 mg/l) and mixtures of nanoparticles and doxorubicin, wherein a single concentration of
doxorubicin (10 mg/l) was used with nanoceria sols of different concentrations (from 0.001 to 10 mg/l), or a single
concentration of nanoceria sols (10 mg/l) was used with 1.0 and 5.0 mg/l of doxorubicin.

For the preparation of the CeO2 nanoparticle suspension, the necessary quantity of stock colloidal solution of
CeO2 was dispersed in an embryo medium by sonication for 10 min. Doxorubicin stock solution was prepared in
distilled water. The nanoparticle suspension was mixed with fresh doxorubicin solution immediately after preparation,
with subsequent sonication for 2 min.

The embryo development stages were examined using a stereomicroscope (Carl Zeiss, Stemi 2000C) and were
matched according to [32].

2.1. Developmental biology of zebrafish and barb eggs

Barb eggs have a sticky layer, for substrate affixing, which hardens after fertilization. The eggs are transparent.
Development up to hatching lasts for 24 h at 28 ◦C. The yolk sack resolves in 58 – 72 h after hatching. The em-
bryogenesis period in barbs, when the embryo remains inside the egg and is protected by chorion, is shorter than with
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zebrafish (24 h for the barb and 72 h for zebrafish). However, the larval period, when the larva swims but does not eat,
is longer in tiger barbs than in zebrafish.

Fertilized eggs were collected in the first two hours after spawning. Embryos were transferred to a 24-well plate
containing 2 ml of the solution being tested per well. Each embryo was transferred to a separate well and 24 embryos
were used per test concentration. Embryos were incubated in a culture medium containing 0.29 g/l NaCl, 0.013 g/l
KCl, 0.05 g/l CaCl2 × 7H2O, 0.0365 g/l CaCl2, 0.815 g/l MgCl2 × 6H2O; 7.0 – 7.5 pH. Embryos were kept in an
incubator at 26 ◦C with a 14 h light / 10 h dark time-schedule. The medium was not replaced during the course of
the experiment. Embryos were tested daily using a Zeiss Stemi 2000 stereomicroscope. Malformations and other
teratogenic effects were scored. Survival rate, percentage of malformed embryos and rate of hatching were calculated
at 96 hpf.

Statistical analysis was performed using a Chi-Square test in an SPSS 21 data analysis package.

3. Results

4. Doxorubicin toxicity in fish

Doxorubicin toxicity was assessed for concentrations of 0.1 to 50 mg/l. A significant increase in embryo death
was registered for concentrations of 40 mg/l and higher (Fig. 1(a)). The death rate was 91.7 % for a concentration of
40 mg/l. Embryonic abnormalities began to increase at concentrations starting from 30 mg/l (Fig. 1(b)). Pericardial
edema was one of the most frequent types among the registered abnormalities. For this reason, for subsequent tests,
we chose a doxorubicin concentration of 10 mg/l, for which the rate of embryonic abnormalities and mortality did not
differ significantly from that for the control group.

(a)

(b)

FIG. 1. Mortality rate (a) and malformation rate (b) of zebrafish embryos on exposure to different
concentrations of doxorubicin

5. CeO2 nanoparticles colloids and suspensions toxicity for Danio rerio embryos

Our data indicate that CeO2 nanoparticles in a concentration of 10 mg/l did not, themselves, affect zebrafish
embryonic development (Fig. 2). The survival rate did not differ from that for the control group, and was independent
of the method of nanoparticle preparation (Fig. 2(a)). The rate of malformations also did not exceed the control group
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rate (Fig. 2(b)). Ceria nanoparticles also did not affect hatching time. Hatching started in 48 hours and finished in
72 hours. No significant differences between ceria-treated and control groups were registered (Fig. 3).

(a)

(b)

FIG. 2. Danio rerio embryo survival rates (a) and the rate of Danio rerio embryos with devel-
opmental abnormalities (b) on exposure to doxorubicin or ceria nanoparticles (10 mg/l). DOX –
doxorubicin, 1 – citrate-stabilized ceria, 2 – non-stabilized ceria, 3 – ceria nanopowder

FIG. 3. Hatching rate of Danio rerio embryos upon exposure to doxorubicin or ceria nanoparticles
(10 mg/l). DOX – doxorubicin, 1 – citrate-stabilized ceria, 2 – non-stabilized ceria, 3 – ceria
nanopowder

5.1. The synergetic effects of various CeO2 concentrations and fixed doxorubicin concentration (10 mg/l)

For the assessment of possible synergetic effects, CeO2 nanoparticles in concentrations from 0.001 to 10 mg/l
were mixed with doxorubicin (10 mg/l). Various combinations of nanoceria and doxorubicin had no significant effect
on either zebrafish or tiger barb embryo survival rates (Fig. 4). In turn, the rate of malformations began to increase as
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the ceria concentrations increased (Fig. 5). This effect was observed for all types of ceria nanoparticles and for both
species of fish. The majority of abnormalities were represented by pericardial edema.

(a)

(b)

FIG. 4. The survival rate of zebrafish (D. rario) (a) and of tiger barb (P. tetrazona) (b) embryos on
exposure to doxorubicin alone (10 mg/l) and the mixture of ceria nanoparticles (0.001 – 10 mg/l)
with doxorubicin (10 mg/l), N = 72 (a), N = 40 (b). 1 – citrate-stabilized ceria, 2 – non-stabilized
ceria, 3 – ceria nanopowder

There was a significant difference between the effects of various types of ceria nanoparticles on zebrafish embryos.
For the citrate-stabilized CeO2 sol, a significant increase in abnormalities was noted, even for a concentration of 1 mg/l
(15.3 %), while, at a CeO2 concentration of 10 mg/l, the rate of malformations increased to 98.6 %. For the non-
stabilized cerium dioxide sol at a concentration of 10 mg/l, the abnormality rate also increased, compared with the
control group (51.4 %), but it was significantly lower than for citrate-stabilized nanoceria. The addition of the ceria
nanopowder caused only minimal effects on the malformation rate; the malformation rate exceeded that caused by
doxorubicin alone, but was lower than for CeO2 sols (31.9 %), with statistically significant differences.

In the experiments with the tiger barbs, only CeO2 nanopowder mixed with doxorubicin was used. Increasing
the concentration of CeO2 to 10 mg/l caused a rise in embryonic abnormality rate to 90 %. Thus, significant differ-
ences in the ceria nanopowder-doxorubicin mixture effects were revealed for two different species of fish, with the
malformation rate higher for the tiger barbs.

The high malformation rate did not affect the hatching of surviving embryos; the rate of hatched larvae exceeded
90 % for all groups (Fig. 6(a, b, c, d)). No significant differences were observed, either for the rate of hatched larvae
or for the hatching time period.

5.2. Synergetic effects of a fixed concentration of ceria nanoparticles (10 mg/l) and various concentrations of
doxorubicin (1 and 5 mg/l) on the embryonic development of zebrafish

For the next experimental series, ceria nanoparticles, at a concentration of 10 mg/l, were mixed with doxorubicin
(1.0 or 5.0 mg/l). The data obtained demonstrate that survival and malformation rates and the hatching success of
zebrafish upon exposure to low concentrations of doxorubicin mixed with ceria did not differ significantly from the
control and doxorubicin alone groups (Table 1).

Thus, low doxorubicin concentrations in combination with high CeO2 nanoparticle concentrations had no signif-
icant effects on zebrafish embryo development.
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(a)

(b)

FIG. 5. The malformation rate in the embryonic development of zebrafish (a) and tiger barbs (b) on
exposure to doxorubicin alone (10 mg/l) and the mixture of ceria nanoparticles (0.001 – 10 mg/l)
with doxorubicin (10 mg/l), N = 72 (a), N = 40 (b). 1 – citrate-stabilized ceria, 2 – non-stabilized
ceria, 3 – ceria nanopowder

6. Discussion

Data obtained indicate that, regardless of the preparation method and stabilizer type, ceria nanoparticles alone in
concentrations ranging from 0.001 to 10 mg/l did not demonstrate any toxic effects during acute tests in zebrafish.
The survival rate of embryos, hatching success and malformation rate did not exceed control significantly. The data

TABLE 1. The effects of different types of CeO2 nanoparticles (10 mg/l) and doxorubicin on ze-
brafish embryos

C
on

tr
ol

D
ox

or
ub

ic
in

Citrate-stabilized
ceria

Non-stabilized
ceria Ceria nanopowder

W
ith

ou
td

ox
or

ub
ic

in

W
ith

do
xo

ru
bi

ci
n

(1
m

g/
l)

W
ith

ou
td

ox
or

ub
ic

in

W
ith

do
xo

ru
bi

ci
n

(1
m

g/
l)

W
ith

ou
td

ox
or

ub
ic

in

W
ith

do
xo

ru
bi

ci
n

(1
m

g/
l)

W
ith

do
xo

ru
bi

ci
n

(5
m

g/
l)

N 72 72 48 48 48 48 24 24 24

mortality 4.2 1.4 4.2 8.3 4.2 2.1 0 5.6 5.6

malformations 1.4 0 2.1 0 0 0 0 2.8 1.4

hatching 95.1 97.9 89.6 91.7 95.8 95.8 100 93.1 94.4
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(a) (b)

(c) (d)

FIG. 6. The hatching success of zebrafish (a, b, c) and tiger barb (d) embryos on exposure to a mix-
ture of citrate-stabilized ceria nanoparticles (0.001 – 10 mg/l) (a), non-stabilized ceria nanoparticles
(0.001 – 10 mg/l) (b) and ceria nanopowder (0.001 – 10 mg/l) (c, d) with doxorubicin (10 mg/l)
(N = 72 for (a, b, c) and N = 40 for (d))

obtained agree with data derived for zebrafish embryos and ceria nanoparticles at concentrations of 13 to 200 mg/l [17].
However, it was previously shown that TiO2 nanoparticles which were non-toxic in an acute test [33] influenced the
behavior of larvae in a chronic test at nanoparticle concentrations of 1 mg/l [34]. Therefore, our data cannot exclude
the possibility of chronic toxicity of nanoceria in fish.

The presence of ecotoxic agents in an aqueous environment can considerably influence the nanoparticle behavior
and their effects on aquatic species. It has been shown in previous studies that metal oxide nanoparticles can increase
the accumulation of diluted ecotoxicants in aquatic species or cause a synergetic effect. For example, in experiments on
adult fish, the presence of TiO2 nanoparticles in water at a concentration of 10 mg/l increased As and Cd accumulation
in carp (Cyprinus carpio) up to 30 – 140 % [35, 36]. However, in the experiments on zebrafish, with the same TiO2

nanoparticles, at concentrations of 5 – 20 mg/l, no pronounced influence on Cd bioaccumulation was observed [37].
Similar results were obtained in Daphnia sp. The presence of 2 mg/l TiO2 nanoparticles increased Cd accumulation
six-fold in D. magna. For TiO2 nanoparticles, the increase in Cu2+ accumulation and toxicity was also observed for
D. magna [38]; the same effect was registered for As5+ accumulation in C. dubia [39]. Similarly, the introduction
of CeO2 nanoparticles increased atrazine accumulation in Daphnia due to herbicide adsorption and transfer by the
nanoparticles [40].

In the present study, doxorubicin was used as a model ecotoxic agent. Doxorubicin is known to have cardiotoxic
effects on zebrafish development [41], and leads to embryonic malformations, including pericardial edema, in con-
centrations exceeding 10 mg/l. Doxorubicin concentrations were used which do not affect zebrafish development.
Addition of ceria nanoparticles did not lead to embryonic death, but had a significant effect on doxorubicin toxicity.
When mixed with all types of ceria nanoparticles (10 mg/l), doxorubicin taken in 10 mg/l concentration caused a
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significant rise in embryonic malformations, mainly pericardial oedema. Lower concentrations of ceria nanoparticles
in the mixtures did not lead to such effects.

It is well known that metal oxide nanoparticles in aqueous solutions easily adsorb molecules and ions of various
organic and inorganic substances. Due to its specific chemical properties, cerium dioxide appears to be a very good
sorbent for several substances. For instance, CeO2 nanoparticles adsorb 58 % of an initial concentration of Pb2+,
which is considerably higher than for TiO2 and Fe3O4 nanoparticles [42]. Furthermore, CeO2 nanoparticles are good
adsorbents for various antibiotics, due to their affinity to hydrophilic molecules [43]. Apparently, in experiments con-
ducted for the current research, ceria nanoparticles could adsorb doxorubicin and consequently promote the increase
in its local concentration in zebrafish chorion. This effect was registered only for certain concentrations of doxorubicin
and CeO2 nanoparticles in the media.

Malformation rate in tiger barbs during embryogenesis was significantly higher than in zebrafish. Enhanced
sensitivity of barb embryos is most likely to appear due to a shorter incubation period of the embryo in the egg: in
contrast with zebrafish, the barb hatches within 24 hpf.

The question is still open as to whether the effects observed were caused by ceria nanoparticle penetration into the
chorion. It has been established previously that silica nanoparticles do not penetrate zebrafish chorion [44]. Similarly,
upon keeping zebrafish in the nanoceria-containing media, approximately 37 % of ceria nanoparticles bind with the
chorion and only 0.07 % get through [45].

Citrate-stabilized cerium dioxide sols mixed with doxorubicin appeared to have the most toxic effect. A minimal
effect was observed for suspended ceria nanopowders. An intermediate effect was registered for non-stabilized cerium
dioxide sols.

Results obtained can be explained taking into account the peculiarities of doxorubicin adsorption on ceria nanopar-
ticles. The interaction in the adsorption system depends on the charge of both adsorbent and adsorbate; the electrostatic
difference potential of doxorubicin is unevenly distributed among functional groups, thus the position of functional
groups will determine the orientation of the molecule. Calculations made indicate two possible orientations of a dox-
orubicin molecule on the ceria surface – vertical and planar (see Appendix, Fig. A1). In the first case, interaction with
the surface proceeds via a nitrogen group, which has a positive charge when protonated. Obviously, this orientation
will be favorable on the negatively charged surface. In the second case, interaction of the molecule with the surface
proceeds via the π-electron system of fused aromatic rings and acidic –OH phenol groups, having a negative charge
when doxorubicin is ionized. This “flat” orientation of doxorubicin is favorable on the positively charged surface,
wherein the molecule occupies the area corresponding to about eight cerium atoms. According to calculations of the
electronic structure [46], the sum of the atomic partial charges of the isolated molecule of doxorubicin is zero; in
the aquatic environment, the total charge of the molecule is slightly positive, and in complex with DNA is slightly
negative, but the overall pattern of the charge distribution is the same.

Unlike weak electrostatic adsorption on gold [47], citric acid is strongly chemisorbed on the ceria surface and
cannot be substituted by doxorubicin; the interaction of doxorubicin with citrate-stabilized ceria occurs via the layer
of citric acid molecules. The citrate adsorbs on the surface in an ordered manner (see Appendix, Fig. A2(A)), and the
grafting density is one citrate molecule per 3 – 4 Ce atoms. Our data indicate that “citrate-stabilized” ceria nanopar-
ticles have negative ζ-potential in the whole range of biologically relevant pH values. In turn, for “naked” ceria
nanoparticles, the ζ-potential typically has a positive charge in the range of pH < 8 (see Appendix, Fig. A3). Sev-
eral authors have shown that the interaction of various citrate-coated nanoparticles with organic molecules including
doxorubicin can proceed by formation of hydrogen bonds [48] or by more complicated surface interactions [49]. Ac-
cording to the calculation referred to above, the doxorubicin molecule would preferably have a vertical orientation on
the surface of a nanoparticle coated with dissociated carboxylic groups. In this case, the nitrogen atom of the antibi-
otic interacted with the carboxyl group of the citrate. Fig. A2(B) shows that the grafting density of doxorubicin on a
citrate-coated ceria surface is one molecule per 4 – 5 Ce atoms. Some of the citric acid molecules did not participate
in the interaction with the antibiotic; these molecules assure the colloidal stability of ceria nanoparticles.

The fraction of atoms located on the surface of a nanoparticle strongly depends on its size. The corresponding
dependence for nanoceria is shown in Figs. A4 and A5. For 6 nm ceria nanoparticles, the proportion of surface-located
atoms is about 40 %; for 25 nm nanoceria, about 12 %. The amount of adsorbed doxorubicin molecules for these types
of nanoparticles varies correspondingly. For example, 10 mg of citrate-coated ceria nanoparticles can adsorb 2.8 mg
of doxorubicin; 10 mg of the same “naked” ceria nanoparticles can adsorb 1.58 mg of doxorubicin; 10 mg of ceria
nanopowder can adsorb 0.47 mg of doxorubicin (see Appendix). As the present work has demonstrated, the toxicity
of doxorubicin-ceria conjugated changes in the same manner: citrate-coated nanoceria > “naked” nanoceria > ceria
nanopowder.

Results obtained demonstrated that there exists a synergetic effect of ceria nanoparticles and doxorubicin action;
the effect was expressed in a high incidence of embryonic malformations in fish. This effect was more pronounced in
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tiger barbs than in zebrafish, which, in the authors’ opinion, was due to some peculiarities of their embryogenesis. It
was also found that differently prepared CeO2 nanoparticles demonstrated different efficiency. Thus, CeO2 stable sols
application had a stronger effect than a suspended nanopowder. The method of nanoceria stabilization also played a
considerable role in the synergetic action of nanoparticles and doxorubicin. Citrate-stabilized cerium dioxide nanopar-
ticles had significantly higher effects than non-stabilized nanoparticles. A certain minimum ratio of nanoparticles and
doxorubicin had to be reached to provide a synergetic effect, which substantially depended on the cerium surface
atoms available, i.e. on the nanoparticles’ size and on the presence of the stabilizer.

Ceria nanoparticles (both non-stabilized and citrate-stabilized aqueous colloid solutions and water redispersible
ceria nanopowder) have no embryotoxic effect on Danio rerio and Puntius tetrazona. Nevertheless, nanoceria has
been shown to increase greatly the toxic effect of doxorubicin on fish embryogenesis. This synergetic effect of ceria
nanoparticles and doxorubicin depends strongly on the concentration of components, as well as on particle size and
the presence of a stabilizer.
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Appendix

FIG. A1. The calculated adsorption of a doxorubicin molecule on the surface of a ceria cluster: A –
planar orientation; B – vertical orientation
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FIG. A2. The calculated adsorption of citrate molecules on the surface of a ceria cluster (A) and
doxorubicin molecules on a citrate-coated surface of a ceria cluster (B)
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FIG. A3. The dependence of the ζ-potential of the “naked” and citrate-stabilized ceria nanoparticles
on pH

FIG. A4. The calculated ratio of surface atoms to the total number of atoms as a function of ceria
particle size
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FIG. A5. The calculated number of surface and bulk cerium atoms in octahedral-shaped CeO2

nanoparticles as a function of particle size

Calculation of doxorubicin amount which could be adsorbed on 10 mg of cerium dioxide particles.

M = 10/MWCeO2
·R/S ·MWDox = 31.6 ·R/S,

where
M – the amount of doxorubicin, mg;
MWCeO2 – the molecular weight of ceria, 172 g/mol;
R – the fraction of the cerium atoms at the surface of the particle;
S – the “landing area” (the number of cerium atoms occupied by one molecule or grafting density) of dox-
orubicin;
MWDox – the molecular weight of doxorubicin, 543.5 g/mol.
“ceria (citrate)” (size 6 nm), R = 0.4, S = 4 – 5, M ≈ 2.8 mg of doxorubicin;
“ceria (naked)” (size 6 nm), R = 0.4, S = 8, M = 1.58 mg of doxorubicin;
“ceria (nanopowder)” (size 24 nm), R = 0.12, S = 8, M = 0.47 mg of doxorubicin.
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Liquid-permeable piezoactive polyvinylidene fluoride films were produced as porous membranes using preparation process including melt extru-
sion, annealing, cold/hot extension and poling consequent operations. The effect of technological control parameter at extrusion stage (melt draw
ratio) on the characteristics of the film structure (overall porosity, liquid permeability and polymorphous composition) was investigated. The values
of melt draw ratio which provides the permeability to liquids were established. The structure elements of nano- and micro- levels were determined
by a number of experimental techniques. It was proved that the samples contain the pores with sizes 10 – 50 nm. The dependence of polymorphous
composition and content of piezoactive crystalline modification on preparation conditions was analyzed. Permeable polyvinylidene fluoride films
were successfully poled, and the stable piezoelectric response of the samples was demonstrated.
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1. Introduction

Polyvinylidene fluoride (PVDF) attracts great attention as a membrane material because it has several advantages
for filtration and separation processes such as chemical and thermal stability, flexibility and mechanical strength [1–7].
PVDF films have been extensively applied in industrial sectors including environmental, electronic, energy, chemical
and biotechnologies areas. However, fabrication of high performance PVDF materials remains challenging and has
remained difficult to be achieved.

Permeable to liquids, porous PVDF films can be prepared using techniques based on the mechanism of phase
inversion and thermally induced phase separation [4, 8, 9]. In these methods, the pores are generated by the extraction
of a solvent. Extraction is carried out as the solution is evaporated, and a solid porous film is formed. By controlling
the morphology, it is possible to produce PVDF films with various pore sizes and permeability. A mean pore diameter
in the range of 20 – 100 nm was reported for such materials. Membrane production based on the phase separation
method has two main drawbacks: solvent contamination and expensive solvent recovery.

Permeable films of semicrystalline polymers may be produced by a so-called “dry method” which is less expen-
sive, more productive and reduces the environmental impact because no solvents (as a rule, theyit are generally toxic
ones) are needed [10–12]. This technique is based on the extension of a film containing a highly oriented stacked
lamellar structure. It has been successfully employed for fabricating microporous polypropylene and polyethylene
microporous films. There are three consecutive stages of the process: (1) melt extrusion to produce the precursor film
with an oriented lamellar morphology, (2) annealing of this film to thicken the lamellae due to involving of macro-
molecular chains from amorphous regions into the crystals, and (3) uniaxial extension of the film at room temperature
to create voids between lamellae, and then thermal stabilization of the porous structure. Stage (1) is a complex process
because the film should be produced under high melt draw ratios and cooling rates. Stages (1) and (2) provide the spe-
cific morphology formed by stacks of flat lamellar crystallites arranged perpendicularly to the orientation direction of
the macromolecular chains. Due to this structure, the effective pore creation is possible as a result of lamellae separa-
tion during extension at stage (3). It was proved that the 3-step process (melt extrusion–annealing–uniaxial extension)
gives the possibility to obtain microporous PVDF films [13–17]. The porous structure of the PVDF membranes con-
taining open to the surface and closed in the volume pores and permeable for water vapor have been produced [16].
At the same time, liquid-permeable PVDF membranes produced by melt extrusion technology haven’t been reported
to the best of our knowledge.

It should be noted, that PVDF is widely used not only in the membrane industry but also as the most common
non-ceramic piezoelectric material in the electrical industry [18, 19]. Recently, it was shown [20–23] that electrical
excitation of the piezoelectrically vibrating membranes (as PVDF, as inorganic piezomembranes, both) could increase
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the flux and markedly reduce membrane fouling. The results of the filtration experiments of Darestani [20, 21] using
the piezoelectric PVDF materials showed that the vibrations delayed membrane fouling significantly while the mem-
brane flux was maintained close toly at its initial value. Another innovating point is design of oscillatory resonant
devices for gravimetric biosensors (microbalances) based on porous PVDF piezofilms as an alternative for piezoelec-
tric quartz crystals [24]. A new concept was also introduced for self-charging power cells (piezosupecapacitors) based
on piezoactive PVDF separators, in which the mechanical energy is directly converted into electrochemical energy
through a piezoelectric effect and is directly stored in a Li-ion battery [25–27]. All of these investigations involve the
use of porous piezoactive PVDF films, therefore elaboration of new synthetic approaches seems relevant.

PVDF is a crystallising polymer, and it has at least four crystalline modifications (α, αc, β and γ) [28]. The all-
trans β-phase is ferroelectric and mainly responsible for its piezoelectric properties. At the same time, melt processing
techniques yield only α-phase and the polymorphic transition from α- to β-modification can be efficiently imple-
mented using the orientation drawing at temperatures between 60 and 90 ◦C or under increased pressure [28, 29].
Therefore, the development of an approach that enables the formation of piezoactive β-crystallites in porous PVDF
materials is an important task for practical application of PVDF.

It is important to note that for transformation of PVDF films into a piezoelectrically active state an electrical
poling must be carried out. Poling involves the application of an electric field at elevated temperatures to orient the
polar axis of the β-phase domains in the field direction. This allows alignment of the β-phase crystals and converts an
inactive β-PVDF film into an electromechanically active material. In order to achieve a large piezoelectric response
in PVDF materials, the poling process usually requires an external field of higher than 30 MV/m at temperatures
of 70 – 100 ◦C. Poling can also result in partly conversion of the α-phase to the β-phase [28]. However, there is
the technological obstacle to polish porous structures because the voids are able to promote breakdown [29, 30]. To
overcome this difficulty, the special method was elaborated. As an electrode the common aluminium adhesive tape
was used. A thin adhesive layer played the role of an additional insulator protecting from electrical breakdown. The
advantage of this approach is in its simplicity. Aluminium adhesive tapes provide satisfactory DC poling of PVDF
at increased temperature and can be easily peeled off after the poling, and porous structure is not damaged. A poled
porous film is a ready to use piezoactive membrane.

A liquid metal (eutectic gallium–indium–tin alloy) was used as an electrode for piezoelectric modulus measuring
in this work. It can be easily rubbed in the surface of the PVDF porous films without permeation inside them. The
liquid metal can be easily erased from the surface of the porous film. Thus, the proposed method of the poling tech-
nique is a universal approach which gives an opportunity to produce the materials with stable piezoelectric response.
Specific applications of this approach may lay in the field where large-area piezoactive films are needed (much more
than 10 cm2). The applicability of “dry method” for through porous PVDF films preparation and their piezoelectric
performance has not been investigated yet to the full extent.

The applicability of “dry method” for through porous PVDF films preparation and their piezoelectric perfor-
mance has not been investigated yet to the full extent. The goal of this study was to obtain the porous liquid-
permeable and, at the same time, having piezoactiveity PVDF films in the process including the stages of melt extru-
sion/annealing/extension/poling and determine the permeability, porous structure characteristics, content of piezoac-
tive β-crystallite modification and piezoelectric modulus.

The goal of this study was as follows:

— to obtain the porous liquid-permeable and, at the same time, piezoactive PVDF films using a melt extrusion
process;

— to perform poling of these films by electric voltage;
— to determine the porous structure characteristics, content of piezoactive β-crystallite modification and piezo-

electric modulus.

2. Materials and Methods

Commercial PVDF grades Kynar 720 (Atofina Chemicals Inc., USA) with melt index 10 g/10 min (230 ◦C, 5 kg)
and melting temperature 168 ◦C were used. The PVDF films were formed on a laboratory single screw extruder
(Scamia, France) with a slit die. Two processing parameters were controlled at this stage: die gap and extruder screw
speed. Other parameters such as uptake speed (3.2 meters per minute) and melt extrusion temperature (die temperature
200 ◦C) were kept constant. The melt draw ratio was varied by adjusting of screw speed and die gap (Table 1) and
calculated as:

λ = S · ρ · l/m,
where S – the die gap area (cm2), ρ – density of the extruded film (1.78 g·cm−3), m and l – weight (g) and length

(cm) of the extruded film piece. In this work λ was varied from 55 to 157 (Table 1).
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TABLE 1. The effect of extrusion parameters on characteristics of the extruded PVDF films

Die gap, mm Screw speed, s−1 Melt draw ratio Thickness, µm

1.0 0.75 55 22

1.0 0.50 84 15

1.5 0.75 103 18

1.5 0.50 157 12

The extruded films were annealed under isometric conditions (at fixed ends of the sample to avoid the shrinkage
of an oriented film at heating) during 1 h at a temperature near the melting point of the polymer (167 ◦C). The uniaxial
extension of the annealed films was carried out in air in the orientation direction at a velocity of 40 mm/min. The first
(“cold”) extension was carried out at room temperature up to 40 % elongation. However, cold drawing alone leads
to the formation of porous structure, permeable to vapors and gases but not permeable to liquids because it has low
porosity and does not contain through flow channels. To enlarge the number and sizes of pores the second (“hot”)
extension stage was carried out at 100 ◦C up to 50 %. After the “hot” extension, the films were subjected to thermal
stabilization under isometric conditions for 1 h at 100 ◦C to prevent shrinkage after stress relief and to take off the
inner stress initiated by orientation.

The stress–strain curves were obtained at uniaxial extension of the annealed samples with sizes 5 × 50 mm at
the rate 50 mm·min−1 in a 2166 R-5 tensile test machine (Tochpribor, Russia). The stress-strain curves were used
to determine yield stress, breaking strength, elastic modulus and break elongation. For each sample no less than five
measurements were performed. The measurement error calculated as the standard deviation did not exceed 10 % of the
average value of the determined characteristic. The annealed films were characterized by the value of elastic recovery
ER50 which was measured at cyclic loading of the samples up to extension 50 % at velocity 50 %·min−1. ER50 was
calculated in percents as ratio of recovery deformation of the sample to its total deformation at the first cycle.

The overall porosity of the samples was calculated by the Eq.:

P = [(ρ− ρp) /ρ] × 100 %,

where ρp is the density of the porous film, which was measured gravimetrically.
The permeability of the porous films to liquids was estimated by filtration porosimetry based on the flow of a liquid

through the PVDF sample. This method is a nondestructive one and, in addition, it is similar to the operation conditions
under which microfiltration membranes are usually used. Permeability measurement was performed in a filtration cell
under a pressure of 0.5 MPa. Ethanol was used as a wetting liquid in the experiment. To measure the permeability of
water, which is nonwetting liquid for PVDF, it was necessary previously to wet the sample previously by ethanol and
then to flow water through the sample. The permeability value is inversely to liquid viscosity. Viscositiesy of ethanol
and water at 20 ◦C are 1.197 and 1.006 mPa/s, respectively. It was tested that permeability to water is on 15 % higher
than to ethanol for all porous samples.

The wide-angle X-ray scattering studies were performed using a DRON 2.0 diffractometer (Burevestnik, Russia)
with CuKα radiation. Recording was carried out in a transmission mode. To determine the degree of orientation of
the samples, azimuthal curves of intensity of reflection (110) were obtained. The degree of orientation was estimated
by calculating the orientation factor through the following Eq. [31]:

fc =
3
〈
cos2 ϕ

〉
− 1

2
,

where ϕ is the angle between the extrusion direction and the crystalline chain axis.
It is known that, as a rule, the crystalline structure of PVDF samples contains the mixtures of polymorphous

modifications, mainly, α and β crystals. To characterize the sample, it is necessary to determine the portions of
these crystalline phases. At the same time, the structural methods such as Infrared Spectroscopy (IR) and Differential
Scanning Calorimetry (DSC) cannot be used to determine the percentage of crystalline phases in PVDF films: the
IR spectra permit to characterize these phases qualitatively but not quantitatively because of difficulties in peaks
resolution [28]. The same can be said about melting peaks on DSC. In the previous works (for example, 16, 17, 28),
X-ray scattering was used to identify the crystalline phases in PVDF by recording the equatorial reflections located in
the vicinity of 2θ = 20◦, 17.66◦, 18.30◦, 26.56◦ for α- and 20.26◦ for β- phases, respectively. It was shown that the
diffraction peaks for the phases partially overlap with each other, and therefore, it is impossible to separate correctly
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these reflections. In the present work, the meridian reflections disposed at 39◦ and 35◦ for α- and β- modifications [32],
respectively, were recorded in the orientation direction of the film in transmission mode to estimate quantitatively the
content of these crystalline phases.

The degree of crystallinity was determined by the Hermans–Weidinger method [31] using the samples prepared by
stacking of randomly oriented pieces of the porous films. The thickness of lamellae was determined by the half-width
of the meridional reflex using the Debae–Scherrer formula. In earlier work [15] we measured thickness of lamellae in
the extruded and annealed samples by small-angle X-ray scattering, and the values obtained by these methods differ
by no more than 10 – 20 %. Thickness of lamellae in the samples formed at the extrusion and subsequent annealing
was measured by small-angle X-ray scattering [15].

The porous structure parameters were calculated from the N2 adsorption/desorption isotherms, which were ob-
tained using Surface area analyzer “Sorbtometr-M” (Katakon, Russia). The standard sample holder was loaded with
pieces of the porous film with the total mass 0.15 – 0.25 g. The samples specific surface area was estimated from the
Brunauer–Emmett–Teller (BET) model. The pore size distribution was obtained using the isotherm measured over the
relative pressure range of (Ps/Po) from 0.30 to 0.99.

The surface and cross-section morphology of the samples were studied using scanning electron microscopy ZEISS
MERLIN (Germany) at the voltage of 10 kV. Film cleavages were obtained by the brittle failure technique in liquid
nitrogen.

The PVDF porous films were poled by a contact method of thermal poling. Aluminum adhesive tape was used as
an electrode material. For electrical poling, metalized PVDF membrane was sandwiched between two electrodes in
the poling setup which was set in a thermostat at 90 ◦C. The voltage between the electrodes was increased step-wise
from zero to 105 V·µm−1 at a rate of 50 V·min−1. A DC power supply B5-24A (Russia) was used to generate the
desired electric potential difference. After that, the film was cooled to room temperature under the electric field. The
experiment was repeated at least three times for each sample.

After the sample poling, the aluminum adhesive tape was carefully removed from the film, the surfaces was
thoroughly cleaned by ethanol and metalized again with a liquid metal (eutectic gallium–indium–tin alloy) which was
applied on the sample surface manually. The reason forof the second metallization is that the adhesive conductive tapes
don’t allow registering the piezoresponse because of isolating action of a thin glue layer. To the contrary, the liquid
metal can’t be used for thermal polarization of permeable membranes because of increased probability of breakdown
as a result of metal penetration into the through channels. The thin isolation glue layer of the aluminum adhesion
tape acts as a breakdown protector for porous film polarization, but it has to be substituted for an appropriate contact
electrode layer after the poling procedure.

Transverse piezoelectric coefficient d31 was measured by static tension applied to the polarized films with the
liquid metal contacts along the orientation axis. Mechanical stress of the sample was set from 5 to 20 N (12 –
40 MPa). The potential difference at the contact electrodes of the sample at its deformation was measured using a
R-30 potentiostat (Elins, Russia). Piezoelectric coefficient d31 was calculated by equation [34]:

d31 =
C · ∆U ·B
A · ∆F

,

where C is the sum of capacities of the sample and a reference capacitor (1 µF), A is area of the electrodes on the
sample surfaces (cm2), B is the cross-section area of the film (cm2), ∆U is the voltage values (V), and F is an applied
tensile force (N).

3. Results and discussion

3.1. Characterization of the extruded and annealed PVDF films

Due to melt drawing, the samples formed at extrusion stage have the oriented structure, and the orientation degree
is determined by melt draw ratio λ (Table 2). This is displayed in the pictures of scanning electron microscopy (SEM)
(Fig. 1), where the surface images of PVDF extruded films exhibits highly oriented lamellar stack morphology. It is
known [10, 14, 15] that this structure is the most suitable for pores formation in the process of subsequent uniaxial
extension which initiates moving apart of lamellae and appearance discontinuities between them. It was shown by
X-ray data that the sizes of lamellae in PVDF extruded films were as 7 – 8 nm. These is values does not depend on
λ because it is determined by crystallization temperature of the extruded films which was constant in the process of
their solidification during film formation procedure.

Isometric annealing of the extruded films at high temperature close to PVDF melting point is the important stage
which makes it possible to enlarge orientation degree (annealing is carried out at the stress provided by fixation of
the film ends) and also to increase considerably the thickness of lamellae which reaches 11 – 12 nm. As it can be
seen from Table 2, the orientation factor of the annealed films increases from 0.90 to 0.97 as λ grows from 55 to 157.
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TABLE 2. Orientation degree and mechanical characteristics of the annealed PVDF films

λ fc

Yield
stress,
MPa

Breaking
strength,

MPa

Young’s
modulus,

MPa

Elongation
at break,

%

Elastic
recovery,

%

55 0.90 58 75 1460 130 71

84 0.93 59 81 1520 114 81

103 0.94 59 86 1570 94 87

157 0.97 60 98 1680 71 89

FIG. 1. SEM picture of surface for the extruded PVDF films formed at λ = 55

Mechanical characteristics of the annealed films are also found to be dependent on melt draw ratio (Fig. 2). Breaking
strength and elastic modulus increase with growth of λ (Table 2). At the same time, elongation at break decreases with
increasing of λ that indicates a rising of their hardness.

FIG. 2. Stress-strain curves for annealed samples with λ = 55 (a) and 103 (b)

Stress-strain curves analysis of the annealed PVDF films is useful for understanding of porous structure formation
under uniaxial extension of the annealed samples (Fig. 2). The initial linear part of the stress-strain curves characterizes
the elastic deformation of the samples up to the yield stress point. Yield stress is well pronounced for λ = 55 but less
and less observed for the samples as λ grows. In the second part of the curve, following an intermediate region, an
almost linear increase in the stress (strain hardening) is observed. This increase is responsible for the elastic character
of the lamellar deformation and growth of number and size of the pores. Fig. 2 demonstrates that the higher melt draw
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ratio is the less pronounced the yield stress becomes, the higher the rupture strain and the more stronger the second
slope which is responsible for the lamellar deformation. Thus at increasing of λ the annealed samples acquire “hard
elastic” properties, namely, capability to large elastic reversible deformations. The cyclic loading (Fig. 3) demonstrates
the “hard elasticity” of the annealed samples which were characterized by the value of elastic recovery ER50 as ratio
of reversible deformation to total one. It is seen in Table 2 that ER50 increases with λ. It was shown [10,35] that hard
elastic properties are the necessary condition for porous structure formation at subsequent extension.

FIG. 3. Stressstrain curves for the annealed film with λ = 103 under cyclic loading

3.2. Structure of the PVDF porous films

The influence of melt draw ratio on the structure of the porous PVDF films obtained by two-step – ”cold” and then
“hot” – uniaxial extension (40 and 50 %, respectively) is shown in Table 3. As it can be seen, the overall porosity of
the film formed at λ = 55 is 21 % while for the samples obtained at λ = 84 – 157, it reaches 26 – 28 %. According to
the measurements by filtration porosimetry, the film prepared at λ = 55 is impermeable while the samples extruded at
λ = 84 – 157 are permeable that is the evidence that these films contain through flow channels connecting two surfaces
of the film providing them with through permeability. Thus, it can be concluded that the percolation threshold to reach
the through permeability is found to lie around 25 % overall porosity that approximately corresponds to λ ∼ 60 –
70. This result is in accordance with the porosity percolation threshold determined by percolation theory as 25 –
30 % [36]. It was confirmed for PE and PP porous films obtained by the same (“dry”) method [10, 35].

TABLE 3. Structure characteristics of PVDF porous films

Melt draw ratio λ = 55 λ = 84 λ = 103 λ = 157

Thickness, µm 19 13 16 11

Overall porosity, % 21 26 27 28

Liquid permeability
(ethanol), l·m−2·h−1·atm−1

Impermeable 1.1 0.9 1.3

Liquid permeability
(water), l·m−2·h−1·atm−1

Impermeable 1.3 1.1 1.5

Degree of crystallinity, % 58 60 61 63

Content of β-phase, % 38 31 20 15

It is seen in Table 3 that film permeability grows with increasing of λ and with decreasing of the die gap. This
allows one to conclude that the optimal morphology for the effective through pores appearance at the stage of uniaxial
extension is formed at the extrusion stage in the range of λ > 60 – 70.

Crystalline structure of the porous films was investigated by X-ray diffraction. According to the calculations of
intensities of the meridional X-ray reflections, the crystalline phase of the extruded and annealed samples consists of
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α-modification alone. It was found that all the microporous PVDF films contain a mixture of α- and β-crystallites
(Table 3 and Fig. 4).

FIG. 4. Meridional X-ray diffractograms of the annealed (a) and porous PVDF films with λ =
55 (b), 84 (c), 103 (d) and 157 (e)

In this preparation technique the porous structure formation and also α > β-transition, both, are initiated by the
uniaxial extension of the annealed PVDF films. Note that the data given in Table 3 demonstrates that the percentage
of β-phase decreases with increasing of melt draw ratio. It may explained by the fact that at lower orientation at the
extrusion stage, the less perfect, weakly oriented crystals are formed (as compared with ones formed at higher λ), and
consequently it is easier to implement α > β-transition on the subsequent uniaxial extension stage. At the same time,
it was established in [29] that an increasing of orientation degree at extension leads to the growth of β-phase content
for the films extruded at all λ.

3.3. Morphology of the porous PVDF films

The results of SEM investigations of the porous samples are presented at Fig. 5. The surface of the impermeable
film (λ = 55, Fig. 5(a)) is filled with dense solidified structure elements, connected by fibrils. The surface structure
is weakly oriented and has few ruptures (pores). In contrast, the permeable films surface (λ = 103, 157, Fig. 5(b,c))
has greater porosity and disrupted fibril-like ties inside the pores. This clearly illustrates the fact that at the extension
of the annealed films obtained at the highest value of λ the mechanical stress leads to lamellar separation but not to
reorientation, spherulites splitting and etc.

FIG. 5. SEM micrographs of surface of the PVDF porous films with λ = 55 (a), 103 (b), 157 (c)

The denser structure with smaller pores can be noticed beneath the large, opened to surface pores (Fig. 5(b)).
Electron microscopy of the porous films cross-section shows that the scale of surface structure elements differs from
inner regions ones (Fig. 6). As it can be seen at Fig. 6, the morphology of the surface is characterized by the large
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wavy structures which have a scale relief in submicro- and micrometer range 0.1 – 1.0 µm. In contrast, in the inner
part of the sample there are the smaller scale pores with the sizes less 50 nm located in the inter-lamellar regions
(Fig. 6).

FIG. 6. SEM micrographs of cross-section of the permeable PVDF film (λ = 103)

Highly developed surface relief (Figs. 5–6) of the prepared porous films are able to produce a high specific surface
area. Low-temperature gas adsorption method (method BET) gave specific surface of the permeable samples about
37 m2·g−1. Note that nonporous extruded and annealed films have specific surface in order 10−3 m2·g−1. The pores
size distributions have a maximum in the range of diameters 10 – 30 nm (Fig. 7). Increasing of λ leads to a few shift
of maximum of the curve to the larger sizes (at 5 nm), and also to the growth of volume of pore space, i.e. number of
pores. This provides evidence that the sizes 10 – 50 nm is a characteristic structural parameter for this system, and an
increase in the permeability with orientation degree is mainly due to rising in the number of pores. It should be noted,
that the pore size distribution calculated from adsorption isotherm (method Barrett–Joyner–Halenda) is in accordance
with the SEM data of the sample cross-sections where the pores about 15 – 50 nm can be visually estimated (Fig. 6).

FIG. 7. Pores size distributions of the permeable porous PVDF film formed at λ = 55 (a) and 103 (b)

Thus, investigations of permeable PVDF porous films performed by a number of experimental techniques demon-
strate the complicated structure consisting of elements of different scale levels: surface relief is formed by structure
details of micrometer scale, the sizes of pores are in the range of several tens of nanometers, and, at last, crystalline
lamellae have the thickness of about 10 nanometers. However, the design of structure on the surface and inside the
porous samples has the similar character that allows us to classify the sample structure as fractal.

Maximal permeability which have been reached in this work (1.3 and 1.5 l·m−2h−1atm−1 for flowing of ethanol
and water, respectively) is rather small as compared with the PVDF films obtained by “wet method” which have the
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larger pore sizes (50 – 300 nm) than our samples (Fig. 7). But the “wet method” process produces the membranes
which are characterized by much wider pore size distribution, i.e. by low separation selectivity. And also, it is im-
portant to note, that “dry” technology is based on solvent-free and cost effective process comprising melt extrusion,
thermal and mechanical treatments. Moreover, PVDF porous films prepared in this work have the additional function-
ality, namely, they demonstrate piezoactive properties.

3.4. Poling and stability of piezoelectric characteristics

To characterize the piezoelectric properties in porous PVDF films, the DC poling was performed for the imper-
meable (λ = 55) and permeable (λ = 84) ones. These samples possess the similar values of crystallinity but they have
the different porosity and β-phase content (Table 3). It was found (Table 4) that the values of piezomodulus along the
sample orientation (d31) are close to each other (10 – 11 pC·N−1) but have a tendency to decrease for the sample with
lower content of piezoactive component. After the first month of storage at ambient conditions, the films’ piezoelectric
modulus decreased by ∼ 15 % and 27 % for impermeable and permeable samples, respectively. However after the
next month of storage, both samples showed a high stability of polarization over time (Table 4). Note that the poling
does not induce decreasing of permeability of the samples, which remains on the same level as it was before high
voltage application (1.1 l·m−2·h−1·atm−1).

TABLE 4. Piezomodulus d31 (pC·N−1) of the microporous PVDF films with λ = 55 and 84

Storage time λ = 55
(impermeable)

λ = 84
(permeable)

Immediately after polarization 11.5 10.4

After 1 month 9.7 7.6

After 2 month 9.5 7.5

Thus, in this work, for the first time, for PVDF membranes were prepared by the a “dry method” the that attained
both liquid permeability and piezoelectric response, both, are reached. These films may be used for electrically
controlled systems design (piezosupercapacitors, piezobiosensors, oscillating fouling-resisted membranes and etc.).

4. Conclusions

Porous PVDF films which combine through permeability and also piezoactivity were successfully produced in
the effective, ecologically safe manufacturing process based on polymer melt extrusion. The effect of melt draw ratio
on the overall porosity and liquid permeability was investigated in this paper for the first time. Optimal operating
parameters for melt extrusion were determined for successful pores nucleation and growth to reach the percolation
threshold for the appearance of liquid permeability. The permeable membranes were obtained when extrusion process
was performed at melt draw ratios higher than 60 – 70 which corresponds to the percolation threshold for overall
porosity 23 %. At the higher melt draw ratios the permeability increases, but the overall porosity does not change. It
was found that the films contained the pores with sizes 15 – 50 nm. The surfaces of the films were found to have a
strongly developed relief with scale of relief in order 1 – 2 µm. The content of β-phase in the permeable films having
piezoproperties reaches more than 30 %. Hierarchy of structure elements on micro- and nano-scale levels have been
investigated, and the possibility to regulate the characteristics of the samples by processing parameter at extrusion stage
of the preparation process to reach the desired combination of properties was demonstrated. Also, new possibilities of
poling were revealed for the permeable to liquids PVDF films which were successfully poled, and stable piezoelectric
response was demonstrated. The “dry method” of porous PVDF piezoactive membranes preparation presented herein
stimulates further research because the unique combination of their properties are of outstanding interest for a number
of application fields such as membrane technology, storage, conversion and harvesting of energy.
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Soft magnetic LiZnMn ferrite with low coercivity obtained via glycine-nitrate combustion was estimated in this work. According to SEM, the
synthesized ceramics have a grain size ranging from 1.5 to 8 µm and the EDX, AAS and XRD data show that the obtained samples correspond
to Li0.45Zn0.05Mn0.06Fe2.43O4 structure. The hysteresis loops of LiZnMn ferrite ceramics provide evidence for the magnetically soft nature of
the obtained materials. Basic magnetic characteristics, including remanent magnetization, saturation magnetization, and coercive force was also
described. For a sample sintered at 1000 ◦C, the values of saturation magnetization (4πMs), residual magnetization (Br) and coercive force (Hc)

were 2644 G, 2139 G and 6.4 Oe, respectively, whereas the sample obtained at 1070 ◦C shows large values of saturation magnetization (3240 G)
and residual magnetization (2459 G) and the coercive force is approximately half (3.4 Oe). Analysis of the influence of thermal treatment provided
the possibility to determine necessary conditions for obtaining microwave ceramics based on LiZnMn ferrite via solution combustion method. Grain
size distribution was examined to determine their influence on the properties of obtained ceramics.
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1. Introduction

During the last few decades, the rapid development of microwave technologies has aroused an increased interest
in classical high-frequency materials and imposed a new requirement on their electromagnetic parameters [1–3]. Some
LiZnMn ferrites have been widely used in microwave devices due to their low coercive forces (Hc), high remanent
and saturation magnetizations (Mr and Ms), great mechanical and chemical stabilities, rectangular hysteresis loop,
etc. [4–7]. The electromagnetic properties of LiZnMn ferrites depend on factors such as the type of synthesis, degree
of crystallinity, particle and grains size, degree of homogeneity for particle and grain sizes [8, 9]. There are many
techniques to obtain lithium ferrites, for example, microwave sintering which is the most popular at the moment
but has some significant flaws such as long synthesis time, the large grain size of the resulting product and high
heterogeneity degree of their size, which negatively affects the final electromagnetic parameters of ceramics [10–13].
One of the more promising methods for obtaining ferrites, which allows improving the above parameters, is the
solution combustion method. This method can result in the synthesis of ferrites with small particle and grain sizes,
high density and conversion degree, excellent electromagnetic parameters and uniform microstructure [14–19].

In this work, the glycine-nitrate combustion process has been used for preparing initial LiZnMn ferrite powder
using glycine as chelating reagent with ratio G/N = 1.5 (where G is the glycine mole fraction and N is the nitrate mole
fraction). There is the relatively large number of different chelating reagents, such as some organic acids, hydrazine,
urea, and others but using the glycine can reduce the amount of residual organic compounds in the final product
due to its lower molecular weight than other chelating agents have [20–22]. The received product of glycine-nitrate
combustion was heat sintered at various temperatures (1000 and 1070 ◦C) as a result; microwave ceramics with low
coercivity force were obtained.



314 K. D. Martinson, S. S. Kozyritskaya, I. B. Panteleev, V. I. Popkov

2. Experimental

This work is devoted to the investigation of microwave ceramics based on the Li0.45Zn0.05Mn0.06Fe2.43O4 ob-
tained via glycine-nitrate combustion method. The synthesis was performed under conditions of deficit of the chelating
agent (G/N = 1.5) in the reaction mixture. Initial lithium, zinc, manganese, and iron crystalline nitrates were dissolved
in 100 ml of deionized water and 10 ml of 3M HNO3 with constant stirring for 2 hours and temperature of 50 ◦C.
Then glycine was added to the reaction solution in an amount exceeding the stoichiometric ratio of 1.5. The solution
prepared this way was heated to its autoignition point. During the autoignition process, the brown powder was ob-
tained which was mechanically ground in an agate mortar. The final product was thermally treated at a temperature of
500 ◦C for 3 hours.

The obtained powder was mechanically processed in a vibration mill (ball diameter = 2 cm) for 2 hours with the
addition of bismuth oxide (LiZnMn:Bi2O3 to 95:5 wt. %) and polyethylene glycol as a binder. The addition of bismuth
oxide reduces the sintering temperature, however, despite the fact that its effect on the sintering of lithium ferrites is
well studied for solid-phase methods [4], due to the significantly smaller particle size of the original powder and, as
a result, a higher specific surface area, the amount of bismuth oxide required to successfully lower the temperature is
much higher. Sintering ceramics was carried out at two temperatures (1000 and 1070 ◦C). The two selected sintering
temperatures are most common when lithium-zinc-manganese sintering a ferrite of the similar composition [8, 23].

Qualitative X-ray phase analysis and crystal structure refinement was performed using Rigaku SmartLab 3 powder
diffractometer. The average crystallite size (coherent scattering area) was calculated from X-ray diffraction lines
broadening using the Scherrer equation:

D =
k · λ

β · cos θ
,

where k is the crystal shape factor (assumed to be 0.94 in the isometric approximation), λ is the X-ray emission
wavelength (CuKα, λ = 0.15406 nm), β is the diffraction maximum broadening (in radians), θ is the diffraction peak
position (Bragg angle).

The chemical composition and morphology were determined using a TescanVega 3 SBN scanning microscope
equipped with an Oxford INCA x-act x-ray spectral microanalysis device and atomic absorption spectrometer AA-
7000. The measurement of the magnetic properties was conducted on the vibrating magnetometer Lake Shore 7400.
The magnetic characteristics according to the hysteresis loop data were calculated using the vibration method built in
the magnetometer’s software on vibration magnetometer Lake Shore 7410. Dynamic light scattering and SEM mi-
crophotographs were used to determine the average grain size of LiZnMn ceramics obtained at different temperatures.
The measurements were carried out using a Shimadzu SALD-7500 nano.

3. Results and discussion

The phase composition of the obtained Li0.45Zn0.05Mn0.06Fe2.43O4 powder and ceramics were determined by
X-ray powder diffractometry. The obtained data show that initial ferrite powder consists of single-phase lithium-zinc-
manganese ferrite (JCPDS card # 52-0278) with an average crystallite size of 25±3 nm (Fig. 1). The conversion
degree of synthesized powder was determined to be 95% using an internal standard (α-Si).

Diffractograms of the lithium-zinc-manganese ferrite sintered at 1000 and 1070 ◦C also show the absence of
extraneous phases. The high intensity of the peaks indicates that the obtained ceramics have a high conversion.
However, the peak intensities of the obtained sample at 1070 ◦C are higher than those for the sample sintered at
1000 ◦C, which indicates a more complete degree of sintering.

The elemental composition and morphology of the obtained lithium-zinc-manganese ferrite were determined by
X-ray microanalysis, atomic absorption spectroscopy, and scanning electron microscopy. According to elemental
analysis data, the obtained ferrite corresponds to the composition of Li0.45Zn0.05Mn0.06Fe2.43O4. Fig. 2 shows the
results of SEM for the LiZnMn ferrite ceramics samples sintered at 1000 and 1070 ◦C. The obtained data suggest
that ceramics with grain size from 0.5–10 µm are obtained at both temperatures. In the case of a sample sintered at a
temperature of 1000 ◦C, porous ceramics are observed with an average grain size of 0.5–4.5 µm. The presence of a
large number of voids and the appearance of the grains is most likely due to the fact that the lithium-zinc-manganese
ferrite ceramics is not completely sintered at a given temperature. In the case of a sample that was sintered at a
temperature of 1070 ◦C the sintering passed completely, which indirectly confirms the XRD data. However, there is
an increase in grain size, which ranges from 2–10 µm.

The grain size distribution was determined by a dynamic light scattering method (Fig. 3c and Fig. 3d) and by the
analysis of the micrographs in the OriginPro software package (Fig. 3a and Fig. 3b). The obtained data correlate well
with each other and indicate that the average crystallite size ranges from 0.5–10 µm. In the case of results obtained
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FIG. 1. X-ray diffraction patterns of Li0.45Zn0.05Mn0.06Fe2.43O4 initial powder and ceramics

FIG. 2. SEM results of the LiZnMn ferrite ceramics sintered at 1000 and 1070 ◦C

by the method of dynamic light scattering, the distribution is shifted to the right side in relation to the results of
micrographs analysis, which is associated with an insufficient degree of separation of one grain from another.

Figure 4 shows the saturated B–H hysteresis loops at 298 K for lithium-zinc-manganese samples sintered 1000 and
1070 ◦C. The obtained data indicate that the hysteresis loop of the sample sintered at 1070 ◦C degrees is approximately
half that of the loop for the sample obtained at 1000 ◦C.

The data in Fig. 5 demonstrate that the saturation magnetization, residual magnetization, and coercive force
depended on the sintering temperature.

The saturation magnetization is 2644 G and 3240 G for samples obtained at 1000 and 1070 ◦C, respectively.
Residual magnetization is also higher for a sample sintered at a temperature of 1070 ◦C (2139 G vs 2458 G). However,
the coercive force for a sample sintered at 1000 ◦C (6.4 Oe) is rough twice the size of the value obtained for a sample
sintered at 1070 ◦C (3.4 Oe). These differences in the magnetic parameters of the obtained ceramic samples are related
to both the grain size and to the incomplete degree of sintering of the sample obtained at 1000 ◦C.

4. Conclusions

The present paper shows the possibility of producing a soft-magnetic low coercivity lithium-zinc-man- ganese
ceramics based on ferrite powder obtained via glycine-nitrate combustion method. The obtained powder and ceramics
are chemically and phase-pure and does not contain non-magnetic phases. The low coercivity force (6.4 and 3.4 Oe),
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FIG. 3. The grain size distribution of the obtained samples of Li0.45Zn0.05Mn0.06Fe2.43O4 ceramics
sintered at temperatures of 1000 and 1070 ◦C

FIG. 4. B-H hysteresis loops of LiZnMn ceramics samples at 298 K

saturation magnetization (3240 and 2644 G) and residual magnetization (2459 and 2139 G) are at the same level
as commercial high-frequency ceramics. It is shown that the sintering temperature strongly influences the magnetic
characteristics of the obtained ceramics and allows a two-fold reduction in their coercive force.
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1. Introduction

The development of differently structured nanosystems for targeted delivery of bioactive substances and drugs [1–
20] is currently receiving much attention. These systems can improve the drug action efficiency and selectivity, reduce
side effects and decrease the dose used. This refers, for example, to cytostatics [21–26], to other drugs and substances,
including those that work synergistically and are co-transported together [27–33]. It should be noted in general that the
number of reviews and original publications that consider certain aspects of formation and use of the nanostructured
targeted delivery systems is large globally and is constantly growing. In particular, Springer Publishing have released
a series of books that widely address these matters [34–37]. The present review considers the classification of the
organizational levels of the means of targeted drug delivery, including the nano-level, of passive and active methods
for implementing delivery processes, and raises some issues related to obtaining these means. The peculiarities of the
skin as a transport medium for nanoscale objects, the problems of physical chemistry and mathematical modeling of
transcutaneous drug transport, including electrophoretic delivery, are considered. The prospects for using the targeted
delivery systems are studied for developing such a class of compounds as polyoxometalates (POM), in particular,
molybdenum-containing ones, and their physicochemical properties and metabolic impacts are assessed.

2. Organizational levels of targeted drug delivery systems

2.1. Brief historical note, transition to nanosystems

In his review article [38], Allan S. Hoffman has distinguished three “eras” in the development of targeted drug
delivery systems, namely the “MACRO”, “MICRO” and “NANO” eras. In the “MACRO era” times, such controlled
release systems as patches, ophthalmic systems for antiglaucoma preparations, silicone-based devices containing con-
traceptive substances, and systems based on swelling polymer gels [38] were created. The “MICRO era” was charac-
terized by the creation of systems with the sustained release of biodegradable microparticles and of the phase-separated
depots. The development of the biodegradable suture polymers was underway in the 1960s and 1970s, and in the 1970s
this technology was borrowed for targeted drug delivery and refined to make its clinical use possible in the 1980s. The
pioneering work of Langer and Folkman, who showed that proteins could be released from non-degradable polymer
matrices, has stimulated researchers to think about alternative ways of drug delivery by using biodegradable poly-
mers [39].

The “NANO era” of targeted or site-controlled systems yielded three key technologies. The first concept is the
creation of drugs conjugated to polyethylene glycol (PEG) molecules. The second technology is the “active targeting”
of an antibody-conjugated drug to cellular receptors [38]. The third is the use of the “enhanced permeation and
retention effect”, the essence of which is in the entrapment of nano-sized carriers within a solid tumor due to the leaky
vasculature of a rapidly-growing tumor [40]. In this case, a nanoparticle can serve both as the directly acting agent
and as a nanocontainer (core), that is, a carrier for an active agent. In both cases, the development of nanopreparations
requires the solution of a number of issues, such as their stability in and safety for the body; delivery to pathological
structures, penetration into them and effective impact; as well as elimination from the body (utilization). When
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nanocontainers are used, such problems as the transferred agent protection from the destructive influence of the body
environment, and the active agent release under the specified conditions arise.

2.2. Microencapsulation as a method preceding the nano-level

It follows from the above that there exist several organizational levels in targeted drug delivery in the body,
while the delivery systems can be divided into passive with spontaneous processes of transport and release of active
substances, and active (controlled) ones. Passive systems, in particular, protect drugs when administered orally, during
their passage through the acidic gastric milieu, and ensure their release in the alkaline environment of the intestine.
In this case, the dosed or prolonged release of the active component is possible, to which end various membranes or
shells from natural and synthetic materials that form capsules are used. Microencapsulation is one of the trends in the
organization of targeted effects of drugs on the body. As is stated above, the bioactive substances can be delivered
orally, as well as by introduction into the bloodstream transcutaneously and by other methods. The use of all these
delivery routes is usually associated with the creation of protective shells on the so-called nominal units of the delivered
drugs (a nominal unit is understood as a spatially separated complex structure (formation) that includes biologically
active molecules and/or protective polymer layers, the center of which is a POM particle). Polymeric films for micro-
and nano-sized units, as well as the sorbed or chemically bound molecule protectors, serve as protective shells. To
regulate the transportation of bioactive substances, e.g., transcutaneously, a special environment with the drug nominal
units distributed in it is used. Ointment bases can serve as such an environment, for which hydrophobic, including
lipophilic, hydrophilic or diphilic materials are chosen. When choosing ointment bases, their compatibility with drugs
is necessary; in some cases, the problem of the ointment base component stability arises [41]. The effect of aprotic
dipolar solvents, such as dimethyl sulfoxide, which are universal solvents, on the transcutaneous penetration ability
and rate for a large number of substances is well known. Podands and cryptands, the so-called phase transfer catalysts,
can be used as the drug transporting molecules. Cryptands are macrocyclic complexones (crown polyesters), while
podands are their open-chain analogs [42].

In terms of structure, composition and protective shell, the drug delivery systems can be organized in various
ways. Liposomal or vesicular capsules, phospholipid-based structures, e.g., lecithin shells, transport units with shells
made of block copolymers or dendrimers, polyelectrolyte multilayer shells are considered promising. The simplest
unilamellar liposome is a close to spherical, hollow structure formed by a bilayer of phospholipid molecules. The char-
acteristic size varies from tens of nanometers to tens of micrometers. Humanity has encountered liposome-containing
materials long before the formal discovery of these formations. For instance, the chicken egg-based colloidal systems,
which contain lecithin, may include some spherical vesicles [43]. The direct discovery of liposomes was preceded by
numerous studies. In particular, this is the work of T. N. Gobley, who studied the composition of a number of biolog-
ical samples, such as chicken eggs, fish eggs, brain tissue of animals and humans, etc. and came to the discovery of
lecithin [44]. The chemical nature of lecithin was established by A. Strecker [45]. Liposomes as such were discovered
in the 1960s. When studying various blood components, in particular, peculiarities of the phospholipid dispersions
behavior A. Bangham et al. used the results of electron microscopy to discover that the resulting multilayer struc-
tures have obvious similarities with cell membranes [43, 46, 47]. Moreover, this group studied the permeability of the
obtained membrane structures and demonstrated that liposome membranes are poorly permeable for ions and large
molecules, but are permeable for water and low-molecular weight non-electrolytes [43, 48].

Today, several different liposome types are known. In terms of the number of layers, unilamellar, oligolamellar
and multilamellar liposomes are distinguished. In addition, there exist the so-called multi-vesicular liposomes that
differ from the multilamellar ones by consisting of smaller liposomes enclosed in a common shell instead of a series
of concentrically located layers. Unilamellar liposomes (vesicles) are subdivided into small (SUV) and large (LUV)
ones, with a characteristic size of 20–100 for the former, and from 100 nm to several micrometers for the latter. A
great multitude of techniques for their production have been developed. Most liposome production methods entail the
dissolution of cholesterol, lecithin and the useful “cargo” in an organic solvent, drying to obtain a thin film, and its
dispersal in an aqueous medium at a certain temperature to obtain a liposomal suspension [49].

The most common methods include the Bangham method, the reversed-phase evaporation method, and the solvent
injection method. According to the thin film hydration method (Bangham method) [50, 51], the first stage involves
lipid dissolution in an organic solvent, e.g., chloroform, ethanol, methanol, etc. Then, the solvent is evaporated, e.g.,
in a rotary evaporator, and a thin lipid film deposits on the vessel walls. The resulting film is dispersed in an aqueous
medium. The active substance is loaded into liposomes by the addition to the lipid film (for lipophilic substances),
or by the dissolving in the aqueous medium (for hydrophilic substances). This method has a relatively low loading
efficiency of 5–15% for hydrophilic preparations. According to the reversephase evaporation method, water or an
aqueous buffer solution is added to the lipids dissolved in an organic solvent. Then the organic solvent is evaporated
at a reduced pressure. This is the way of obtaining large unilamellar and oligolamellar liposomes [52,53]. The solvent
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dispersion method [50] is mainly used for obtaining unilamellar liposomes. A solution of lipids is prepared in an
organic solvent (e.g., in ethanol), and then the solution is quickly injected into the aqueous medium through a narrow
channel under pressure [54]. The majority of methods for producing liposomes yield a non-uniform size dispersion of
particles, while the Bangham method allows only the production of multilamellar vesicles. In order to reduce the size,
to obtain more uniform sizes, as well as to obtain unilamellar liposomes, additional processing is used, in particular,
ultrasonic dispersion and extrusion through a special membrane in a French press cell [55–58]. Among the advantages
of liposomal systems are the possibility of introducing poorly soluble, lipophilic preparations bound with nonpolar
tails of phospholipids forming a liposome; an increased penetrating capacity of drugs through cell membranes due to
the affinity of phospholipid membranes of liposomes for cell membranes, and an increased drug bioavailability; and
the possibility of extending the action of the rapidly metabolized drugs due to their sustained release. The possibilities
of using liposomal means of targeted delivery are reflected in publications of various kinds and different years, e.g.,
in [2,4,5,59–68]. Among the noted disadvantages of liposomes are their active capture by macrophages, which limits
the possibility of drug delivery to a number of organs and tissues, and reduces the time of drug circulation in the body;
as well as the liposome membrane degradation caused by lipoproteins. By now, techniques have been developed to
circumvent some of the disadvantages of liposomes. Such techniques include the application of a layer of polyethylene
glycol (PEG) on the liposome surface [69].

2.3. Nanostructured systems

Metallic and metal-containing nanoparticles form a large class of materials that differ in composition, size and
production methods. Some of them have already found their application in biomedicine, and many are considered
as promising materials. The presence of a metal core in nanocapsules can contribute to the activation of the drug
release due to the local exposure to laser radiation absorbed by the said core with the release of heat (photodynamic,
laser therapy). In some cases, the factor contributing to the release of the transported drug from the nanocapsules
may be the changing pH of the medium into which they find themselves. By their composition, the metal-containing
biomedical nanoparticles are usually divided into purely metallic, e.g., gold copper, silver, and nanoparticles with a
complex composition, for example, based on oxides of iron, copper, zinc, titanium, tungsten, on cerium and zirconium
dioxides, including those containing rare earth metals [70–86], etc.

There exist various methods for producing nanoparticles [78, 80, 87–102] and compositions on their basis. The
most common methods for producing nanoparticles include “soft chemistry” methods, including microreactor [98–
100] and hydrothermal [92–97] synthesis, and precipitation (sol-gel method) [87–91]. The methods that are also used
include the conductor electric explosion when a high-density current pulse [103–115] is passed through it; direct laser
ablation or ablation in a liquid medium [116–132]; methods of the Solution Combustion Synthesis group [133–139],
etc. Depending on the role played in biomedicine, the composites can contain both non-magnetic and magnetic
nanoparticles [140–162]. One of the trends in the biomedical use of nanoparticles for targeted drug delivery is the
creation of compositions where nanoparticles can be used both as a core for attaching the active component and
identification systems, and as active carriers. Another trend in nanoparticle application is the magnetic, photodynamic
hyperthermia [163–167] of tumors. Magnetic nanoparticles are often used in this case, when they accumulate in a
tumor and cause local overheating and destruction of the pathological formation under the influence of an external
alternating electromagnetic field. Another function performed by nanoparticles in biomedicine is the visualization of
normal and pathological processes, of pathological formations, and the use as biochemical and biophysical sensors.

Gold nanoparticles deserve special mention here, as in recent years they have been actively studied from the point
of view of their possible use in biomedical applications. In fact, the attempts to use colloidal gold as a medicine can be
found already in Arabic, Indian and Chinese sources dating back to the 5th – 4th centuries BC. Colloidal gold has not
been overlooked in the medieval Europe either. With varying degree of success, attempts had been made to use it for
treating a whole range of illnesses, from mental disorders to infectious diseases. In particular, the medical use of quinta
essentia auri was mentioned already by Paracelsus (Philippus Aureolus Theophrastus Bombast von Hohenheim) [153]
One of the medieval literary sources that has survived until today and describes the process of obtaining colloidal gold
and its medical application is a book by Dr. Francisci Antonii [168]. An important property of these nanoparticles is
the inherent phenomenon of surface plasmon resonance, the essence of which is in the resonant absorption of incident
radiation with a photon energy that corresponds to the energy of the surface plasmon. From the practical point of view,
important is the essential dependence of this resonant frequency on what is found on the surface of a gold nanoparticle.
Therefore, gold nanoparticles with the identifying molecules (e.g., antibodies) associated with their surface can serve
as biochemical sensors by changing the frequency of the absorbed radiation depending on the presence of specific
agents (e.g., antigens) in the analyzed medium.

Polymeric nanoparticles with the lipid (oily) core represent one of the subclasses of polymeric nanoparticles.
They consist of a lipid core surrounded by a polymeric wall. Such particles have an average size of about 200–300 nm
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with a narrow monomodal size distribution. The production of nanocapsules requires, in particular, such materials as
polyethers and polyacrylates which are used as polymers, as well as triglycerides, polyatomic alcohols and mineral
oils which are used as lipid cores [169]. One of the advantages of the oily-core nanocapsules, as compared to matrix
systems, is the large drug loading capacity, especially in the case when the lipophilic nucleus is a good solvent for
the loaded drug. Other advantages include the reduced effect of the drug explosive release, drug protection from
degradation and the reduction of its side effects. Production of such nanocapsules employs a wide range of oils,
including vegetable, mineral oils and individual compounds, such as ethyl oleate. In some cases, the oily core is
represented by an active ingredient.

The criteria used to select a material for the oily core include the presence or absence of toxicity, the ability to
decompose and/or dissolve the polymer, and the drug holding capacity [169]. Both synthetic and natural biodegradable
polymers, including dendrimers, serve as the material for the polymeric nanocapsule walls. Among the polymeric
materials are hydrophobic polyethers, such as poly(lactide) (PLA), poly(lactide-coglycolide) (PLGA) and poly(ε-
caprolactone) (PCL). Polymers have found wide application in targeted drug delivery due to their biocompatibility
and ability to decompose to non-toxic products [169–175]. In addition, the associated drug release kinetics can be
controlled by changing the polymer molecular weight. The kinetics of polyester decomposition in vitro and in vivo, as
well as their biological action have been amply studied. They demonstrate slow decomposition by a catalyst, which
can be a lipase that determines the lowest immunogenicity [169].

The next important aspect of nanocapsules creation is the surface functionalization. The techniques of surface
functionalization can be divided into two groups, namely the attachment of a ligand to a nanocapsule during its creation
or after it. In the first case, the polymer is chemically bound to the ligand, and this complex material is used as a raw
material for nanocapsules production. In the second case, nonfunctionalized nanocapsules are first created, and then
a ligand is attached to their polymer walls during a targeted physicochemical or chemical process. An example of the
first approach are nanocapsules covalently bound to polyethylene glycol, the polymer walls of which are made of the
diblock copolymer [176–183]. An example of the second approach is the introduction of entire antibodies and their
fragments into the surface of the finished nanocapsules [169, 184–186].

Inorganic materials based on layered silicates, titanium oxide, zeolites, functionalized fullerenes and carbon nan-
otubes are also considered as drug transporting nanoparticles. It has already been noted that the development and use
of such means of delivery is impossible without solving the problems of the further fate of sufficiently strong chemical
carriers and their behavior in the body after performing their basic functions.

The literature describes hybrid supramolecular structures based on nanocluster polyoxometalates (to be discussed
in more detail below) and organic molecules, namely polyelectrolytes. A technique of layer-by-layer synthesis of
hybrid nanoparticles based on a latex suspension consisting of spherical polystyrene acrylic acid particles with a
negative charge is presented in [187]. As polyelectrolytes, polyallylamine hydrochloride and poly(sodium 4-styrene
sulfonate) were used, carrying a positive and negative charge, respectively. The layers of polyelectrolytes alternated
with layers of Mo72Fen−30 , an iron-molybdenum nanocluster with a negative charge. At the last stage, with all the layers
formed, the polystyrene acrylic acid-based core was dissolved in tetrahydrofuran. A study of the obtained structures
by scanning electron microscopy showed that they have a spherical structure before and after dissolution of the latex
core [187]. It is supposed to use such systems as transport units delivered under the influence of a magnetic field, due
to the presence of a magnetic polyoxometallate component in them.

2.4. Carbon-based nanostructured systems

Thanks to their unique properties, carbon-based nanostructured materials attract attention from the point of view
of their application in such industries as electronics, materials science, etc. Also, attempts are being made to find
application for carbon nanomaterials in nanobiology and nanomedicine for diagnosing pathological conditions and
targeted drug delivery. The matter is about three-dimensional (3D) carbon nanostructures (nanodiamonds, in particu-
lar), about two-dimensional (2D) structures (graphene), about one-dimensional (1D) structures (nanotubes), and also
about zero-dimensional (0D) ones, which include fullerenes and their derivatives. Fullerenes (buckyballs) [188–192]
are produced by carbon evaporation, e.g., in an electric arc between two graphite electrodes in helium or other inert
gases, or by laser ablation, etc. As a rule, regardless of the method, a mixture of several types of fullerenes is ob-
tained, which is contaminated with graphite, unstructured and cluster inclusions of different composition. Therefore,
fullerenes require preliminary purification. Fullerenes can be functionalized by a wide range of molecules through
external functionalization (molecules association with the fullerene outer surface) and by metals through internal
functionalization (association to the inner surface during synthesis), as well as by replacing carbon atoms with het-
eroatoms. This aspect makes fullerenes promising candidates as means of targeted drug delivery. However, fullerenes
are hydrophobic, which limits the possibilities of their direct use in biomedicine [193] It is possible to obtain their
aqueous dispersions [194–200] and associates with organic compounds [200–205]. One of the ways of modifying
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the surface of fullerenes provides hydroxylated derivatives such as fullerenols [195, 200, 205, 206, 208]. The specific
functionalization of their surface is achieved through the use of amphiphilic polymers, amino acids, carboxylic acids,
and biologically active preparations that identify molecules [206, 207]. Fullerenes can be coated with biocompatible
materials (encapsulation), e.g., with polyvinylpyrrolidone while conjugates including cytostatic preparations and anti-
bodies to the corresponding cell type, can be used for delivering chemotherapeutic drugs to tumor cells. The absorption
of such systems by cells can be realized through specific endocytosis. Another possible trend in the use of fullerenes
is the creation of bioactive [203, 204, 206, 208] or contrast materials for nuclear magnetic resonance imaging (MRI)
through internal functionalization by contrast agents, including Gd3+, Sc3+, Ho3+, Tm2+, Ga3+ and Tc2+ ions, with
isolation of unstable and potentially toxic contrast materials from the internal medium of the body [209–212]. A sim-
ilar solution for creating contrast materials is proposed in [213] for Keplerates, the non-carbon analogs of fullerenes
which form ionic associates with cations of the above-mentioned metals.

Graphene [214–220], a single-layer (one atom thick) 2D nanostructure possesses high mechanical (high rigid-
ity) and electric transport (high charge carrier mobility) properties, which have drawn attention to it as a material for
semiconductor electronics, creating batteries and fuel cells The use of graphene for biomedicine is studied [216,218],
including targeted drug delivery in the form of nanographene oxide (NGO). The discovery and creation of methods
for producing carbon nanotubes (CNT) [221] is inextricably linked with the creation of fullerenes, since graphite
dispersion in an arc yields not only fullerene molecules, but also one-dimensional CNT structures representing one
or several rolled graphite layers [221–247]. The characteristic diameter of a CNT is from one to several nm, while
the length reaches tens of µm Among the CNT production methods [221–233] are pyrolytic synthesis, electric arc
discharge, chemical vapor deposition, and laser ablation. Targeted CNT synthesis employs d-metal-baseds cata-
lysts [226, 227, 239] (copper, iron, nickel, cobalt, etc.). Most often, the distance between CNT layers is 0.34 nm,
which coincides with the distance between the layers in crystalline graphite. As a rule, both ends of a CNT have
hemispheres the so-called “caps”, which include pentagons in addition to hexagons, thus making them similar to a
half of the fullerene molecule [221, 224]. It is possible to open CNT ends by strong oxidizing agents such as nitric
and perchloric acids, or ozone, which open access for various substances to the internal cavity for creating trans-
port systems [237–249]. Methods for CNT size “calibration”using ultracentrifugation, dialysis, and “cutting” them to
achieve the desired length have been developed. The synthesized CNTs also have foreign inclusions, including amor-
phous carbon, graphite and fullerenes. To remove impurities from CNT, technologies for their purification have been
developed [235, 236]. By analogy with fullerenes, CNT functionalization can be divided into external and internal.
In addition, the non-covalent and covalent types of functionalization are distinguished. Functionalization of the first
type is, e.g., CNT surface coating with surfactants, polymers, lipids, etc. The second type includes the reactions of
cycloaddition and oxidation under the influence of strong acids, which allow the CNT surface functionalization by
carboxyl groups.

The biomedical aspect of nanodiamond use can also be considered [250–260]. The nanodispersed diamonds (or
nanodiamonds) were obtained for the first time in in the USSR in the 1960s [261], but the widespread interest in the re-
search of this material arose in the 1990s due to several factors. Among them are the appearance of relatively affordable
technologies for nanodiamond production, the use of nanodiamonds as quantum dots instead of toxic semiconductor
materials, the development of nanoscale magnetic sensors based on nanodiamonds and some others [254, 262]. The
methods of nanodiamond production, like those for producing a number of other superhard materials, are based on
the shock compression of the source material. As a rule, the blasting of an explosive creates a shock wave, which
makes it possible to achieve the pressure required for the nanodiamond crystal formation. Such synthesis conditions
are called dynamic. The chamber in which the shock wave is created can be filled with an inert gas or liquid as a
coolant hence, dry and wet synthesis methods exist, respectively. Both the explosive itself and graphite can serve
as sources of carbon for the synthesis of nanodiamonds. The characteristic size of diamond crystals obtained by the
above-described synthesis methods ranges from a few to tens of nm, and the crystals can also exist in the form of ag-
gregates [264, 265] Methods for disaggregating the obtained material are available [266–269]. In addition to dynamic
synthesis, the research on the synthesis under static conditions is underway The composition of impurities in the case
with the detonation production method includes carbon in the form of graphite and non-combustible impurities (metals
and oxides) [254,261]. The areas of nanodiamonds application are determined by their inherent outstanding qualities,
both characteristic of diamonds in general and specific to nanodiamonds. Such properties as exceptional hardness,
the Young’s modulus, specific optical properties, biocompatibility, chemical stability, and fluorescence ability make
nanodiamonds a promising material for biomedical applications [250–263]. Among the possible areas of biomedical
application is the use as a matrix for tissue engineering, creation of implants and, in particular, bioactive substances
targeted delivery [250, 251, 253, 255, 259]. The latter is possible due to the ability of many bioactive substances (pro-
teins, antibodies, nucleic acids, drugs) to bind to the surface of nanodiamonds [253–256, 259, 260, 263]. The use of
nanodiamonds as a material for tissue engineering is possible due to their ability to bind to the cell surface, and in
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this context studies are being conducted on the use of nanodiamonds as a means of cell delivery for cell therapy, in
particular, for bone tissue regeneration [258, 270].

2.5. Features of active drug delivery systems

Active methods of drug delivery to biological targets include, among others, the impact of physical factors on
the transported nominal units. These factors include, first of all, the magnetic and electric fields, which implies the
creation of a means of delivery with relevant physical properties. The creation of units transported under the influence
of a magnetic field is associated with the conjugation of bioactive substances and ferromagnetic particles at the nano-
and micro levels. Associates may also include the above-mentioned protective shells in this case, too. The use of
the magnetic phase-based associates should ensure not only targeted drug delivery to the correct location in the body,
but also the subsequent safe removal of solid particles from it. This technique requires the use of magnetic fields of
sufficiently high intensity. As is noted above, magnetic particles can be used for magnetic hyperthermia simultaneously
with the delivery of drugs.

Electric field-assisted delivery (electrophoresis, iontophoresis) is acceptable for substances that form charged
units at the level of ions or colloidal particles. It is well known that a fairly wide range of bioactive substances and
drugs can be delivered to the body iontophoretically, including transcutaneous delivery. Such a delivery option sig-
nificantly increases its efficiency and does not require the application of high intensity electric fields. Actually, the
effect of iontophoresis on the skin increases its permeability to bioactive substances. In a number of cases, iontophore-
sis can be carried out directly for the drugs that form ions and amphiphilic molecules in solutions. Such substances
include various groups of drugs transported either to the cathode or anode, namely antibiotics, vitamins, alkaloids,
anti-inflammatory, antihistaminic and cardiotropic agents, analgesics, hormonal preparations, etc. Iontophoretic de-
livery of bioactive formulations is also possible when they associate with electrically charged effective transport units.
Naturally, in this situation, it is advantageous to have a non-toxic transport units that can be easily removed from
the body after performing their function. These carriers include biodegradable ones (e.g., due to natural metabolic
processes), and biocompatible ones, especially those that have their own positive effects on the body. The consid-
ered options of iontophoretic drug delivery to the internal organs and lesion foci envisage their preliminary injection
(including intracavitary) and external electrodes imposition on the corresponding zone. In view of the above-said,
nanoscale systems have significant advantages.

3. Features of skin as a transport medium; transcutaneous transport models

Skin is a very complex biological object that includes many heterogeneous layers that differ in mechanical and
physico-chemical properties. The aforementioned layers contain polar (water, inorganic salts), non-polar (lipids, etc.)
and amphiphilic (phospholipids, proteins) components. Skin consists of several types of cells which, in addition,
are found at different stages of development (keratinization). In addition skin also has pores, hair follicles, blood
vessels, and nerves [271–273]. The blood vessels in the skin are arranged as several plexuses found at different
depths. There are superficial and deep arterial plexuses and two superficial venous ones. The deep subcutaneous
arterial network is located at the subcutaneous fatty tissue and dermis boundary. The superficial (subpapillary) arterial
network is located at the base of the papillary layer. Blood is evacuated from the skin capillary network by the
papillary venous plexuses and the deep venous plexus, which is located between the dermis and hypodermic tissue
[271–275]. Depending on the nature of the transported substance (hydrophilic, lipophilic), different transfer paths
predominate. In particular, the question about the main route of substance transfer through the stratum corneum
remains controversial [276–278]. Besides, a number of factors, such as skin moisture, lesions, chemical effects, pH,
ultrasound, and electric field affect the parameters of transcutaneous transfer [279–287]. All this makes it quite difficult
to create an adequate model of transcutaneous substance transfer. Since a model is a simplified representation of a real
object, it is important to identify the most relevant skin properties from the point of view of transcutaneous substance
transfer. Skin models are conventionally divided into macroscopic and microscopic ones (Table 1). The macroscopic
models do not explicitly reflect the specificity of the skin microscopic structure, cell layers geometry, the presence and
size of pores, etc. The skin is regarded as a single or multilayer membrane, which is characterized by the corresponding
macroscopic parameters (diffusion coefficient, etc.). The microscopic models in turn provide a certain degree of
detail when they take into account the skin structure at the micro level (the scale of cell layers and individual cells).
Depending on the process type, the substance transfer models are divided into stationary and transitional ones. The
stationary models describe a steady process with unchanging concentration profiles of transported substances in the
skin, transcutaneous concentration gradients and other parameters of the simulated process. The transitional models
characterize the non-stationary processes. One-dimensional (1D), two-dimensional (2D) and three-dimensional (3D)
models of transcutaneous transport are distinguished. Their choice is mainly determined by such specific features of
the problem as the geometric dimensions of the substance source and, in the case of iontophoresis, of the electrodes,
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thickness and transverse dimensions of the skin, direction of concentration gradients and of the electric field. In
the case when the transverse dimensions of the substance source significantly exceed skin (membrane) thickness,
concentration and electric field gradients are directed perpendicular to the skin surface and all spatial parameters
depend only on the coordinate perpendicular to skin surface, the problem can be regarded as one-dimensional. In a
number of other cases, two-dimensional models are used, and in certain situations the use of three-dimensional models
can be justified. In addition, transcutaneous substance transfer can be enhanced by additional external influences
(iontophoresis, phonophoresis, etc.) [286, 287].

TABLE 1. Transcutaneous transfer models

Account of skin structure Macroscopic Microscopic

Process type Stationary Transitional

Additional impacts Passive transfer Iontophoresis, phonophoresis, etc

3.1. Simplified models of passive transcutaneous transfer

In [288], passive transport models are considered as the most simple case of transcutaneous transport. Conven-
tionally, the four most significant processes (Fig. 1) that determine passive transcutaneous substance transfer can be
named:

1. Molecular diffusion. The driving force of this process at a specified pressure and temperature is the difference
in chemical concentration gradient of the transported substance at the opposite skin boundaries.

2. Separation. According to the Nernst’s distribution law the dissolved substance distribution in two practically
immiscible phases reaches in some time a value that is characteristic for each dissolved substance and solvent.

3. Metabolism and phase transitions. Examples of such processes are the dissolution, evaporation, cell metabolism
and substance removal into the systemic circulation.

4. Adsorption and absorption. Many similar processes can occur in the skin. The binding of a number of sub-
stances with proteins (keratin, etc.) can serve as an example.

All the above processes follow the law of mass conservation, which is mathematically expressed by the following
equation:

∂C

∂t
+ div ~J = π,

where C is the substance concentration t is time J is the substance flow and π is the sum of substance sources and
sinks.

Diffusion, the first process, is usually described by the first Fick’s equation, according to which a substance flow
is proportional to its concentration gradient.

J = −D∇C where C is the substance concentration, J is the substance flow, D is the coefficient of the given
substance diffusion in the given medium.

In a particular case when the area under consideration has no sources and sinks of the substance, i.e., when π = 0,

∂C

∂t
+ div ~J = 0

and, therefore:
∂C

∂t
+∇ · [−D∇C] = 0.

The stationary regime can be achieved at constant conditions and only after some time, which is h2/6D for the
diffusion through a homogeneous membrane, where h is the membrane thickness and D is the diffusion coefficient
[279, 287–292]. When several phases are available, as in the case with the transcutaneous substance transfer, the
second process, that is, separation should be taken into account. This process is characterized by equilibrium at the
boundary of two phases:

KA/BCB = CA where KA/B is the separation coefficient CA is the substance concentration at the A phase
boundary, and CB is the substance concentration at the B phase boundary.

Metabolism and removal from the system (the third process) are taken into account in term π. If only the processes
the rate of which linearly depends on the substance concentration π = q − kC occur in the system, then:

∂C

∂t
+∇ · [−D∇C] + kC = q,
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where k is the process rate constant, which characterizes the amount of substance removed from the system or added
into the system per unit of time, and the term q unites sources and sinks that do not depend on the substance concen-
tration. Equations of this type form a system of equations for several substances undergoing mutual transformations.
If there are only two substances, then:

∂

∂t
C0

A + ∆ · [−D0
AC

0
A] = −k0AC0

A + k1AC
1
A,

∂

∂t
C1

A + ∆ · [−D1
AC

1
A] = −k0AC0

A − k1AC1
A.

(1)

FIG. 1. Diagram of the processes occurring in the skin during the transcutaneous drug administra-
tion (based on the diagram from [288])

In this case, both types of particles are transferred by diffusion, however diffusion coefficients are different: D0
A

and D1
A. The constants k0A and k1A describe the transformations between the two components. This description of

the process is very similar to that of the fourth process, i.e., binding, if C0
A and C1

A denote concentrations of free and
bound substances, respectively. Usually the bound particles are believed to be immobile, that is, D1

A = 0. It is a
reversible adsorption process, the equilibrium condition of which is specified as:

k0AC
0
A = k1AC

1
A. (2)

The process is irreversible in the case when any of the constants becomes zero. It should be noted that the above
diagram is a simplified one

In order to obtain a linear system of equations, it is necessary to accept several more simplifications. In particular,
the role of the binding agent in the binding process is neglected. It is believed that the binding agent is present in
excess and its capacity is not limited. Equations (1) describe the general case of binding. In the case of slow binding,
the k0A and k1A constants are small and the binding can serve as a limiting stage of the transfer process. In the case of
fast binding, the rate constants are large, which makes it possible to further simplify the system. In this case, equations
(1) are replaced respectively by equation (2) and the following equation:

∂

∂t

((
1 +

k1A
k0A

)
C0

A

)
+∇ · [−D1

AC
0
A] = 0.
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The description of the processes will not be complete without defining the initial and boundary conditions. Their
choice significantly depends on the particular situation. The most frequently accepted initial condition is the absence
of a substance in the membrane, i.e., C(0, x) = 0 for all x points within the membrane. The ideal sink condition
is represented as C(t, x) = Csink = 0 for any time instant t and for all points x that are in contact with the ideal
sink [277, 288, 293].

FIG. 2. Levels of detail in transcutaneous transfer models (based on the diagram from [288])

Different levels of skin description can be considered (Fig. 2).
1. Processes at the level of molecules (macromolecules) (1–10 nm), i.e. lipid bilayer level.
2. Processes at the subcellular (0.1 µm) or cellular (1–10 µm) level.
3. Processes at the membrane level (0.1–1 mm), i.e. analysis of the amount of substance that has reached a certain

depth in experiments with a diffusion cell.
4. Processes at the compartment/organism level, i.e. the amount of substance that has passed through the mem-

brane in experiments with a diffusion cell or into the body in in vivo experiments. Skin layers, as well as the substance
source and sink that are seen as peculiar reservoirs are considered as compartments.

The models that describe the transfer process at the 3rd and 4th levels are called macroscopic. They describe the
substance source and the skin as a sequence of homogeneous membrane layers (e.g., the substance source/ epidermis/
dermis) through which diffusion occurs. The parameters used in such models are averaged for the corresponding
volume (layer, tissue, compartment). The description of the transfer process at the 1st and 2nd levels is done by
microscopic models [288].

Thus, it is possible to identify the main classification parameters for the transcutaneous substance transfer models
(Table 2). A separate subclass of macroscopic models is represented by pharmacokinetic (compartmental) models
[294–296]. The transported substance concentration within one compartment is considered to be uniform throughout
its volume. A simple 4 compartment pharmacokinetic model (Fig. 3) was considered as an example in [295] and
included the drug source (on the skin surface), the stratum corneum, the viable skin layers, and blood vessels. In this
case, each compartment is characterized by two parameters: the substance concentration and its volume. Each stage
of the transfer process is characterized by the corresponding first-order rate constant (k1, k2, k3, k4).

TABLE 2. Main classification parameters for the transport models

Scale of detail Macroscopic Microscopic

Process type Stationary (established) Non-stationary (transition)

Dimension 1D 2D 3D

Additional acting forces Absent Electrophoresis, phonophoresis, etc

The k1 constant characterizes the drug absorption stage. It is supposed that its value is determined by diffusion
through the stratum corneum and the numerical estimate for k1 can be obtained from the relation DSC/h

2
SC , where

DSC is the coefficient of drug diffusion in the stratum corneum with hSC thickness. Experimentally, the value of the
k1 constant can be estimated in in vitro diffusion experiments on an isolated stratum corneum, including the use of
labeled molecules (radioactive, fluorescent labels). The rate constant k2 characterizes the drug penetration through
the skin layers following the stratum corneum, i.e., the viable epidermis layers that contain more water and the dermis
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FIG. 3. Compartments in a simple transcutaneous transfer pharmacokinetic model (based on the
diagram from [295])

upper part. Its value, by analogy with the k1 constant, is also associated with the diffusion coefficient related to
the square of the diffusion path length, that is DV ED/h

2
V ED, where DV ED is the diffusion coefficient in the viable

epidermis and dermis, and hV ED is the considered skin layer thickness The rate constant k3 is necessary for taking
the effect of accumulation in the epidermis into account; its values are essential for drugs with high lipophilicity
(greater affinity for the hydrophobic stratum corneum than for the deeper hydrophilic skin layers). In this model, the
drug concentration in the subcutaneous capillaries and the systemic circulation are considered to be the same, so the
rate constant k4 is actually the rate constant of the drug removal from the body. In this formulation, the problem is
described by a system of ordinary first order differential equations:

dC1

dt
= −k1C1,

dC2

dt
=
V1
V2
k1C1 − k2C2 +

V3
V2
k3C3,

dC3

dt
=
V2
V3
k2C2 − (k3 + k4)C3,

dC4

dt
=
V3
V4
k4C3,

where Vi and Ci are the ith compartment volume and drug concentration in it, respectively. The system can be solved
analytically; the concentrations in each compartment can be expressed as functions of time [294, 295].

3.2. Improved models of transcutaneous transport

An example of a more complex approach is the hybrid diffusion/pharmacokinetic model suggested in [297] The
model diffusion medium is represented by two skin layers; in addition there are two separate areas (compartments)
described pharmacokinetically, i.e., the central and peripheral vessels. This model also takes into account binding
processes and drug metabolism in the skin. This model is schematically represented in Fig. 4. The introduced drug
concentration at the surface of the epidermis stratum corneum is considered constant.

Though the real skin structure is multi-layered, this model treats it as if it consists of two layers. Such a simplifi-
cation is deemed acceptable, in particular, on the basis of the data presented in [295,296]. It can be then concluded that
the epidermis stratum corneum and viable epidermis differ significantly from each other in properties that determine
drug distribution. At the same time, the differences in drug distribution between the viable epidermis and dermis are
not significant. Thus, it is possible to distinguish two layers: the first includes the epidermis stratum corneum (SC),
the second includes the layers of viable epidermis and dermis (usually referred to as VS (from viable skin) or VED
(from viable epidermis + dermis). Let’s consider the processes taken into account in this model in more detail. The
introduced drug undergoes separation at the stratum corneum outer boundary and penetrates into it. It can also be-
come partially bound in the stratum corneum. The binding process in the framework of this approach is described by
a double sorption model based on the Langmuir isotherm [298–301]. Furthermore, the drug undergoes separation at
the stratum corneum/viable skin boundary. Metabolic processes take place in the viable skin. The A→ B → C trans-
formation sequence is accepted in the considered model. As a rule, enzyme reactions follow the Michaelis-Menten
kinetics, and simple competitive inhibition is also taken into account. B and C metabolites produced in the viable skin
diffuse both into the receiving compartment (into the bloodstream) and back into the stratum corneum; this process
is described by the first Fick’s equation. In general, the rate of reverse diffusion back into the stratum corneum is
rather low due to the low diffusion coefficient in the stratum corneum. However, the reverse diffusion is still taken
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FIG. 4. Compartments in the hybrid diffusion/pharmacokinetic transcutaneous transfer model
(based on the diagram from [288])

into account, since it is the stratum corneum that largely determines the drug accumulation in the skin. The drugs that
have passed through the viable skin get into such compartments as the bloodstream and tissues. The considered model
uses two compartments, and the kinetics of drugs removal from the body is described by the first-order equations. The
mass balance of A, B and C metabolites in the skin is described by a system of differential equations:(
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Here p and q are the binding rate constants from the double sorption model, C is the substance concentration in
the skin, t is time, x is the spatial coordinate,D is the diffusion coefficient,M andB are the Michaelis-Menten kinetic
parameters, and Ki is the inhibition constant.

Equations (3), (4) and (5) are applicable both to the stratum corneum (0 ≤ x ≤ h) without metabolism, and to the
viable skin (h < x ≤ H) without binding (p = q = 0). At a low substance A concentration, equations (3), (4) and (5)
can be reduced as follows: (
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Here k are the enzymatic reaction rate constants in the viable skin.
In the general case, the diffusion coefficient is a function of the spatial coordinate (x), time (t) and concentration

(C) : D = f(x, t, C). However, this and most other models use the assumption that the diffusion characteristics of the
skin do not change during the experiment. Thus, the diffusion coefficient is a function of only the spatial coordinate:

Di =

 D1i (0 ≤ x ≤ h;SC),

D2i (h < x ≤ H;V S).
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In this case, the diffusion coefficient D should be considered as an effective value due to the heterogeneity of
the structure, especially of the stratum corneum. In the general case, the constants k1 and k2 of the A → B → C
enzymatic reactions rate depend on time, which can especially manifest itself in in vitro experiments. This dependence
may be associated with the processes of enzymes inactivation. In the considered model from [298], it is assumed that
the rate constant exponentially decreases with time:

ki = Zi exp(−Ait), i = 1, 2.

The rate of drug transfer through the skin can be expressed as:(
dQ

dt

)
i

= −Di

(
dCi

dx

)
x=H

.

The amount of substance that has transited through a unit of skin area will be expressed as:
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In the two-compartment model (Fig. 4), the administered drug concentration in the blood plasma will be expressed for
the central vessels as:

d(XV1)

dt
=

(
dQ

dt

)
Sa + k21Y V2 − k12XV1 −KeXV1,

where X is the concentration in central vessels Y is the concentration in peripheral vessels V1 and V2 are concentra-
tions in central and peripheral vessels, respectively Sa is the skin surface area through which the drug is administered.

For the peripheral compartment,

d(Y V2)

dt
= k12XV1 − k21Y V2 [297].

The so-called QSPR (quantitative structure-permeation relationship) models are also worth mentioning. This
model class cannot be fully attributed to macroscopic or, moreover, to microscopic models. The essence of the QSPR
method is in predicting the kinetics of the transcutaneous transfer of a certain substance with a known molecular
structure. The prediction is based on statistical analysis of the experimentally determined kinetics parameters for a
number of other substances. To this end, large sets of experimental data are used, such as the Flynn’s dataset [302–304],
which includes data on the transcutaneous transport for 94 substances, and a number of other data sets [305–307]. In
recent years, this model class has received a new aid to development thanks to significant progress in the artificial
intelligence methods, in particular, in the widespread introduction of the artificial neural networks (ANN) into the
practice.

4. Some features of biological target identification systems

The development of modern targeted drug delivery systems includes solving the problems of biochemical target
identification in the body. For instance, the so-called homing peptides [308,309], which, while in the bloodstream and
capillaries, can selectively stick to the transformed (tumor) cell membranes. A similar property is demonstrated by
compounds of other classes, e.g., the water-soluble folic acid (B9 vitamin) and some other substances. At the same
time, the homing peptides can transport bioactive substances associated with them, or chemotherapy drugs. When
conjugation of homing peptides with quantum dots occurs, accumulation of the latter in the tumor region and its
luminescent diagnostics using primary IR radiation, as well as dynamic laser therapy become possible. There exists
a problem of quantum dot toxicity for the organism, in particular, of those based on nanoparticles of transition metal
chalcogenides. The protective shell function for toxic quantum dots with a transition layer between the chalcogenide
and peptide molecules can be performed by the above-mentioned biocompatible PEG polymer. The possibility of
targeted, homing peptide-assisted transport to and accumulation in the tumor area of magnetic particles, which further
exert therapeutic effect through hyperthermia, cannot be excluded. The presence of transport units that are mobile
in the electric field and carry drug molecules or ions does not exclude the combination of such units with homing
peptides, folic acid and other bioactive molecules with affinity to certain cell membranes. Potentially, it makes it
possible to create a drug, the transport units of which can be controlled by an electric field, as well as selectively
adhere to the transformed cells. The drugs (conjugates) that include folic acid can be absorbed together with their
contents by the cells through endocytosis.The so-called receptor-mediated endocytosis that employs various kinds of
protein vectors (hormones, enzymes, specific peptides, antibodies, glycoproteins, glycolipids, and viruses) occupies a
significant place in ongoing studies worldwide [310–323]. Drugs bind to protein vectors by molecular linkers. The
autologous blood cells, such as leukocytes and erythrocytes, are used as carriers for targeted delivery. The undoubted
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advantage of the carriers in the latter case is their complete biological compatibility, the body’s ability to utilize such
“containers”. Among the disadvantages is a relatively large volume of carriers that are not always able to penetrate
tissues to biological targets. In addition to the delivery of drugs to the cell surface, intracellular targeted drug transport
systems are being developed [324–328]. The matter is about an even more precise hitting the specified compartments
directly in cells of a certain type by the nominal transport units.

5. The possibilities of using nanocluster polyoxometalates for the bioactive substances delivery

5.1. The structure and properties of molybdenum-containing polyoxometalates

Molybdenum can form a large number of different compounds; it belongs to the structural elements for polyan-
ions. The ability of oxygen-containing molybdenum compounds to condense and form nanocluster polyoxoanions is
due to its properties, such as the relatively large radius of Mo6+ cation (0.062 nm according to Pauling) [329], which
allows it to have a coordination number of 6 in oxygen-containing compounds, as well as 7 (pentagonal bipyramid of
oxygen atoms). For comparison, the Cr6+ cation with a radius of 0.052 nm [329] has a coordination number for oxygen
equal to 4. The second property that determines the ability of oxygen-containing molybdenum compounds to form
nanoclusters is that molybdenum is a good acceptor of oxygen electrons. The relatively simple oxygen-containing
molybdenum compounds are, for instance, MoO3, Mo5O14, and Mo17O47. In the last two compounds, molybdenum
is simultaneously found in two oxidation states (5+ and 6+). The behavior of oxygen-containing molybdenum ions in
solution depends on the conditions: for example, molybdic acids with the general formula of HxMoy(6y+2x)/2·H2O
dissociate in an aqueous medium in different ways, depending on the medium’s acidity. In the case of acid-type disso-
ciation, the end product is the molybdate ion. Polymerized and protonated molybdates can be regarded as intermediate
products. Since acid-type dissociation is a reversible process, molybdate acid solutions represent a complex system of
various molybdenum ionic species. The basic-type dissociation yields molybdenyl ions.

Polyoxometalates (POM) is a class of inorganic compounds that represent by themselves multicenter anionic
groups of transition metals, which also include oxygen atoms and, quite often, some other elements. POM nan-
oclusters are a vast array of complex compounds, the structural blocks of which are polyoxometallate molecules.
Molybdenum is one of the elements that can form POM nanoclusters, namely polyoxomolybdates. The initial com-
ponents for polyoxoanion nanoclusters are molybdate or heptamolybdate ions. These compounds are considered
as promising materials in many scientific and applied fields, in particular, as catalysts for fine organic synthesis of
the so-called templates for creating composite structures. There are indications of the possibility of POM applica-
tion in biomedicine. For instance, their anti-cancer activity was reported in [330, 331], especially for the compound
[NH3Pri]6[Mo7O24]·3H2O (isopropyl ammonium heptamolybdate, designated as PM-8) in the examples with breast
cancer, sarcoma and adenocarcinoma. PM-8 is water soluble; its structure is preserved in aqueous solutions at pH 5–7.
POM can be isolated in the form of metal-ammonium or organometallic salts. A study on mice with tumors showed
that some POM, such as PM-8, PM-17, PM-26 and PM-32, show anti-cancer activity against human cancer. It was also
reported that [NH4]6[Mo7O24]·4H2O and K6[Mo7O24]·4H2O were found to be effective, while [NH3Pri]Cl ineffec-
tive against mouse sarcoma. A particularly noticeable suppressionn of the sarcoma growth was demonstrated by PM-8.
According to the results the polyoxoanionic structure of Mo7O24 is crucial for the anticancer activity [331]. From the
point of view of biomedical application, the use of POM as part of complexes based on them seems to be promising.
Reference [332] describes the creation of a number of conjugates of biological substances and organic compounds with
a POM with the Anderson structure and the formula MnMo6O18[(OCH2)3CNH2]3−2 , which has a proven antitumor
effect. Among the above-mentioned organic compounds are the cholic dehydrocholic and adipic acids; cholesterol,
and diacetone-D-galactose (pretreated with succinic anhydride to obtain derivatives containing the carboxylic group).
These substances are selected from the group of identifier molecules specific to certain tissues or cells. It was demon-
strated in the paper that the correct choice of ligands can ensure a synergistic effect. Thus, the best result was achieved
when a POM cluster was conjugated with cholic and dehydrocholic acids. Such conjugates demonstrated an increased
antitumor activity and selectivity in comparison with the initial cluster and ligands [332–334].

Among the most interesting types of POM nanoclusters are the spherical polyoxomolybdates with a fullerene-like
structure, which are called Keplerates. These POM were discovered by the research group of Prof Achim Müller [335].
The first obtained POM nanocluster contains 132 molybdenum atoms (Mo132), of which 72 have an oxidation state of
6+, and 60 of 5+. Molybdenum oxygen polyhedra that form Keplerates are octahedral configurations and pentagonal
pyramids connected by edges and tops (Fig. 5) Such compounds are stabilized by ligands (in particular, acetate groups)
and water molecules. Compounds belonging to the class of Keplerate-type POM nanoclusters attract attention both by
the uniqueness of their structure and by the relative simplicity of their synthesis [336]. Their formation occurs through
self-assembly from the initial molybdenum compounds under the conditions of medium acidity regulation and in
presence of a specified amount of reducing agent. POM show stability in weakly acidic solutions, and can be isolated
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in crystalline or amorphized state. Due to the presence of an internal cavity and pores in the structure of Keplerates,
it is possible to introduce various substances inside them, both ions and molecules [337, 338], including bioactive
substances, which makes them promising in the context of creating nanocapsules for targeted drug delivery [339].
Fig. 5 shows structure of a POM with pentavalent molybdenum replaced by iron(III) ions in the initial Mo132 cluster.
The absence of toxic Mo(V) in its structure and its electron-transport properties [340] make this compound particularly
interesting. It has the following chemical formula: [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}
(H2O)91] ∼150H2O and its common abbreviation is Mo72Fe30 [341]. In dilute aqueous solutions or at an increase in
the medium pH, the POM clusters decompose over time into simpler compounds [342, 343]. Mo72Fe30 decomposes
into compounds that are relatively harmless to the body. Toxicity studies did not reveal any significant adverse effect
of Mo72Fe30 on the animal subjects [344]. Studies of the acute and subacute effects of Mo72Fe30 on the functional
status of such organs of experimental animals as the liver, kidneys, and pancreas, confirmed the absence of appreciable
negative effects [345, 346]. In addition, the available experimental data on the effects of Mo72Fe30 on liver and blood
cells [347] suggest that this nanocluster does not cause the autoimmune reaction of lymphocytes to hepatocytes. POM
and products of their destruction showed no prolonged accumulation in the body.

FIG. 5. Schematic representation of the POM Mo72Fe30 structure (adapted from [353])

The positions of some oxygen polyhedra belonging to iron ions are shown by arrows (such polyhedra are high-
lighted yellow in the electronic version of the paper) One of the above-mentioned octahedra is located directly in the
center of the structure.

In aqueous solutions Mo72Fe30 is known to exhibit the properties of a weak acid, that is, it partially dissociates
to form negatively charged polyanions with the maximum charge of 22- [348]. Since the Mo72Fe30 nanocluster
exists in solution in the ionized form, its movement can be controlled by means of an electric field, and therefore, its
introduction into the body by iontophoresis is possible. For instance, in vitro and in vivo experiments (on rats) have
demonstrated that Mo72Fe30 is transferred through the skin under the action of an electric field of the corresponding
polarity more rapidly than during passive transfer [349–351]. The electrophoretic (iontophoretic) drug administration
method has several advantages compared with injection methods of administration, e.g., non-invasive nature of the
procedure, i.e., no disruption of the body’s natural barriers during the procedure; a possibility to have a predominantly
local impact, and to achieve a prolonged action due to the creation of a drug depot in tissues, etc. A weakness of
the method is the significantly limited rate of drug administration compared with the injection methods. The results
of studies on the possibility of using Mo72Fe30 for transporting bioactive substances are given below. It should be
noted that the organic part of the molecules in the considered POM does not contain toxic components, while iron
and molybdenum are essential microelements that are necessary for the body as components of the vitamin-mineral
complexes involved in the blood production, enzymatic reactions and other important biological processes [352].

5.2. Transport characteristics of polyoxometalates: modeling and experimental study

The first data on the transport properties of POM Mo72Fe30 and Mo132 were obtained with regard to their pure
aqueous solutions, in particular, in the case of capillary electrophoresis. The diffusion coefficient for Mo132 and
Mo72Fe30 ions in water was 1.8·10−7 cm2/s (at a concentration of 4·10−4 mol/l) and 7.3·10−7 cm2/s (10−5 mol/l), re-
spectively [342, 354]. The magnitude of the electrical mobility of these ions was similar and amounted to
6.4·10−8 m2/V·s. The reference [340] offers data on the specific and ionic conductivities of the considered POM
solutions; the values of ionic conductivity at infinite dilution for Mo72Fe30 and Mo132 were 6 and 14 S·m2 mol−1,
respectively. The number of POM polyanion transfers in aqueous solutions is estimated at 10–20%. The obtained
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data showed ion mobility to be sufficient for transport purposes. This made it possible to proceed to the next stage of
research, i.e., the study of the POM transcutaneous electrical transport.

POM anions transcutaneous transport was modeled in vitro using native skin samples and also studied in vivo
[339, 349]. The obtained data made it possible to evaluate the diffusion coefficient for Mo72Fe30 through the studied
membrane; the average value of which was 1.8±0.2·10−11 cm2/s, and the calculated electrical mobility was found to
be 5.5·10−10 m2/(V·s). Under the action of an electric field, the diffusion flux of Keplerate ions through the dermal
membrane increased, at least by an order of magnitude, and was quite acceptable for practical use. In contrast to the
above-described experiments, which showed the absence of long-term accumulation of POM in organs and tissues after
intravenous, intramuscular, or oral administration, transcutaneous transport experiments resulted in temporary drug
accumuation in the skin, which was confirmed by the analysis of skin thin sections obtained after POM electrophoresis
and sample freezing in liquid nitrogen [355]. The analysis (Fig. 6) was performed by the X-ray fluorescence method.
The content of iron, reflecting the concentration of POM after the electric transport of Mo72Fe30, was significantly
higher than in the intact sample. The POM content in the skin has its maximum, which confirms the possibility of
accumulation [351], localized in the region preceding the zone of the maximally dense capillary network (Fig. 6),
through which the enhanced POM outflow into the circulatory system is possible. The difference in absolute values of
POM concentration in two parallel experiments may be due to the individual characteristics of the biological objects,
i.e., of the native membranes taken for the experiments. The relatively low POM concentration in the skin’s upper
layers is determined by the fact that the epidermis that contains little water, does not accumulate, as a rule, the injected
substances that travel through its pores.

FIG. 6. The distribution of iron, a POM component, within skin depth [355]

After confirming the principal possibility to transport Keplerates electrophoretically through the isolated skin,
their diffusion was investigated in an in vivo experiment [349]. Of interest are the results indicating an increase in
the ability of POM to penetrate the skin during iontophoresis when they are components of some ointments used
to increase skin permeability. For instance, the content of POM components in the blood plasma increased about
three-fold 1 hour after the procedure that used a silicone-based ointment (gel), while the silicon-titanium-containing
glycerogel did not yield such an effect.

Experiments were conducted to select the parameters of iontophoretic procedures, and the current-voltage char-
acteristic of the electrode system [355] (Fig. 7) was obtained, when lead or lead-tin alloy electrodes were separated
directly by the native skin membrane. Upon reaching the applied voltage of 4 V, the current reached its maximum
and then dropped due to the anodic passivation of the electrode material. That is why 4 V was chosen as the optimal
operating voltage. The study of polarization phenomena on the skin membrane has shown that they are capable of
reducing the effective value of the electric field acting on the transported ions. The potential difference was measured
in the original cell on different sides of the membrane using additional electrodes placed in close proximity to the
skin, with a voltage of 4 V applied to the working electrodes (Fig. 8). The cathode part of the cell was filled with the



The use of nanocluster polyoxometalates in the bioactive substance delivery systems 333

Mo72Fe30 solution (0.5 g/l, or 2.68−5 M). In presence of pure water on the anode side of the membrane, polariza-
tion of the initial concentration occurred and counteracted the applied field, however it gradually decreased with the
penetration of a part of ions across the membrane. This case models electric transport into such media of the body
where the dissolved ions concentration is low. When the anode space of the cell contained cattle blood serum, then
such polarization did not occur initially due to the presence of ions with different signs in it, like in the electrolyte, but
increased as the electrophoresis proceeded, because POM anions are much less mobile than, e.g., metal cations found
in the serum. The local maximum on this curve may be due to the accumulation and release from the membrane of
a component of a complex system that contains biological materials. The obtained data can be used when modeling
processes and calculating the parameters of electrotransport in native membranes.

FIG. 7. Volt-ampere characteristic of the electrodes/skin membrane system [355]

FIG. 8. Skin membrane polarization with water or blood serum in the anode space, with the field
on and off [355]

The correctness of parameter choice for the iontophoretic effect was verified in [349] using the level of glucose
in the blood of animals as a non-specific indicator of a stressful situation. The level of glucose did not increase
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during iontophoresis in comparison with this indicator in intact animals (Table 3), which means that they did not
experience strong discomfort. The experiment did not detect significant changes in the indicators characterizing the
functional state of the heart, liver, kidneys and pancreas, which indicates the absence of a pronounced toxic effect
from this method of POM administration. The Mo72Fe30 concentration in the iontophoretic solution was 1 mg/ml.
The molybdenum and iron content determined in plasma and skin are presented in Table 4. The introduction of POM
by iontophoresis contributed to an increase in the molybdenum content in the blood by almost 8 times, and by 4.2
times in the skin, thus indicating effectiveness of the technique and the possibility of POM transport into the body in
vivo.

TABLE 3. Animal blood plasma biochemical indicators 1 hour after a single iontophoretic introduc-
tion of the iron-molybdenum POM

Indicator
Group of animals

Intact After iontophoresis

Glucose, mmol/l 6.9±0.1 6.7±1.0

AST, U/l 13.2±0.7 13.5±1.2

ALT, U/l 9.1±0.5 11.3±1.2

AST/ALT 1.46±0.10 1.22±0.18

Alkaline phosphatase, U/l 50.4±3.0 51.2±7.1

Alpha-amylase, mg/s·l 29.7±2.9 33.9±6.5

Total protein, g/l 72.0±2.7 71.4±1.5

Creatinine, µmol/l 65.8±6.2 57.3±1.2

AST – aspartate aminotransferase;

ALT - alanine aminotransferase

TABLE 4. Mo and Fe content in the skin and blood plasma before and after iontophoretic introduc-
tion of the iron-molybdenum POM

Group
Mo, µg/l Fe, µg/l

Skin Plasma Skin Plasma

1 – intact 2.3±1.0 11.6±2.9 30.0±0.1 73.3±0.1

2 – electrophoresis 9.7±1.* 89.3±0.3* 208.0±0.7* 53.5±0.3*

* – differences from the intact group are significant with the error probability P < 0.05

The in vivo experiments have shown the possibility of iontophoretic transfer of ionic Mo72Fe30 associates with
lanthanum [350], when the positively recharged complexes moved to the cathode instead of anode. The observed
simultaneous increase in concentration in the skin of all three elements (iron, molybdenum, lanthanum) during the
transport from the anode to cathode is possible only if the associate is transferred as a whole. The absence of a
significant increase in the molybdenum and iron concentration in the muscle tissues immediately after iontophoresis,
as well as the oppositely directed change in the content of these elements in the deep muscles one hour after the
procedure, along with an increased content of lanthanum there, suggest that the transferred ion species dissociates
after passing through the skin barrier and its components get carried away by the bloodstream. In this case, the POM-
transferred drug should be released in the area adjacent to the electrophoresis area. It is important to note that the
lanthanum/molybdenum mass ratio determined in the obtained keplerate-lanthanum associate, is about 0.8. The value
of this indicator in the skin of animals immediately after iontophoresis, taking into account the content of elements in
the skin of intact animals, is about 0.79, which almost coincides with the original value.
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The Mo72Fe30 transfer through the skin was theoretically modeled in [351]. The basic initial data for modeling the
POM transfer process were taken from the results of experiments from [349] performed in the absence of a difference
in potentials and with the application of an electric field, which show an increase in the POM concentration during the
observation time (45 minutes). According to the data obtained without the electric field application, the coefficient of
the POM diffusion through the studied membrane was estimated by the formula:

D =
∆m

S ·∆t
· ∆x

∆c
,

where ∆x is the membrane thickness, ∆c is the difference in Keplerates (POM) concentrations in the upper and
lower solutions, and ∆t is time period. The time-averaged value of the coefficient of POM diffusion through the
skin membrane (1.77±0.20) 10−11 m2/s was obtained and further used in numerical calculations using the proposed
model. Experiments involving the electric field action also made it possible to estimate the POM electric mobility.

A model of the POM transfer through the skin membrane as a porous medium was considered. The model of a
porous medium employed the expressions for the diffusion (D index) and external electric flows (E index), which take
into account their mutual influence:

JD = −D dc

dx
− µc(x)

∂ϕ

∂x
, JE = −α∂c(x)

∂x
− γ ∂ϕ

∂x
, (6)

where c(x) is the diffusing particles concentration ([c]=mol/m3), D is the free diffusion coefficient ([c]=mol/m3), α is
the unknown coefficient that further requires determination ([α]=A·m2/mol), γ is the medium electrical conductivity
coefficient ([γ]=1/m·Ohm), µ = qiD/RT0 (the Nernst-Einstein relation), a quantity characterizing particle mobility
in an electric field ([µ]=A·m2/J), R is the universal gas constant ([R]=J/K·mol), and T0 is the absolute temperature.
When deriving the equation and performing calculations, the dependence of the electrical conductivity (γ) on the POM
concentration (c) was taken into account. The experimental value of µ was 1.50·10−8 m2/(V·s). It was established
that under the action of an electric field, the diffusion flux of POM ions through the skin membrane increased at least
by an order of magnitude, as is already indicated above. According to the Onsager’s principle of cross-coefficients
symmetry, α = µRT0. Using the thermodynamic approach [356, 357], a differential equation was obtained for the
POM concentration in the membrane:

∂c

∂t
= D

∂2c

∂x2
+ µ

∂c

∂x

∂ϕ

∂x
+

c

RT0

(
∂ϕ

∂x

)2(
∂γ

∂c

)
. (7)

The derived equation shows that there is a weak spatial heterogeneity of the concentration gradient in relation
to the total POM concentration in the membrane. This one-dimensional diffusion equation was used in numerical
calculations, taking into account the initial and boundary conditions, as well as the dependence of the specific electrical
conductivity of the membrane on the concentration. This equation describes the POM diffusion, taking into account
the influence of the electric field ϕ. To solve the equation (7) numerically, the following basic assumptions were used.
The direct POM accumulation can occur only in the epidermis, since the dermis and papillary layer are permeated by a
large number of blood vessels that contribute to the spreading throughout the body of the particles, which have passed
through the upper layers of the skin. Therefore, the POM concentration at the lower boundary of the skin is c(l) = 0.
Due to the relative smallness of the diffusion coefficient, it can be assumed that the concentration of the POM solution
on the outer surface of the skin is constant (i.e., c(0)=const). The numerical calculation of equation (7) was performed
using the implicit difference schemes method widely used in various fields of science [358–362].

Thus, the transcutaneous POM transfer into the body was mathematically modeled. The experiments on the POM
iontophoretic transport into animals [350] have shown that the content of molybdenum after iontophoresis in the mus-
cle tissue layers adjacent to the skin is significantly lower than in the skin. A Keplerate accumulation is formed in
the skin, while the POM that reached its inner boundary are intensively transported away via the bloodstream. A
mathematical model of the dependence of the POM concentration distribution within the skin layer on the time and
membrane thickness was used to perform numerical calculations for the conditions when a voltage of 4 V was applied,
and the distance between electrodes was 2 cm at T0=300 K. The experimentally estimated values of the diffusion coef-
ficient (D=1.77·10−11 m2/s) and of mobility (µ=1.50.10−8 m2/V· s) were used in this case. In equation (7), the term
with the derivative (∂γ/∂c), i.e., the dependence of the specific electrical conductivity on the concentration, remained
unknown; therefore, it was set empirically as a power function γ = acb. The values calculated for the constants a
and b were found to be 1.10−14 for a, and −2.2 for b. These parameters were determined taking into account the
experimental value of the coefficient of POM diffusion through the skin membrane. Based on the calculations us-
ing equation (7), POM concentration profiles in the skin after switching the electric field on were built (Fig. 9a). A
theoretical prediction showed that POM accumulation can occur near the upper boundary of the skin layer.

An increase in the POM concentration in the membrane (Fig. 9a) over time and its drop with the advance deeper
into the skin may be due to a strong POM outflow from the inner boundary (the anode space). In this case, a sharp
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FIG. 9. a) POM concentration as a function of variable x (skin thickness), which varies within the
limits [0; l] (l is the skin layer thickness, l = 1 mm): curve 1 – 50 s; 2 – 150 s; 3 – 1800 s; b)
Dependence of the POM specific electrical conductivity on the concentration (c) in the mem-
brane [351]

increase in the POM concentration in the upper layer of the membrane already at the initial moments of time, accom-
panied by a decrease in electrical conductivity to the minimum values (Fig. 9b), leads to the situation when further on
the penetration of POM into the membrane proceeds due to chemical diffusion, and this fact indicates the formation
of a POM depot in the membrane.

The concentration profiles helped to determine the coefficient of POM diffusion in the skin. By using the inclina-
tion angle tangent (tanα) for the dependence of ln(C) on x2, the diffusion coefficient D was determined according to
the formula D = 1/(4t · tanα), where t is the current time, to which the spatial concentration profile taken for eval-
uation corresponds. The diffusion coefficient D value of 1.5·10−11 m2/s obtained by numerical calculations is close
to the experimental D = 1.77 · 10−11 m2/s, which proves the adequacy of the proposed mathematical model of POM
transport in a membrane. The calculated data correlated well with the experimental concentration profiles (Fig. 6)
of POM distribution within the skin thickness, which also confirmed the conclusions made. Thus, the possibility of
intensifying the process of iontophoretic transcutaneous POM transfer is shown by an increase in the transferred flux
by an order of magnitude compared with self-diffusion. In principle, this confirms the possibility of creating an effec-
tive system for the delivery by POM of the associated bioactive substances. The created model contains the empirical
dependence of the coefficient of POM specific electrical conductivity in the membrane on the concentration, which
allows the evaluation of the membrane electrical conductivity.

The use of the technique developed in [363] demonstrates the ability of POM to increase the permeability of
cell membranes for drugs, e.g., antifolate cytostatic agents. It is important for potential use in oncology and requires
further research [364,365]. To study the influence of Mo72Fe30 on the transport of cytostatic into the cells, Drosophila
melanogaster flies were used at the pupa and larva early and late embryogenesis stages, and aminopterin was used as
a model drug, the increased effect of which in the presence of POM indicates the potential reduction of the therapeutic
doses to be used.

5.3. POM-based transcutaneous transport of associates

Proceeding from the results of studies on the association of POM with bioactive substances and the possibility
of organic substances retention in the internal cavity and external sphere of POM [366], experiments were conducted
and demonstrated that it is promising to use the electrophoretic (iontophoretic) transcutaneous transport of the re-
sulting associates (conjugates). The possibility of efficient transport of the bioactive substances with POM has been
experimentally confirmed [367]. The in vitro experiments showed the electric field-stimulated transfer of Mo72Fe30 as-
sociated with thiamine chloride as a model substance. Also, the transcutaneous transfer of the POM-associated insulin
was demonstrated; moreover, insulin retained biological activity [367], as its concentration in the trans-membrane
space was measured by enzyme immunoassay.

The described experiments yielded an estimate of the effective coefficients of the conjugates diffusion concerning
thiamine and POM, which were 6.79·10−12 and 1.04·10−11 m2/s, respectively. For pure POM, the values of D in
these conditions ranged from 1.02·10−11 to 2.14·10−11 m2/s (the spread of D values may be due to the individual
characteristics of skin samples obtained from different animals). However, in general, the coefficient of Mo72Fe30
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diffusion in the presence of thiamine chloride does not differ much from D of pure POM. To calculate the value of D,
some approximations were assumed for a single-layer homogeneous membrane. The electric field inside the membrane
was considered uniform. The potential difference applied to the electrodes and the distance between the contacts
allowed estimation of the field intensity. The diffusing particle concentration in the initial solution was considered
constant. The concentration in the trans-membrane solution was assumed to be zero. In such an approximation,
the process of electrodiffusion of the charged particles (in particular, of POM particles) obeys the Nernst–Planck
equation [351]. The Nernst-Planck equation was solved numerically.

The results of in vitro iontophoretic experiments that were performed at room temperature and involved Mo72Fe30
associates with polyvinylpyrrolidone in a 160:1 molar ratio between the polymer monomolecular units number and
POM showed a possibility of their transport through the skin. Estimates of the increase in the concentration of associate
components (molybdenum and iron) in the anode space over time (the maximum duration of each experiment was
45 min) made possible the determination of the effective diffusion coefficient D for POM. The estimated diffusion
coefficient value was 7.34·10−13 m2/s in the experiments The reduced mobility of associates in the skin as compared to
pure POM is due not only to the increase in the size of formations (aggregates). It may be assumed that it was mainly
caused by the fairly active interaction of the polymeric shell with the protein components contained in, e.g., cell
membranes, and, apparently, with the phospholipid part of these membranes with the outward-facing polar moieties.
Fairly strong interaction between polyvinylpyrrolidone and proteins was shown in particular in [368], and also there
were indications of the interaction of other water-soluble polymers with molecules in the media of the body [369]. On
the other hand, the formation of POM Mo72Fe30 associates with polyvinylpyrrolidone is thermodynamically beneficial
[370], as is noted above. These two factors seem to contribute to the slowing down of the POM associate movement
in the skin and creation of a depot. In this relation it should be noted that a significant role in the transport and
conjugation properties of both nanoscale particles in general and POM in the body’s media is played by their ability
to form associates with proteins [371–377]. Proteins form a peculiar crown on the nanoscale particles, which largely
determine the behavior of the latter in the body, their interaction with albumins, globulins and other proteins in the
blood serum, in particular, POM stabilization [372].

6. Conclusion

An analysis of the information available in the literature taking into account the historical aspect of the devel-
opment of fundamental and applied research in the field of targeted drug delivery, permits one to draw the following
conclusions. The development of modern means of targeted delivery follows the way of creating hybrid nanocomposi-
tions, including those that contain organic and inorganic components. The hybrid systems can combine the functions
of diagnosis and treatment of the affected organs and tissues. They include components that serve to identify biological
targets, as well as to actively influence the affected areas due to the local release of drugs, or to photo- and magne-
todynamic effects. Significant progress has been achieved in the use of such means of targeted delivery, including
liposomal methods. Attention is paid to exploring the possibility of expanding the practical application of the carbon
material-based therapeutic agents, such as buckyballs (fullerenes), graphene, carbon nanotubes, nanodiamonds, etc.
An important aspect of the research and practical implementation is the study of the properties of metal, oxide and
other inorganic nanosized particles, including those with magnetic, luminescent properties, which can have their own
bioactivity, as well as be used as part of diagnostics and photo- and magnetodynamic therapy methods. Technologies
for obtaining nanoscale particles with specified characteristics, adapted for the formation of nanocompositions, are be-
ing actively developed. The use of magnetic particles makes possible their delivery and localization under the action
of the corresponding fields, or magnetic hyperthermia. The systems of targeted delivery with the electrically charged
particles can be used for efficient transport, including transcutaneous, under the action of an electric field. The use
of nanocomposites in biomedicine is associated with the development of shells consisting, in particular, of polymeric
components (dendrimers, block copolymers, natural biocompatible polymers, proteins, lipids, etc.), as well as with the
inclusion of targeted delivery vectors, including intracellular (proteins, antibodies, nucleic acids, etc.). Much attention
is paid to the possibility of developing harmless biocompatible composite means of targeted delivery.

For the effective use of the above-mentioned means of transcutaneous drug transport, model representations have
been developed for predicting the delivery processes. Models for the means of transport for targeted delivery take into
account special properties of nanostructured objects and real skin as a transfer medium to a varying extent, which, in
one way or another, complicates the setting of boundary conditions and calculations using such models, but increases
reliability of calculations. The models of the means of targeted delivery transportation are continuously improving.

Nanocluster polyoxometalates, in particular those based on molybdenum compounds, possess properties that
make it possible to consider them among other means of targeted delivery. For instance, some polyoxometalates have
their own bioactivity, for example, their anticancer activity has been detected. On the other hand, there exist water-
soluble polyoxometallates that are practically non-toxic to the body of warm-blooded animals and can form multiply
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charged anions that are able to associate with protein molecules, polymers and drugs. The model and experimental
studies have shown the possibility of effective transdermal iontophoretic transport of drugs as part of conjugates with
polyoxometalates. Such polyoxometalates include the iron-molybdenum compound Mo72Fe30 with the keplerate type
structure, which has, among other things, an internal cavity and pores that link it to the environment. On the one
hand, this compound and its components do not accumulate in the body for a long time; while on the other hand,
Keplerates are capable of accumulating in the skin, which can be used for the prolonged drug action. In addition, this
polyoxometallate increases the cell membranes permeability for cytostatics (experiments were performed on insect
larvae), which, in principle, allows a reduction in the therapeutic dose of such drugs. It is of interest to further study
nanocluster polyoxomolybdates with keplerat-type structure as a basis for new promising systems for targeted delivery
of bioactive substances and actual therapeutic agents.
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This paper reports the fabrication and characterization of BaTiO3 nanofibers prepared by the electrospinning method. The X-ray diffraction (XRD)
pattern revealed the formation of tetragonal phase corresponding to the Bragg angle 2θ = 31◦ and 45◦. The formation of metal oxide is confirmed
by the FTIR measurement. SEM study evidenced the smooth and randomly grown nanofibers with their average sizes 472 and 515 nm with respect
to the samples BT1 and BT2 prepared at 8 and 12 kV dc voltages. TG/DTA analysis was performed to study the heating behavior of the composite
BaTiO3/PVP mat and 49 % weight loss was observed at 725 ◦C.
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1. Introduction

Barium titanate (BaTiO3) has excellent ferroelectric and piezoelectric properties. This material has been utilized
in several industrial applications like capacitors, actuators, non-volatile RAM etc. [1–4]. In the absence of an external
field, BaTiO3 possess ferroelectric polarization. Over BaTiO3 particles, nanofibers are reported to be promising one
due to their large dielectric permittivity. Electrospinning technique has been reported to be as the simplest method for
the fabrication of composite nanofibers of BaTiO3. It consists of mainly three parts such as power source, collector
and the syringe pump. Upon applied dc voltage, the loaded solution flows under the region of strong electrostatic field
which experiences a repulsive force and as a result fine jet formed [5].

Several literature have been reported on the fabrication and characterization of BaTiO3 nanofibers by the elec-
trospinning method [6–8]. Study of BaTiO3 nanofibers was reported after the calcination of as-prepared fiber mat at
different temperatures followed by drying at 80 ◦C under vacuum condition [9]. The investigation by electron scan-
ning microscopy (SEM) showed the fibers diameters from 160 – 300 nm. The X-ray diffraction (XRD) study endorsed
the presence of tetragonal perovskite structure while Fourier transform infrared spectroscopy (FTIR) confirmed the
various bonds corresponding to the BaTiO3 nanofibers. The O–H stretching peaks at 3430 and 1425 cm−1 was found
to be weak with respect to the increased calcination temperature while Ti–O peak at 570 cm−1 became strong. Re-
markably, BaTiO3 nanofibers calcined in nitrogen environment could convert the tetragonal phase to cubic perovskite
structure which has been attributed to the elimination of carbonate content. Electrospun fiber mats of PVDF/BaTiO3

nanocomposites were studied [10]. By SEM analysis the prepared fibers were noticed to be well grown in random
directions with diameter from 200 – 400 nm. The XRD study revealed the presence of both α and β phases in PVDF
whereas enhanced β phase was noticed in PVDF/BaTiO3 sample. Further, the thermal emissivity was studied for
both the samples and found to be reduced for the PVDF/BaTiO3 sample. An approach of controlled morphology
of barium titanate nanofibers has been reported [11]. The prepared nanofibers were investigated and observed to be
polycrystalline in nature. The morphology was found to be ribbon-like form with their diameter and grain size 200
and 30 nm respectively. BaTiO3 fibrils were obtained with the increased precursor with their diameter below 50 nm
while the morphology was the same as ribbon-like. Further, fibers calcined at temperature 700 ◦C were observed to be
in tetragonal phase as identified by XRD analysis. BaTiO3 nanofibers calcined at temperature at 750 ◦C showed the
fibers diameter from 80 – 190 nm [12]. This investigation was claimed to the stand-alone formation of ferroelectric
nanofibers.

Here, we present the fabrication and characterization of BaTiO3 nanofibers prepared at two distinct dc voltages (8
and 12 kV). In Section 2, the experimental approach is presented and the obtained results are discussed in Section 3.
Finally, the work is summarized in Section 4.
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2. Experimental approach

The chemicals, titanium-IV butoxide (TBOT), polyvinylpyrrolidone (PVP with m.wt. 1300000), barium acetate,
ethyl alcohol and glacial acetic acid were procured and used without additional purification. To prepare the barium
titanate (BaTiO3) solution, the following sol-gel process was carried out. For the preparation of solution ‘S1’, 2 g
barium acetate was added in 5 ml acetic acid and kept for stirring for few minutes. Later, 3 ml titanium (IV) butoxide
was drop-wise added to the above solution and stirred for 1 hr. In a similar way, 0.5 g polyvinylpyrrolidone was added
in 5 ml ethanol and stirred for 30 min to get the solution ‘S2’. Finally, both the solutions (S1 and S2) were mixed
under constant stirring for few hrs. After observing the homogeneous and viscous solution, the prepared solution was
loaded in syringe for the electrospinning process. The electrospinning process is summarized in Fig. 1. The drum
collector was used to collect the electrospun mat while the DC voltage was applied in between the drum collector and
the metal tip at room temperature while maintain humidity 40 %.

FIG. 1. Preparation of nanofibers by electrospinning method

For the preparation of nanofibers, two distinct dc voltages 8 and 12 kV were evaluated while the solution flow rate
and distance jet-collector drum were maintained to 1 ml/h and 10 cm respectively. After electrospinning process, the
collected samples were calcined at 600 ◦C for 1 hr.

The samples prepared at 8 and 12 kV voltages were named as BT1 and BT2 respectively and characterized to
examine the phase and crystallinity by X-ray Diffraction (XRD-Bruker AXS D8 Advance, Germany), the qualitative
and quantitative analysis by Fourier-transform infrared spectroscopy (FTIR-Shimadzu, Japan), thermal response by
thermogravimetric differential thermal analysis (TG-DTA, DTG-60H, Shimadzu), the surface morphology by scanning
electron microscope (SEM, JSM-6360, USA) and the elemental composition investigation by EDX attached to SEM.

3. Results and discussion

X-ray diffraction (XRD) patterns of samples BT1 and BT2 were recorded in the range 2θ = 20 – 80◦, which is
plotted in Fig. 2. As the calcination temperature was maintained at 600 ◦C for 1 h therefore, the diffraction peaks
at 2θ = 24.1◦, 27◦, 42◦, 47◦ and 56◦ reveal the presence of orthorhombic phase of BaCO3 in both the samples and
matched with the JCPDS#45-1471) [9, 11]. In addition, peaks at 2θ = 31◦ and 45◦ are found to be associated with the
tetragonal phase which are assigned to the planes (101) and (002) according to JCPDS#05-0626.

To know the chemical bonds, FTIR measurements were carried out for both the samples and results are plotted
in Fig. 3. The peaks at wavenumbers 3434 and 2933 cm−1 are assigned to the O–H and C–H stretching vibrations
respectively [11].

A vibration peak corresponding to C–H stretching can be observed from 2923 – 2853 cm−1 [13]. Other vibration
peaks related to C=O and C–C can also be observed at 1634 and 1387 cm−1 respectively. For the BT1 sample, a small
peak nearly at 570 cm−1 is associated with the stretching vibration of Ti–O, however, the peak position was shifted to
a slightly higher value for the case of sample BT2 prepared at increased dc voltage [13].

To investigate the morphology of BaTiO3, both samples BT1 and BT2 were characterized using scanning electron
microscopy (SEM). Both the images shown in Fig. 4(a and b) depicts the uniform and homogeneous growth of BaTiO3
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FIG. 2. XRD patterns of electrospun BaTiO3 nanofibers

FIG. 3. FTIR spectra of electrospun BaTiO3 nanofibers

nanofibers. As compared to BT1 sample prepared at 8 kV, BT2 endorses the smooth and well aligned growth of the
nanofibers. The average diameters of the BT1 and BT2 were found to be 515 and 472 nm respectively. The decreased
diameter of the BT2 sample is attributed to the increased applied voltage which could enhance the rapid evaporation
of the solvent [14].

The thermal behavior of as-prepared PVP-BaTiO3 mat was studied by thermogravimetric & differential thermal
analysis (TG/DTA) measurements which is plotted in Fig. 5. Referring to TG curve, the trend of the curve below
200 ◦C indicates the elimination of the water and solvent contents. Another trend of weight loss between 250 ◦C and
400 ◦C can be observed which is regarded the decomposition of the used polymer and acetate molecules [13]. Further,
the weight loss in between 600 – 700 ◦C is noticed which is associated with the decomposition of organic groups. At
temperature 725 ◦C, the weight loss was ended with maximum of 49 % of the total weight. In a similar way, DTA
analysis reveals an endothermic peak at 300 ◦C related to the evaporation of the unwanted contents like water/solvent.

The exothermic peaks at 359 ◦C and 468 ◦C is attributed to the decomposition of barium acetate while peak
corresponding to the decomposition of the main chain of PVP is also observed at 624 ◦C. Furthermore, at 725 ◦C the
presence of the organic groups was eliminated.
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(a) (b)

FIG. 4. SEM image of BT1 and BT2 samples prepared at 8 and 12 kV dc voltages respectively

FIG. 5. TG/ DTA curves of electrospun BaTiO3 nanofibers

4. Conclusion

We have presented the preparation and characterization of electrospun BaTiO3 nanofibers at two distinct voltages,
8 and 12 kV. The XRD pattern endorses the formation of the tetragonal phase in both the samples BT1 and BT2. FTIR
investigation showed the various vibration peaks including Ti–O bond in between 570 – 600 cm−1. SEM measurement
evidenced the decreased diameter of the BaTiO3 nanofibers with the increased dc voltage. The TG/DTA investigation
revealed the various temperature regions associated with the decomposition of BaTiO3-PVP mat and finally, the weight
loss was vanished with 49 % loss of the total weight at temperature 725 ◦C.
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For optical filters, TiO2 and SiO2 films are better choices due to their large refractive index contrast. In spite of the various available techniques,
the sol-gel spin coating method is one of the easiest and inexpensive technique. Here, we report the experimental studies of (TiO2/SiO2)2.5

bilayer-based structures prepared with two distinct precursor concentrations. FTIR analysis showed the characteristic vibration peaks of the Ti-O-Ti
and Si-O-Si bonds. XRD measurements of both the samples based on the low and high-precursor concentrations, revealed the dominant peaks of
TiO2-anatase phase. FESEM study endorsed the increased thicknesses of the individual layers due to enhanced precursor concentrations. Both
samples evidenced for the reflection/stop bands with 100% reflectivity. Furthermore, multilayer structure of (TiO2/SiO2)2.5 bilayers showed the
corresponding shift of the reflection band from the visible-infrared wavelength region in accordance with the low-high precursor concentration.
This shifting of the reflection band is attributed to the increased thicknesses of the films which is due to the enhanced grains size as confirmed by
the AFM studies.
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1. Introduction

Dielectric multilayer structures are the choice of passive components in optoelectronic and photonic devices.
These passive components are promising for the manipulation of light in an efficient manner. Multilayer structures,
composed of two distinct materials, have been investigated as the stop band filters in the design and fabrication of so-
lar cells, waveguide, micro cavities etc. [1–6]. Such multilayer structures can be prepared by either of the techniques,
such as chemical vapor deposition, electrodeposition, sputtering and sol-gel spin coating process [7–9]. Among afore-
mentioned techniques, the sol-gel spin coating process is inexpensive and has advantages to tune the film properties by
manipulating the synthesis parameters. For these dielectric mirrors or reflectors, titanium dioxide (TiO2) and silicon
dioxide (SiO2) are the best chosen materials due to their high and low refractive indices respectively and therefore,
such multilayers structures offer high refractive index contrast which is the primary need to possess the reflection
band in the specified wavelength range [10]. The properties of films can be modulated by sol reactivity, viscosity,
water alkoxide ratio, solution pH, catalyst etc. [11–13]. Further, spin coating parameters such as spin speed and time
including calcination temperature plays a vital role for the film deposition.

Sang Hun Nam et al. studied the growth mechanism of hydrophilic TiO2 thin films by changing the precursor
temperatures. The preferred calcination temperature was 500◦C whereas the process temperatures were maintained
to 75◦ and 60◦C for the deposition. The film prepared at precursor temperature 60◦C showed transmittance about
77% in the wavelength from 400–700 nm with the low contact angle due to super-hydrophilic nature of TiO2 sur-
face. However, films deposited at precursor temperature below 50◦C or greater than 75◦C were not satisfactory [14].
S. Sali et al. synthesized the nanocrystalline TiO2 thin films on planar and textured quartz and silicon substrates by
spray pulverization method. The aim of this study was to explore the anti-reflective properties prepared at different
temperatures using XRD, FTIR, Raman and UV-Vis. The film deposited on the textured substrate showed the better
properties with its 80% transmittance, 15–9 nm grains size, 3.28–3.38 eV band gap, and 2.19–2.39 refractive index.
The coatings thicknesses and refractive indices could be controlled to exhibit optimal optical properties for the solar
cells [15]. H. Sedrati et al. presented the structural and optical properties of SiO2/TiO2 alternating layers by sol-gel
dip-coating process. The prepared multilayers were characterized for XRD, FTIR, SEM and UV-Vis spectroscopy.
SEM analysis revealed the deposition of homogeneous layers of SiO2 and TiO2. By FTIR measurement, the vibration
of Si-O-Ti bond was confirmed, however, the transmittance of the multilayer was found to be decreased from 4.58% to
0.55%, as shown by UV-Vis spectroscopy study [16]. H. H. Nguyen et al. studied the effect of precursor concentration
on TiO2 thin film nanostructure using plasma chemical vapor deposition (PCVD) system. They reported the granular
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morphology in the prepared sample with the low concentration of titanium tetra-isopropoxide (TTIP) and the columnar
morphology with the increased TTIP concentration. SEM analysis showed the granular and columnar shapes with the
particles size 20, 60 and 100 nm [17].

In this paper, we report the morphological and optical properties of the dielectric mirrors consisting of two and
half TiO2/SiO2 bilayers using a simple and inexpensive chemical method. This study explores the effect of precursor
concentrations upon the deposited multilayer structures. Section second describes the experimental approach and the
results are discussed in section third. Finally, the work is summarized in section four.

2. Experimental

The as-procured chemicals, titanium isopropoxide (TTIP), tetraethyl orthosilicate (TEOS), ethanol (C2H5OH),
deionized water (DI) and hydrochloric acid (HCl) were used without any purification. Various sol-gel processes were
carried out as described here. For the preparation of low-precursor based solutions of TiO2 and SiO2, C2H5OH:DI:
TTIP:HCl and C2H5OH:DI:TEOS:HCl in the molar ratios of 20:1:1:0.02 and 20:1:1:0.02 respectively were used. In
a similar way, for the preparation of high-precursor based solutions of TiO2 and SiO2 the volume of TTIP and TEOS
was increased to 1.5 ml. All the solutions were aged for 24 hr and later spin coated on the glass substrates in the
sequence TiO2/SiO2 films. Before the spin coating process, the glass substrates were sonicated in ethanol and rinsed
with deionized water. The spin speed was maintained to 3000 RPM for 30 sec. After spin coating, each films were
thermally treated over the period of 30 min to remove the volatile solvents. Finally, TiO2 films were calcined for
60 min at temperature 500◦C while 300◦C was maintained for the SiO2 films.

The prepared bilayers were characterized for phase identification using X-ray diffraction (Bruker D8 Advance),
chemical bond analyses by Fourier transform infrared (FTIR) spectroscopy (Bruker Vertex 70) surface topography by
atomic force microscopy (AFM: Nanoscope -NSE in contact mode), surface morphology by field-emission scanning
electron microscopy (FESEM: ZIESS) and reflectance study by ultraviolet-visible (UV–vis) spectrophotometer with a
specular reflectance attachment (UV1800 Shimadzu).

3. Results and discussion

The multilayer structures of (TiO2/SiO2)2.5 bilayer prepared with low and high-precursor concentrations were
studied for the investigation of phase identification. Fig. 1 depicts the XRD pattern of (TiO2/SiO2)2.5 bilayer prepared
with low and high precursor concentrations. The diffraction peaks were found corresponding to the pure anatase
phase; however, a rutile peak was also observed for the sample prepared with high-precursor concentrations. The
diffraction peaks were assigned to planes (101), (112), (200), (211) and (204) located at 2Θ = 25◦, 38◦, 48◦, 55◦ and
62◦ respectively for both the cases. However, an additional peak located at 2Θ = 27◦ was also found corresponding
to the presence of rutile phase. The XRD patterns of both the samples are well matched with JCPDS#21-1272 and
JCPDS#21-1276 which corresponds to the anatase and rutile phases of TiO2. One can also notice the broadening of
anatase TiO2 peak corresponding to the plane (101) in both the samples which is assumed to be associated with the
amorphous nature of SiO2 layer beneath the top TiO2 layer [15].

FIG. 1. XRD patterns of (TiO2/SiO2)2.5 bilayer prepared with low and high-precursor concentrations
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Figure 2 depicts the FTIR spectra of (TiO2/SiO2)2.5 bilayers prepared with the low and high- precursor concen-
trations of TTIP and TEOS respectively. The region from 600–900 cm−1 corresponds to the stretching vibrations of
the Ti–O–Ti and Ti–O bonds.

FIG. 2. FTIR spectra of (TiO2/SiO2)2.5 bilayer prepared with low and high-precursor concentrations

We can observe a peak located at around 968 cm−1 which represents the vibration of Si–O–Ti bond. The peak
corresponding to the stretching vibration mode of Si-O-Si is found located at 1128 cm−1. However, the peak originated
at 1742 cm−1 is associated with the carbonyl bond C=O which could be attributed to the non-hydrolytic sol-gel
reaction of used acid and TTIP precursor. These vibration peaks coincide with the reported works [15, 16].The trend
of the FTIR curves is almost identical the samples which were prepared with low and high- precursor concentrations.

FIG. 3. AFM images of (TiO2/SiO2)2.5 bilayer prepared with the high (a,b) and low-precursor (c,d) concentrations

To study the surface topography, we have performed the atomic force microscopy analysis of both the samples.
Fig. 3 shows the AFM images of (TiO2/SiO2)2.5 bilayers prepared with the low and high-precursor concentrations.
Referring to Fig. 3(a and b), one can see the bigger grain size with their average size 362 nm corresponds to the
sample prepared with high-TTIP concentration. But for the case of low-precursor concentration based sample, a
decreased average grains size 104 nm can be noticed as depicted in Fig. 3(c and d). Similar, enhanced grains size
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with the increased precursor concentrations has been reported [16–18]. The high precursor concentration led to bigger
crystallite size as a results increased grain size was observed. In addition, plate shape grains were also noticed which
could be associated with the defects.

FIG. 4. Cross-section FESEM images of (TiO2/SiO2)2.5 bilayer prepared with low (a) and high (b)
precursor concentrations

One-dimensional periodic structure of TiO2/SiO2 films can be observed in Fig. 4. As depicted in Fig. 4(a), the
low-precursor based sample shows the distinguished layers of TiO2 (brighter) and SiO2 (darker) films as compared
to Fig. 4(b) which shows the disturbed interfaces of the top two films of TiO2 and SiO2. In addition, the enhanced
precursor concentrations disclose the disturbed surface morphology as observable in Fig. 4(b). For the case of low-
precursors concentrations, the thicknesses of the TiO2 and SiO2 films (from bottom) were 51, 95, 68, 118 and 58 nm
whereas 60, 103, 70, 130 and 67 nm respectively for the high-precursor concentrations based sample.

The prepared Bragg mirrors were studied for the reflectance from the range of ultra-violet to infrared wavelength
as shown in Fig. 5. We can clearly observe the appearance of reflection windows (stop bands) from wavelength
552–958 nm and 545–1100 nm for the multilayer structures prepared with the low and high-precursor concentrations
respectively. Both samples exhibit as much as 100% reflectance. As compared to previously reported works, visible
reflectors consisting of 7 bilayers of TiO2/SiO2 were prepared by Anaya et al., Dubey et al. and Zhou et al. along
with the 10 bilayer based structure reported by Dhruv et al, our samples show the better results only with 2.5 bilayers
[19–22]. In addition, previously reported results were limited to their reflectance in visible wavelength region whereas
our 2.5 bilayers based samples show the reflectance in the infrared region. In this way, our preparation of such
multilayer reflectors reduces the efforts, time and the fabrication cost Remarkably, the reflection band for the case of
the sample prepared at high-precursor concentrations shifted towards the further infrared wavelength. This shifting of



Morphological and optical properties of dielectric multilayer structures... 359

FIG. 5. Reflectance spectra of (TiO2/SiO2)2.5 bilayer prepared with low and high-precursor concentrations

the reflection band is attributed to the increased grains size as observed in Fig. 3, due to which the thickness of the
individual films were also increased as seen in Fig. 4. The center wavelengths of the Bragg mirrors prepared with low
and high-precursor concentrations were found to be at 720 and 764 nm respectively.

4. Conclusion

Multilayer structures of (TiO2/SiO2)2.5 bilayers fabricated by the sol-gel spin coating method have been stud-
ied. XRD measurement endorsed the dominant peaks of the anatase phase of TiO2. However, the broadening of
predominant peak of the plane (101) was also noticed which could be associated with the amorphous nature of the
SiO2 film fabricated beneath the top TiO2 film. FTIR investigation showed the corresponding vibration stretching
peaks for the Ti–O–Ti, Si–O–Si and Ti–O–Si bonds. By AFM measurement, the estimated average grains size of the
5 layer-TiO2/SiO2 films were 104 and 362 nm for the samples prepared with low and high-precursor concentrations
respectively. FESEM study endorsed the fabrication of five-alternate films of TiO2 and SiO2. The thicknesses of the
individual films were observed to be increased as compared to films prepared with the low-precursor concentrations.
This increment is attributed to the increased grains size as evidenced by the AFM measurement. The reflectance of
both the samples is found to be satisfactory in terms of the Bragg mirrors from the visible-infrared wavelength region.
The center wavelengths of the Bragg mirrors were 720 and 764 nm corresponding to the samples prepared with low
and high-precursor concentrations respectively. With the increased precursor concentrations, the reflection band is
observed to be shifted towards the near-infrared region. This shifting of reflection band is attributed to the increased
grain size which is due to the high-precursor concentrations. Finally, the Bragg mirrors of (TiO2/SiO2)2.5 bilayers
fabricated by the simple process demonstrated the broad reflectance band in the visible-infrared wavelength range.
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Crystalline phosphors of Eu3+-doped titania (TiO2:Eu3+) were prepared by hydro and solvothermal synthesis with luminescent ion concentration
of 2 mol.%. The structure and shape of the synthesized nanoparticles were characterized using X-ray powder diffraction, transmission electron mi-
croscopy, and Raman spectroscopy. Changes in the emission, excitation spectra, and the intensity decay of the photoluminescence for TiO2:Eu3+

nanoparticles were analyzed their phase composition. The photoluminescence of synthesized TiO2:Eu3+ crystalline phosphors depends on whether
the said nanophosphors are formed from organometallic or inorganic precursors under hydro- and solvothermal conditions. Indeed, photolumines-
cence excitation at wavelengths ranging from 350–550 nm leads to splitting of electron dipole transitions into Stark components according to the
symmetry of the Eu3+ surroundings. Also, both nanoparticles with the anatase structure and phosphors predominantly containing rutile showed
very short photoluminescence lifetimes.
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1. Introduction

The phosphors with lanthanide ions as photoluminescence centers are promising materials that have been used in
artificial lighting sources [1], cathode ray tubes [2], emission displays [3], solid-state lasers [4], fluorescent probes [5]
and biomedical devices [6, 7]. The luminescent properties of such emitting materials depend on the efficiency of
energy transfer from the absorption center (ligand) to the emission center (lanthanide ion) and on the concentration
of quenchers (OH groups) surrounding photoactive ions [8]. Europium (III) ions are most often used as photoactive
centers due to their intensive well-distinguishable luminescence at a wavelength of 630 nm, long luminescence lifetime
and sensitivity to the symmetry of the local environment [9, 10]. Luminescence of Eu3+ ions can be effectively
sensitized by the energy transfer from the excited host matrix to the photo active center as a result of allowing the 4f–
4f absorption transitions by electric dipole mechanism, these transitions forbidden between the states with the same
parity according to the Laporte’s rule in the “pure” state (without influence of a ligand-field under non-centrosymmetric
interactions) [11, 12].

As a rule, structures of both organic and inorganic origin with high transparency in the wavelength range of interest
and low phonon energy act as the host material [13]. Organic ligands, including polymeric ones, can bind Eu3+ and
efficiently luminesce [14, 15]. However, it was noted in the literature that organic compounds, such as terpyridine
complexes, complexes of picric acid and n-methyl caprolactam, serving as antenna sensitizers for Eu3+ ions, have a
significant drawback, namely low photostability [16]. Oxides, sulfides, phosphates, and fluoride nanocrystals doped
with Eu3+ are a promising alternative to organic phosphors. Compared with the latter, inorganic nanoparticles doped
with Eu3+ exhibit unique luminescent properties, such as large anti-Stokes shifts, long fluorescence lifetimes, narrow
emission bands, high resistance to photobleaching [17–20].
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Recently, oxide matrices have become the most popular due to their high optical and semiconductor properties
[21]. The broad band gap, high refractive index, and transparency in the ultraviolet and visible ranges of oxide
nanoparticles provide a high luminescence quantum yield for Ln3+ ions embedded in their structure [22]. Among
metal oxide crystal structures, titania should be distinguished, which fully complies with all the above characteristics
[23]. The band gap of TiO2 depends on the structure, and for anatase, rutile, and brookite modifications, it is 3.25, 3.0,
and 1.9 eV, respectively [24]. Anatase and rutile can be obtained in pure form and differ in the lengths of the Ti – O
and Ti – Ti bonds, which determines the direction of crystal growth along the axis corresponding to the longest bond
length (001 plane in anatase and 110 in rutile). Therefore, rutile TiO2 modification is most often obtained in an acidic
medium or in the presence of surfactants that block the crystallization process of the 001 plane [25]. Introduction to
the titania structure of Eu3+ ions, with sizes exceeding Ti4+ by 38%, leads to a distortion of its crystal lattice and a
change in phase formation processes in the TiO2 – H2O system [26].

Many different methods have been developed for the synthesis of TiO2:Eu3+ nanoparticles in various polymor-
phic modifications, since their photophysical properties strongly depend on the structure, crystal size, morphology,
and surface area [27–29]. Among the most widely used methods for producing TiO2:Eu3+ nanoparticles are high-
temperature hydrolysis [30], sol-gel [31], hydrothermal [32], and microemulsion synthesis [33]. From our point of
view, a very perspective methods for obtaining TiO2:Eu3+ nanophosphors are hydro and solvothermal methods of
synthesis, since they allow to obtain particles of a given size, phase composition and morphology due to the possi-
bility of flexible variation of synthesis parameters (temperature, isothermal holding time, composition of the reaction
medium). Thus, the optical properties of Eu3+ included in the TiO2 matrix can be adapted by controlling the size
and structural characteristics of the nanoparticles during the synthesis process, which is very attractive when making
photoactive functional materials.

In the present study, we analyzed the effect of the europium introduction into the crystal structure of titania
on the phase composition of TiO2:Eu3+ nanoparticles formed in hydro and solvothermal conditions, on their size,
morphology and surface properties. Using europium (III) ions as a luminescent probe, we established the selectivity of
the substitution of Ti4+ ions by them in the titania structure with respect to the anatase phase. We considered changes
in the photophysical properties (intensity and lifetime of luminescence, excitation spectra) of TiO2 nanoparticles doped
with 2 mol.% Eu3+ depending on the conditions of their synthesis (precursor nature, the composition of the reaction
medium and isothermal holding time).

Thus, this work aimed to synthesize TiO2:Eu3+ phosphors from precursors of different nature under hydro and
solvothermal conditions and to identify correlations between the chemical history and the structural characteristics of
the nanoparticles being formed, as well as their photophysical properties. Complementary analytical methods (XRD,
TEM and microdiffraction) were used for this, the data of which were compared with the excitation and emission
spectra of the obtained nanocrystals.

2. Experimental methods

2.1. Preparation of TiO2-based nanoparticles with anatase structure

Titania-based nanoparticles with the anatase structure were synthesized under hydro- and solvthermal condi-
tions. Solvothermal synthesis of undoped TiO2 nanoparticles was carried out by dissolving titanium (IV) n-butoxide
(Ti(OBut)4; Aldrich; CAS: 5593-70-4; purum, ≥97.0%) in toluene, followed by treatment the resulting solution in
isobaric-isothermal conditions at 250 ◦C and 7 MPa for 72 hours (Sample 1).

Anatase-type TiO2:Eu3+ nanoparticles were obtained in several stages. At the first, europium acetylacetonate
hydrate (Eu(C5H7O2)3 · xH2O; Aldrich; CAS: 181266-82-0; 99.9% trace metals basis) was dissolved in toluene with
rapid mixing under magnetic stirrer within three hours. In the next step, titanium (IV) n-butoxide was added to the
Eu(C5H7O2)3 solution. The resulting mixture was stirred for 24 hours. Then the solution containing europium and
titanium ions was transferred to a stainless-steel autoclave with an inner Teflon vessel and heated under the same
conditions as in the case of undoped nanoparticles (Sample 2).

The obtained TiO2 and TiO2:Eu3+ powders were then washed repeatedly with ethanol and dried at 100 ◦C. At
the last stage, the powders were annealed for 2 hours at 500 ◦C to remove organic products.

Pure TiO2 anatase nanocrystals were formed for 4 hours in the dehydration process of Ti(OH)4 under hydrother-
mal conditions at 250 ◦C and 7 MPa (Sample 3). The titanium hydroxide itself was pre-precipitated from its chloride
(TiCl4; Aldrich; CAS: 7550-45-0, 99.9%) using 25% ammonium hydroxide solution.

The hydrothermal synthesis of TiO2 nanoparticles doped with 2 mol.% Eu3+ consisted of the sequence actions
given below. Europium chloride hexahydrate (EuCl3 · 6H2O; Aldrich; CAS: 13759-92-7; 99.9% trace metals basis)
was dissolved in distilled water acidified with 0.25 M HCl solution. TiCl4 was dissolved in cold acidified water using
a cooling bath with ice. The concentration of the titanium chloride solution was 0.5 M. The obtained solutions were
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mixed and stirred for 30 minutes by glass stirrer. The precipitation was carried out by adding drop by drop of the 25%
NH4OH solution dropwise to the resulting mixture. The precipitate was washed with distilled water until a negative
reaction for chlorine ions and dried in an oven at 100 ◦C. Then the obtained white powder was placed in an autoclave
and isothermally maintained at 250 ◦C for 4 hours (Sample 4).

2.2. Preparation of TiO2-based nanoparticles with rutile structure

Undoped TiO2 nanoparticles with rutile structure were prepared by hydrothermal treatment of titanium (IV) n-
butoxide in 1 M hydrochloric acid solution at 250 ◦C, 7 MPa for 8 hours. (Sample 5).

In the case of the synthesis of TiO2:Eu3+ nanophosphors, europium acetylacetonate hydrate was initially dis-
solved in 1 M HCl with magnetic stirring until a clear solution was obtained. Then, Ti(OBut)4 was added to the
resulting solution and stirred for 24 hours. At the next stage, the clear solution was transferred to an autoclave and
heated under the above conditions (Sample 6).

Finally, the powders of both undoped titania nanoparticles and with trivalent europium inclusions formed under
hydrothermal conditions were dried at 120 ◦C.

2.3. General Characterization

For the pure and Eu3+-doped titania nanoparticles, the crystalline phases were characterized by the X-ray diffrac-
tion using Rigacu SmartLab diffractometer with the source CuKα tube. The average size of the coherent scattering
regions of TiO2-based nanopowders was estimated from the broadening of X-ray maxima using the Scherrer formula.
The X-ray fluorescence spectrometer SPECTROSCAN MAX-G was used to determine the quantitative composition of
the samples. Microstructure, morphology and size of TiO2:Eu3+ nanoparticles were investigated using the transmis-
sion electron microscope Jeol JEM-2100F at accelerating voltage 200 kV and point-to-point resolution 0.19 nm. The
specific surface area (SBET ) and the size distribution of pores for TiO2 and TiO2:Eu3+ powders were measured by the
low-temperature nitrogen adsorption method on a QuantaChrome Nova 1200 analyzer. Based on the data obtained,
the specific surface areas SBET for the samples were calculated using the Brunauer–Emmett–Teller model (BET)
and the seven-points-method within the relative pressure range P/P0=0.07–0.25 (where P0 is the saturation pressure).
The calculation of the pore size distribution was carried out based on nitrogen desorption-isotherm according to the
Barrett-Joyner-Halenda method (BJH). Raman spectra were recorded in the backscattering geometry using a Jobin
Yvon T64000 triple monochromator equipped with a liquid N2-cooled charge coupled device detector. The light was
focused onto the sample surface using a 100X (0.9 numerical aperture) short working distance objective. The result-
ing spot diameters were around 0.8 µm. The excitation wavelength λ was 488 nm from an Ar+ laser with a typical
laser power of ∼1 mW. Photoluminescence lifetimes and excitation spectra were measured using the luminescence
spectrophotometer LS-100 (PTI R©, Canada). The photoluminescence emission spectra were recorded using a Horiba
LabRAM HR Evolution system equipped with a He-Cd excitation laser emitting at 325 nm with a maximum power of
1 mW at the sample and equipped with a 100 grooves/mm grating and a Peltier-cooled charge coupled device detector.
The light was focused onto the sample surface thanks to a 15X (0.32 numerical aperture) objective.

3. Results and discussion

3.1. Elemental analysis

The elemental analysis data of TiO2:Eu3+ nanoparticles obtained by the methods of hydro and solvothermal
synthesis are presented in Table 1. The average europium content in the samples was 2 mol.%, except the TiO2:Eu3+

nanopowder obtained under hydrothermal conditions in 1M HCl (Sample 6). The losses in the last sample can be
explained by the selectivity of the substitution of Ti4+ by europium (III) ions in the titania structure with respect to
the anatase phase, which will be discussed later.

TABLE 1. The elemental composition of TiO2:Eu3+ samples, obtained by X-ray fluorescence spectroscopy

Component
mol.%

Sample 2 Sample 4 Sample 6

Europium 2.1±0.1 1.9±0.1 0.8±0.1

Titanium 97.9±3 98.1±3 99.2±2.8
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3.2. X-ray powder diffraction

Figure 1 shows the X-ray diffraction (XRD) patterns of undoped TiO2 (Samples 1, 3, 5) and TiO2:Eu3+ (Samples
2, 4, 6) nanoparticles obtained by hydro and solvothermal synthesis. Some reflexes correspond only to the structure of
the anatase on XRD patterns of Samples 1–4 (Fig. 1, patterns 1–4). The peaks of nanoparticles containing europium
(III) ions have a characteristic shift and broadening associated with the formation of solid solutions. The shift of the X-
ray maxima toward small angles by 0.65 ◦ is observed for Samples 1 and 2 obtained in toluene (Fig. 1, compare curve 1
with curve 2). The diffraction peaks of TiO2:Eu3+ nanoparticles synthesized from chlorides by the hydrothermal
method have an offset of 0.13◦ toward larger angles compared with pure titania formed under the same conditions
(Fig. 1, compare curves 3 and 4).

FIG. 1. XRD patterns of TiO2 (1,3,5) and TiO2:Eu3+ (2,4,6) nanoparticles obtained by the
solvothermal synthesis in toluene (1,2) or under hydrothermal treatment in distilled water (3,4) and
in hydrochloric acid solution (5,6)

The peaks in the XRD pattern of pure TiO2 nanoparticles obtained in an acidic medium (Sample 5) correspond
only to the rutile structure (Fig. 1, pattern 5). XRD analysis of Eu3+-doped TiO2 nanoparticles synthesized in the
same conditions showed that, along with the main peaks corresponding to the rutile modification, reflexes confirm the
presence of crystallites with the anatase structure (Fig. 1, pattern 6). The ratio of anatase and rutile modifications in
Sample 6 is 1 to 4.

Calculated by the Debye–Scherrer equation, the average crystallite sizes were 12±2 nm and 30±3 nm for Sam-
ple 1 and 3, respectively. This fact suggests that the use of titanium alkoxide as a precursor and carrying out the
nucleation processes in a non-polar solvent at elevated temperature and pressure contribute to the formation of smaller
crystallites even after 72 hours of isothermal holding compared to TiO2 nanoparticles obtained from inorganic salt
in hydrothermal conditions for a significantly shorter period. The introduction of europium (III) ions into the titania
crystal lattice during the solvothermal synthesis of nanoparticles from organometallic compounds did not affect the
size of the crystallites formed. In contrast, for Samples 3 and 4, the replacement of Ti4+ with Eu3+ ions in the titania
structure during crystallization of nanoparticles under hydrothermal conditions leads to a decrease in the average size
of coherent scattering regions from 30 to 12 nm. In the case of Sample 6 prepared in HCl solution, the size of the
coherent scatter regions for anatase modification was 23±3 nm.

The size and shape of the obtained TiO2-based nanoparticles were determined by the method of transmission
electron microscopy (TEM) (Fig. 2). TiO2 and TiO2:Eu3+ nanoparticles obtained by solvothermal treatment of
organometallic compounds had a predominantly quasispherical shape, and their average diameter was 12 nm (Fig. 2,
images 1a, 2a). In the case of hydrothermal treatment of titanium hydroxide precipitated from TiCl4, mainly rhombic
particles ca. 30 nm in size were formed (Fig. 2, image 3a). Sample 4 obtained under similar conditions was TiO2:Eu3+

nanoparticles of both quasispherical and rhombic shapes with an average size of about 12 nm (Fig. 2, image 4a). In
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addition, microphotograph of TiO2: Eu3+ phosphors also show an insignificant number of nanoparticles in their mor-
phology similar to the rutile phase, but this was not confirmed either by XRD or electron microdiffraction. Titania with
rutile structure crystallizes in the form of rods with an average axial ratio of 3 as a result of Ti(OBut)4 hydrothermal
treatment in 1M HCl (Fig. 2, images 5a, 5b). Besides rutile rod-like structures with an average length of 70 ± 10 nm
and a diameter of 20 ± 5 nm, Sample 6 contains anatase TiO2:Eu3+ particles with an average size of 25 ± 3 nm.

Electron microdiffraction patterns show the presence of main anatase reflexes for TiO2 and TiO2:Eu3+ nanopar-
ticles in Samples 1–4 (Fig. 2, patterns 1b–4b). Concentric rings, corresponding exclusively to the rutile structure,
are observed in the electron microdiffraction pattern for TiO2 nanoparticles, obtained by hydrothermal treatment of
titanium and europium organic precursors in hydrochloric acid solution (Fig. 2, pattern 5b). In the microdiffraction
pattern for Sample 6, reflections of the rutile and anatase phases appear (Fig. 2, pattern 6b). It should be noted that
the TEM and electron microdiffraction data confirm the structural and dimensional characteristics of the TiO2-based
nanoparticles determined as a result of X-ray phase analysis.

The specific surface area and porosity of the obtained nanopowders were investigated by the method of low-
temperature nitrogen adsorption. According to the analysis of titania nanopowders by the Brunauer-Emmett-Teller
method, Samples 1, 3, and 5 are characterized by specific surface area (SBET ) values of 54.0, 47.6, and 33.4 m2/g, re-
spectively (Table 2). Fig. 3 shows the isotherms of adsorption and desorption for undoped TiO2 nanoparticles prepared
under different synthesis conditions. By appearance, all the presented isotherms belong to type IV according to the
IUPAC classification. This behavior is typical for mesoporous materials, in the pores of which capillary condensation
of the adsorbent can occur. In turn, it leads to the appearance of hysteresis between the adsorption and desorption
isotherms (Fig. 3). At the same time, both the type of hysteresis and its value explicitly depend on the synthesis
conditions of titania nanoparticles. Thus, for Samples 1 and 2 with the anatase structure synthesized from Ti(OBut)4
and TiCl4, the course of the capillary-condensation hysteresis loop according to IUPAC classification can be attrib-
uted to type H1. This fact indicates the presence of cylindrical mesopores open on both sides in titania nanopowders.
Sample 5, represented exclusively by the rutile modification of TiO2, has an H3 type hysteresis, which is associated
with the presence of slit-shaped pores, typical for the materials consisting of lamellar particles. Moreover, the hys-
teresis loop of the last sample is closed in the region of low nitrogen partial pressures (less than 0.3), which indicates
a significant content of micropores in the powder.

The pore size distribution calculated for the desorption branch using the BJH algorithm for undoped TiO2 nanopow-
ders also significantly depends on the method of their synthesis (Fig. 4). For example, Samples 1 and 3 with the anatase
structure obtained from both inorganic and organic precursors are characterized by a bimodal distribution of pores in
size. At the same time, while in Sample 1, large pores dominate with a maximum Dpore−2 of ca. 17 nm. In Sample 5,
on the contrary, small pores dominate with a maximumDpore−1 of ca. 2 nm, the second maximum being significantly
blurred. Moreover, only the sample obtained by hydrothermal treatment of titanium hydroxide precipitated from a so-
lution of its chloride demonstrates practically log-normal behavior of pore distribution in the range from 10 to 35 nm
with a maximum at ca. 24 nm.

The doping of titania with europium (III) ions leads to significant changes in the texture characteristics of TiO2

nanopowders. Estimates of the specific surface area of TiO2:Eu3+ samples (Table 2) indicate a significant increase in
SBET from 1.2 times in the case of Sample 5 to 2.3 times for Sample 3 compared to their undoped counterparts. The
introduction of Eu3+ into the titania crystal lattice also influences both the appearance of the adsorption/desorption
isotherms for TiO2:Eu3+ nanopowders (Fig. 5) and the corresponding pore size distribution (Fig. 6). The loop of
capillary-condensation hysteresis for Sample 2 is significantly reduced, and in the case of Sample 6 it almost col-
lapses, which does not allow us to estimate the shape of pores for this sample (Fig. 5). Only for Sample 4 it is
noticeably increased. Analysis of the pore size distribution for TiO2:Eu3+ nanoparticles (Fig. 6) shows that the bi-
modal distribution is observed only in the case of Sample 6, with the maximum Dpore−1 of ca. 4 nm shifted towards
larger sizes, and the maximum Dpore−2 of ca. 13 nm on the contrary. For Sample 4, the log-normal pore size distri-
bution is maintained (Fig. 6), but with a significant contraction and shift of the maximum to a smaller Dpore size of
ca. 10 nm.

3.3. Raman spectroscopy

The Raman spectra for TiO2:Eu3+ nanoparticles are shown in Fig. 7. It is reported [34,35] that TiO2 with anatase
structure has six modes: three Eg at 143, 195, and 639 cm−1, two B1g at 396 and 518 cm−1, the latter representing
a double peak relating both to B1g and to A1g . For all TiO2:Eu3+ nanoparticles obtained in different conditions, all
six modes of the anatase structure are present in the Raman spectra, which is consistent with the XRD analysis data.
The Eg mode has the highest intensity at 143 cm−1 in the TiO2:Eu3+ nanophosphors obtained in 1M HCl solution by
hydrothermal treatment (Fig. 7, curve 3). The 143 cm−1 Eg modes in Samples 2 and 4 differ little in intensity, but in
the first case, it is slightly lower (Fig. 7, compare curve 1 with curve 2). The decrease in intensity seems to be related to
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FIG. 2. TEM microphotographs (a) and electron microdiffraction (b) of TiO2 (1,3,5) and
TiO2:Eu3+ (2,4,6) nanoparticles obtained by the solvothermal synthesis in toluene (1,2) or hy-
drothermal treatment in distilled water (3,4) and in hydrochloric acid solution (5,6)
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FIG. 3. Nitrogen adsorption/desorption isotherms of TiO2 nanopowders obtained by the solvother-
mal synthesis in toluene (1) or hydrothermal treatment in distilled water (3) and in hydrochloric acid
solution (5)

FIG. 4. Pore size distributions of TiO2 nanopowders obtained by the solvothermal synthesis in
toluene (1) or hydrothermal treatment in distilled water (3) and in hydrochloric acid solution (5)

the amount of Eu3+ dopant in the anatase-type TiO2 nanocrystals. Drastically decreasing the intensity of the Eg mode
can also indicate an increase in the number of defects in the structure and a violation of the translational symmetry
of the crystals. In addition to the vibrational modes of the anatase structure, two more are observed related to Ti – O
bond vibrations of the rutile modification for Sample 6 (Fig. 7, curve 3). Thus, the presence of Eg and A1g modes at
440 and 611.8 cm−1 in the Raman spectra indicates the existence of a rutile phase [36] in a sample synthesized from
titanium alkoxide in the 1M solution of HCl, which also agrees with the XRD data.

3.4. Luminescence properties

The photoluminescence (PL) excitation spectra of TiO2:Eu3+ nanoparticles synthesized from different precursors
under hydro and solvothermal conditions are presented in Fig. 8. The PL excitation spectrum of Sample 2 shows three
narrow peaks being typical for europium (III) ions in the range of 230–270 nm due to electron transferring from the
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FIG. 5. Nitrogen adsorption/desorption isotherms of TiO2:Eu3+ nanopowders obtained by the
solvothermal synthesis in toluene (2) or hydrothermal treatment in distilled water (4) and in hy-
drochloric acid solution (6)

FIG. 6. Pore size distributions of TiO2:Eu3+ nanopowders obtained by the solvothermal synthesis
in toluene (2) or hydrothermal treatment in distilled water (4) and in hydrochloric acid solution (6)

2p orbital of O2− to the 4f orbital of Eu3+ [22, 37] with excitation maxima at 231, 248, 261 nm (Fig. 8, spectrum 2).
Moreover, the quasilinear PL excitation band is observed in the region of 380–540 nm, which corresponds to the
intraconfiguration optical f–f electron absorption transitions. These said transitions manifest itself at 383, 395, 463
and 532 nm, with an absolute maximum of PL excitation at 395 nm [38]. PL excitation peaks are not delineated in
the region of 230–270 nm for TiO2:Eu3+ nanophosphors synthesized from chlorides and organometallic compounds
of the corresponding metals under hydrothermal conditions (Fig. 8, spectra 4 and 6). The excitation spectrum is
shifted to a longer wavelength region with four narrow peaks centered at 400, 420, 468 and 536 nm in the case
of nanoparticles obtained by hydrothermal treatment of Ti(OBut)4 and Eu(C5H7O2)3 · xH2O in hydrochloric acid
solution. The absolute excitation maximum for Sample 6 is located at 468 nm, as seen in the graph. In contrast, four
above-mentioned narrow excitation peaks are shifted for Sample 4 to short wavelengths.
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FIG. 7. Raman spectra of TiO2:Eu3+ nanoparticles obtained by the solvothermal synthesis in
toluene (2) or hydrothermal treatment in distilled water (4) and in hydrochloric acid solution (6)

FIG. 8. Excitation spectra of TiO2:Eu3+ nanoparticles obtained by the solvothermal synthesis in
toluene (2) or hydrothermal treatment in distilled water (4) and in hydrochloric acid solution (6).
The photoluminescence observation is at 614 (2, 4) and 616 nm (6)
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TABLE 2. Textural parameters of TiO2 and TiO2:Eu3+ nanopowders obtained by the low-
temperature nitrogen adsorption method

Name SBET,m2/g Dpore−1, nm Dpore−2, nm Vpore, cm3/g

Sample 1 54.0 ± 3.0 2.3 17.1 0.38

Sample 2 93.2 ± 5.9 2.2 – 0.27

Sample 3 47.6 ± 2.0 – 24.2 0.30

Sample 4 109.5 ± 4.4 – 10.0 0.36

Sample 5 33.4 ± 0.5 1.9 16.6 0.26

Sample 6 40.4 ± 0.8 4.2 13.3 0.23

Figure 9 shows the photoluminescence spectra of Samples 2, 4, and 6. The quasi linear emission band of Eu3+

according to optical transitions 5D0–7Fj is observed for all three samples. Spectrum 2 shows an emission band of
anatase-type TiO2:Eu3+ nanoparticles obtained under solvothermal conditions at excitation wavelength of 352 nm.
According to the Stark splitting for 5D0 →7F0, 5D0 →7F1, 5D0 →7F2, 5D0 →7F3 and 5D0 →7F4, maxima are
observed at 578, 590, 613, 654 and 716 nm, respectively. The transition 5D0 →7F1 is splitting into 2 Stark sublevels:
a maximum at 590 nm and a shoulder at 596 nm. The latter indicates an axial symmetry. At that, for these TiO2:Eu3+

nanoparticles, in the transition 5D0 →7F2 ones observe 4 Stark sublevels: maxima at 606, 613, 625 nm, and a shoulder
at 633 nm. This combination of 2+4 indicates a tetragonal crystal system for anatase and rutile, but not brookite.

The presence of three sublevels in the 5D0 →7F1 term as a maximum at 590 nm and two shoulders on the
left and right at 585 and 595 nm (spectrum 4, Fig. 9) indicates the position of europium (III) ions in the centers
with low symmetry for Sample 4. This result shows that Eu3+ ions are probably located in the interstices of the
anatase TiO2 lattice. A similar situation is observed for nanoparticles obtained under hydrothermal conditions from
Ti(OBut)4 and Eu(C5H7O2)3 · xH2O (spectrum 6, Fig. 9). The vast difference in the intensity of the 5D0−7F1 and
5D0−7F2 terms upon excitation by any wavelength also indicates the low symmetry index calculated as the ratio of
5D0−7F1/5D0−7F2, which corresponds to the low-symmetry emission sites as interstitials in Sample 4 and 6.

FIG. 9. Emission spectra of TiO2:Eu3+ nanoparticles obtained by the solvothermal synthesis in
toluene (2) or hydrothermal treatment in distilled water (4) and in hydrochloric acid solution (6).
Excitation is at 352 nm (2, 4) and 399 nm (6)
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TABLE 3. The luminescence lifetime1) in the two-exponential approximation for the photolumines-
cence intensity decay of TiO2:Eu3+ nanoparticles

Name
Ru- Ana-

A1
τPL1,

A2
τPL2,

χ2 DWP2) Z3) 〈τw〉4), 〈τ〉,

tile tase ms ms ms ms

Sample
1 99 0.83 0.082(2) 0.17 2.95(4) 3.157 – – 2.607 0.570

2

Sample
1 99 0.96(1) 0.00113(2) 0.043(1) 0.135(2) 4.614 0.807

–
0.114 0.007

4 7.437

Sample
80 20 0.334(6)5) 0.98(2) 0.666(6) 3.04(1) 1.523 0.577

–
2.753 2.352

6 5.802
1)Excitation at 472 nm. Observation at 614 nm. Good statistics are provided with χ2 in the range of 0.9–1.2.
2)Darbin–Watson parameter: DWP > 1.75.
3)Run Z-test: Z > −1.96.
4)The weighted average duration of the luminescence in the two-exponentialapproximation: 〈τw〉 =

∑2
i=1 Aiτ

2
PLi∑2

i=1 AiτPLi
.

5)The designation of the error in the last character.

The photoluminescence lifetime for TiO2:Eu3+ nanoparticles with different chemical prehistory is presented in
Table 3. Nanophosphors with longer PL lifetimes were crystallized from organometallic compounds under hydro and
solvothermal conditions in comparison with their analogs formed from inorganic precursors. Indeed, the root mean
square (RMS) lifetimes of Samples 2 and 4 are in the range of 2.61—2.75 ms in the dependence of the phase content
(see Table 3, Rows 1 and 2). At the same time, the RMS lifetime of Sample 4 is 0.114 ms, which is in the magnitude
of one order less than the other ones. This fact is probably related to the low symmetry of the Eu3+ environment in
the crystal lattice of anatase TiO2 nanoparticles formed from europium and titanium chlorides.

4. Conclusions

Nanoparticles of TiO2 and TiO2 doped with 2 mol.% Eu3+ were synthesized from precursors of different nature
under hydro and solvothermal conditions. Dehydration under hydrothermal conditions of titanium hydroxide precipi-
tated from TiCl4 leads to the formation of quasispherical and rhombic anatase crystals of larger size compared to the
solvothermal treatment of organometallic compounds, where faceted nanoparticles are not observed. The introduction
of Eu3+ ions into the TiO2 structure in the thermal process of organic precursors at elevated pressure in toluene or
hydrochloric acid solution, as well as titanium and europium hydroxides in distilled water, improves surface proper-
ties of the resulting nanopowders. Moreover, a reduction in the size of nanocrystals due to the substitution of Ti4+ by
trivalent europium is achieved only in the case of a sample obtained from chlorides. The hydrothermal treatment of
Ti(OBut)4 in the presence of Eu3+ ions in a strongly acidic medium contributes to the formation of not only rutile-type
TiO2 nanoparticles but also Ti1−xEuxO2−0.5x solid solutions with anatase structure.

The most significant result of the work is associated with the analysis of the excitation and emission spectra of
Eu3+-doped TiO2 nanoparticles obtained by the hydro and solvothermal synthesis. It turned out that the absorption
capacity of europium (III) ions in titania nanoparticles depends on their phase composition. For TiO2:Eu3+ phosphors,
which are a mixture of crystallites with anatase and rutile structures in a 1:4 ratio, a more pronounced contribution
to the absorption spectra in the visible region (390–540 nm) at the long-wave edges of optical transitions is observed
compared to the excitation spectra of single-phase nanoparticles. The synthesis of nanoparticles under hydrothermal
conditions, regardless of the precursor nature and the acidity of the reaction medium, leads to the loss of the possibility
of sufficient luminescence excitation in the UV region up to 300 nm. In the case of nanoparticles formed at elevated
pressure and temperature in a non-polar organic solvent, the Stark sublevel peaks in the electric dipole transition of the
optical term 5D0→7F2 are more clearly visible in comparison with other phosphors synthesized in this study. Namely,
there are two peaks for 5D0→7F1 and four peaks for 5D0 →7F2 because of tetragonal symmetry. It was shown using
luminescent spectroscopy that during the hydrothermal synthesis of TiO2:Eu3+ nanoparticles from organometallic



372 A. Yu. Zavialova, A. N. Bugrov, R. Yu. Smyslov, D. A. Kirilenko, et al.

compounds in 1 HCl solution, there is a disproportionation of europium (III) ions between the resulting rutile and
anatase phases, with the majority of photoactive centers being incorporated into the anatase structure.

For further research, it is also necessary to try to obtain a brookite phase that differs from rutile and anatase by
other values of the band gap, which will affect the photophysical properties of TiO2:Eu3+ nanoparticles. There are
also some fundamental problems associated with the symmetry effect of the crystal field on the luminescence of eu-
ropium (III) ions and other lanthanides (Tb3+, Sm3+, Tm3+). In this regard, the synthesis and study of the properties
of TiO2 matrices with different phase composition and concentration of lanthanide ions will allow to adapt the photo-
luminescent characteristics of such phosphors and expand the possibilities of their optical and medical applications.
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For titanium dioxide with anatase structure doped with carbon or nitrogen, the first-principle method of projector augmented waves (PAW) is used
to calculate electronic band structure, to evaluate vacancy formation energy for the oxygen sublattice, and to analyze optical absorption. It is
demonstrated that the presence of carbon dopants results in the stabilization of oxygen vacancies and leads to increased absorption in the visible
spectrum, which can facilitate the photocatalytic activity. The presence of nitrogen dopant also facilitates vacancy stabilization but no increase in
the interband absorption is expected in the visible spectrum, i.e., the presence of nitrogen dopant cannot be considered as a factor contributing to
increased photocatalytic activity. It follows from the calculated data that the maximum photocatalytic activity should be expected for the partially-
reduced anatase doped with carbon because of the absorption in the visible spectrum that combines with long time of electron-hole recombination.
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1. Introduction

Titanium dioxide with anatase structure is stable, inexpensive, and exhibits photocatalytic activity in the UV
range, which makes it a promising material for application in the development of photocatalysts capable of operating
efficiently under solar radiation [1–7]. To this end, the material has to be modified to enhance its optical absorption
in the visible spectrum comprising a majority of the radiation energy, i.e., it is required to increase the number of
photocatalytically active electron-hole pairs. At the same time, electrons and holes are required to retain high mobility,
while their recombination rate should be low.

Doping with 2p-, 3p-, 6p- and 3d- elements is regarded to be an effective method for enhancing absorption in the
visible spectrum and partial reduction of titanium dioxide. The reduction results in vacancies formed in the oxygen
sublattice, which is also considered to be of utility for enhancing photocatalytic activity. In particular, a process
of photocatalytic decomposition of organic molecules on partially-reduced anatase under visible light irradiation is
reported in [8–12]. State-of-the-art theoretical methods developed for calculating electronic structure and properties
can be instrumental in designing efficient photocatalysts. Such methods are useful for obtaining information about the
states of oxygen vacancies and other defects present in the band gap. They can be applied to explore defect-related
characteristics of optical absorption, to study mobility of current carriers and to determine electron-hole recombination
rates. A significant amount of research has been reported in the literature, along with calculations of electronic band
structure, calculations of defect formation energy [13–19], crystalline geometry modifications near dopants [13, 14,
16,18], and interpretation of optical [14,20], photoemission [14] and EPR spectra [14]. However, the cited references
have some drawbacks that hinder realization of the state-of-the-art capabilities developed for modeling the electronic
structure and characteristics of solids. Thus, the cited sources [13–17, 19, 21] fail to include calculations of optical
properties and to consider correlations between the band structure and the optical properties. Also disputable is the
method applied in [15–17, 19, 21] for calculating the formation energy of vacancies with the charge q = +1 or +2.
When calculating the formation energy of charged vacancies using this approach, the fault is that the presence of
charge is modeled by introducing only a uniform charge distribution. However, in real objects, dopant atoms of
carbon, nitrogen and other elements may be electron acceptors, which may cause a substantial effect on the chemical
bonding around vacancies.

The goal of the present research is to provide the results of a new theoretical study exploring the issues related to
the effect of vacancies on the photocatalytic activity of anatase. The study comprises calculations of band structure,
reviews the energy aspects of vacancy formation, and provides assessment of optical absorption coefficients at various
energies. In addition, an effort is made to model the electronic structure of charged vacancies by introducing impurity
centers of nitrogen atoms, which transform vacancies into a charged state of q = +1, or carbon atoms, which result in



Influence of carbon or nitrogen dopants on the electronic structure, optical properties... 375

a charged state of q = +2. The study allowed a number of conclusions to be made about the prospects for enhancing
the photocatalytic performance of partially reduced anatase.

2. Method for calculating electronic structure and vacancy formation energy

A supercell method was applied to model the defect structure comprising structural vacancies and impurity atoms
in titanium dioxide [22]. The extended cell was produced by twofold translations of tetragonal elementary cell of
anatase (Fig. 1) in every crystallographic direction; and it contained 32 sites in the titanium sublattice and 64 sites
in the oxygen sublattice. The supercell of the specified dimension allowed a minimum concentration of vacancies
at 1.56 % to be produced in the oxygen sublattice by removing one atom from the initially complete cell [23]. The
calculations were carried out using a pseudo-potential projector augmented waves method (PAW) within the basis of
plane waves realized in the VASP software package [24]. Software-provided PAW pseudo-potentials were used; and
for the exchange-correlation potential the GGA approximation was applied. The calculations were carried out for the
lattice composed of 27 vectors in the irreducible part of the Brillouin zone and with the maximum energy of plane
waves at 350 eV. In all calculations, the accuracy of self-consistent total energy was no worse than 10−6 eV.

FIG. 1. A tetragonal structure of anatase. Titanium atoms are designated with the black balls, and
oxygen atoms are designated with the light balls. Also shown are the oxygen vacancy sites VO and
the sites of substituting carbon or nitrogen atoms

In all cases considered below, the lattice parameters and the atomic coordinates were optimized in accordance
with the forces acting on the atoms (the optimization method is described in [24]). The total energy minimum was
considered to have been achieved if the total energy variation around the minimum did not exceed 0.001 eV. Thus
optimized, the parameters of crystal structure turned out to be rather close to the parameters of undoped anatase. For
instance, the calculated lattice parameters for carbon-doped anatase amounted to a = 3.7946 Å, c/a = 2.5295, and
for nitrogen-doped anatase the parameters were obtained at the values of = 3.7958 Å and c/a = 2.5208, while the
corresponding perfect anatase lattice parameters were 3.7845 Å and 2.5140, respectively. For the optimized geometry,
the total densities of states (DOS’s) obtained by tetrahedron integration [24] were plotted.

Modeling the vacancies having a charge of q = +1, +2 was carried out by introducing one atom of carbon or
nitrogen into the supercell. It was demonstrated in [25] that with synthesis under low partial oxygen pressure under
thermodynamic equilibrium conditions, the atoms of carbon or nitrogen have a tendency of forming vacancy-dopant
pairs. Therefore, in the present study we assumed that the dopants of carbon or nitrogen substitute for the oxygen
atoms nearest to vacancy.

Optical absorption coefficients were calculated for all considered variants of the defects in anatase. The calcu-
lations were based on the energy-dependent dielectric function that was calculated within the independent particle
approximation [24]. The absorption coefficient was calculated from the real and imaginary parts of the dielectric func-
tion according to the theory described in [26]. Specifically, within the theory, the absorption coefficient is calculated
as follows:
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where ε1 and ε2 are, respectively, the excitation energy-dependent real and imaginary parts of the dielectric function
averaged over directions of the wave vector.

The electron density functional theory, including the PAW method, is known to have a drawback that the bandgap
value in semiconductors is underestimated, which can result in erroneous calculations of optical characteristics. To
eliminate such errors, we used a so-called LDA+U approach, within which the exchange-correlation potential is im-
poved by introducing one-center Hubbard-type corrections. An option suggested by Dudarev et al in [27] was used,
where the exchange-correlation corrections depend on one parameter U . In all our calculations, we assume the param-
eter to be U = 7.8 eV, which brings the bandgap of the perfect anatase in a good agreement with experimental data,
i.e., 3.2 eV [28].

3. Oxygen vacancy formation energy and the effect of doping with carbon or nitrogen

When calculating the vacancy formation energy in anatase, the entropy contribution was neglected and only the
first-principle calculations of the total energy were taken into consideration. In this approximation, the free energy of
oxygen vacancy formation in the 96-atom anatase cell can be written as follows:

Ef (vac) = Etot (Ti32O63) + µ(O)− Etot (Ti32O64) .

Here, µ(O) is the chemical potential of oxygen atom. Similarly, if a substitutional dopant for oxygen atom AO, where
A states for C or N, is added to the cell, then the vacancy formation energy can be calculated as:

Ef (vac,AO) = Etot (Ti32O62AO) + µ(O)− Etot (Ti32O63AO) .

The method for calculating the chemical potential for oxygen atom was thoroughly described in [25], so here,
we only note that this method is based on the calculation of the total energy of oxygen molecule, and includes also
the temperature and the partial pressure dependences. Fig. 2 displays the values of chemical potential for three tem-
peratures ranging from room temperature to a temperature of T = 900 K, which is a typical value for annealing
during synthesis from precursors. We also assume that the partial oxygen pressure can be varied from 1 to 10−30 atm
(conditional vacuum).

FIG. 2. Calculated values of the chemical potential for oxygen atom (upper panel) and vacancy
formation energy (lower panel) in anatase as a function of temperature and partial oxygen pressure
P . Solid lines designate the results for T = 900 ; dashed lines designate the result for 600 , and
dotted lines correspond to T = 300

It can be seen that the chemical potential values and, accordingly, the vacancy formation energy values, decrease
as temperature increases and partial pressure decreases. However, at all the considered values of T and P , the oxygen
vacancy formation energy retains a great positive value, i.e., in undoped anatase under thermodynamic equilibrium
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synthetic conditions of the formation of vacancies at a high concentration is not feasible. This conclusion agrees with
the outcomes reported in [13, 14], even though the values of vacancy formation energy are somewhat different from
the ones reported in our study.

The vacancy formation energy values in the presence of carbon or nitrogen dopants as a function of pressure and
temperature are shown in Fig. 3.

FIG. 3. Calculated values of vacancy formation energy in anatase in the presence of carbon or
nitrogen dopants as a function of temperature and partial oxygen pressure P . The solid lines indicate
the results obtained at a temperature of T = 900 ; the dashed line corresponds to T = 600 ; and the
dotted line corresponds to T = 300

It can be seen that introduction of carbon or nitrogen atoms into the anatase structure results in a significant
decrease in the vacancy formation energy. The energy values become negative at a temperature of 900 and at the
partial oxygen pressure P = 10−24 atm for doping with carbon and at the pressure P = 10−12 atm for doping with
nitrogen, which is indicative of a possibility to significantly increase the vacancy concentration with the presence of
these dopants. This outcome is also in agreement with the conclusions reported in [13,14]. It can also be seen that the
presence of nitrogen results in a more significant decrease in the vacancy formation energy. However, we will show
below that increasing the photocatalytic activity of N-doped anatase is unlikely to be achieved by increasing vacancy
concentration in anatase.

4. Electronic structure, optical absorption and photocatalytic activity of partially reduced anatase in the
presence of carbon or nitrogen dopants

Figure 4 displays densities of states for pristine anatase and for anatase containing 1.56 atom% of oxygen vacan-
cies. Showing a good agreement with experiment, the bandgap width is 3.21 eV for undoped anatase; and it is 3.12 eV
for anatase with vacancies. In the presence of vacancies, below the bottom of conduction band at 5.89 eV, there appears
a band of vacancy states which contains two electrons and, because of the lack of electron transfer into lower-energy
states, is electrically neutral. There is no gap between the vacancy band states and the conduction band states; this
agrees with the results reported in [29], according to which the width of bandgap in partially-reduced anatase does
not exceed 0.01 eV. Therefore, along with the fundamental absorption, one should expect optical absorption occurring
over the entire visible range and near IR due to the excitations from the vacancy states into the conduction band. This
is supported quite well with the experimental data reported in [30], which are presented in Fig. 5.

Figure 6 displays the densities of states observed with nitrogen or carbon atoms being introduced into partially
reduced anatase; and Fig. 7 shows the corresponding data obtained in the calculations of absorption coefficients. The
states of nitrogen atom are localized near the bandgap bottom, and the vacancy states are located near the upper edge
of the bandgap. If a nitrogen atom substitutes for an oxygen atom, then it traps one extra electron from the vacancy
states, which corresponds to the transition of a vacancy into the state with a charge of q = +1. It follows from this
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FIG. 4. Density of states in the valence and conduction bands as calculated in the LDA+U ap-
proximation for undoped anatase (upper panel) and for anatase containing oxygen vacancies (lower
panel). Marked are the Fermi level positions

FIG. 5. Calculated absorption coefficients for perfect anatase and that having vacancies in the oxy-
gen sublattice, and the corresponding experimental data reported in [29], in the insert

band structure that, as far as light absorption is concerned, a situation is realized that is similar to the situation for
undoped anatase. Really, it can be seen from Fig. 7 that over the entire optical range the absorption profile is rather
close to the profile of absorption in the reduced anatase.

However, the situation changes significantly with the presence of carbon atoms. In this case, inside the bandgap
there appear two narrow bands of carbon states near 3 and 4 eV, with the Fermi level being positioned at the upper
edge of the second band. Two electrons from the vacancy states drop to these states, i.e., a vacancy takes the charge
q = +2. The band near 3 eV is separated from the empty vacancy states with an interval of 2.8 eV, and the band near
4 eV is separated with an interval of 1.9 eV. It can be seen from Fig. 7 that near 2.8 eV, the light absorption is nearly
ten times as great as the absorption in reduced undoped anatase. This can lead to increased photocatalytic activity
because of the increased number of light quanta absorbed. Comparison with the densities of states demonstrates that
the absorption peak at 2.8 eV is partially caused by the transitions from the carbon atomic states near 3 eV into the
vacancy states. The second reason for this peak may be the excitations from the carbon band near 4 eV into the states
of conduction band that form a peak at 6.8 eV.
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FIG. 6. Density of states in the valence band and in the conduction band, calculated in the LDA+U
approximation for anatase containing oxygen vacancies and nitrogen atoms (upper panel) or oxygen
vacancies and carbon atoms (lower panel). Marked are the Fermi level positions

FIG. 7. Calculated values of absorption coefficient of anatase having vacancies in the oxygen sub-
lattice in the presence of nitrogen atoms (upper panel) or carbon atoms (lower panel). Values of
absorption coefficients are also given for nitrogen or carbon-doped anatase without oxygen vacan-
cies
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FIG. 8. Panel : solar radiation spectrum [31] and the corresponding Gaussian approximation; panels
B and C display the calculated values of optical efficiency

It is known that upon passing through the atmosphere the solar radiation spectrum looks like a curve approaching
the Gaussian distribution with a width of about 2 eV and a maximum located near 2.5 eV. To quantitatively describe
the efficiency of solar radiation absorption in the materials under study, we introduce a notion of a catalyst’s optical
efficiency defined as Q(E) = S(E)×K(E), where S(E) is the Gaussian approximation to the solar radiation spec-

trum (see Fig. 8), and also the notion of an integral efficiency defined as IQ =

∫
Q(E)dE, which upon calculation,

we confine inside the interval from 0.5 to 4 eV. The results for IQ are given in Table 1.

TABLE 1. Integral values of optical efficiency IQ

Compound TiO2
TiO2+

vacancy TiO2+N
TiO2+N+
vacancy TiO2+C

TiO2+C+
vacancy

IQ × 104 2.8 6.3 3.4 6.6 8.3 9.0

Analysis of the data leads to the following conclusions. Perfect anatase, which is seen to absorb only a fraction of
UV part of solar radiation, has the lowest optical efficiency, which is nearly one third as much as the optical efficiency
of the other materials under study. Since doping with nitrogen causes just a slight red-shift of the fundamental ab-
sorption edge, the lack of absorption in the visible spectrum for TiO2 + N causes only a small increase in the integral
quantum efficiency. However, for partially reduced anatase, both in the TiO2 + vacancy and TiO2 + N + vacancy
cases, the absorption in the visible spectrum results in a doubled increase of IQ as compared to the perfect anatase.
The maximum integral efficiency is predicted for C-doped anatase, as can be seen from the data for TiO2 + C and
TiO2 + C + vacancy cases. The reason is that these compounds exhibit in creased absorption near the maximum of
solar radiation spectrum.

It should be noted, however, that there are certain properties of the band structure, which hinder any significant
increase in the photocatalytic activity under doping, regardless of the absorption observed in the visible spectrum and
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despite the increased values of optical efficiency. A necessary condition for photocatalytic activity is a sufficiently
long time required for the recombination of electron-hole pairs, which should be greater than the time for transferring
excited carriers into the reaction medium. It is known that the picoseconds or greater time is required for the recom-
bination of pairs formed via the interband excitations in semiconducting oxides [32, 33]. It is also known that a time
of no less than ten ps is required for transferring electrons onto the islands of a sensibilizator (e.g. the time for trans-
ferring electrons from TiO2 onto platinum islands on the surface), and even a greater time (up to 100 ms) is required,
for example, for transferring electrons on oxygen molecules on the surface, see a review reported in [33]. However,
one should expect that the recombination time is going to be several orders of magnitude smaller if there is no gap
between the vacancy states and the conduction band, as is the cases for TiO2 + vacancy and TiO2 + N + vacancy. It
was shown in [34] that, because of the emission of phonons, the excited electrons in the conduction band states of
TiO2 lose their excitation energy and sink onto the bottom of the band over the time that does not exceed several tens
of fs; after this time the electrons recombine with the holes in the vacancy states. These data are also in agreement
with the experimental results which reveal that the trapping of conduction band electron onto the states of dopants
near the top of the band gap occurs over 100 – 250 fs, while the hole trapping on the states near the bottom of the gap
takes 50 – 150 fs [33]. Therefore, one can expect that for these cases, only a small number of electrons are involved in
the photocatalytic process. These are the excited electrons which form a high-energy “tail” of the electron distribution
in the conduction band [34]; in analogy, a similar distribution of holes inside the valence band can exist [35]. In both
cases, as in TiO2 + vacancy as in TiO2 + N + vacancy, the electron-hole pairs can be formed not only because of the
excitations inside the conduction band but also because of the excitations into the conduction band from the valence
band or from the band of nitrogen states. However, the energy of such excitations is greater than 3 eV, which also
prevents any significant increase in the photocatalytic activity as compared to the perfect anatase. It should be noted
that, although the nitrogen-doped anatase is a classical subject of photocatalytic studies, there are data available that
report about its rather small photocatalytic activity. Thus, in [36–39], the photocatalytic activity of N-doped anatase
has been studied in the decomposition reactions of formic acid, ethylene glycol and other compounds, but no positive
effect of N-doping has been revealed

Therefore, only in the TiO2 + C + vacancy case, that is, for the C-doped partially-reduced anatase, we can expect
an increase in the photocatalytic activity caused by the optical absorption accompanied by the long time required
for the recombination of excited electron-hole pairs. To our knowledge, there are no systematic data available on
the photocatalytic activity of similar compounds; however,the photocatalytic activity of C-doped anatase observed in
the visible spectrum has repeatedly been reported in literature (see, for instance, the literature review in [36]). Our
calculations provide evidence that the photocatalytic activity of C-doped anatase can be increased through its partial
reduction.

5. Conclusion

Based on the first-principle calculations of the electronic band structure and oxygen vacancy formation energy
for undoped anatase and that containing carbon or nitrogen dopants, we analyzed the influence of vacancies on the
photocatalytic activity in visible spectrum. It was demonstrated for undoped anatase that a high vacancy concentration
cannot be obtained via synthes is under thermodynamic equilibrium conditions, neither at an elevated temperature nor
at a low partial oxygen pressure. In addition, because of the short electron-hole recombination time and because of the
high fundamental absorption energy, no significant increase in the photocatalytic activity can be observed for reduced
undoped anatase.

We also demonstrate that the vacancy formation energy can be decreased considerably, i.e., the vacancy con-
centration can be increased, in the presence of carbon or nitrogen atoms substituting the oxygen atoms. This effect
is especially pronounced for nitrogen dopants. However, with nitrogen doping, because of the excessive energy of
fundamental absorption and short time of electron-hole recombination, one can hardly expect an essential increase
in the photocatalytic activity. Our calculations provide evidence that the optical absorptionmay increase in partially
reduced C-doped anatase because of the interband transitions at the energy approaching the solar radiation intensity
maximum.This might be a result of tuning the electronic band structure via creation of new states near the middle of
the band gap and beneath the bottom of the conduction band.
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