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The forgotten topological index was defined to be used in the analysis of chemical structures which often appear in drug molecular graphs. In
this paper, we studied the F-index and F-coindex for certain important physico chemical structures such as V-Phenylenic Nanotube V P HX[m, n]
and V-Phenylenic Nanotorus V P HY [m, n] and their molecular complement graph. Moreover, we computed F-polynomial of the V-Phenylenic
Nanotubes and Nanotorus. These explicit formulae can correlate the chemical structure of molecular graphs of Nanotubes and Nanotorus to
information about their physicochemical structure.
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1.

Introduction

Chemical graph theory is a part of mathematical chemistry that uses graph theory for mathematically modeling
chemical phenomena. Chemical graphs are models of molecules in which atoms are represented by vertices and
chemical bonds by edges of a graph. The topological indices explain chemical compound structures and help to
predict certain physicochemical properties such as entropy, boiling point, acentric factor, vaporization enthalpy, etc [1].
We denote the V-Phenylenic nanotubes and nanotorus by V P HX[m, n], and V P HY [m, n] respectively, where m
and n are the number of atoms in rows and columns. Many well-known topological indices of the V-Phenylenic
nanotubes and nanotorus have been computed. The forgotten index one of the most important topological indices
which preserve the symmetry of molecular structures and provide a mathematical formulation to predict their physical
and chemical properties [2]. In this article, in view of structure analysis and mathematical derivation, we find the
F-index and coindex of certain molecular graphs nanotubes and nanotorus that are interesting molecular graphs and
nano-structures. Since the forgotten topological index and coindex are considered among the most effective topological
indices in analysis the QSPR/QSAR with high accuracy, so we intend to compute the F-index and F-coindex for
some nanostructures such as V-Phenylenic Nanotube V P HX[m, n] and V-Phenylenic Nanotorus V P HY [m, n] and
their polynomials which are useful for description of some characteristics of nanostructures. Topological indices
are the molecular descriptors that describe the structures of chemical compounds and they help us to predict certain
physicochemical properties [3]. The first and second Zagreb indices can be regarded as one of the oldest graph
invariants which was defined in 1972 by Gutman and Trinajsti [4, 5]. The first and second Zagreb indices defined for
a molecular graph G as:
X
X
M1 (G) =
[δG (u) + δG (v)],
M2 (G) =
δG (u) δG (v).
uv∈E(G)

uv∈E(G)

The first and second Zagreb coindices have been introduced by A. R. Ashrafi, T. Doslic, and A. Hamzeh in 2010 [6].
They are respectively defined as:
X
X
M 1 (G) =
[δG (u) + δG (v)],
M 2 (G) =
δG (u) δG (v).
uv ∈E(G)
/

uv ∈E(G)
/

Furtula and Gutman in 2015 introduced forgotten index (F-index) [7] which defined as:
X
X

F (G) =
δG 3 (v) =
δG 2 (u) + δG 2 (v)
v∈V (G)

uv∈E(G)

N. De, S. M. A. Nayeem and A. Pal. in 2016 defined forgotten coindex (F-coindex) [8], which defined as:
X
X

F (G) =
δG 3 (v) =
δG 2 (u) + δG 2 (v) .
v ∈V
/ (G)

uv ∈E(G)
/
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Then, Farahani et al. [9–11] computed the first and second Zagreb, first and second Hyper-Zagreb and multiplicative and Redefined Zagreb indices of V-Phenylenic Nanotube V P HX[m, n] and V-Phenylenic Nanotorus V P HY [m, n]
and their polynomials. Ashrafi et al. [12] studied the computing Sadhana polynomial of V-phenylenic nanotubes and
nanotori. Alamian et al. [13] studied PI Polynomial of V-Phenylenic Nanotubes and Nanotori, Z. Ahmad et al. [14]
presented new results on eccentric connectivity indices of V-Phenylenic nanotube, and there are a lot of researchers
who have studied some topological indices on V-Phenylenic Nanotube V P HX[m, n] and V-Phenylenic Nanotorus
V P HY [m, n] that cannot be all mentioned here. B. Furtula et al. [7] and De, Nilanjan et al. [8] defined the F-index
and F-coindex and studied their of some special graph and graph operation. Nanotubes and Nanotorus play an important role in many applications such as Energy storage, Bioelectronics and Optoelectronics. Because of their unique
structural, electrical, optical, and mechanical properties, graphene nanosheets drew dramatic attention of academic
and industrial research [15] and as nanotubes introduced into graphene could be extremely useful and exploited to
generate novel, innovative, and useful materials and devices. Here, we present the F-index and F-coindex and their
topological polynomials of V-Phenylenic Nanotube V P HX[m, n] and V-Phenylenic Nanotorus V P HY [m, n] which
are useful for surveying structure of nanotubes and nanotorus. Any unexplained terminology is standard, typically as
in [16–21].
2.

Preliminaries
In this section, we give some basic and preliminary concepts which we shall use later.
Proposition 2.1 [2, 8] Let G be a simple graph on n vertices and m edges. Then:
F (G) = n(n − 1)3 − 6m(n − 1)2 + 3(n − 1)M1 (G) − F (G),
F (G) = (n − 1)M1 (G) − F (G),
F (G) = 2m(n − 1)2 − 2(n − 1)M1 (G) + F (G).

Theorem 2.2 [9, 10] The first and second Zagreb and Hyper-Zagreb indices of the V-Phenylenic Nanotubes
V P HX[m, n] and V-Phenylenic Nanotorus V P HY [m, n](∀m, n ∈ N − {1}) (Fig. 1,2) are given by:
M1 (V P HX[m, n]) = 54mn − 10m,
M2 (V P HX[m, n]) = 81mn + 3m,
HM (V P HX[m, n]) = 4m(81n − 20),
HM2 (V P HX[m, n]) = 9m(81n − 29),

3.

M1 (V P HY [m, n]) = 54mn,
M2 (V P HY [m, n]) = 81mn,
HM (V P HY [m, n]) = 324mn,
HM2 (V P HY [m, n]) = 729mn.

Main results

In this section, we compute the forgotten topological index and coindex for certain important chemical structures such as line graphs of the V-Phenylenic Nanotubes V P HX[m, n] and V-Phenylenic Nanotorus V P HY [m, n]
(∀m, n ∈ N − {1}) and their molecular complement graph. Here, we study also F-polynomial of V-Phenylenic
Nanotubes and Nanotorus.
3.1.

F-index and coindex of the V-Phenylenic Nanotubes V P HX[m, n](∀m, n ∈ N − {1})

Theorem 3.1.1
given by:

The F-index of the V-Phenylenic Nanotubes V P HX[m, n](∀m, n ∈ N − {1}) (Fig. 1) is

F (V P HX[m, n]) = 162mn − 38m.

P  2
2
Proof. By definition of the F-index F (G) =
δG (u) + δG
(v) , and by replacing each G with V P HX[m, n],
uv∈E(G)

which yield:
F (V P HX[m, n]) =

X

h

i
δV2 P HX[m,n] (u) + δV2 P HX[m,n] (v) .

uv∈E(V P HX[m,n]

And the partitions of the vertex set and edge set V (V P HX[m, n]), E(V P HX[m, n]), of V-Phenylenic nanotube are
given in Table 1,2 respectively [9].
The edge set of V P HX[m, n] is divided into two edge partitions based on the sum of degrees of the end vertices
as:
E5 (V P HX[m, n]) = E6∗ = {e = uv ∈ E(V P HX[m, n]) : δ(u) = 2, δ(v) = 3},
E6 (V P HX[m, n]) = E9∗ = {e = uv ∈ E(V P HX[m, n]) : δ(u) = 3, δ(v) = 3}.
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F IG . 1. The molecular graph of V P HX[m, n] nanotube

TABLE 1. The edge partition of V P HX[m, n] nanotubes
Edge partition E5 = E6∗
Cardinality

E6 = E9∗
9mn − 5m

4m

TABLE 2. The vertex partition of V P HX[m, n] nanotubes
Vertex partition

V2

V3

Cardinality

m+m

6mn − 2m

Thus:
F (V P HX[m, n])

h

X

=

i
δV2 P HX[m,n] (u) + δV2 P HX[m,n] (v)

uv∈E(V P HX[m,n])

h
i
δV2 P HX[m,n] (u) + δV2 P HX[m,n] (v)

X

=

uv∈E6∗ (V P HX[m,n])

h
i
δV2 P HX[m,n] (u) + δV2 P HX[m,n] (v)

X

+

uv∈E9∗ (V P HX[m,n])

=

Theorem 3.1.2

13|E6∗ (V P HX[m, n])| + 18|E9∗ (V P HX[m, n])|

=

52m + 18[9mn − 5m]

=

162mn − 38m. 

The F-polynomial of V P HX[m, n] nanotube (Fig. 1) is given by:
h
i
F (V P HX[m, n], x) = m 4x13 + [9n − 5]x18 .

Proof. Since the F-polynomial of graph G is
F (G, x)

=

X
uv∈E(G)

2

2

x[δG (u)+δG (v)]

266

Mohammed S. Y. Alsharafi, Abdu Q. Alameri

And, as Theorem 3.1.1, the partitions of the vertex set and edge set V (V P HX[m, n]), E(V P HX[m, n]), of VPhenylenic nanotube are given in Table 1,2 respectively, we have:
X
2
2
x[δV P HX[m,n] (u)+δV P HX[m,n] (v)]
F (V P HX[m, n], x) =
uv∈E(V P HX[m,n]

X

=

2

2

2

2

x[δV P HX[m,n] (u)+δV P HX[m,n] (v)]

uv∈E6∗ (V P HX[m,n])

X

+

x[δV P HX[m,n] (u)+δV P HX[m,n] (v)]

uv∈E9∗ (V P HX[m,n])

= |E6∗ (V P HX[m, n])|x13 + |E9∗ (V P HX[m, n])|x18
4mx13 + [9mn − 5m]x18
i
h
= m 4x13 + [9n − 5]x18 . 
=

We can also get the F-index of V P HX[m, n] nanotube by derivating the relation F-polynomial of V P HX[m, n]
nanotube above as:
h
i
13
18
∂m
4x
+
[9n
−
5]x
∂Y (V P HX[m, n], x)
|x=1 =
|x=1
F (V P HX[m, n]) =
∂x
∂x
= 162mn − 38m.
Corollary 3.1.3

Proof.

The F-index of complement V P HX[m, n] nanotube (Fig. 1) is given by:
h
i3
h
i2
F (V P HX[m, n]) = 6mn 6mn − 1 − 6(9mn − m) 6mn − 1
h
i
+ 3 6mn − 1 (54mn − 10m) − (162mn − 38m).

By Proposition 2.1 we have
F (G) = n(n − 1)3 − 6m(n − 1)2 + 3(n − 1)M1 (G) − F (G).

And F (V P HX[m, n]) = 162mn − 38m given in Theorem 3.1.1 above. M1 (V P HX[m, n]) = 54mn − 10m and
the partitions of the vertex set and edge set of (V P HX[m, n]) nanotubes are given in [9]:
X
X
|V (V P HX[m, n])| = 6mn,
|E(V P HX[m, n])| = 9mn − m
Thus:
F (V P HX[m, n])

Corollary 3.1.4

i3
hX
|V (V P HX[m, n])|
|V (V P HX[m, n])| − 1
hX
i2
X
|V (V P HX[m, n])| − 1
− 6
|E(V P HX[m, n])|
hX
i
|V (V P HX[m, n])| − 1 M1 (V P HX[m, n]) − F ((V P HX[m, n])
+ 3
h
i3
h
i2
= 6mn 6mn − 1 − 6(9mn − m) 6mn − 1
h
i
+ 3 6mn − 1 (54mn − 10m) − (162mn − 38m). 
=

X

The F-coindex of V P HX[m, n] nanotube (Fig. 1) is given by:
F (V P HX[m, n])

=

12m2 n(27n − 5) − 24m(9n − 2).

Proof.
By Proposition 2.1, we have F (G) = (n − 1)M1 (G) − F (G), F (V P HX[m, n]) = 162mn −
38m
given
in
Theorem
3.1.1 and M1 (V P HX[m, n]) = 54mn − 10m given in Theorem 2.2 above and since n =
P
|V (V P HX[m, n])| = 6mn. Then:
hX
i
F (V P HX[m, n]) =
|V (V P HX[m, n])| − 1 M1 (V P HX[m, n])
− F (V P HX[m, n])
=

(6mn − 1)(54mn − 10m) − (162mn − 38m)

=

12m2 n(27n − 5) − 24m(9n − 2). 
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TABLE 3. Some topological indices values of H = V P HX[m, n] nanotubes
m

n

M1 (H) M2 (H) F (H) HM (H) HM2 (H)

F (H)

2

2

196

330

572

1136

2394

3.936 × 103

2

3

304

492

896

1784

3852

9.744 × 103

3

2

294

495

858

1704

3591

9.432 × 103

3

3

456

738

1344

2676

5778

22.824 × 103

4

4

824

1308

2440

4864

10620

75.840 × 103

5

5

1300

2040

3860

7700

16920

189.840 × 103

TABLE 4. The edge and vertex partitions of V P HY [m, n] nanotorus
Edge partition

E6 = E9∗

Vertex partition

V3

Cardinality

9mn

Cardinality

6mn

The F-coindex of complement V P HX[m, n] nanotube (Fig. 1) is given by:
h
i2
h
i
F (V P HX[m, n]) = 2(9mn − m) 6mn − 1 − 2 6mn − 1 (54mn − 10m)

Corollary 3.1.5

+
Proof.

162mn − 38m.

By Proposition 2.1 we have
F (G) = 2m(n − 1)2 − 2(n − 1)M1 (G) + F (G),

F (V P HX[m, n]) = 162mn − 38m given in Theorem 3.1.1 and and M1 (V P HX[m, n]) = 54mn − 10m given in
Theorem 2.2 above and as Corollary 3.1.3 the partitions of the vertex set and edge set of (V P HX[m, n]) nanotubes.
Then:
i2
hX
X
|V (V P HX[m, n])| − 1
F (V P HX[m, n]) = 2
|E(V P HX[m, n])|
i
hX
|V (V P HX[m, n])| − 1 M1 (V P HX[m, n]) + F (V P HX[m, n])
− 2
h
i2
h
i
= 2(9mn − m) 6mn − 1 − 2 6mn − 1 (54mn − 10m)
+

162mn − 38m.



In Table 3 some index and coindex values of V P HX[m, n] nanotubes. formulas reported in Theorem 2.2, Theorem 3.1.1 and Corollary 3.1.4 for the V P HX[m, n] nanotube. In the table, it shows that values of first and second
Zagreb indices, first and second Hyper-Zagreb indices, F-index and F-coindex are in increasing order as the values of
m, n increase.
3.2.

F-index and coindex of the V-Phenylenic Nanotorus V P HY [m, n](∀m, n ∈ N − {1})

Theorem 3.2.1
given by:

The F-index of the V-Phenylenic Nanotorus V P HY [m, n](∀m, n ∈ N − {1}) (Fig. 2) is

F (V P HY [m, n]) = 162mn.

P  2
2
Proof. By definition of the F-index F (G) =
δG (u) + δG
(v) , and by replacing each G with V P HY [m, n],
uv∈E(G)
i
h
P
which yield to F (V P HY [m, n]) = uv∈E(V P HY [m,n] δV2 P HY [m,n] (u) + δV2 P HY [m,n] (v) , and the partitions of
the vertex set and edge set V (V P HY [m, n]), E(V P HY [m, n]), of V-Phenylenic nanotorus are given in Table 4
respectively [9–11].
The edge set of V P HY [m, n] have only one type of edges:
E6 (V P HY [m, n]) = E9∗ = {e = uv ∈ E(V P HY [m, n]) : δ(u) = 3, δ(v) = 3},
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F IG . 2. The molecular graph of V P HY [m, n] nanotorus
Thus:
F (V P HY [m, n])

h

X

=

i
δV2 P HY [m,n] (u) + δV2 P HY [m,n] (v)

uv∈E(V P HY [m,n])

h

X

=

i
δV2 P HY [m,n] (u) + δV2 P HY [m,n] (v)

uv∈E9∗ (V P HY [m,n])

18|E9∗ (V P HY [m, n])| = 162mn.

=
Theorem 3.2.2



The F-polynomial of V P HY [m, n] nanotorus (Fig. 2) is given by:
F (V P HY [m, n], x) = 9mnx18

Proof. Since the F-polynomial of graph G
F (G, x)

=

X

2

2

x[δG (u)+δG (v)]

uv∈E(G)

And as Theorem 3.2.1 the partitions of the vertex set and edge set V (V P HY [m, n]), E(V P HY [m, n]), of VPhenylenic nanotorus are given in Table 4 we have:
X
2
2
F (V P HY [m, n], x) =
x[δV P HY [m,n] (u)+δV P HY [m,n] (v)]
uv∈E(V P HY [m,n]

=

X

2

2

x[δV P HY [m,n] (u)+δV P HY [m,n] (v)]

uv∈E9∗ (V P HY [m,n])

= |E9∗ (V P HY [m, n])|x18 = 9mnx18 . 
We can also get the F-index of V P HY [m, n] nanotorus by derivating the relation F-polynomial of V P HY [m, n]
nanotorus above as:
∂[9mnx18 ]
∂F (V P HY [m, n], x)
|x=1 =
|x=1 = 162mn.
F (V P HY [m, n]) =
∂x
∂x
The F-index of complement V P HY [m, n] nanotorus (Fig. 2) is given by:
h
i
F (V P HY [m, n]) = 6mn (6mn − 1)3 − 9(6mn − 1)2 + 27(6mn − 2) .

Corollary 3.2.3

Proof.

By Proposition 2.1 we have
F (G) = n(n − 1)3 − 6m(n − 1)2 + 3(n − 1)M1 (G) − F (G),

And F (V P HY [m, n]) = 162mn given in Theorem 3.2.1 above. M1 (V P HY [m, n]) = 54mn and the partitions of
the vertex set and edge set of (V P HY [m, n]) nanotorus are given in [9].
X
X
|V (V P HY [m, n])| = 6mn,
|E(V P HY [m, n])| = 9mn
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TABLE 5. Some topological indices values of G = V P HY [m, n] nanotorus
m

n M1 (G) M2 (G) F (G) HM (G) HM2 (G)

F (G)

2

2

216

324

648

1296

2916

4.320 × 103

2

3

324

486

972

1944

4374

10.368 × 103

3

2

324

486

972

1944

4374

10.368 × 103

3

3

486

729

1458

2916

6561

24.300 × 103

4

4

864

1296

2591

5184

11664

79.488 × 103

5

5

1350

2025

4050

8100

18225

197.100 × 103

Thus:
F (V P HY [m, n])

Corollary 3.2.4

hX
i3
|V (V P HY [m, n])|
|V (V P HY [m, n])| − 1
hX
i2
X
− 6
|E(V P HY [m, n])|
|V (V P HY [m, n])| − 1
hX
i
+ 3
|V (V P HY [m, n])| − 1 M1 (V P HY [m, n]) − F ((V P HY [m, n])
h
i
= 6mn (6mn − 1)3 − 9(6mn − 1)2 + 27(6mn − 2) . 
=

X

The F-coindex of V P HY [m, n] nanotorus (Fig. 2) is given by:
F (V P HY [m, n])

=

54mn(6mn − 4).

Proof. By Proposition 2.1 we have F (G) = (n − 1)M1 (G) − F (G), F (V P HY [m,
Pn]) = 162mn given in
Theorem 3.1.1 and M1 (V P HY [m, n]) = 54mn given in Theorem 2.2 above and since n =
|V (V P HY [m, n])| =
6mn. Then:
i
hX
|V (V P HY [m, n])| − 1 M1 (V P HY [m, n]) − F (V P HY [m, n])
F (V P HY [m, n]) =
=
Corollary 3.2.5

Proof.

54mn(6mn − 4).



The F-coindex of complement V P HY [m, n] nanotorus (Fig. 2) is given by:
h
i
F (V P HY [m, n]) = 18mn (6mn − 1)2 − 36mn + 15 .

By Proposition 2.1 we have
F (G) = 2m(n − 1)2 − 2(n − 1)M1 (G) + F (G),

F (V P HY [m, n]) = 162mn given in Theorem 3.2.1 and and M1 (V P HX[m, n]) = 54mn given in Theorem 2.2
above and as Corollary 3.2.3 the partitions of the vertex set and edge set of (V P HY [m, n]) nanotorus. Then:
hX
i2
X
F (V P HY [m, n]) = 2
|E(V P HY [m, n])|
|V (V P HY [m, n])| − 1
hX
i
− 2
|V (V P HY [m, n])| − 1 M1 (V P HY [m, n]) + F (V P HY [m, n])
h
i2
h
i
= 18mn 6mn − 1 − 108mn 6mn − 1 + 162mn
h
i
= 18mn (6mn − 1)2 − 36mn + 15 . 
In Table 5 some index and coindex values of V P HY [m, n] nanotorus formulas reported in Theorem 2.2, Theorem 3.1.1 and Corollary 3.2.5 for the V P HY [m, n] nanotorus. Table 5 shows that values of first and second Zagreb
indices, first and second Hyper-Zagreb indices, F-index and F-coindex are in increasing order as the values of m, n
increase.
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Conclusion

The forgotten index is one of the most important topological indices which preserves the symmetry of molecular
structures and provides a mathematical formulation to predict their physical and chemical properties. The present study
has computed the F-index and F-coindex of a physico chemical structure of V-Phenylenic Nanotube V P HX[m, n]
and V-Phenylenic Nanotorus V P HY [m, n] and their molecular complement graphs. The study also has computed
F-polynomial of V-Phenylenic Nanotube and V-Phenylenic Nanotorus. As the F-index and coindex can been used in
QSPR/QSAR study and play a crucial role in analyzing some physico-chemical properties, the results obtained in our
paper illustrate the promising prospects of application for nanostructures.
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1.

Introduction
In this work we consider initial-boundary value problem (IBVP) for time fractional diffusion equation

∂2
u(x, t) − f (x, t),
∂x2
α
on the bounded star graph. Here D0,t
g(t) is the fractional derivative defined by:
α
D0,t
u(x, t) =

α
Dη,t
g(t)

1
d
=
Γ(1 − α) dt

Zt

g(ξ)
dξ,
|t − ξ|α

0 < α < 1,

η

where Γ(x) is the Gamma function.
It is known that the diffusion equation is widely used in many fields of science including physics, biology, mechanics, chemistry and others. In recent years, the theory of fractional calculus has been studied with great interest. In
particular, in the work [1] Bartlomiej Dybiec and Ewa Gudowska-Nowak considered a long-time, scaling limit for the
anomalous diffusion composed of the subordinated Levy-Wiener process. In [2] T. A. M. Langlands and B. I. Henry
introduced mesoscopic and macroscopic model equations of chemotaxis with anomalous subdiffusion for modeling
chemically directed transport of biological organisms. In [3], the fractional Fokker-Planck equation for subdiffusion
in a general space and time-dependent force field was studied. In [4], the authors solved an asympotic boundary value
problem without initial conditions for diffusion-wave equation with time-fractional derivative and gave some applications in fractional electrodynamics. Igor Goychuk in [5], considered an alternative continuous time random walk and
fractional Fokker-Planck equation description.
Naturally, such a powerful tool as a fractional derivative cannot stay away from nanoscience. In particular, this
can be seen from the results in [6,7]. In [6] authors obtained solutions for the magnetohydrodynamic mixed convection
problem of Maxwell fractional nanofluid. In [7] authors studied models with non-integer order derivatives to describe
dynamics in nanofluids. In particular, it is noticed that the rate of heat transfer increases with increasing nanoparticle
volume fraction and order of the time-fractional derivative.
It is known that the Green’s function method is a powerful technique for solving boundary value problems. The
Green’s function method for fractional order equations was investigated by A. V. Pskhu in [8]. In [9] Green’s function
method was used to find numerical solution of boundary value problems for stationary and non-stationary differential
equations in different dimensions.
Nowadays, differential equations are being investigated with great interest on the metric graphs. It is mostly due
to the fact, that majority of physical systems demonstrate flows, e.g., flows through the branched nanotubes [10].
The Schrödinger equation on the metric graph are well studied (see [11–13] and references in them). In [14] the
Schrödinger operator on the graph with varying edges was investigated. The Schrödinger equation on the metric
graphs was also explored with Fokas unified transformation method in [15]. In [11] it was considered as scattering
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problem on the quantum graph, which consists ring with two attached semi-infinite leads. In [16] authors proposed the
model of time-dependent geometric graph for description of the dynamical Casimir effect. In [17], the authors used
metric graph approximation for investigation of strong variation of the viscosity and density in cylindrical domains
of the small radius. And paper [18] devoted to an explicitly solvable model for periodic chain of coupled disks.
In [19–21] IBVP for time-fractional Airy equation on the star graphs are considered via method of potentials.
2.

Formulation of the problems

In this paper we construct Green’s function of two IBVPs on the metric star graph for the time-fractional subdiffusion equation. Motivation for the study of the fractional diffusion equations on metric graphs comes from such practically important problems as anomalous heat transport in mesoscopic networks, subdiffusion processes in nanoscale
network structures, molecular wires, different lattices and discrete structures. In such discrete structures one has memory effect which leads, in particular, to time fractional equations. These problems, in particular, describe transport of
nanofluids in branched structures [6, 7].
We consider the star graph which has m = k + l bonds connected in one point O (Fig. 1). We define coordinates
in the graph’s edges by isometric mapping this bonds to the interval from 0 to L, such that in each edge the coordinate
0 corresponds to the vertex O. The bonds of the graph are denoted by Bj , j = 1, m.

F IG . 1. Star graph with m bonds. We considered two cases of the boundary condition (BC):
(a) Dirichlet BC at the all boundary vertices; (b) Dirichlet BC at the end points of the blue bonds
and Neumann BC at the end points of the green bonds
On each bond Bj of the graph, we consider the time-fractional subdiffusion equation
α
D0,t
uj (x, t) =

∂2
uj (x, t) − fj (x, t), 0 < x < L, 0 < t < T, j = 1, m,
∂x2

(1)

with the following initial conditions
α−1
lim D0,t
uj (x, t) = ϕj (x), 0 ≤ x ≤ L, j = 1, m.

t→0

(2)

At the inner vertex of the graph, we use the following gluing (Kirchhoff) conditions
u1 (0, t) = u2 (0, t) = ... = um (0, t),
!
m
X
∂
ui (x, t) = 0,
lim
x→0
∂x
i=1

(3)
(4)

for all t ∈ [0, T ]. These conditions ensure the local flow conservation at the branching point of the graph.
At the boundary vertices, we will use Dirichlet or Neumann boundary conditions (BC) given by
ui (L, t) = ψi (t),

i = 1, m,

(5)

ui (L, t) = γi (t), i = 1, k,
(6)
∂
uj (L, t) = γj (t), j = k + 1, m.
(7)
∂x
We suppose that the functions fj (x, t), j = 1, m, initial and boundary data are smooth enough on the closure of
their domains and the compatibility conditions on the boundary and branching points hold.
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Problem 1. Find regular solutions of equations (1) which satisfy conditions (2) — (5).
Problem 2. Find regular solutions of equations (1) which satisfy conditions (2) — (4), (6), (7).

3.

Uniqueness of solution

We put u = (u1 , u2 , ..., um )T , f = (f1 , ..., fm )T , ϕ = (ϕ1 , ..., ϕm )T . We define the norm of a vector function
Pm R L
v(x) = (v1 (x), ..., vm (x)) by kvk2 = i=1 0 vi2 (x)dx.
−α
D0,t
g(t)

1
=
Γ(α)

Zt

g(ξ)
dξ,
|t − ξ|1−α

0 < α < 1,

0

is the time-fractional integral [22].
Lemma 1. The problem 1 has at most one solution. Furthermore, if ψi (t) ≡ 0, i = 1, m, then the solutions satisfy
the following a-priori estimate
α−1
−α
α−1
||D0,t
u||2 ≤ Eα (tα ) · ||ϕ|| + Γ(α)Eα,α (tα )D0,t
||D0,t
f ||2 ,

(8)

P∞
P∞
where Eα (z) = n=0 z n /Γ(αn + 1) and Eα,µ (z) = n=0 z n /Γ(αn + µ) are the Mittag-Leffler functions.
α−1
u(x, t). It is clear, that the vector function w(x, t) =
Proof. Let ψi (t) ≡ 0, i = 1, m. We put w(x, t) = D0,t
(w1 (x, t), w2 (x, t), ..., wm (x, t))T satisfies the following equation:
α−1
α−1
∂0,t
w = wxx + D0,t
f (x, t), 0 < x < L, 0 < t < T,

(9)

with Caputo time-fractional derivative:
α
∂η,t
g(t)

1
=
Γ(1 − α)

Zt

g 0 (ξ)
dξ,
|t − ξ|α

0 < α < 1.

η

From [22], we have:
ZL
0

α
wj D0,t
wj dx

1 α
≥ D0,t
2

ZL

wj2 dx, j = 1, 2, ..., m.

(10)

0

Taking into account inequality (10), we multiply (9) by wT from the left side, integrate the resulting relation with
respect to x from 0 to L and use Cauchy’s inequality:
α−1
α
∂0,t
||w||2 + 2||wx ||2 ≤ ||w||2 + ||D0,t
f ||2 .

Hence,
α−1
α
D0,t
||w||2 ≤ ||w||2 + ||D0,t
f ||2 .

(11)

From the analog of Gronwall-Bellman lemma (see [22]), in the case of Caputo type fractional derivative and the
relation (11), we get:
α−1
kw(·, t)k2 ≤ Eα (tα )kw(·, 0)k2 + Γ(α)Eα,α (tα )D−α kD0,t
f (·, t)k.

So, we proved a-priory estimate (8). Uniqueness of the solution follows from this estimate.
Lemma 2. The problem 2 has at most one solution. Furthermore, if γi (t) ≡ 0, i = 1, m, then the solutions satisfy
the following a-priori estimate
α−1
−α
α−1
||D0,t
u||2 ≤ Eα (tα ) · ||ϕ|| + Γ(α)Eα,α (tα )D0,t
||D0,t
f ||2 ,

Proof. The proof is similar with the proof of the Lemma 1.

(12)
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Green’s function of Problem 1

The following theorem directly follows from the theorem
4.3.1. (see [8]). Let E =

0 < t < T (where T is positive real number) and Et = (ξ, τ ): 0 < ξ < L, 0 < τ < t .



(x, t): 0 < x < L,

Theorem 1. Let the m × m matrix function V = V (x, t; ξ, τ ) satisfy following conditions:
1. The matrix function V is the solution for equation
α
Vξξ (x, t; ξ, τ ) − Dt,τ
V (x, t; ξ, τ ) = 0

on the fixed point (x, t) ∈ E;
2. For every m × 1 vector function h(x) ∈ C[0, L] holds
ZL
lim

τ →t

α−1
Dt,τ
V (x, t; ξ, τ )h(ξ)dξ = h(x).

(13)

0
α−1
3. The matrix functions V, Vξ , Vξξ , D0,t
V are continuous on the E × Et \{t = 0} and for all points (x, t) ∈ E
and (ξ, τ ) ∈ Et holds inequality
|Vij (x, t; ξ, τ )| < (t − τ )α/2−1 .
If the function u(x, t) is the solution of the equation (1) and satisfies the condition (2), then for all (x, t) is hold,
that:

Zt
(V (x, t; L, τ )uξ (L, τ ) − V (x, t; 0, τ )uξ (0, τ ) − Vξ (x, t; L, τ )u(L, τ )+

u(x, t) =
0

ZL
Vξ (x, t; 0, τ )u(0, τ ))dτ −

Zt ZL
V (x, t; ξ, 0)ϕ(ξ)dξ +

0

V (x, t; ξ, τ )f (ξ, τ )dξdτ.
0

0

Proof. The proof is similar to the proof of the theorem 4.3.1. [8].
Taking into account the above theorem, we look for solution of Problem 1 in the following form
Zt
(G(x, t; L, τ )uξ (L, τ ) − G(x, t; 0, τ )uξ (0, τ ) − Gξ (x, t; L, τ )u(L, τ )+

u(x, t) =
0

ZL
Gξ (x, t; 0, τ )u(0, τ ))dτ −

Zt ZL
ϕ(t)G(x, t; ξ, τ )dξ −

0

where:

G(x, t; ξ, τ )f (ξ, τ )dξdτ, (14)
0

0

G11 G12 ... G1m
 G21 G22 ... G2m 

G=
 ...
...
...
... 
Gm1 Gm2 ... Gmm
is a matrix-Green’s function. Green’s function satisfies the equation:




α
Gξξ − Dt,τ
G = 0,

for all ξ 6= x, 0 < τ < t.
We look for Green’s function in the following form
G=

+∞
X


An Γ(x − ξ + 2nL, t − τ ) + Bn Γ(x + ξ + 2nL, t − τ ) ,

(15)

n=−∞

where An and Bn are constant matrices of dimension m × m and Γ(s, t) is:


1 α/2−1 1,α/2
|s|
Γ(s, t) = t
e1,α/2 − α/2 .
2
t
We have to find the matrices An and Bn .
Taking into account (14) and the conditions (2)—(4) we get the following conditions for matrix-Green’s function:
G|ξ=L = 0,

(16)
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Gi1 |ξ=0 = Gi2 |ξ=0 = ... = Gim |ξ=0 , i = 1, m,

(17)

i2
in
Gi1
ξ |ξ=0 + Gξ |ξ=0 + ... + Gξ |ξ=0 = 0, i = 1, m.

(18)

Let
A11
n
 A21
n
An = 
 ...
Am1
n

A12
n
A22
n
...
Am2
n



...
...
...
...

Bn11
 Bn21
and Bn = 
 ...
Bnm1


A1m
n

A2m
n

... 
Amm
n

Bn12
Bn22
...
Bnm2




... Bn1m
... Bn2m 
.
...
... 
... Bnmm

From (16), we have:
An = −Bn−1 .

(19)

im
im
i1
Ai1
n − An = B n − B n .

(20)

From (17), we get:

From (18), we obtain:
m
X

Aij
n =

j=1

m
X

Bnij ,

i = 1, m.

(21)

j=1

We rewrite the relations (20) and (21) in the following matrix form Bn = An M , where:


2−m
2
...
2

1 
2
2 − m ...
2
.

M=

...
...
...
... 
m
2
2
... 2 − m

(22)

Combining (19), (20) and (21), we get:


B n = An M
.
An+1 = −Bn

And we find
An+1 = −An M.
From the condition (13) follows that A0 = I. So, we have
An = (−1)n M n , Bn = (−1)n M n+1 .

(23)

Substituting (23) into (15) we get matrix Green’s function of the Problem 1:
G=

+∞
X

(−1)n M n (Γ(x − ξ + 2nL, t − τ ) + M Γ(x + ξ + 2nL, t − τ )) .

(24)

n=−∞

Taking into account Lemma 1 we get following theorem.
Theorem 2. Let φi (t), ϕi (t) ∈ C[0, T ] (i = 1, m, T > 0), and f (x, t) ∈ C 0,1 {(x, t) : 0 ≤ x ≤ L, 0 < t < T }.
Then the Problem 1 has unique solution in the form of:
Zt
u(x, t) = −

ZL
Gξ (x, t; L, τ )u(L, τ )dτ −

0

where G(x, t; ξ, τ ) is given by (24).

Zt ZL
ϕ(ξ)G(x, t; ξ, τ )dξ −

0

G(x, t; ξ, τ )f (ξ, τ )dξdτ,
0

0
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Green’s function of Problem 2
In this case, the Green’s function has a form of:
+∞
X

G1 =


Cn Γ(x − ξ + 2nL, t − τ ) + Dn Γ(x + ξ + 2nL, t − τ ) ,

(25)

n=−∞

where Cn and Dn are unknown constant matrices of dimension m × m. We have to find the matrices Cn and Dn .
Taking into account (13) and conditions (2)—(4), (6), (7), we get following conditions for Green’s function:
(
i = 1, k, j = 1, m,
Gij
1 |ξ=L = 0,
,
(26)
Gij
|
=
0,
i
=
k + 1, m, j = 1, m
1ξ ξ=L
i2
in
Gi1
1 |ξ=0 = G1 |ξ=0 = ... = G1 |ξ=0 , i = 1, m,

(27)

Gi1
1ξ |ξ=0

(28)

+

Gi2
1ξ |ξ=0

+ ... +

Gim
1ξ |ξ=0 ,

i = 1, m.

Let
Cn11
 Cn21
Cn = 
 ...
Cnm1


Cn12
Cn22
...
Cnm2



Dn11
... Cn1m
2m 
 Dn21
... Cn 

and
D
=
n
 ...
...
... 
Dnm1
... Cnmm

Di12
Di22
...
Dnm2


... Dn1m
... Dn2m 
.
...
... 
... Dnmm

Combining (26), (27) and (28), respectively, we get:

ij
Cnij = −Dn−1
for i = 1, k, j = 1, m,
ij
ij
Cn = Dn−1 for i = k + 1, m, j = 1, m.
Cni1 − Cnim = Dnim − Dni1 ,
m
X

m
X

Cnij =

j=1

Dnij ,

(29)

i = 1, m.

(30)

i = 1, m.

(31)

j=1

And we rewrite the relations (30) and (31) on the following matrix form:



−1 −1 −1
1
1
1 ... 1
1

 1
 −1 0
0
0
0
...
0
1




 0
 0 −1 0 ... 0
1
0
1


Cn 
 ... ... ... ... ... ...  = Dn  ... ... ...



 0
 0
0
0
0
0 ... 0
1 
0
0
0
0
0
0 ... −1 1


... −1 1
... 0
1 

... 0
1 
.
... ... ... 

... 0
1 
... 1
1

From this relation, we find Dn = Cn M where: M given at the form (22). We find
Cn+1 = ΦDn ,
where

Φ=

−Ik
0

0
Il


.

From the condition (13), we have that C0 = I. (29) can be written as:
Cn = Φn M n , Dn = Φn M n+1 ,

(32)

where:
n

Φ =



(−1)n Ik
0

0
Il


.

Substituting (32) into (25) we get matrix Green’s function of the Problem 2:
G1 =

+∞
X


Φn M n Γ(x − ξ + 2nL, t − τ ) + M Γ(x + ξ + 2nL, t − τ ) ,

n=−∞

As a result, we get following theorem.

(33)
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Theorem 3. Let βi (x) ∈ C[0, L], γi (t) ∈ C[0, T ] and fi (x, t) ∈ C 0,1 {(x, t) : 0 ≤ x ≤ L, 0 < t < T, }(i =
1, m, T > 0). Then the Problem 2 has a unique solution in the form of:
Zt
u(x, t) =

!

∂uN (ξ, τ )
(N )
G1 (x, t; L, τ )
∂ξ

0

−

(D)
G1ξ (x, L; t, τ )uD (L, τ )

dτ −

ξ=L

ZL

Zt ZL
ϕ(ξ)G1 (x, t; ξ, τ )dξ −

0

G1 (x, t; ξ, τ )f (ξ, τ )dξdτ,
0

0

where

(D)
G1




=




G11
1
...
Gk1
1
0
...
0

G12
1
...
Gk2
1
0
...
0

...
...
...
...
...
...

G1m
1
...
Gkm
1
0
...
0







,




(N )
G1

0
...
0




=
 Gk+1,1
 1

...
Gm1
1

0
...
0
G1k+1,2
...
Gm2
1

...
0
...
...
...
0
... Gk+1,m
1
...
...
... Gmm
1





,




uD = (u1 , ..., uk , 0, ..., 0)T , uN = (0, ..., 0, uk+1 , ..., um )T and G1 is on the form (33).
Conclusion
In this paper, we gave Green’s function approach for IBVP to time-fractional diffusion equation with Neumann
and Dirichlet boundary conditions. We constructed Green’s functions of the considered problems in the form of matrix
series. We notice that Green’s functions for IBVP for time-fractional diffusive equation on metric graphs were firstly
constructed in the present paper. Green’s function on the case of line-interval for different IBVPs are constructed
in [4].
It is well-known that Green’s functions on metric graphs are closely related to scattering problem at the branching
points [23]. In our case, the component Gij , (i 6= j) describes, for example, heat flow conduction from i-th bond to
j-th bond, while Gii describes heat flow reflection (thermal reflection) on i-th bond. Therefore, one can conclude that
Green’s functions constructed in the present paper can be considered as a powerful tool to investigate the conductivity
(scattering) properties in sub-diffusive processes in nano-sized thin branched structures.
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1.

Introduction

A composite, which is a polymer matrix with a nanodispersed filler, is a topic of interest both for basic science
and for a wide variety of applications [1]. It is expected that among the plenty of such structures, in those where the
integrated phase is a magnetically ordered compound, additional new properties, for example, the possibility to control
their characteristics by an external field, may appear [2].
One of the simplest and most promising ways to produce a compound of this type is to prepare it from a mixture
of a ferrofluid and a matrix-forming polymer dissolved in the same medium. This approach was used in the present
work, where, on the basis of polyvinyl alcohol (PVA), the film samples with nanoparticles of magnetite (Fe3 O4 ) were
fabricated from an aqueous ferrofluid (FF) and PVA solution. These specimens, being transparent, were an optical
material and their spectral properties were the subject of our study.
2.
2.1.

Experiment
Samples

The FF we used was a water-based magnetite colloid (the methods for producing such substances and their main
properties are described in [3]). Its stabilization, i.e., preventing the nanoparticles adhesion, was performed by creating
a double layer on the surface of Fe3 O4 , consisting of molecules with hydrophobic (inner) and hydrophilic (outer)
portions, which are oleic acid salts. The diameter of the magnetite core was approximately 10 nm, and the total
diameter of the particle together with the shell was about 15 nm (which is slightly larger than in those FFs where a
single layer of surfactant is used). The concentration of the solid phase in the liquid was about 2 vol. %.
PVA solution was made by dissolution of its dry powder in deionized water (5 wt. % of PVA to water weight) at
the temperature of 90◦ C. It was filtered through a cotton and then diluted with the heated to the same temperature FF
in a ratio of 1 : 4 (FF volume to PVA solution volume). The mixture was thoroughly stirred and kept at 90◦ C for about
an hour. Then it was left for two days in a hermetically sealed vessel, preventing evaporation. The resulting substance
was a homogeneous liquid.
The samples were created by applying a drop of solution to a glass substrate, which, during drying at room
temperature, formed a film with a thickness of 30–35 microns. In the same way, control samples of pure PVA films
were made. The films with FF were dried both without a field and in a magnetic field with strength of H = 5 kOe
applied in the film plane (for five hours). Visually, the samples differed: in the first case, they were a homogeneous,
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fairly transparent material of a brownish color, and in the second – a material with a pronounced structure in the form
of thin filamentous formations oriented along the field and separated by almost transparent areas.
Micrographs of the samples are shown in Fig. 1a depicts that, despite the external homogeneity, the composite
prepared without a field comprises the droplets with the sizes of the order of ten micrometers. It is known that
large aggregates of magnetic nanoparticles are formed in FF with certain additives [4–6], and, as it follows from our
experiment, an aqueous solution of PVA produces the same effect. In the field, the agglomerates stretch out, forming
a system of elongated objects, Fig. 1b. Their dimensions in thickness are tens of microns, which nearly corresponds
to the data of other studies [5]. Note that along with the large prolate structural elements in Fig. 1b, the smaller ones
are clearly visible, the precursors of which were, apparently, smaller droplets.

F IG . 1. Micrographs obtained for the samples prepared without field (a) and in the field
H = 5 kOe (b)
To compare the experimental results obtained on the samples described above with the spectrum of a “pure”
magnetic material in the solid phase, film obtained by drying highly concentrated (18 vol. % Fe3 O4 ) FF on glass was
also prepared.
2.2.

Measurements

In our experiments we measured transmission spectra of the films in the wavelength (λ) range of 250–850 nm by a
setup that included broadband light source L10290 (Hamamatsu) with deuterium and halogen lamps and spectrometer
C10083MD (Hamamatsu) to detect the transmitted optical radiation. To apply the light to the sample, an optical fiber
was used. The instrument function of the system was taken into account when processing the spectra.
The results of measurements on the composite materials were compared with the data obtained for pure PVA films
on glass.
3.

Results

Repeated experiments on recording the transmittance T of samples prepared at different times, carried out at
different input optical radiation powers, gave qualitatively similar results. Figs. 1,2 exhibit typical data identifying the
presence of peculiarity in the spectral characteristics of our composites.
Figure 2 shows the spectrum T(λ) of the film obtained without the application of an external field, which is
compared with the same characteristic of the FF in the liquid state. To measure the latter, a standard cuvette filled with
a low-concentration (0.02 vol. % solid phase content) FF was used. A noticeable difference in these curves is apparent:
in the liquid phase, the usual monotonic decrease in T in the range of 700–330 nm is observed (as an example, the
similar data for kerosene-based FF can be found in [7]), in contrast to which the film with particle inclusions shows a
significant increase in T at λ <450–500 nm. The sample obtained by drying of FF on a glass substrate did not display
this feature. So, the behavior of the film spectrum must be related to the properties of the composite structure.
Figure 3 shows the transmission spectra of samples made with and without magnetic field (Fig. 3a), and also
represents the spectrum of a sample with a pure PVA film (Fig. 3b). In general, the transmission of the film produced
at the field action, increased (as expected due to the presence of transparent areas), while maintaining the feature of
“enlarged translucence” at low λ. This may be perceived as the presence of a certain “peak”, but a comparison of the
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F IG . 2. Transmittance of the film prepared without field (1) compared with the transmittance of the
liquid FF sample with solid phase concentration of 0.02 % (2)
data for composite films with T(λ) in Fig. 3b shows that the glass with the PVA film acts as a kind of filter that cuts
off light with λ <350 nm. Thus, the corresponding curves may actually continue to increase at smaller wavelengths.
However, the effect of material translucence at λ less than 450 nm remains unquestionable.

F IG . 3. Spectral characteristics of different samples: a – transmittance of the films prepared without
magnetic field and in the field H = 5 kOe; b – transmittance of the film of pure PVA

4.

Discussion

The light transmission of the FF solution is determined by processes of scattering and absorption on small particles
of the material of solid phase. To separate these mechanisms may be difficult, but it is obvious that the smaller the
λ, the greater the role of Rayleigh scattering on objects with a diameter of d∼10 nm, i.e., those that mainly make
up the FF (the larger clusters also may exist in the solution, but their number can be regarded as insignificant [8]).
The application of a magnetic field to such a medium leads to the formation of agglomerates, which affects its optical
properties [9].
In our case, as shown in Fig. 1a, even a sample prepared in the absence of a magnetic field already contains large
(D∼10 µm) droplet formations, which radically changes the scattering. Although scattering does not stop at D  λ,
it takes on a different character [10]. Moreover, the number of scattering centers becomes many orders of magnitude
smaller (the upper limit of it can be roughly estimated, assuming that all individual particles have entered to the drops,
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and, consequently, the number of scatterers have become smaller by (D/d)3 ∼ 109 times). Drops in this situation
will rather create a shadow effect. In fact, the part of the extinction that is associated with scattering turns out to be
significantly weakened, which leads to the translucence of the sample in this range.
Samples manufactured in the magnetic field are much more transparent than those that were not exposed to the
field (Fig. 3a), which is associated with a decrease in the shadow effect and with a decrease in the density of structural
elements (Fig. 1b). An increase in the transmittance at λ < 450 nm was also observed here, which can presumably
be explained by an additional decrease in the number of small scattering centers included in the extended magnetic
nanoparticle aggregates formed by the field.
5.

Conclusion

Thus, we performed a spectroscopic study of a nanostructured material containing magnetic particles. It is shown
that a fundamental role in the analysis of the optical characteristics of this composite is played by taking into account
the change in light scattering associated with both the peculiarities of the incorporation of nanoparticles into the
polymer matrix and with the action of a magnetic field during sample preparation.
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The multifaceted enzyme-like activity of CeO2 nanoparticles (CeNPs) expands the prospects for their potential biomedical applications. In this
regard, there is a need for a comprehensive analysis of the redox behavior of CeO2 nanoparticles in relation to key molecules of free radical
homeostasis. Here, the prooxidant potential of CeNPs towards H2 O2 was investigated to elucidate both prooxidant capacity and prooxidant
activity of CeNPs. To describe the kinetics in the luminol–H2 O2 system at pH 8.5 upon the addition of citrate-stabilized CeO2 sol (3 nm), a
numerical model of three reactions is proposed. The rate constants being a measure of prooxidant activity, were k1 = 9.0 · 104 µM−1 min−1 ,
k2 = 2.0 · 10−6 µM−1 min−1 , k3 = 2.9 · 10−5 µM−1 min−1 . The functionalization of CeO2 nanoparticles surface with ammonium citrate
increases their prooxidant capacity by two-fold, while modification with maltodextrin decreases it by six-fold. It was shown that the prooxidant
capacity of citrate-stabilized CeO2 sol in Tris-HCl is approximately four-fold higher than in phosphate buffer solution at pH 7.4.
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1.

Introduction

Cerium dioxide nanoparticles have a wide spectrum of nanozyme (enzyme-like) activities [1–6]. The ability to
mimic the functions of a number of enzymes is due to the unique physicochemical properties of CeO2 nanoparticles.
The combination of the pro- and antioxidant properties of nanodisperse CeO2 with its relatively low toxicity expands
the field of its potential biomedical applications [7–11]. In turn, this makes it necessary to study the redox behavior of
CeO2 nanoparticles in relation to the key molecules of free radical homeostasis.
Among the types of enzyme-like activity of nanodisperse CeO2 , their functioning as peroxidase mimetics is
important. Hydrogen peroxide is the most abundant reactive oxygen species and is involved in free radical metabolism [12]. Dismutation of superoxide anion radicals (SAR) catalyzed by superoxide dismutase (SOD) in biological tissues inevitably leads to the formation of H2 O2 molecules that easily penetrate cell membranes. On the other
hand, cerium dioxide nanoparticles exhibit SOD-like activity and, accordingly, the formation of hydrogen peroxide
takes place when cerium dioxide acts as a SOD mimetic [1, 13, 14]. Thus, the study of the redox behavior of CeO2
nanoparticles towards to hydrogen peroxide needs to be considered when analyzing SOD-like ceria activity. Currently,
increasing attention is being paid not only to the cytotoxic function of H2 O2 found in phagocytosis, mitochondrial and
microsomal function, but also to its involvement in the regulation of cell signaling and transcription factors [15, 16].
Hydrogen peroxide plays an important role in cell proliferation [17], differentiation [18], migration [19] and apoptosis [20].
In this work, we analyzed the prooxidant potential of nanodisperse CeO2 towards hydrogen peroxide according to the data of chemiluminescence analysis. Here, we consider prooxidant potential as a complex characteristic,
combining both the prooxidant capacity (the number of formed reactive oxygen species per unit concentration of the
prooxidant) and the prooxidant activity (the rate constant of the total reaction of the production of reactive oxygen
species).
2.
2.1.

Materials and methods
Synthesis and physicochemical study of CeO2 nanoparticles

An unstabilized aqueous colloidal solution of cerium dioxide nanoparticles (0.13 M) was prepared by thermohydrolysis of ammonium cerium(IV) nitrate (#215473, Sigma-Aldrich) [21]. Briefly, an aqueous solution of ammonium
cerium(IV) nitrate (100 g/l) was kept for 24 h in an oven at 95◦ . The precipitate formed was separated by centrifugation
and washed three times with isopropanol. To completely remove isopropanol, the resulting precipitate was redispersed
in deionized water, followed by boiling for 1 h with constant stirring. The concentration of CeO2 sol was determined
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by the thermogravimetric method. Thus prepared colloidal solution of CeO2 nanoparticles was stabilized with ammonium citrate (C6 H14 O7 N2 , disubstituted ammonium citrate, #247561, Sigma-Aldrich) or maltodextrin (#419672,
dextrose equivalent 4.0–7.0, Sigma-Aldrich) in a molar ratio of 1 : 1 and 1 : 1.1, respectively.
X-ray diffraction patterns of nanodisperse CeO2 samples were obtained using a Bruker D8 Advance diffractometer
(CuKα radiation, geometry θ–2θ). The diffraction maxima were identified using the ICDD PDF2 database. The
average hydrodynamic diameter of CeO2 nanoparticles was estimated by dynamic light scattering using a Photocor
Complex analyzer. The microstructure of the samples was studied by transmission electron microscopy on a Leo 912
AB Omega electron microscope at an accelerating voltage of 100 kV. UV-visible absorption spectra of CeO2 sols were
recorded using on OKB Spectr SF-2000 spectrophotometer.
3.

The study of prooxidant activity in the chemiluminescent system luminol – H2 O2

Luminol (5-amino-1, 2, 3, 4-tetrahydro-1, 4-pthalazinedione, 3-aminophthalic acid hydrazide, #A8511, SigmaAldrich) was used as a chemiluminescent probe (CL probe) sensitive to H2 O2 . A working solution with a concentration
of 1 µM was prepared by dissolving a weighed amount of a CL probe in a 100 µM phosphate buffer solution (PBS,
KH2 PO4 , #60220, Sigma-Aldrich), with further addition of KOH (#484016, Sigma-Aldrich) until the luminol was
completely dissolved. After that, pH of the solution was adjusted to 7.4 using concentrated HCl (#320331, SigmaAldrich). Working solutions of hydrogen peroxide were prepared by diluting a stock solution of H2 O2 (30%, #8.22287,
Sigma-Aldrich). We also used a 100 µM buffer solution (pH 7.4) prepared from Tris hydrochloride (#10812846001,
Merck).
Chemiluminescence (CL) was recorded on a 12-channel Lum-1200 chemiluminometer (DISoft) at room temperature. Aliquots of luminol (50 µM) and hydrogen peroxide (200 µM) were added to a plastic cuvette containing
PBS. The analyzed sample was added to the luminol–H2 O2 system 30–60 s after the start of the background emission
recording. The total volume of the system was 1.000 ml. The light sum (area under the chemiluminescence curve) for
5 min was chosen as an analytical signal.
Mathematical simulation of chemiluminograms was carried out using the Kinetic Analyzer software (developed
by D. Yu. Izmailov). As a result, the rate constants of the interaction of CeO2 nanoparticles with the reaction substrate,
which are a measure of prooxidant activity, were determined.
4.

Results and discussion

Thermolysis of aqueous solution of ammonium cerium(IV) nitrate resulted in formation of electrostatically stabilized sol of nanodisperse cerium dioxide. The concentration of the CeO2 sol, determined by the thermogravimetric
method, was 23 g/l (0.13 M). The results of X-ray diffraction analysis indicated that the resulting sol contained singlephase cerium dioxide (PDF2 34-0394). The size of the obtained CeO2 nanoparticles determined by Scherrer equation
was found to be 3 nm. The data on the particle size and phase composition of the obtained CeO2 samples were
confirmed by transmission electron microscopy and electron diffraction.
According to the dynamic light scattering data, the average hydrodynamic diameters of CeO2 nanoparticles without a stabilizer and those modified with ammonium citrate or maltodextrin were 11–12 nm, 16 nm and 17 nm, respectively. Insignificant changes in the hydrodynamic diameter upon interaction with stabilizers indicate approximately
the same degree of particle aggregation in CeO2 sols. The absorption spectra of the analyzed samples are shown in
Fig. 1, the appearance of an absorption band in the region of 280–300 nm confirms the fact that the sols do contain
nanodispersed cerium dioxide.
It is generally believed that the redox behavior of CeO2 nanoparticles is determined by many factors, among
which the pH of the reaction medium plays an important role. The effect of pH (4.0, 7.4, 8.5) on chemiluminescence
in the luminol–H2 O2 system was investigated upon the addition of nanodisperse cerium dioxide (Fig. 2).
For non-stabilized colloidal solution of cerium dioxide nanoparticles, as well as for the colloidal solution of
CeO2 nanoparticles stabilized with ammonium citrate, the highest CL response in the system was observed at pH 8.5.
According to the existing data, a decrease in pH enhances the oxidative properties of Ce4+ ions [22]. A pronounced
peroxidase-like activity of CeO2 nanoparticles was reported at pH 4.0 [22]. In our study, neither the addition of
CeO2 nanoparticles nor the addition of Fe2+ ions to the system (hemoglobin solution, data not shown) caused any
changes at this pH value. The mechanism of chemiluminescence during luminol oxidation in an aqueous solution
has been extensively studied [23–25]. Hydroxyl and superoxide anion radicals are important intermediate products
contributing to luminescence [23,24]. Since both ·O−
2 and the luminol hydroperoxide anion participating in the luminol
chain of transformations are stable in an alkaline medium only, the quantum yield of luminol-dependent CL increases
dramatically with increasing pH [26]. In neutral and acidic media, the contribution of side reactions not accompanied
by chemiluminescence seems to prevail [27].
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F IG . 1. Absorption spectra of CeO2 sols (non-stabilized, citrate-stabilized and maltodextrinstabilized)

F IG . 2. Dependences of the CL light sum (SCL , × 105 imp) on pH (4.0; 7.4; 8.5) upon the addition
of CeO2 sols (both non-stabilized and citrate-stabilized) to the luminol–H2 O2 system in 100 µM
PBS. Conditions: 50 µM luminol, 500 µM H2 O2 , 1.0 µM CeO2 sol
At pH 8.5 kinetic curves were recorded in the luminol–H2 O2 system depending on the concentrations of both the
citrate-stabilized CeO2 sol (Fig. 3a) and the H2 O2 substrate (Fig. 3c).
CL intensity increased with increasing concentration of citrate-stabilized CeO2 sol added to the system (Fig. 3a)
and hydrogen peroxide (Fig. 3c). Thus, CeO2 nanoparticles in the luminol–H2 O2 system exhibited prooxidant activity.
As an analytical signal, we chose the CL light sum (SCL , the area under the CL curve for 5 min), proportional to the
concentration of free radicals formed in the system, which can serve as a measure of the prooxidant capacity of the
analyzed sample. Fig. 3b,d show the dependences of the analytical signal on the concentration of citrate-stabilized
CeO2 sol and H2 O2 , respectively. In the absence of a catalyst, the reaction of luminol with H2 O2 in alkaline medium
proceeds relatively slowly and is characterized by weak CL.
Nanodispersed cerium dioxide exhibits multifaceted activity towards hydrogen peroxide [14]. At pH > 6.0,
the peroxidase-like properties of nanodisperse CeO2 are absent, since at high pH values CeO2 nanoparticles act
as catalase [22]. However, stoichiometric CeO2 nanoparticles obtained by high-temperature treatment can exhibit
peroxidase-like properties even at higher pH [28]. For example, at pH 7.2, due to the peroxidase-like activity, they
accelerated the interaction of H2 O2 with luminol and enhanced the luminescence of the latter [28]. Our data demonstrate the prooxidant function of citrate-stabilized CeO2 sol towards H2 O2 in the presence of luminol at pH > 6. The
addition of CeO2 nanoparticles leads to the high luminescence intensity with exponential type decay. Comparison of
chemiluminograms of nanodispersed cerium dioxide and horseradish peroxidase showed a smooth increase in the luminescence intensity with a subsequent stationary luminescence level, confirming different mechanisms of processes
occurring in these systems [29]. Thus, an assumption can be drawn that, in the luminol–H2 O2 system, ceria nanoparticles act by a nonenzymatic mechanism. To support this assumption, the method of mathematical modeling was used
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F IG . 3. Chemiluminograms for the luminol–H2 O2 system in 100 µM PBS (pH 8.5) (a) with the
addition of citrate-stabilized CeO2 sol, (c) containing different concentrations of H2 O2 with the
addition of citrate-stabilized CeO2 sol. The dependence of the light sum (SCL , × 105 imp) on the
concentration of (b) citrate-stabilized CeO2 sol, (d) H2 O2 . Conditions: (a) 50 µM luminol, 200 µM
H2 O2 , citrate-stabilized CeO2 sol (concentrations are shown in the Figure), (b) 50 µM luminol,
H2 O2 (concentrations are shown in the Figure), 1 µM citrate-stabilized CeO2 sol
our approach was based on developing a mathematical model of a system of chemical reactions and calculating their
rate constants.
Studies of the peroxidase-like activity of nanodisperse cerium dioxide have previously shown that its action is
similar to the mechanism of catalysis by other nanoparticles [30–34]. Constants were selected for reactions (1)–(6),
which, according to the literature, describe the most probable mechanism of the redox behavior of CeO2 nanoparticles
towards H2 O2 in the presence of luminol [22, 31, 33]:
H2 O2 + OH− → HO−
2 + H2 O,
−

−

k1 = 9.4 · 10−14 µM−1 min−1 ,
−1

−1

(1)

Lum + OH → Lum + H2 O, k2 = 1.9 · 10−15 µM min ,
(2)
H2 O2 + CeNPs → 2OH·, k3 = 7.9 µM−1 min−1 ,
(3)
−
+
OH· + HO−
k4 = 6.4 · 1010 µM−1 min−1 ,
(4)
2 → O2 + H ,
−
−
OH· + Lum → ·Lum , k5 = 2.4 · 10−8 µM−1 min−1 ,
(5)
−
−1
−
−1
−15
·O2 + ·Lum → 3APA∗, k6 = 6.0 · 10
µM min ,
(6)
−1
−1
−1
3APA∗ → 3APA + hν, k7 = 9.9 · 10
µM min ,
(7)
where Lum, Lum− and ·Lum− , 3APA∗ refer to luminol, luminol anion, luminol radical and 3-aminophthalate anion,
respectively.
Kinetic modeling of experimental data is shown in Fig. 4.
Kinetic behavior is similar to the chemiluminescence curves obtained for horseradish peroxidase [29], and significantly differs from the experimental data for CeO2 sols obtained in the present study. The formation of 3aminophthalate anions, hydroxyl and superoxide anion radicals plays a key role in the enhancement of CL induced
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F IG . 4. Kinetic modeling of experimental data in the CL system luminol–H2 O2 with CeO2 nanoparticles. Conditions: 50 µM luminol, 200 µM H2 O2 , CeO2 sol (concentrations are shown in the figure)
by the addition of CeO2 nanoparticles as confirmed by analysis of absorption spectra (425 nm — absorption band
of 3-aminophthalate) and inhibitory analysis using SOD (for enzymatic dismutation of SAR) and selective traps for
hydroxyl radicals — tert-butanol, n-butanol, and mannitol [31]. Possible participation of oxygen dissolved in the reaction medium in the interaction with luminol and SAR radicals should be taken into account as demonstrated earlier
in the experiments on deaeration with CuO nanoparticles [35]. In the same study, it was found that the enhancement
factor of nanoparticles on luminol–H2 O2 CL system for CuO is 400 [35], while for CeO2 nanoparticles it is 22.5 [31].
We proposed the following simplified model as a possible mechanism for the prooxidant activity of CeO2 nanoparticles towards H2 O2 :
CeNPs + H2 O2 → 2OH·, k1 = 9.0 · 104 µM−1 min−1 ,
(8)
Lum + OH· → Lum∗, k2 = 2.0 · 10−6 µM−1 min−1 ,
(9)
−1
−1
−5
Lum∗ + Lum∗ → P + hν, k3 = 2.9 · 10 µM min ,
(10)
where Lum∗ is luminol in an excited state, P is the CL reaction product.
For the given initial concentrations of the reactants the reaction rate constants were selected. Comparison of the
experimental data for citrate-stabilized CeO2 sol and fitting results is shown in Fig. 5.

F IG . 5. Chemiluminescence of the luminol–H2 O2 system in 100 µM PBS (pH 8.5) upon the addition of the citrate-stabilized CeO2 sol (a), fitting of the experimental data (b). Conditions: 50 µM
luminol, 200 µM H2 O2 , CeO2 sol (concentrations are shown in the figure)
The proposed basic model agrees well with the experimental data. The rate constants of interaction of CeO2
nanoparticles with the reaction substrate can be judged as a measure of their prooxidant activity.
The formation of highly reactive hydroxyl radicals in the presence of CeO2 nanoparticles was confirmed and
studied by various methods [36–38]. Some researchers associate the catalytic activity of CeO2 nanoparticles with
the formation of peroxide-like intermediates [39, 40]. Despite various assumptions regarding the mechanism of ceria enzyme-like activity, most researchers agree that the pro- and antioxidant properties of nanodispersed CeO2 are
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closely related to each other and are determined by several factors. According to the literature, the redox activity of
nanodispersed cerium dioxide is influenced by the size and the shape of the particles, pH of the reaction medium, the
presence of surface ligands, etc. Thus, in a recent study, a strong structure-sensitive peroxidase-mimetic activity of
CeO2 nanoparticles (nanocubes and nanorods) was revealed [40]. Two types of oxidants were identified in CeO2 /H2 O2
systems: HO· and peroxidase-like intermediates, the formation of which strongly depends on pH and morphology of
CeO2 nanocrystals. The nature of the peroxidase-like activity of nanocrystalline cerium dioxide is mainly explained by
formation of HO radicals under acidic conditions, while peroxide-like intermediates play an important role along with
HO at neutral and basic pH values. In comparison with CeO2 nanocubes, nanorods demonstrated higher peroxidase
activity, due to the higher Ce3+ concentration and the concentration of oxygen vacancies [40].
Another factor influencing the redox activity of CeO2 nanoparticles is surface functionalization. The prospects
for biomedical applications of nanodispersed cerium dioxide necessitate the use of biocompatible ligands.
The effect of the stabilizer on the prooxidant potential of CeO2 nanoparticles towards hydrogen peroxide in the
presence of luminol was further analyzed. Kinetic curves and dependences of the analytical signal on the concentration
were obtained for both non-stabilized CeO2 nanoparticles and nanoparticles stabilized with ammonium citrate or
maltodextrin (Fig. 6a,b).

F IG . 6. Chemiluminescence of the luminol–H2 O2 system in 100 µM PBS (pH 8.5) upon the addition of 200 µM non-stabilized colloidal solution of CeO2 nanoparticles, citrate-stabilized CeO2 sol
or CeO2 sol stabilized with maltodextrin in 100 µM PBS (pH 8.6) (a), the dependence of the light
sum (SCL , × 105 imp) on the concentration of CeO2 sols (b). Conditions: 50 µM luminol, 200 µM
H2 O2 , CeO2 sols (concentrations are shown in the figure)

It can be seen that citrate-stabilized CeO2 sol has the most pronounced prooxidant activity in comparison with
the non-stabilized sol and maltodextrin-stabilized sol. Taking the prooxidant capacity of non-stabilized CeO2 sol
(200 µM) as 1, it follows that functionalization of the surface with ammonium citrate increases prooxidant capacity
by two-fold, while maltodextrin decreases it by 6-fold. These results are consistent with previously published data on
the protective effect of maltodextrin-stabilized CeO2 nanoparticles against H2 O2 [41]. Maltodextrin is considered the
most promising non-toxic non-ionic stabilizer. The use of such stabilizers in the synthesis of therapeutic nanoparticles
makes it possible to purposefully regulate their size and, accordingly, the ratio of pro- and antioxidant properties.
Importantly, the polymer stabilizer does not prevent cerium dioxide particles from participating in redox processes
and performing enzymatic functions.
Finally, the prooxidant capacity of the citrate-stabilized CeO2 sol was estimated in the presence of phosphate
species at pH 7.4, under physiologically relevant conditions. It is known that phosphate ions inhibit the biochemical
activity of cerium dioxide by being adsorbed on the surface of nanoparticles [42, 43]. Chemiluminograms, as well as
the dependence of the number of formed radicals on the concentration of CeO2 citrate sol in Tris-HCl medium and
phosphate buffer solutions are shown in Fig. 7a,b.
It was found that the prooxidant capacity of the citrate-stabilized CeO2 sol in Tris-HCl buffer exceeds that for the
case of a phosphate buffer by four-fold, which agrees well with the literature data on a decrease in the biochemical
activity of nanodispersed cerium dioxide in the presence of phosphates [42, 43].

Prooxidant potential of CeO2 nanoparticles towards hydrogen peroxide

289

F IG . 7. Chemiluminograms for the luminol–H2 O2 system in 100 µM Tris-HCl and PBS (pH 7.4)
(are shown in the figure) upon the addition of the citrate-stabilized CeO2 sol (a), the dependence of
the light sum (SCL , × 105 imp) on the citrate-stabilized CeO2 sol (b). Conditions: 50 µM luminol,
200 µM H2 O2 , 200 µM the citrate-stabilized CeO2 sol
5.

Conclusion

A certain level of free radicals is constantly maintained in the body, which is necessary for normal life. Violations
of the free radical balance inevitably lead to the development of diseases and pathological conditions. Special attention
is currently paid to the search for drugs capable of regulating redox homeostasis. In this respect, CeO2 nanoparticles
are of particular interest, due to their multifaceted nanozyme activities, which makes it necessary to analyze the redox
behavior of nanodispersed cerium dioxide with respect to key molecules involved in free radical reactions in the body.
In this work, to analyze the redox activity of CeO2 nanoparticles, we used an approach that makes it possible
to comprehensively assess their prooxidant potential towards hydrogen peroxide. Determination of the prooxidant
capacity and prooxidant activity allows one not only to obtain quantitative characteristics for a comparative analysis
of the enzyme-like activity of CeO2 nanoparticles, but would allow further clarification of the mechanisms underlying
this activity.
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Ultra high sensitive room temperature gas sensor based on Ni-doped WO3 nanoparticles(hereafter NPs) has been reported here. The synthesis of
pure and Ni-doped WO3 NPs was done by facile precipitation route. XRD studies revealed the polycrystalline monoclinic structure of the prepared
samples with the preferential growth orientation along (002) crystal plane. Analysis via SEM and FE–SEM was conducted, and the micrographs
showed that the synthesized samples were found to have highly porous structure with excellent dispersibility. The successful incorporation of Ni2+
ions in to WO3 lattice has been confirmed by XPS analysis. The highly improved room temperature gas sensing characteristics of WO3 by Ni
doping is also studied using a high sensitive electrometer. Compared to undoped WO3 , 3 mol. % Ni-doped WO3 sensor showed nearly 20-fold
greater sensitivity (2641 – 200 ppm ammonia, room temperature) with rapid response/recovery times of 40/97 s.
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1.

Introduction

Over the past few decades, the rapid increase of air pollution due to harmful gases released from various industrial
processes has become a labyrinthine concern, which poses a threat to our environment and serious health issues to
human. Toxic gases are among the vital air pollutants and their short and long term exposure may cause deleterious
health effects in human such as respiratory tract ailments, memory problems, fatigue, asthma and even lung cancer [1].
From a well-being perspective, the detection of toxic gases at their early stage is an urgent demand. Therefore,
toxic gas detection has become a burning topic to monitor such lethal chemical compounds and set a norm for toxic
emissions. It is worth mentioning that the metal oxide semiconductors (MOSs) serve as one of the potential candidates
for detecting toxic gases owing to their distinctive sensing behaviors with lower operating temperatures, availability,
cost-effectiveness and compatibility with micro-electronic processes [2].
WO3 is one such important MOS, which attracts greater attention due to its unique structural, morphological,
and optical properties, which have made it a suitable substance for many real time applications like gas sensors [3],
catalysts [4] and energy storage systems [5]. Besides, transition–metal oxides like ZnO, WO3 or TiO2 with d0 and
d10 electronic configurations exhibit impressive physicochemical properties and stability which are beneficial for gas
sensing applications [6]. The techniques employed for the synthesis of WO3 nanostructures are also manifold. We
have already reported in our previous work [7] that the precipitation method is a flexible technique for preparing
monoclinic WO3 NPs with optimal thermal treatment (823 K). Since pure WO3 contributes to a limited extent; it is
necessary to improve the sensing properties through various strategies. It is believed that doping of WO3 with certain
appropriate metal ions is one of the greatest possibilities to enhance the functional properties and sensing behavior of
the base material.
WO3 can also be effectively deployed as a nanocomposite along with other noble and transition metals. Liu
et al. [8] have investigated the ethanol and methanol sensing properties of intrinsic and Pt-doped WO3 nanorods at
220 ◦ C. Qi et al. [9] have fabricated a NO2 sensor based on Sb-doped WO3 nanocomposites at low temperature. Chen
et al. [10] have reported Ag decorated WO3 nanopowder for NO gas detection at 250 ◦ C. Li et al. [11] have prepared
the Cr incorporated WO3 nanofibers for xylene sensing. Pristine and Au-doped WO3 nanostructures were employed
as gas sensing material for enhanced H2 sensing [12].
In this context, the present work is targeted to prepare nickel-doped WO3 NPs through a well-engineered precipitation technique and investigate their gas sensing characteristics at room temperature. Nickel is considered as a suitable
dopant material for WO3 as its ionic radius (0.60 Å) is nearly equal to that of W (0.62 Å), which would also effectively
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modify the structural and morphological properties of the base material (WO3 ) [13]. As far as we know, only a very
few reports are available for room temperature gas sensing properties of Ni-incorporated WO3 NPs via precipitation
method. The room temperature gas sensing behavior of the fabricated sensor was investigated systematically in terms
of selectivity, transient response, repeatability and stability measurements.
2.
2.1.

Materials and methods
Synthesis of pristine WO3 NPs

Pure WO3 NPs were prepared according to our previous work [7], as well as the detailed preparation process
has been explained as follows. In a facile precipitation technique, sodium tungstate dihydrate (Na2 WO4 · 2H2 O) and
calcium chloride dihydrate (CaCl2 · 2H2 O) were used as a precursor. Initially, Na2 WO4 · 2H2 O and CaCl2 · 2H2 O
were dissolved separately in 100 ml of de-ionized water (DI) to obtain 1.2 and 2 mM respectively. Later these two
solutions were transferred to a beaker and stirred vigorously (∼ 900 rpm) for 45 minutes using a magnetic stirrer at
room temperature. Then the settled white precipitate (CaWO4 ) was collected and washed several times with ethanol,
acetone and DI. Subsequently the precipitate has been placed in hot air oven and dried at 333 K for 16 hours, followed
by a soaking process in 50 ml of conc. nitric acid (HNO3 , Emplura, India) for 48 hours. At the end of soaking
process, the colour of the precipitate was changed from white to rich yellow, which indicates the formation of tungstite
(WO3 ·H2 O) compound. Then the filtered precipitate was cleansed several times with ethanol, acetone and DI, and
followed by a thermal calcination at 823 K for 2 hours, resulting in WO3 NPs.
2.2.

Synthesis of Ni-doped WO3 NPs

The experimental procedure for the synthesis of Ni-doped WO3 NPs is as follows: For the preparation of 1 mol. %
of Ni-doped WO3 samples, 100 ml of 0.01 M aqueous NiCl2 · 6H2 O solution was added to 100 ml of 0.99 M precipitation precursor (CaWO4 ) solution. These solutions were mixed under constant magnetic stirring for 45 minutes at
room temperature. Then the precipitate was filtered, washed, dried and soaked in HNO3 as described in Section 2.1.
Finally, the substance was calcined at 823 K for 2 hours to obtain Ni-doped WO3 samples. A similar procedure was
followed to prepare 3 and 5 mol. % of Ni-doped WO3 NPs. The WO3 NPs synthesized using 0, 1, 3, and 5 mol. % of
Ni dopants were named as WN0, WN1, WN3 and WN5 respectively.
2.3.

Characterization techniques

XRD analysis (PANalytical X’pert–pro Diffractometer equipped with CuKα radiation) was employed to determine the crystal structure of the prepared samples. The surface morphology behavior of the synthesized NPs was
analyzed using SEM (ZEISS–SEM) and FE–SEM (FE–SEM, FEI Quanta 250 FEG–SEM) images. EDAX (Bruker)
analysis was employed to reveal the elemental composition of the prepared samples. The surface chemistry of the
prepared NPs has been investigated with the help of XPS (XPS-Thermo Fisher Scientific Inc., K Alpha, USA) spectra. The presence of functional groups in the NPs were determined using FTIR (Perkin–Elmer Spectrum Two, USA)
spectra. The conventional BET and BJH methods (Nova 3200, Quantachrom Instrument Corporation, USA) were
employed to measure the specific surface area and pore volume of the prepared samples respectively. The NPs were
degassed at 150 ◦ C for 3 h prior to the BET investigation. To disclose the defect states in the samples, PL spectra were
recorded (room temperature, λex = 325 nm) using fluorescence spectrophotometer (Varian Cary Eclipse, USA).
2.4.

Gas sensing setupand measurements

The systematic evaluation of sensing performance of the prepared NPs was done using a customized gas sensing
setup as described in our previous work [7]. In order to construct a sensing material the synthesized NPs were mixed
with certain amount of isopropyl alcohol; subsequently dispersed on a glass substrate. In which a pair of copper
electrodes were used to supply a DC potential of 10 V and the whole sensing process was achieved in an evaporation
chamber of 1 Litre. Sensing measurements were taken using a computer controlled high resistance electrometer
(Keithley 6517B, USA) towards various target gases at room temperature. The following relation is used to measure
the sensitivity in terms of variation in sensor resistances.
S=

Ra
Rg

(Ra  Rg ).

Since Ra and Rg are the resistances of the fabricated sensor in air and gas respectively.

(1)
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Results and discussion
Structural, morphological and elemental studies

X-ray diffraction (XRD) patterns of the pure and nickel-doped WO3 NPs calcined at 823 K were displayed in
Fig. 1(a). All the characteristic XRD peaks could be indexed according to the monoclinic (space group P21/n (14))
crystal structure and are agreed with the standard JCPDS card no. 043-1035. Three major diffraction peaks for pure
WO3 were obtained from (002), (020) and (200) crystal planes which correspond to the angles 2θ of 23.02, 23.61 and
24.25◦ with lattice parameters; a = 7.297, b = 7.539, c = 7.688 Å, and β = 90.91◦ . For Ni-doped samples, these
high intense peaks were slightly shifted towards higher angles as shown in Fig. 1(b). This can be associated to the
smaller size of dopant ion (0.60 Å for Ni2+ ) as compared to the host W6+ ion (0.62 Å) [13]. It is also observed that,
all the samples exhibited the preferential growth orientation along (002) plane. The average crystallite size of all the
prepared NPs can be estimated by Debye–Scherrer relation as shown in Eq. (2) and the values are given in Table 1.

F IG . 1. (a) XRD patterns of the pure and Ni doped WO3 NPs and (b) Magnified spectra of (002),
(020) and (200) peaks
TABLE 1. Results obtained from XRD studies
Sample

2θ

FWHM (deg.)

Crystallite size (nm)

WN0

23.0230

0.2234

36.3

WN1

23.1231

0.2302

35.2

WN3

23.3731

0.2596

31.2

WN5

23.4731

0.2753

29.5

Average crystallite size
K ·λ
,
(2)
β cos θ
where K is the Scherrer constant, λ is the wavelength (1.5406 Å), β is the full width at half–maximum and θ is the
Bragg angle.
The average crystallite size was observed to be decrease with the increase of Ni dopants. This trend may be due to
the effect of Ni doping, which leads to lattice distortion and associated crystal imperfections. Surprisingly, the XRD
patterns of the Ni-doped WO3 NPs exhibit no apparent peaks related to nickel oxides like NiO, NiO2 and Ni2 O3 , or
any WO3 /Ni ternary oxides were found, which confirms that there is no additional phase formation in the prepared
samples and also indicated that Ni doping was within in the solubility limit.These results confirm the formation of
nickel-doped WO3 nanocrystallites without changing the monoclinic structure.
Figure 2 (a–d) illustrates the SEM images of the pristine and Ni-doped WO3 samples. A significant morphological
change influenced by Ni doping was observed. The presence of Ni ions can increase crystal defects in the host material
and thus induce notable changes in morphology. A decreasing trend has been observed in grain size, which may be
D=
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F IG . 2. (a – d) SEM images and (e – h) FE–SEM micrographs of the pristine and Ni doped WO3 samples

ascribed to the grain growth inhibition nature of nickel ions [14]. A uniformly aligned nanogranular morphology with
highly distributed pores were found in Ni-doped samples. In order to gain more insight into the surface morphology of
the prepared NPs, FE–SEM analysis was conducted and the micrographs were displayed in Fig. 2(e–h). The obtained
FE–SEM images clearly disclosed that the grains were distributed randomly with quasi-spherical shape and their
dimension is further diminished upon Ni doping. We may also infer that the prepared samples have more open space
with loosely packed structure. These observations are fairly consistent with the XRD studies.
The elemental composition of the prepared samples was identified through EDAX spectra as shown in Fig. 3.
Fig. 3(a) reveals the presence of W and O atoms in the WN0 sample and also confirmed the formation of WO3 NPs
without any impurities. Fig. 3(b) depicts the EDAX spectrum of WN3 sample, which ascertains the co–existence of
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Ni and W elements in the sample. In addition, a peak found at ∼ 0.85 keV of the WN3 sample is attributed to the
emitting energy level (Lα ) of nickel atom, confirmed the successful incorporation of Ni species in WO3 NPs.

F IG . 3. EDAX spectra of (a) WN0 and (b) WN3 samples
3.2.

Functional groups

To examine the vibrational modes on the surface of the NPs, FTIR spectra were recorded in the 400 – 4000 cm−1
range as displayed in Fig. 4. The peak found at 431 cm−1 belongs to the W–O group. The stretching vibrational
mode of O–W–O group is located at 607 cm−1 [15]. The other vibration modes appeared at 1381 and 1613 cm−1 are
ascribed to W–OH bond and these bands have lower absorption intensities suggesting that a very small hydration of the
synthesized samples. The peak found at 3300 – 3600 cm−1 is due to the stretching vibrational mode of O–H groups
in H2 O [15]. As a result of Ni doping, these peaks were slightly shifted to greater wave number which probably due
to the fact that the change in size of the Ni-doped WO3 NPs [16]. It is also observed from Fig. 4 that, no signal related
to Ni or NiO were found, indicating the high purity of the synthesized NPs. These findings are corroborate well with
the results received from XRD.

F IG . 4. FTIR spectra of the synthesized samples
3.3.

Surface analysis

In order to disclose the chemical composition and metal ionic states in the prepared samples, XPS technique has
been employed. Fig. 5 depicts the XPS spectra of WN0 and WN3 NPs. Fig. 5(a) shows the survey scan spectrum of
WN0 and WN3 samples. The survey scan spectrum of WN0 confirms the presence of W, O and C elements in the
sample. All the peaks of WN3 sample have been observed to be similar as identified for WN0 except the presence of
Ni 2p peaks (encircled) [17]. The high resolution core level XPS spectrum of W4f has been shown in Fig. 5(b); as
we can see the presence of two peaks related to W4f7/2 (at 35.8 eV) and W4f5/2 (at 38 eV) has demonstrated that the
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existence of W6+ chemical state in the sample [18, 19]. Furthermore, the W4f peaks of the WN3 sample (Fig. 5(b))
were shifted toward lower binding energy and this may be due to the effect of electronegativity of Ni ions present in
the sample [18, 19]. The doping of Ni ions was also responsible for the distribution of oxygen ions on the surface of
WO3 and the density change of oxygen vacancies in the sample [19, 20], which has a crucial effect on promoting the
gas sensing properties.

F IG . 5. (a) Survey scan spectrum of WN0 and WN3 samples (b) W4f spectra (c) XPS Ni 2p spectra
and (d) O 1s spectra of WN0 and WN3 samples
The core level XPS spectrum of Ni could be fitted in to two characteristic peaks with binding energies at 872 and
855.1 eV, which correspond to Ni 2p1/2 and Ni 2p3/2 , respectively (Fig. 5(c)). This result clearly demonstrates that
Ni ions exist in the form of Ni2+ ionic state in the WO3 sample [13, 19]. The O 1s spectra of WN0 and WN3 samples
were displayed in Fig. 5(d) have been fitted with three peaks such as lattice oxygen (OL peak at 530.4 eV), oxygen
vacancy (OV peak at 531.8 eV) and chemisorbed oxygen species (OC peak at 533 eV) [21–24]. The O 1s peaks of
WN3 NPs were shifted to lower binding energy, indicating the incomplete W–O binding via Ni addition or highly
defective nature of the samples [25].
3.4.

BET analysis

BET specific surface area (SSA) measurements and corresponding BJH pore size distribution of bare and Nidoped WO3 NPs were calculated using adsorption–desorption analysis and are depicted in Fig. 6(a–d). According to
the IUPAC classification, it is observed that both pure and Ni-doped WO3 NPs show a classical IV–type N2 adsorption
isotherm with a H3–type hysteresis loop confirming the formation of mesoporous structure. The determined SSA
of 10.946, 14.631, 22.508 and 31.679 m2 /g with an average pore diameter of 33.981, 21.567, 16.687 and 11.28 nm
are observed for the samples WN0, WN1, WN3 and WN5 respectively. It is very clear that the doping with Ni ions
ultimately increases the SSA of WO3 as well as make the pore-size distribution on the surface of the sample more
uniform. This larger SSA with abundant pores may assist in increasing the active sites and enhance the adsorption of
gas molecules which are advantageous for sensing process.
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F IG . 6. N2 adsorption and desorption isotherms of (a) WN0 (b) WN1 (c) WN3 (d) WN5 samples
with their corresponding pore-size distribution (inset)

3.5.

PL signatures

PL spectra were further employed to investigate the surface processes including photo-generated electron hole
pairs. PL spectra of the synthesized NPs were displayed in Fig. 7. The recombination between the electron occupying
the resonant defect state in conduction band and a hole in the valence band is related to the peak cited at 378 nm (NUV
emission). The peak located at 411 nm may be due to the recombination of free excitons and is generally known as
near band edge (NBE) emission. The rapid electron hole pair separation is associated with the peak found at 445 nm.
The blue emission at 490 nm is attributed to oxygen vacancies accompanied with defect level in the band gap for its
electron transition [26].

F IG . 7. Room temperature PL spectra of pure and Ni doped WO3 NPs
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Interestingly, no evidence for new PL phenomena can be found after the addition of Ni dopant to the host material.
However, a decrease in excitonic PL intensity of WO3 is observed which may be attributed to the electronic capture
of Ni2+ . By capturing an electron, Ni2+ gets transformed to Ni+ which is stable to some degree with a half–filled
or full–filled outermost electronic configuration. Since, the capability in capturing the photo induced electrons is
greater for Ni2+ than compared to surface oxygen vacancies and defects, therefore a degeneracy in the production of
excitons is occurred [13]. This results lower the excitonic PL intensity of Ni-doped WO3 samples and is ascribed to
the lower recombination rate of the photo-generated electrons and holes, which is mainly affected by the greater defect
density [13]. PL investigations were in glad agreement with the XPS results.
3.6.

Gas sensing studies

Selectivity of the prepared samples was investigated in the presence of 200 ppm of acetone (C3 H6 O), formaldehyde (CH2 O), ammonia (NH3 ), xylene (C8 H10 ), ethanol (C2 H5 OH), acetaldehyde (C2 H4 O), toluene (C7 H8 ) and
n-butanol (C4 H10 O) gases at room temperature as shown in Fig. 8. An interesting phenomenon is noticed in Fig. 8; all
the samples were highly selective towards NH3 vapor and showed a lower sensitivity to other gases. However, a considerable sensitivity is observed for acetaldehyde (S = 98) and formaldehyde (S = 66) gases. It is also evident from
Fig. 8, the sensitivity of the pure WO3 NPs was found to be increased with further addition of Ni dopants and reaches
a maximum value at WN3, indicating that the transition metal Ni remarkably improves the sensing properties of the
WO3 NPs. In addition, the WN3 sample showed ultra-high selective behavior towards ammonia vapor (200 ppm) and
its sensitivity (S = 2641) is nearly 20 times higher than that of WN0 (S = 137) sample. Hence all the subsequent
investigations were carried out with the WN3 sample.

F IG . 8. Selectivity studies of the synthesized pristine and Ni doped WO3 samples towards 200 ppm
of different gases
Transient resistance response of WN3 sample was studied towards 5 – 200 ppm of NH3 vapour at room temperature and is displayed in Fig. 9(a). It is worth mentioning that, WN3 sample shows outstanding responses to NH3 even
at lower concentrations. The sensing response values of the WN3 sensor are 50.4, 62.8, 416, 717, 1118.3, 1316.8,
1680.3 and 2641.3, respectively when it is exposed to 5, 10, 25, 50, 75, 100, 150 and 200 ppm NH3 . The sensor
also exhibits a satisfying response trend towards varying concentrations of acetaldehyde and formaldehyde gases as
depicted in Fig. 9(b). The WN3 sensor was tested in the range 5 – 1100 ppm of NH3 and exhibited a linear response
till 1000 ppm as shown in Fig. 10(a). Beyond 1000 ppm, there is no considerable improvement in sensitivity was observed. Therefore the WN3 sensor was saturated at 1100 ppm, and it could be attributed to the coverage of active sites
by NH3 species. Moreover, the sensor is almost insensitive below 0.5 ppm of NH3 , hence this concentration could
be considered as lower detection limit of WN3 sample. It is noteworthy that, the sensor exhibits better sensitivity to
lower concentration of NH3 vapour even after exposure to 1100 ppm of NH3 , suggesting that the sensor has very good
reversibility.
Figure 10 (b) shows the response and recovery trend of WN3 NPs towards 200 ppm of NH3 . The sensor resistance
undergoes a dramatic decrease and reaches a saturation point (Rg ) under NH3 environment, and recovers almost to its
initial baseline value (Ra ) after the removal of NH3 vapor. The response and the recovery time of WN3 sensor are
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F IG . 9. (a) Transient resistance response of WN3 sample towards 5 – 200 ppm of NH3 vapour at
room temperature and (b) Transient response trend of WN3 sample towards varying concentrations
of acetaldehyde and formaldehyde gases at room temperature

F IG . 10. (a) Response trend of WN3 sample towards different concentrations (5 – 1100 ppm) of
NH3 vapour at room temperature (b) Response-recovery profile of WN3 sample towards 200 ppm
of NH3 (c) Repeatability and (d) Stability of WN3 sample towards 200 ppm of NH3 vapour at room
temperature
evaluated as 40 and 97 s, respectively, which suggests that the rate of adsorption was faster than rate of desorption.
Repeatability and long–time stability have been also measured at room temperature. The sensor shows a nearly
constant signal over the three evaluation cycles towards 200 ppm of NH3 , confirming the good repeatability as shown
in Fig. 10(c). The stability was found to be good towards 200 ppm of NH3 over a period of 50 days in the interval of
10 days as displayed in Fig. 10(d). There was no significant drift found in the stability measurements and the change
in sensitivity for the duration of 50 days was observed only 3.04 %, indicating that the high stability behavior of the
sample.
Based on all the above considerations, the reported sensor has excellent figure of merits such as the capability
of operating at room temperature, prompt sensing response to NH3 with quick response/recovery times, higher active
detection range and long–term stability.
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Sensing mechanism

In general, the gas sensing behavior of MOSs especially n-type WO3 sensor can be explained in terms of the
interaction between the surface chemisorbed oxygen and the gas molecules to be detected. When WO3 NPs were
exposed to air, the oxygen molecules (O2 , below 100 ◦ C) were chemisorbed on the sensing surface and form oxygen
ions (O−
2 ) by capturing the conduction band electrons as given in Eq. (3). This leads to the formation of a depletion
region resulting in higher resistance (Ra ) of the NPs. Whereas, under a reducing gas environment such as NH3 ,
the interaction between O−
2 and NH3 molecules results in the liberation of electrons and are transported back to the
conduction band of WO3 as given in Eq. (4). This increases the electrical conductivity of the material and thus reduce
the width of the depletion region. As a result of this reaction, the sensor reaches a steady state resistance (Rg ) [7].
−
O2(atmosphere) + e−
(WO3 surface) → O2 (WO3 surface) ,

(3)

−
4NH3 + 3O−
2 (WO3 surface) → 2N2 + 6H2 O + 6e .

(4)

The high selective response behavior to NH3 might be due to the following factors: (i) NH3 has the least kinetic
diameter (0.36 nm) than other vapors, lower bond dissociation enthalpy and ionization energy which might have
supported the improved surface interactions [27]. (ii) Obviously, the electron donating behavior of NH3 at effective
surface regions (the areas in which the sensing layer can develop contacts with target gas) causes further increase in
the density of free electrons to enhance the electrical conducting nature of the sensing material. This in-turn selective
response towards NH3 [28].
Compared to bare WO3 , the ultra high sensing response of Ni-doped WO3 samples was probably due to various
factors as follows, (i) The transition metal Ni is not only responsible for providing specific adsorption sites in the WO3
matrix but typically most of the Ni2+ ions could also perform as catalysts. It is accepted that, the p-type behavior of Ni
ions actively improve the rate of oxidation owing to greater oxygen adsorption and thus exhibit high catalytic activity
to toxic gases, hence the sensing reaction is promoted. (ii) The Ni2+ ions were allowed to displace from the coordinate center to the oxygen vacancy along the z-axis. This phenomenon can induce a deformation in the host lattice
(as discussed in Section 3.3). The imperfections and dislocations have greater strain energies, which accommodate
more active sites for adsorption of O2 and NH3 . (iii) The smaller crystallite size would also helped in greater oxygen
adsorption onto the NPs surfaces. (iv) The Ni-doped WO3 samples might have improved the inner grain interaction
with analyte vapor resulting in notable switch-like change in the width of the depletion layer. (v) The large specific
surface area facilitates more potential reaction sites on the surface of the sample thereby improving the performance
of the sensor. (vi) Such a mesoporous structure of Ni-doped WO3 samples (as observed from SEM and BET studies)
may be helpful to enhance the target-receptor interface and be in favor for the diffusion of gas molecules during the
gas sensing process, which are advantageous to enhance the sensing properties of Ni-doped WO3 samples. Despite
that, the excess amount of Ni dopants (WN5) will suppress the sensing characteristics of the sensor by reducing the
available adsorption sites between the sensing surface and the analyte vapor [29]. Table 2 summarizes the NH3 sensing
performance of our WN3 sensor in the present work and those reported in the literatures [30–34].
TABLE 2. Comparison of various sensing performances of NH3 gas sensors
Preparation
technique

Dopant
material

Response

Concentration
(ppm)

Response
time (s)

Recovery
time (s)

Operating
Temperature (K)

Ref.

Precipitation

Ni (3 mol.%)

2641a

200

40

97

303

This work

b

Chemical method

PANI

4.75

1000

15

45

303

[30]

Hydrolysis

Ag (3 molar %)

25.1a

10

150

600

303

[31]

Screen printing

Ru (0.37 wt.%)

386b

1000

18

960

523

[32]

b

50

10

50

303

[33]

50

3

9

623

[34]

Screen printing

Mn (0.01M)

100

Hydrothermal

Pd (1 M)

45.7a
a

S=

Ra
,
Rg

b

S=

(Ra − Rg )
× 100.
Ra
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Conclusion

In summary, pure and Ni-doped WO3 NPs were successfully prepared by a facile precipitation technique. The
XRD discloses a polycrystalline monoclinic crystal structure of the NPs. The SEM and FE–SEM images revealed
that the samples composed of well-dispersed smaller grains with a mesoporous morphology. XPS study confirms the
successful incorporation of Ni2+ ions into the WO3 lattice. BET and BJH analyzes demonstrate that the Ni-doped
samples contain large surface area and higher textural porosity. It could be inferred from the room temperature gas
sensing investigations that, the Ni doping has remarkable impacts on enhancing the sensing properties of WO3 NPs.
However, the sensitivity of WO3 NPs was highly improved with lower Ni doping level. Notably, the sensor fabricated
based on WN3 sample (3 mol. % Ni/WO3 ) exhibited a superior sensitivity (S = 2641 for 200 ppm NH3 ) with a
detection limit down to 0.5 ppm. Smaller grain size with huge surface area, abundant pores, rich adsorption sites,
improved catalytic activity and excellent charge transport would make the Ni-doped WO3 NPs as excellent sensing
material for gas sensing applications and the WN3 sample can be a highly promising candidate for NH3 detection in
practice, particularly in medical diagnosis systems and food sectors.
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possibility for producing nanocrystalline CoFe2 O4 with an average particle size of 12 nm under conditions of an impinging-jets microreactor at
room temperature. The influence exerted by the parameters of process implementation in the microreactor on phase formation in the CoO–Fe2 O3 –
H2 O system was analyzed.
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1.

Introduction

Nanocrystalline ferrite powders including cobalt ferrite powder are potentially widely used in medicine [1–8],
catalysis [8–13], electronics, power industry and in other fields of engineering and technology [14–22]. For nanoparticles to be effectively used, as a rule, they should have not only small size but also quite narrow size distribution [3–5, 16, 23]. Therefore, it is of interest to study the formation processes of nanocrystalline cobalt-ferrite-based
powder allowing the creation of slightly agglomerated crystalline nanoparticles with a narrow size distribution. Methods belonging to the group of “soft chemistry” techniques are often used for these purposes [13–19,24–34]. A method
for combined hydrothermal and microwave treatment of hydroxides [31–35] is one of the promising methods for the
synthesis of nanosized powders; when this method is used, the hydrothermal medium is heated due to exposure to the
microwave radiation. The earlier studies [35, 36] showed that CoFe2 O4 nanocrystals were already formed within the
first minute of synthesis at a temperature of 130 ◦ C in the mode of microwave heating of co-precipitated cobalt and
iron hydroxides. Such high rate of synthesis of nanocrystalline CoFe2 O4 was associated with the formation of prenucleation cluster hydroxides with a structure, which was similar to that of cobalt ferrite, in the initial mixture [35, 36].
Another condition, in addition to the creation of nucleation clusters in the reaction medium, which provides a high
rate of formation of the final product, is a decrease in the path length of the reagents and an increase in the rate of their
transport in the reaction zone [37]. One of the ways to ensure the rapid course of chemical reactions is a high level
of spatial contact of the initial components [24, 35, 36, 40, 41]. According to [42–44], it is possible to avoid spatial
separation of the components during the synthesis of oxide nanoparticles resulting from the difference in pH values
of hydroxide precipitation and variations in temperatures of their dehydration by using a method for microreactor
synthesis with freely impinging jet-jets. Equipment of this type can provide for the rapid contact and micromixing
of reagents, high level of reaction zone localization, and fast discharge of reaction products [42–49]. For example,
the studies [43, 44] showed that the use of microreactor synthesis resulted in obtaining nanocrystalline cobalt ferrite
with crystallite size of about 8 nm already at room temperature. Therefore, it is interesting to systematically study the
influence exerted by the process parameters of synthesis in a freely impingingjet-jets microreactor on the formation
process of nanocrystalline cobalt ferrite. In particular, it is interesting to analyze the influence of a pulsation mode of
reagent supply, which showed the higher efficiency of microreactor synthesis in some cases [47].
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Experimental

Cobalt ferrite was produced by coprecipitation from the mixture of aqueous solutions of 0.5 M iron (III) nitrate
(Fe(NO3 )3 (analytical reagent grade) and 0.25 M cobalt (II) nitrate (Co(NO3 )2 (analytical reagent grade)) with 1.3 M
sodium hydroxide (NaOH, (analytical reagent grade)) in a freely impinging jet-jets microreactor, the design of which
was described in [44]. The alkali solution with the above concentration with the reagent supply rates use provides for a
certain alkali excess in the interaction zone as compared to reaction stoichiometry, which is required for precipitation
completeness.
The mixture of salt solutions (solution No. 1) and NaOH solution (solution No. 2) were supplied with the use
of two Heidolph 5201 peristaltic pumps with a Quick-S five-roller head with constant flow rates to the microreactor
unit through the nipples on the opposite sides (Fig. 1) [44]. The internal diameters of the nozzles (2, 3 – Fig. 1) were
520 – 540 µm. The studies were performed in the microreactor made in two versions: without pulsations (Fig. 1a)
and with pulsations with superposition of the pulsations on the liquid flow (Fig. 1b). In the second version, reagents
were supplied to the interaction zone in the mode of reagent solution flows modulation, by coherent (with equal
amplitude, frequency and phase) pulsations generated with the use of a pulsator 12 and two identical chambers with
variable volume (bellows) 13. An idea of using the pulsation assembly when supplying the solutions to the reactor
space consists in the fact that there takes place accelerated (as compared to uninterrupted supply of the solutions by
the pumps) breaking up of jets to primary reagent drops 15, which, when moving from the opposite sides with equal
velocities and colliding, form secondary microdrops 16 as a result of interfusion. Such mode allows implementing the
interaction process of salt solutions and the precipitator in a limited space of microdrops 16 with diameter of about 1 –
2 mm. The drops of reagent solutions from the opposite nipples were formed simultaneously due to the coherence of
the generated oscillations. The pulsation frequency was varied in the range of 4.26 – 13.9 Hz.

F IG . 1. Scheme of the microreactor unit: (a) – without the use of pulsations; (b) – with superposition of pulsations on the flow. 1 – cylinder-conic housing; 2 – nipples for supplying the initial
components; 3 – nozzles; 4 – outlet for product discharge; 5,6 – vessels for solutions; 7 – purge gas
blower; 8 – vessel for collecting the reaction products; 9 – pumps; 10 – jets; 11 – liquid sheet in free
volume; 12 – drive of oscillation movements; 13 – crossbeam; 14 – chambers with variable volume
(bellows); 15 – primary drops of individual solutions; 16 – secondary drops of the solution mixture
The precipitate obtained as a result of the solutions mixing was collected in a vessel under the microreactor unit,
washed with distilled water to reach neutral pH and the absence of impurity ions, and dried at a temperature of 50 ◦ C.
A material produced by the method for direct precipitation from the aqueous solution mixture of iron and cobalt
salts with aqueous sodium hydroxide solution was used as the reference sample. NaOH solution was added at constant
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mixing using a mechanical mixer until pH = 8 was reached. The obtained precipitate was washed also with distilled
water and dried at a temperature of 50 ◦ C.
The microstructure and elemental composition of the samples were determined using Quanta 200 scanning electron microscope (FEI Company) fitted out with EDAX X-ray spectral microanalysis attachment.
The phase composition of the samples was controlled by X-ray diffraction using SmartLab 3 X-ray diffractometer
(CoKα -radiation) (Rigaku Corporation). The peaks in the diffractogram were identified using PDWin 4.0 software
complex and Crystallographica Search-Match package. The average crystallite size, i.e. the size of monocrystals, of
which cobalt ferrite particles consisted, was determined as a value of the coherent scatter region, based on broadening
of X-ray diffraction lines, using Scherrer formula.
The crystal size distribution was determined based on the data of X-ray diffraction of the samples using MAUD
software.
Mössbauer spectra were recorded using a spectrometer by WISSEL in the permanent acceleration mode, at the
room temperature. 57 Co in Rh-matrix with activity of 30 mCi was used as the source. The mathematical processing of
the experimental spectra was performed using MOSSFIT software package [50]. The velocity scale of the spectrometer
was calibrated using α-Fe foil in the room temperature. The values of chemical shifts are presented relative to α-Fe.
3.

Results and discussion

According to elemental analysis data (Table 1), the Co:Fe ratio for all samples obtained both by direct precipitation
and under conditions of microreactor synthesis, taking into account the method error, conforms to stoichiometry preset
during the synthesis. Sodium is not detected in the sample within the sensitivity of X-ray spectral analysis, which
evidences practically full removal of impurity solution components from the obtained powders.
X-ray diffractograms of the obtained samples are presented in Fig. 2. The X-ray diffractogram of the sample
obtained by direct coprecipitation of iron and cobalt hydroxides with NaOH solution (Fig. 2, curve 1) shows broad
X-ray maxima of low intensity which are evidence of the presence of Co–Fe-layered double hydroxide (LDH) [51,52],
γ-Fe2 O3 and cobalt ferrite (CoFe2 O4 ) in the sample. At the same time, the analysis of X-ray diffraction line profile
evidences of the fact that the sample is mainly in the X-ray amorphous condition.

F IG . 2. X-ray diffractograms of the samples obtained in the process of 1 – direct precipitation;
2 – microreactor synthesis with continuously impinging-jets; 3 – microreactor synthesis in pulsation mode (ν = 13.9 Hz); 4 – thermal treatment of the sample synthesized under conditions of a
microreactor, in the pulsation mode (ν = 13.9 Hz) at a temperature of 800 ◦ C for 1 h
The analysis of X-ray diffractogram of the sample obtained using the microreactor without pulsation mode (Fig. 2,
curve 2) is evidence of the fact that the interaction of reagents in the sheet being formed during jet collision results in
production of nanocrystalline cobalt ferrite with the average crystallite size of about 12 nm. However, the analysis of
the dependence presented in Fig. 3shows evidence of quite broad crystallite size distribution.
The use of the pulsation mode when supplying the reagents during the microreactor synthesis leads to the formation of a practically X-ray amorphous product. X-ray diffractograms of the samples obtained with different pulsation
frequencies show only low-intensive halo in the region of maximal peaks corresponding to Co–Fe-layered double hydroxide and cobalt ferrite. The typical view of X-ray diffractogram of the samples 3 – 5 (see Table 1) is presented in
Fig. 2 (curve 3).
The Mössbauer spectra of powders obtained both by the method for direct precipitation and with the use of
microreactor synthesis is presented in Fig. 4. Fig. 4 shows also the results of the decomposition of the experimental
spectra to components corresponding to iron atoms in different local surroundings. The Mössbauer parameters of
iron-containing phases are presented in Table 1. The quantitative assessment of the relative iron content in different
phases is performed within the accuracy of the difference in values of Mössbauer factor fM .
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F IG . 3. Size distribution of CoFe2 O4 crystallites obtained by the method of microreactor synthesis
with continuously impinging-jets
The Mössbauer spectrum for the sample obtained under conditions of microreactor synthesis without the pulsation
mode is a superposition of sextets corresponding to the condition of iron atoms in octa- and tetra-positions in cobalt
ferrite structure. The values of magnetic hyperfine fields (Hef f ) of these sextets depend not only on the differences in
local surroundings of iron nuclei corresponding to them but also on magnetic crystal sizes. The value Hef f decreases
when crystals pass to single-domain (superparamagnet) condition, in which magnet locking temperature depends on
crystal size [53]. Moreover, the smaller the crystal size is, the lower the value Hef f is down to its full disappearance.
Such behavior of Hef f occurs for magnet crystals, in which the rate of direction change of the total magnetic moment
is much larger than the nucleus lifetime in the excited condition (τ ∼10−9 s). This critical size for CoFe2 O4 is about
6 nm [54, 55]. Thus, comparison of sextet parameters (Fig. 4, Table 1) with the data of [55] allows one to conclude
that the maximum size of CoFe2 O4 crystallites obtained by microreactor synthesis is less than 50 nm. In addition, the
presence of a sextet with low Hef f (39.3 T) is explained by broad crystallite size distribution. These results are in
good agreement with the X-ray diffraction data (Fig. 3).
The Mössbauer spectrum represents doublet superposition for all other samples obtained both by the method
for direct precipitation and by using microreactor synthesis in the pulsation mode (Fig. 4, Table 1). The analysis of
experimental spectra allows distinguishing a doublet corresponding to iron atom condition in the structure of Co–Felayered double hydroxide [48] and doublets evidencing the presence of small CoFe2 O4 clusters with crystallite sizes
corresponding to the superparamagnet condition [55].
According to the study [54], the critical size of superparamagnetism for CoFe2 O4 is about 14 nm. In the [55]
the authors observed two doublets with parameters IS (tetr) = 0.258, QS (tetr) = 1.943 and IS (tetr) = 0.326, QS (tetr) =
0.653 for cobalt ferrite with crystallite size of about 6 nm. The noticeable difference between the parameters of
Mössbauer spectra presented in Table and the parameters in [55] may be associated with several factors, e.g., with
significantly smaller size of clusters with cobalt ferrite structure as compared to the size of CoFe2 O4 crystallites described in the study [55]. It is possible that these differences are caused by different population degree with cobalt
and iron ions in the octa- and tetra-positions in the spinel structure, which can be explained, among other factors, by
peculiarities of synthesis conditions.
Thus, the analysis of the presented data is evidence of the fact that when the methods for direct coprecipitation
and microreactor synthesis in jet pulsation mode are used, formation of small clusters with cobalt ferrite structure
with different population degree in octa- and tetra-positions is observed at the stage of mixing of the reagents (cobalt
and iron nitrates solution with NaOH solution), which is confirmed by the deviation of quadrupolar splitting values
from the data presented in [55]. At the same time, spatial component separation associated with the formation of the
phase of Co–Fe-layered double hydroxide takes place, apparently, in the greater part of the system and, as a result,
the mechanism of cobalt ferrite formation changes as compared to the mode of continuous mixing of reagent streams
described in [51, 52].
The described difference in phase formation processes in the microreactor with continuously impinging-jets [43,
44] and when the pulsation mode is used can be associated with the fact that the sizes of colliding drops are about 1 mm
and the energy dissipation rate in such case is significantly less than that when microjets collide with the formation of
the liquid sheet with a thickness of about 20 µm. This difference results in the fact that it is not possible to implement
hydrodynamic conditions leading to the formation of the microreactor in the pulsation mode [42,43]. This leads, in its
turn, to spatial separation of the reaction system components, and the formation of CoFe2 O4 will take place not due
to the coalescence of small clusters with cobalt ferrite structure as it was mentioned in [35, 36] but according to the
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TABLE 1. The parameters of Mössbauer spectra of the samples (determination error for Is ±
0.002 mm/s; Qs ± 0.005 mm/s; Hef f ± 0.1 T)

Synthesis
conditions

Fe/Co

2.05

tation

MS (ν = 0)

MS (ν = 4.26)

MS (ν = 5.36)

MS (ν = 6.47)

MS (ν = 10.85)

MS (ν = 13.90)

Identification of

local environment

local environments

Phases

IS (mm/s) QS (mm/s)

Direct
precipi

Mössbauer parameters for iron atoms in various

2.03

2.13

2.19

2.01

2.07

2.03

Hef f (T)

%

Co–Fe–

0.339

0.665

–

43.08

LDH,

0.343

0.994

–

23.43

CoFe2 O4

0.330

0.388

–

33.50

0.307

−0.042

46.272

24.05

0.303

0.004

43.462

34.53

0.337

0.031

39.302

29.46

0.322

0.674

am. ph., trace

0.340

0.746

–

35.63

Co-Fe–LDH,

0.341

1.067

–

15.83

CoFe2 O4

0.332

0.451

–

48.54

am. ph., trace

0.342

0.599

–

46.06

Co-Fe–LDH,

0.341

0.936

–

38.00

CoFe2 O4

0.327

0.317

–

15.94

am. ph., trace

0.336

0.678

–

40.32

Co–Fe–CDG,

0.343

1.007

–

23.88

CoFe2 O4

0.330

0.406

–

35.80

am. ph., trace

0.340

0.774

–

35.94

Co–Fe–LDH,

0.354

1.125

–

12.26

CoFe2 O4

0.332

0.463

–

51.80

am. ph., trace

0.338

0.744

–

38.36

Co–Fe–LDH,

0.345

1.091

–

15.79

CoFe2 O4

0.331

0.442

–

45.85

CoFe2 O4

of iron atoms
CoFe2 O4
Co–Fe–LDH

CoFe2 O4

11.96
CoFe2 O4
Co–Fe–LDH
CoFe2 O4
Co–Fe–LDH
CoFe2 O4
Co–Fe–LDH
CoFe2 O4
Co–Fe–CDG
CoFe2 O4
Co–Fe–LDH

∗

Mossbauer parameters of comparison crystals CoFe2 O4 : less 6 nm IS (tetr) = 0.258, QS (tetr) = 1.943; IS (octa) = 0.326,
QS (octa) = 0.653 [55]; ∗∗ nanocrystals IS (A) = 0.24, QS (A) = 0.04; IS (B) = 0.37, QS (B) = 0.03 [55]; ∗∗∗ Co–Fe–CDG IS = 0.349,
QS (tetr) = 0.497 [51,52]

mechanism of solid-phase interaction which is similar to the formation process of magnesium ferrite described in the
study [40]. The implementation of such formation mechanism will require a stage involving long thermal treatment.
4.

Conclusions

Thus, it is possible to conclude that the use of the method for microreactor synthesis with continuously impingingjets allows one to obtain nanosized cobalt ferrite crystals at room temperature. The need to use the pulsation mode, at
least in the form that was used in this work for the synthesis of CoFe2 O4 nanoparticles, does not allow realization of
the advantages of microreactor synthesis.
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TiO2 /SiO2 alternative thin films (stacks) were deposited on silicon substrates using sol-gel spin-coating techniques. The prepared samples had their
corresponding optical properties analyzed by UV-Visible spectrophotometry (UV-Vis), X-ray diffractometry (XRD), a surface profilometer, and
Raman spectroscopy. The optical and crystallization properties of thin films were varied and compared by changing the number of stacks. UV-Vis
spectrum showed high reflectance and shifting towards the infrared region with effect of increased TiO2 /SiO2 stacks. XRD spectra confirmed the
existence of anatase TiO2 and SiO2 diffraction peaks. The multilayer film thickness was calculated at 109 and 151 nm at two and four stacks by a
surface profilometer. The Raman spectra confirmed the Si–O–Si and TiO2 stretching modes at 2600, 980, and 519 cm−1 . This investigation reveals
the promising and effective UV-Visible reflective property of alternative TiO2 /SiO2 thin films on a silicon substrate.
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1.

Introduction

Thin films could find a significant role in various semiconductor industrial applications. Numerous oxide combinations are extensively useful to improve optical (or surface) performance, such as TiO2 /SiO2 , Al2 O3 /SiO2 , ZnO/SiO2
and ZnO/ZrO2 . In solar cells, the highest quantity of light absorption convert is possible by selecting a good combination of anti-reflection coatings materials and synthesis methods. Among the various materials, TiO2 /SiO2 has been
in demand due to its highest refractive index contrast, good passivity and providing conductive pathway [1, 2]. The
formations of various metal oxide thin film and their stabilities determined by the selection of the materials [3]. The
metallic coatings on multiple substrates are useful to obtain higher ultraviolet (UV), visible, infrared (IR) reflectance
like silver (Ag), aluminium (Al), etc. But, the high maintenance and fabrication cost is a major issue with metallic
coatings. The ultraviolet spectral region from 100 to 400 nm and reflection of this wavelength is of great importance
to human life, causing the aging of skin, sunburn, etc [4]. The UV reflector is fabricated using atmospheric pressure
physical vapor depositions (AP-PVD), sol-gel spin-coating, dip-coating, plasma-enhanced chemical vapor deposition
(PECVD), and wet-chemical routes and multistep procedures [5–10]. This proposed work focused on UV and Visible
wavelength reflective coatings of TiO2 /SiO2 multilayers on a silicon substrate using sol-gel spin-coating methods.
Sol-gel spin-coating is the easiest way to synthesize and fabricate One-dimensional photonic crystal (1DPC) layers by
tuning the synthesis (precursor concentration, temperature) and fabrication (spin speed, calcined temperature, number of layers) parameters. Venkatesh Yepuri et al. (2020) addressed the process optimization of low-cost and rapid
fabrication of TiO2 /SiO2 reflectors with 100 % reflectivity. They summarized the desired reflection band of a selected wavelength range observed by changing various parameters such as the precursor concentrations, spin speed
(rpm), annealing etc. Finally, the reflection window was observed from the visible to the near infrared region with
2.5 stacks [11]. Dubey et al. (2018) fabricated visible and near-IR wavelength TiO2 /SiO2 reflectors using a sol-gel spin
coater for various light trapping management applications. The homogeneous, uniform film thickness (56 – 94 nm)
and cross-section of TiO2 /SiO2 stacks were evidenced by field emission scanning electron microscopy (FESEM). Further, the elemental peaks (Ti, Si, O) and reflectance (∼ 100 %) properties were studied using energy-dispersive X-ray
spectroscopy (EDX) and UV-Visible spectrophotometer [12]. Sedrati et al. (2019) fabricated the TiO2 /SiO2 Bragg
reflectors using the sol-gel dip-coating process. The Raman spectrum confirmed the anatase phase. The UV-Vis-IR
range shifted towards the more extended wavelength region with the effect of doping transition metals (copper, nickel,
cobalt, and chromium). Also, doping TiO2 showed enlarged stop-band of TiO2 /SiO2 Bragg reflectors and enhanced
optical properties [13]. Zhao et al. (2019) investigated the mesoporous SiO2 and SiO2 -TiO2 thin films prepared by the
sol-gel method. The Raman spectrum confirmed the anatase TiO2 phase, and the UV-vis reflectance spectrum shifted
towards the more extended wavelength region with the effects of transition doped metals [14]. Dubey et al. (2017)
fabricated TiO2 /SiO2 Bragg reflectors for light trapping applications using a cost-effective and straightforward sol-gel
spin coating method. UV-Vis spectrum showed 90 % reflectance at 617 nm using seven distributed Bragg reflectors
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(DBR) stacks based structure, and the FESEM image confirmed alternative layers of one-dimensional TiO2 and SiO2
thin films. This DBR structure integrated solar cell design significantly enhanced light absorption [15].
This paper deals with the optical and structural properties of TiO2 (anatase and rutile) and SiO2 multilayers
fabricated on silicon substrates using a sol-gel spin-coater. In the second section we describe the synthetic process
and fabrication of thin-film TiO2 /SiO2 structures. UV-Vis, XRD, Raman spectroscopy results are discussed in section
third and summarized the work in the fourth section.
2.

Experimental approach

Synthesis and fabrication procedural steps of TiO2 /SiO2 thin films are shown in Fig. 1. Titanium butoxide (TBOT,
Ti(OBu)4 ), tetraethyl orthosilicate (TEOS, Si(OC2 H5 )4 ), methanol (CH3 OH), acetic acid (CH3 COOH), and deionized
water (DI) are the starting chemicals used without any additional purification. For the preparation of TiO2 and SiO2
solutions, Ti(OBu)4 : CH3 OH: CH3 COOH: DI and Si(OC2 H5 )4 :CH3 OH: CH3 COOH in the ratios of 1.2:20:1.7 and
1.5:20:2.3 respectively.

F IG . 1. The sol-gel synthesis of TiO2 and SiO2 thin film processing step
Initially, 1.2 ml acetic acid added in methanol (20 ml) and stirred for 5 minutes using a magnetic stirrer at room
temperature. Titanium butoxide solution added drop-wise and stirring maintained for 90 minutes at room temperature
(28 ◦ C). Finally, TiO2 solution (solution ‘A’) appears transparent color and was aged for 24 hrs. Next, 1.5 ml acetic
acid was mixed with 20 ml methanol and stirred for five minutes with the continued dropwise addition of tetraethyl orthosilicate (2.3 ml) at 2 minutes intervals. The prepared SiO2 solution was continuously stirred at 90 minutes (solution
‘B’) and aged 24 hrs. Before the deposition process, substrates were cleaned at room temperature by ultrasonication
process using DI water, ethanol, and aqueous hydrofluoric (HF) acid. Using spin-coater, the alternative coating of
TiO2 and SiO2 solution deposition coated on the glass substrates at 3000 rpm/30 sec. After the coating, thin film
samples were calcined at 650 ◦ C (TiO2 ) and 450 ◦ C (SiO2 ) for 1 hour. Further, analyses were performed using the following instruments: X-ray diffractometer (XRD, Bruker D8 Advance), UV-visible spectrophotometer (UV-Vis, 1800
Shimadzu), and Surface Profilometer (SJ-301 Mitutoyo). Raman spectroscopy (micro Raman) was also used to study
their optical properties.
3.

Results and discussion

Figure 2 shows the reflectance spectra of 2-TiO2 /SiO2 stacks (S1) and 4-TiO2 /SiO2 stacks (S2) by UV-Visible
spectrophotometry. Here, one alternating layer of TiO2 and SiO2 thin film is known as a stack. The obtained results
show the high reflectance and shifted towards the longer wavelength region due to the increment of stacks. Similarly,
Dubey et al. (2017) reported improved reflectance with the effect of an increased number of coating layers [15].
The enhanced reflectance could be possible in the whole UV-Visible spectrum due to the large refractive index
contrast between TiO2 and SiO2 layers, as reported by Zhang et al. (2006) [16]. Significantly, the TiO2 thin films could
increase the reflectance in the visible and infra-red region as reported by Dalapati et al. (2015) [17]. Fig. 3 depicts
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F IG . 2. Reflectance spectra of two (S1) and four (S2) stacks of TiO2 /SiO2 thin films prepared on Si substrates
the reflectance (UV-visible) fullwidth half maximum (FWHM) of samples S1 and S2 corresponding enhancement 103
and 267 nm. Here, the FWHM enhancement ∼ 267 nm achieved by the highest deposition layers of silicon substrate.
Saravanan et al. (2019) reported work revealed the enhanced FWHM concerning the increment of stacks, and this
reflectance is mainly dependent on the thickness and surface of the structure [18]. Consequently, surface profilometer
techniques revealed the sample thickness of 120 nm (S1) and 160 nm (S2).

F IG . 3. Full-width half maximum (FWHM) of S1 (2 stacks) and S2 (4 stacks)
The XRD pattern can provide the structural parameters for TiO2 /SiO2 thin films by varying the number of stacks
(2-S1 and 4-S2), as shown in Fig. 4(a,b). At room temperature, thin films were fabricated which were attributed to the
anatase and rutile mixed phase. The XRD patterns of the samples were noticed with the same nature. The obtained
Bragg’s diffraction peaks at 2θ = 25.36◦ (A), 28.8◦ (R), 37.52◦ (A), 41.9◦ (A), 47.48◦ (A) and 53.99◦ (R) which is
corresponding planes (101), (111), (004), (111), (200) and (211) respectively [11, 19]. Here, A and R are denoted as
anatase and rutile peaks for our convenience. From both diffraction spectra, the intense diffraction peak noticed and
confirmed the presence of anatase TiO2 and well-matched with JCPDS#21-1272 [20–22]. The rutile diffraction can
be assigned to the ICDD card #00-001-1292 and 01-072-4813. The highest TiO2 thin film calcination temperature
(650 ◦ C) provides the rutile phase formation. Both XRD pattern, the broad and low intense peak envelope appeared
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(a)

(b)

F IG . 4. XRD spectra of TiO2 /SiO2 thin films (a) 2-stacks, S1 and (b) 4-stacks, S2
at 23◦ , which is attributed to the existence of amorphous silica in the prepared samples [19,23]. Finally, the impurities
were not presented.
Using the Debye–Sherrer formula, the crystalline size can be calculated, (D = kλ/β cos θ), where D is the
crystalline size, k is the numerical factor (0.9) referred to as the crystallite shape, λ is the X-ray incident wavelength
(1.5406 Å), β is the full-width at half maximum (FWHM), and θ is the diffraction angles [24, 25]. Table 1 shows the
calculated crystallite size of the samples.
TABLE 1. The crystallite size of TiO2 /SiO2 multilayers on silicon
S.N.

Sample (TiO2 /SiO2 )

Peak positions (2θ) degree

FWHM (2θ)

Crystallite Size (nm)

1

S1 (Anatase-TiO2 )

61.75

0.1476

62.71

2

S2 (Anatase-TiO2 )

61.74

0.1476

62.70

Raman scattering is useful to identify (phase) the structural modification in 650 and 450 ◦ C thermally treated thin
film structures. Fig. 5 shows the Raman spectrum of the TiO2 /SiO2 thin film with highest and broader intensity peaks
within the range 0 to 3000 cm−1 . The micro Raman spectroscopy consists of the excitation wavelength, λ = 785 nm.
Both spectral (S1 & S2) results showed the same nature of the spectrum by varying intensity of the peaks. First, the
sharp peak at 519 cm−1 indicates the originating from the silicon (Si) substrate. For our convenience, Anatase, rutile,
and silicon dioxide Raman modes were denoted as A, R, and S respectively. The vibrational bands of anatase TiO2
material has centered at 137, 207, 414, 519 and 644.8 cm−1 , respectively, corresponding to the Raman active modes
of Eg, Bg, B1g, A1g, and Eg as showed in inserted Fig. 5 [26, 27]. It can be concluded that strong anatase peak at
137 cm−1 . Accordingly, the normal vibrational mode of anatase bands is ΓA = 2Eg + 2Bg + B1g + A1g. The rutile
TiO2 phase identified at 238 (Eg), 450, 612. Similarly, silicon dioxide presented at 233, 333, 488 and 600 cm−1 . The
Raman spectrum of SiO2 had a weak peak ∼ 980 cm−1 which was attributed to the bending of Si–O–Si symmetric
bond stretching [28, 29]. Finally, the broad peak at 2600 cm−1 indicates the presence of SiO2 . This existence of
broader peaks in the Raman spectrum attribute to the electronic Raman scattering mechanism [30–32].
4.

Conclusions

TiO2 /SiO2 thin films were deposited on silicon substrates using sol-gel and spin-coating techniques. The optical
properties of thin films have been studied by UV-Vis, XRD and Raman spectroscopy. UV-Vis spectroscopy showed
reflectance enhancement as an effect when increasing the number of stacks. XRD and Raman spectra revealed the
presence of anatase TiO2 and amorphous silica phase in both samples. Using a surface profilometer, the thin-film
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F IG . 5. Raman spectra of TiO2 /SiO2 multilayer two stacks (S1) and four stacks (S2)
thickness of 120 nm (2 stacks) and 160 nm (4 stacks) calculated. Further, changing various parameters with optimization results will be useful for various novel applications, including solar cells, light-emitting diodes, the bandpass
filters and lasers.
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Zinc sulfide (ZnS) thin films were deposited onto microscopic silica slides through the cost-effective chemical bath deposition (CBD) method.
The optimized bath parameters were: 25 ml of 0.1 M zinc precursors (ZnCl2 , Zn(CH3 COO)2 , ZnSO4 ), 25 ml of 1 M thiourea and 3 ml of
3.75 M triethanolamine (TEA). The effects of different zinc precursors (ZnCl2 , Zn(CH3 COO)2 , ZnSO4 ) on the growth mechanism of ZnS thin
film were investigated using thermal, structural, morphological, optical and electrical studies. The XRD pattern has shown Miller indexing peaks
corresponding to the hexagonal phase of as-grown ZnS thin film with the estimated grain size of 22 – 27 nm. The change in physical properties
(weight loss) of ZnS powder as a function of temperature was recorded using thermogravimetry (TGA/DTA). Scanning electron microscopy (SEM)
revealed the effect of ZnCl2 , Zn(CH3 COO)2 and ZnSO4 precursors on growth mechanism. UV/visible optical transmission/absorption spectra
displayed the transmittance between 10 to 29 % of as-grown ZnS thin film with a band gap in the range of 4.10 – 4.25 eV. Photoluminescence (PL)
analyses demonstrated broad blue emission around ∼ 459 nm was attributed to recombination of electron-hole pair from donor-acceptor trap levels
to valance band. Raman spectra of ZnS powder prepared using different zinc precursors were also reported. The values of electrical parameters
(resistivity, conductivity, activation energy, Hall coefficient, carrier concentration, mobility) were investigated using the two-point probe method
and Hall-effect apparatus.
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1.

Introduction

Zinc sulfide (ZnS) is the most promising material in the field of sensors [1], solar cell [2] and bio-imaging [3]. It
is a wide band gap semiconductor that serves as host materials for various kinds of dopant for luminescence application [4]. In view of the above technological importance, several researchers have made efforts to tailor the physical
properties of ZnS thin films using variation in thickness [5], molar concentration [6], heat treatment [7], bath temperature [8] and other possible means. Earlier, M. Cao, et al. [9] and T. Liu, et al. [10] investigated the effect of different
zinc salts on crystallographic, morphology and optical properties of CBD deposited ZnS thin films. In earlier reported
literatures, there has not been enough investigation with the effect of zinc precursors on the physical properties of ZnS
thin films.
ZnS thin film has been developed by various researchers using different chemical and physical deposition methods
such as Thermal evaporation [11], Metal-organic chemical vapor deposition (MOCVD) [12], Successive ionic layer
adsorption and reaction (SILAR) [13], Chemical bath deposition [14], etc. Among these deposition methods, CBD is
simple, cost-effective and ideal for large scale deposition [15]. Using this CBD method, a thin film can be deposited
nearly at room temperature through a controlled chemical reaction.
In the present work, authors have tried to deposit CBD-ZnS thin film using triethanolamine (TEA) as a complexing
agent since it is a much safer alternative compare to hydrazine hydrate [16]. Moreover, the researchers have investigated the effect of different zinc precursors (ZnCl2 , Zn(CH3 COO)2 , ZnSO4 ) on structural, morphological, optical and
electrical properties of CBD deposited ZnS thin films.
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Experimental method

All reagents were received from Fisher Scientific and used without further processing. A high-quality silica
slide having dimensions 75 × 26 × 1 mm3 is used as substrate. The cleaning procedure and detailed process of film
deposition are reported in our earlier literature [17]. The only difference in the present work is that we deposited three
different samples using three different precursors instead of zinc chloride, as reported in earlier work. The optimized
molar concentration and volume of precursors for the growth of ZnS thin films are listed in Table 1. The pre-cleaned
silica substrate is inserted vertically into the reaction bath. The bath temperature was adjusted to 70 ◦ C and deposition
was carried for 2 hours. The simplified layout of the chemical bath deposition method is represented in Fig. 1.
TABLE 1. Molar concentration and volume of precursors for the growth of ZnS thin films by CBD method

Thin film

Molar concentration and volume of precursors
zinc precursor

thiourea

Triethanolamine (TEA)

Ammonia

ZnS–Cl

25 ml of 0.1 M ZnCl2

25 ml of 1 M

3 ml of 3.75 M

2 ml of 13.4 M

ZnS–Ac

25 ml of 0.1 M Zn(CH3 COO)2

25 ml of 1 M

3 ml of 3.75 M

2 ml of 13.4 M

ZnS–SO

25 ml of 0.1 M ZnSO4

25 ml of 1 M

3 ml of 3.75 M

2 ml of 13.4 M

F IG . 1. Simplified layout of Chemical Bath Deposition Method
After the deposition, the film is taken out from the bath and dipped into de-ionized water to remove loosely bound
ZnS powder that adheres to the film. ZnS thin films deposited using ZnCl2 , Zn(CH3 COO)2 and ZnSO4 were labeled
as ZnS–Cl, ZnS–Ac and ZnS–SO, respectively for the sake of analysis.
The deposited ZnS thin films were analyzed using various instruments without annealing treatment. The alteration
in physical properties as a function of temperature was obtained using thermogravimetry (METTLER TOLEDO). The
Miller indices (h k l) for diffracting planes for the given structure of the thin film was evaluated by grazing incident
X-ray diffraction (GIXRD) spectrometer (PANalytical Empyrean) using CuKα radiations (wavelength = 0.15406 nm)
for 2θ values over 20 – 60◦ . X-ray was impinging at angle 0.5◦ and a detector was moving in the step of 0.01◦
with a collection time of 7 s. The surface morphology was characterized using the field emission scanning electron
microscope (JEOL JSM-6010LA). The stoichiometric composition of films was analyzed by energy dispersive Xray analysis (EDX) using an EDX detector which is available as an add-on attachment with the scanning electron
microscope (JEOL JSM-5610LV) with Inca software. In order to find the permitting light wavelengths for thin films,
transmission/reflectance spectra were recorded as a function of wavelengths using UV/VIS/NIR spectrophotometer
(Perkin Elmer Lambda 19). The Raman scattering measurement (vibrational phonon modes) was investigated at
room temperature using a Raman microscope (RENISHAW Invia) with 514 nm (20 mW) argon ion excitation source.
Photoluminescence spectra were registered with Perkin Elmer spectro-fluoro-photometer using 280 nm excitation
wavelength. A self-made two probe resistivity measurement equipment and Hall-effect apparatus were used to find
the correlation between different electrical parameters.
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Results and discussion
Thermal analysis

In order to perform thermal analysis of the obtained samples, the as-deposited ZnS powders are collected by
scratching the surface of deposited silica substrates. The analysis of the thermal behavior of scratched as-deposited
ZnS powders were carried out using differential thermal analysis (DTA) and thermogravimetric analysis (TGA) in
an ambient environment with temperature in the range of 30 – 900 ◦ C. During measurements, the temperature was
increased at a rate of 30 ◦ C/min. DTA and TGA curves for ZnS–Cl, ZnS–Ac, and ZnS–SO powder are shown in
Fig. 2.

F IG . 2. TGA and DTA curves for ZnS powders grown by CBD method using different zinc precursors: (a) ZnS–Cl; (b) ZnS–Ac (c) ZnS–SO
The TGA curve indicates that all the as-grown samples of ZnS lose weight from 30 to 150 ◦ C as a result of
absorbed water vapor evaporation. The decomposition of residual organics and TEA leads to second weight loss
between 150 – 450 ◦ C. It is also confirmed by a series of endothermic peaks between temperature ranges 150–450 ◦ C
in DTA sketches, as shown in Fig. 2. The endothermic peak at 615 ◦ C in the case of ZnS–Cl and 656 ◦ C in the case of
ZnS–SO could be attributed to the evaporation of excess residual sulfur ions from the sample [18].
3.2.

Structural analysis

The structural information of ZnS thin film was obtained using grazing incident X-ray diffraction (GIXRD) with
CuKα radiation with scan range 20 – 60◦ . GIXRD can reduce the signal contribution from the substrate and improve
the signal from the thin film. X-ray diffractogram of as-grown ZnS thin film prepared using different zinc precursors
(ZnCl2 , Zn(CH3 COO)2 and ZnSO4 ) are shown in Fig. 3.
The peaks at 2θ values 31.64◦ , 34.53◦ , 36.20◦ , 47.45◦ and 56.48◦ are diffraction angles for planes with Miller
indices (1 0 4), (1 0 6), (0 0 10), (1 1 0) and (1 1 8) which satisfies Bragg’s equation. The plane (0 0 10) consists more
number of atoms resulted in the highest intensity peak. Comparing observed peaks with JCPDS card No. 39-1363
assures hexagonal phase of ZnS thin film.
The particle size of ZnS thin films deposited using different zinc precursors were calculated using the Debye–
Scherrer formula as [19]:
0.94λ
,
(1)
D=
β cos θ
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F IG . 3. X-ray diffractogram for as-grown ZnS thin films deposited using different zinc precursors:
(a) ZnS-Cl; (b) ZnS-Ac;(c) ZnS-SO
where D is particle size, λ is the wavelength of incident X-ray generally its value is 0.15406 nm for CuKα radiation,
β is full width at half maximum (FWHM) for the peak of the plane with Miller indices (h k l) and θ is the angle
between the incident beam and (h k l) plane. The particle sizes of as-grown ZnS thin film deposited using different
zinc precursors onto the silica substrate are listed in Table 2. From X-ray diffractogram and particle size analysis, it
is clearly observed that anions associated with zinc precursors play an important role in the growth chemistry of ZnS
thin films. The intermolecular interactions between anions and intermediate complex precursors decide heterogeneous
or homogenous growth mechanism for ZnS film growth [10]. In our case, the Cl− anions favor heterogeneous (ions
−
by ions) growth mechanism and improve the crystallinity of ZnS thin films while SO−2
4 and CH3 COO anions follow
homogeneous (clusters by clusters) or mixed growth mechanism for ZnS thin film formation on silica slide. Moreover,
two extra peaks are observed in the case of ZnS–Cl thin film at 42.93 and 43.87◦ , which are likely due to the incorporation of Zn(OH)2 into the film during the growth process [20, 21]. In this case, ZnS film could be formed by the
decomposition of thiourea over the surface of intermediate hydroxide cluster Zn(OH)2 rather than nucleate separately
in the solution.
TABLE 2. Particle size, thickness, transmittance and band gap of as-grown ZnS thin films deposited
using different zinc precursors

Thin film
Particle size Thickness
(ZnS thin film)
(nm)
(µm)

Avearge
Transmittance
T (%)
(λ > 350 nm)

Band gap
(eV)

ZnS–Cl

27

37 ± 0.2

29

4.10

ZnS–Ac

25

39 ± 0.3

25

4.17

ZnS–SO

22

41 ± 0.2

10

4.25

The thickness of ZnS thin films deposited using different zinc precursors was predicted using the transverse view
of SEM images, which are presented in Fig. 4. The observed values of thickness are listed in Table 2. It is apparently
clear that the thickness of ZnS thin films was greatly affected by growth rate and hence liberated anions from zinc
precursors in solution during growth mechanism.
In order to investigate the effect of zinc precursors onto the surface morphology of as-grown ZnS thin film,
micrographs of films were recorded using scanning electron microscope which is shown in Fig. 5. In general, the films
deposited by chemical route have uncontrolled growth rate resulted in non-uniform surface.
In the present research, ZnS thin films acquire rough surfaces due to uneven grain growth in different directions.
Fig. 5(a) shows ZnS–Cl film has a smooth, compact surface with reduced grain boundaries than other films. The
reduction of grain boundaries has a considerable effect on the carrier drift velocity of materials [22]. Fig. 5(c) shows
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F IG . 4. Transverse view of SEM images for as-grown ZnS thin films deposited using different zinc
precursors: (a) ZnS-Cl; (b) ZnS-Ac; (c) ZnS-SO

F IG . 5. SEM micrograph of as-grown ZnS thin films deposited using different zinc precursors: (a)
ZnS-Cl; (b) ZnS-Ac; (c) ZnS-SO

ZnS–SO films formed by significant spherical clusters with relatively less dense morphology. The reason for this is
SO−2
4 anions promote homogeneous (clusters by clusters) growth mechanism and ZnS clusters from solution adhere
on a silica substrate. Fig. 5(b) shows ZnS–Ac film is relatively less compact than ZnS–Cl with flower-like morphology.
In this case, CH3 COO− anions promote a mixed growth mechanism in the solution for deposition of ZnS thin films.
3.3.

Compositional analysis

The elemental composition of ZnS films deposited onto the silica substrate using different zinc precursors was
analyzed using EDX spectra and is shown in Fig. 6. The obtained results are listed in Table 3. Because of the low
thickness of films and high depth profile of EDX spectrometer, other elements from silica substrate such as O, Mg, Si,
and Ca are also detected in the EDX spectra. As seen from Table 3, the atomic ratios of Zn/S are slightly higher than
1 which indicates that the obtained ZnS films are rich in zinc and deficient in sulfur. The difference in the Zn/S ratio
is ascribed to different growth mechanisms involved during film formation. The presence of excess zinc in the case of
ZnS–Cl films could be due to the presence of Zn(OH)2 [9, 10], which is consistent with our XRD results.
TABLE 3. Elemental composition of as-deposited ZnS thin films from EDX spectra
Thin film

Zn (at %)

S (at %)

Other elements (at %)

Zn/S atomic ratio

ZnS–Cl

26.22

22.74

51.04

1.15

ZnS–Ac

25.38

22.58

52.04

1.12

ZnS–SO

24.71

22.45

52.84

1.10
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F IG . 6. EDX spectra of as-grown ZnS thin films deposited using different zinc precursors: (a) ZnSCl; (b) ZnS-Ac; (c) ZnS-SO
3.4.

Optical analysis

The thickness and uniformity of film play a vital role in controlling optical properties like transmittance, absorbance, refractive index, etc. [23]. A film with higher uniformity and the least thickness leads to the high transmission with a sharp absorption edge [24]. Moreover, the energy band gap of the film can be determined from transmission
spectra [23].
In the direction to know the effect of zinc precursors on the optical behavior of as-grown ZnS thin films, transmittance and reflectance spectra were noted using UV/VIS/NIR spectrophotometer. Fig. 7 shows the percentage of
transmittance and absorbance of CBD-deposited as-grown ZnS thin films with zinc precursor variation. The highest
transmittance is observed in ZnS–Cl thin film and lowest in ZnS–SO thin film. It shows low absorption above 350 nm
wavelength and abrupt absorption at ∼ 310 nm wavelength for all ZnS thin films.

F IG . 7. UV/visible transmittance and absorbance spectra of as-grown ZnS thin films deposited using different zinc precursors: (a) ZnS-Cl; (b) ZnS-Ac; (c) ZnS-SO
Once Transmission/Reflectance data were registered with respect to wavelength, the optical energy band gaps
of thin films were evaluated with the help of the formula derived from the theory of inter-band transition of the
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semiconductor. The absorption coefficient (α) was determined from absorbance (A) and film thickness (t) by using
the relation [25, 26]:
2.303 · A
α=
.
(2)
t
The theory of inter-band transition shows that at the optical absorption edge, the absorption coefficient (α) varies
with the photon energy hν according to [23]:
αhν = A(hν − Eg )n ,

(3)

where Eg is the optically forbidden energy gap, A is constant and the exponential factor n = 1/2, 1, 2, 3 depending on
the type of electronic transition in k-space [26]. For direct band gap semiconductor, the exponential factor has value
0.5 and for indirect band gap semiconductor, it has a value of 2. Since ZnS is a direct band gap material, the value of
n becomes 0.5:
(αhν)2 = A2 (hν − Eg ).
(4)
2
Figure 8 represents the plot of (αhν) versus hν for as-grown ZnS thin film deposited from different zinc precursors. The film’s band gap value is obtained by extrapolating the straight-line portion of curves to αhν = 0 using a
computer fitting program in which the intercept value of hν-axis is band gap value. The calculated band gaps (Eg ) for
as-grown ZnS films are listed in Table 2. The estimated band gap value of ZnS–Cl, ZnS–Ac and ZnS–SO thin films
are found to be 4.10, 4.17 and 4.25 eV, respectively. The tabulated band gap values of ZnS thin films showed that
the increase in particle size due to the presence of different anions during the growth mechanism lower the band gap
values due to the quantum size effect. Further, the tabulated band gap values of all ZnS thin films are slightly higher
than bulk ZnS, which is probably due to the quantum size effect as the grown polycrystalline thin films’ grain size is
small enough [10, 27].

F IG . 8. Plot of (αhν)2 versus hν for as-grown ZnS thin films deposited using different zinc precursors: (a) ZnS-Cl; (b) ZnS-Ac; (c) ZnS-SO
3.5.

Photoluminescence study

The photoluminescence (PL) spectra of as-grown ZnS thin film grown using different zinc precursors under UV
excitation is presented in Fig. 9. The intense emission with blue wavelength range is observed in all ZnS thin films,
which could be attributed to the recombination of electron-hole pair from donor-acceptor trap levels to the valance
band [28]. The stoichiometric difference of ZnS film during the growth mechanism is responsible for various kinds of
defect formations. As per EDX analysis, the obtained ZnS films have a Zn/S ratio greater than 1. This stoichiometric
deviation leads to excess zinc and a sulfur deficiency which could produce zinc interstitial (Zni ) and sulfur vacancies
(VS ) in ZnS thin film. The broadening of PL spectra around Zni was ascribed to various kinds of donor-acceptor pair
transitions due to the formation of native defect states into the forbidden gap, which is depicted in Fig. 10.
In the present case, blue emission at ∼ 459 nm signifies the involvement of interstitial zinc ions [28]. The
spreading of emission spectra of ZnS thin film around blue wavelength is credited to different types of donor-acceptor
transitions along with zinc interstitial [28]. The intensity of ZnS–SO is higher than other films and can be ascribed
to the hindrance of diffusion of zinc complex precursors onto the silica substrate during growth of film and hence the
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F IG . 9. Emission spectra of as-grown ZnS thin films deposited using different zinc precursors: (a)
ZnS-Cl; (b) ZnS-Ac; (c) ZnS-SO

F IG . 10. Energy band diagram of the photoluminescence phenomenon in as-grown ZnS powder
grown using different zinc precursors [28]
formation of native defect states. These indicate that anions play a crucial role in defect formation during the growth
of thin films.
3.6.

Raman study

For 514 nm excitation wavelength, ZnS thin film has low Raman scattering efficiency and is detectable only with
film thickness 1 µm or higher [29]. Therefore, the Raman spectra of scratched as-grown ZnS powder (instead of
ZnS thin films) prepared using different zinc precursors were recorded using 514 nm excitation wavelength (green
excitation) shown in Fig. 11. The peak positioned at 348 cm−1 corresponds to the first-order longitudinal optical (LO)
mode of ZnS materials. The second-order and third-order LO modes are observed at 697 and 1018 cm−1 , respectively.
The obtained results are found consistent with the reviewed literature [29]. The intensity of the LO peak is highest for
ZnS–Cl and that of the lowest for ZnS–SO. The peak due to the 2LO phonon is absent in ZnS–SO, while a slightly
visible peak is observed in ZnS–Ac and ZnS–Cl with an increase in intensity, respectively. This could be due to
anions present in zinc precursors affecting the defect chemistry of ZnS thin film during deposition, which influences
the vibrational mode of ZnS thin films [29]. The increase in the sharpness of phonon peak represents an improvement
in crystallinity [9] which is consistent with the above discussions.
3.7.

Electrical measurements

The activation energy, electrical resistivity and conductivity of all ZnS thin films were determined using the twopoint probe method. The relation for resistivity with temperature is denoted by [30]:
 
1
Ea
+ log C,
(5)
log ρ =
2.303 · kB T
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F IG . 11. Raman spectra of as-grown ZnS powders prepared by different zinc precursors: (a) ZnSCl; (b) ZnS-Ac; (c) ZnS-SO
where ρ is resistivity (in Ω·cm), Ea is activation energy (in eV), kB is Boltzmann constant (in eV/K), T is the temperature (in Kelvin) and log C is constant.
The Hall coefficient, carrier concentration and mobility of thin films were figured out using the relation given
below [31]:
VH · t
1
RH =
,
η=
,
(6)
I ·B
RH · q
where RH is Hall Coefficient (cm3 /C), VH is Hall Voltage (in volt), I is probe current (in Ampere), t is the thickness
(in meter), B is the magnetic field (in Gauss) and η is carrier concentration (in 1/cm3 ).
The data for the resistivity measurements were recorded by raising the temperature from 35 to 190 ◦ C. The plot
for log ρ Vs 1000/T for ZnS thin film deposited using different zinc precursors is depicted in Fig. 12. The plot of
log ρ versus 1000/T gives a straight line whose slope corresponds to Ea /kB . The calculated values of resistivity,
conductivity and activation energy is represented in Table 4. The shallow trap levels are responsible for low activation
energy Ea1 and the deep trap levels are responsible for the high value of activation energy Ea2 in the case of ZnS–SO
thin film [32].

F IG . 12. Plot of log ρ versus 1000/T for as-grown ZnS thin films deposited using different zinc precursors
The Hall effect measurements were recorded by keeping probe current constant and varying magnetic field and
measuring corresponding Hall voltage. The sketch for Hall voltage versus magnetic field is outlined in Fig. 13.
The calculated values for the Hall coefficient, carrier concentration and mobility are listed in Table 4. The n-type
conductivity was observed in all ZnS films irrespective of zinc precursors used. The tabulated values show that
ZnS–SO thin film has a high charge density and low conductivity compared to other thin films. The explanation
of the observed results is that native defect states are generated during the growth of film act as scattering centers
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TABLE 4. Electrical parameter for as-grown ZnS thin films deposited using different zinc precursors: ZnS–Cl (a); ZnS–Ac (b); ZnS–SO (c)

Thin film

Activation energy
Hall
Resistivity Conductivity
(eV)
Coefficient
ρ (Ω·cm) σ (Ω−1 ·cm−1 )
RH (cm3 /C)
Ea1
Ea1

Carrier
concentration
η (cm−3 )

Mobility
µ (cm2 /Vs )

ZnS–Cl

0.75

—

2.08× 104

4.81× 10−5

3.48× 103

1.79× 1015

1.68× 10−1

ZnS–Ac

0.81

—

1.63× 104

6.14 × 10−5

1.71× 102

3.65× 1016

1.05× 10−2

ZnS–SO

0.59

2.55

8.52× 104

1.17× 10−5

2.53 × 101

2.47 × 1017

2.97× 10−4

for conduction electrons in the film.So defect chemistry and hence anions associated with zinc precursors play an
important role in the electrical transport properties of ZnS thin films. Fig. 14 represents the comparative graph for
carrier concentration, conductivity and mobility for ZnS thin films. It reveals from the graph that ZnS-Cl shows a
considerable amount of conductivity compared to other samples even though its low carrier concentration. This is due
to the high mobility offered by it.

F IG . 13. Plot of Hall voltage VH versus magnetic field B for constant probe current of ZnS thin
films deposited using different zinc precursors

F IG . 14. Comparative graph for carrier concentration, mobility and conductivity for as-grown ZnS
thin films deposited using different zinc precursors
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Conclusion

Good quality ZnS thin films have been deposited onto silica substrates using different zinc precursors, thiourea,
non-toxic complexing agent triethanolamine (TEA) by optimizing bath parameters. The XRD confirms the hexagonal
phase with maximum intensity peak along (0 0 10) plane of as-grown ZnS thin film prepared using different zinc
precursors. SEM demonstrates the notable effect of anions of zinc precursors on the growth mechanism of ZnS thin
film. Optical measurements demonstrate transmittance varies from 10 to 29 % in the visible region. The band gap
increases with a decrease in particle size due to the quantum size effect. The ZnS thin film has higher band gap values
than the counter bulk sample in the range of 4.10 – 4.25 eV. The blue emission at ∼ 459 nm was obtained by PL
spectra under UV excitation. The first-order Raman shift was observed at 348 cm−1 in all ZnS films. The Hall-effect
apparatus measures carrier concentration of order 1015 to 1017 e− /cm3 , reflecting the semiconducting nature of ZnS
thin film with n-type conductivity. The observed studies show the significant effect of zinc precursors on the transport
properties of CBD-ZnS thin films. ZnS thin film deposited using ZnCl2 as precursor material is found to have good
carrier mobility amongst all films.
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This paper is aimed at the experimental study (in animal models) of acute toxicity and irritating properties of polysaccharide hydrogel modified
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concentration. The results obtained demonstrate the lack of acute toxicity and local irritability of the synthesized hybrid hydrogel, which allows to
classify the developed hybrid hydrogel as the relatively low-risk drug.
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1.

Introduction

Nanocrystalline cerium oxide has recently been proven to be a promising inorganic antioxidant and a key component of a wide range of biomedical products [1–4]. Its unique redox activity, high biocompatibility and low toxicity
make it very different from many other nanomaterials [5–7]. The ability of CeO2 nanoparticles to switch between
Ce3+ and Ce4+ states allows them to inactivate a wide range of reactive oxygen species (ROS) and free radicals [8].
Previously, it has been shown that CeO2 nanoparticles are capable of mimicking the activity of a number of endogenous enzymes, such as catalases and superoxide dismutases (SOD) [9]. The most significant feature of CeO2
nanoparticles is their ability to recover their activity and to participate in redox reactions multiple times, thus making this compound one of the most advantageous nanomaterials in biomedical applications. Meanwhile, the catalytic
activity of CeO2 nanoparticles and their role (pro- or antioxidant) strongly depend on the nanoparticle’s microenvironment [10–13]. Previously, it has been shown that CeO2 nanoparticles under acidic conditions exhibit pro-oxidant
properties, whereas in neutral or weakly alkaline media, they are strictly antioxidant [14]. Also, it has been shown
that the catalytic activity of CeO2 nanoparticles depends on the concentration of trivalent ions on the nanoparticle’s
surface; in this way, SOD-mimetic activity of CeO2 increases with the increase in Ce3+ concentration [15]. Therefore,
the microenvironment affects directly the physicochemical characteristics of CeO2 nanoparticles thus controlling their
catalytic and biological activity.
In this study, biocompatible citrate-stabilized CeO2 nanoparticles were synthesized and were integrated into a
polysaccharide hydrogel matrix for use as a wound healing agent. The choice of hydrogel matrix and the filler was
based on the existing data on CeO2 effect on the skin regeneration process. In particular, CeO2 nanoparticles possess
striking anti-inflammatory activity [6], affect immune cells [16], that could significantly shorten the Phase 2 of the
regeneration process (inflammation phase), and thus accelerate the start of the Phase 3 – the proliferative phase of
the regeneration process. As it has previously been demonstrated, CeO2 nanoparticles are capable of accelerating the
proliferation of fibroblasts, mesenchymal stem cells and osteoblasts [3, 17, 18]. It has also been previously shown
that the integration of nanoparticles into various biopolymers [19] and scaffolds provides enhanced cell proliferation
[20]. An additional advantage of using cerium oxide nanoparticles in the structure of wound-healing hydrogel is
that they possess bacteriostatic [21] and bactericidal [22] action as well as antiviral activity [23]. Such multifaceted
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biological activities provides an opportunity for cerium oxide nanoparticles to serve as a unique bioactive component
in biomedical products design and development.
The polysaccharide hydrogel matrix allows one to not only provide a convenient application of the preparation
onto the skin, but is also capable of providing prolonged release of nanoparticles from the matrix into the lesion,
reducing inflammation and staving off infection, as well as stimulating proliferative fibroblast activity.
2.
2.1.

Materials and methods
Hydrogel synthesis

The hydrogels were made from citrate-stabilized cerium oxide nanoparticles prepared according to the previously
reported protocol [24], using pectin, fucoidan, sodium alginate, water-soluble derivatives of cellulose (carboxymethyl
cellulose) and purified water. Briefly, 1.0 g fucoidan, 1.0 g sodium alginate, 2.0 g pectin, 8.0 g carboxymethyl cellulose were dissolved in 100 ml distilled water. The mixture was mixed at 25◦ C and then left for 96 h at 4◦ C until
the formation of a homogeneous gel. Then, 100 ml of the CeO2 sol (2–4 nm CeO2 nanoparticles; 10−2 M CeO2
concentration) was added and the mixture was vigorously homogenized. Before application, the gel was sterilized in
an autoclave at 120◦ C.
2.2.

Laboratory animals

Experimental procedures were performed on Wistar white rats and outbred white mice of both genders. Rats and
mice came from the breeding nursery of laboratory animals “Andreevka”, Moscow region. Rats weighing 180–190 g
at the age of 12–13 weeks and mice weighting 18–20 g at the age of 8–9 weeks were used.
Animal maintenance was carried out in accordance with the rules adopted by the European Convention for the
Protection of Vertebrate Animals (Strasbourg, 1986). Rats and mice were kept in plastic cages, 10 individuals per
each cage. The animals were fed twice a day. All-in-one feed for laboratory animals (PK-120-1) produced by Laboratorsnab LLC was filled ad libitum into the feed hopper at the top of the cage. Animals had unlimited access to water
using special drinking bottles for rodents. Bacteriological analysis and sanitary chemical examination of water were
performed initially. There was no contamination of the bedding, feed and water that could affect the results of the
study.
2.3.

Analysis of the effect ceria-containing polysaccharide hydrogel upon epicutaneous application

To study the effect of polysaccharide hydrogel modified with cerium oxide nanoparticles upon epicutaneous application, a day prior to the experiment, the square of 2.5×2.5 cm was depilated by trimming (plucking) of animal’s
dorsum. The hydrogel was preheated in a water bath to 38–40◦ C and then applied with a glass rod onto depilated
area of rat’s dorsum at ascending doses according to Litchfield-Wilcoxon method. Similar doses of petroleum jelly
were administered to control animals in the same way. Thereafter, the animals were placed for 6 hours into special
individual plexiglass containers to restrict locomotor activity and to prevent gel licking. After releasing the rats from
the containers, the excess of the gel was removed from the skin with filter paper, and animals were placed for 14 days
into check cages for observation. The acute toxicity testing was carried out at the maximum possible doses of gel on
up to 20 g/kg by epicutaneous application.
2.4.

Acute toxicity testing of polysaccharide hydrogel modified with cerium oxide nanoparticles

Acute toxicity of gels upon intragastric administration was assessed both in white rats and mice of both genders,
and upon epicutaneous application in the mice only. Groups of 12 animals (6 males and 6 females) were used in
the experiments. The absence of external symptoms (external manifestation of bacterial infections, physical activity,
etc.) and homogeneity of groups by body weight (±10%) were considered as randomization acceptance criteria.
To estimate acute toxicity characteristic values, polysaccharide hydrogel was administered intragastrically (i.g.) to
white rats and mice of both genders in ascending doses (dosing accuracy is achieved by varying the volume of gel
administered) according to Litchfield-Wilcoxon method. Upon oral administration, the gel was heated in a water bath
to 38–40◦ C to a liquid state. An atraumatic metal gastric catheter was used for administration and it was inserted
up to the stomach. Control animals were administered with similar volumes of petroleum jelly softened with warm
water. Acute toxicity testing was carried out at the maximum possible doses of up to 25 g/kg by total gel weight. The
mortality rate, lethal time for animals, symptoms of poisoning were recorded for 14 days, overall systemic condition
and behavior were examined daily; the weight of the animals, food and water consumption were monitored. The
dead animals were subjected to autopsy and macroscopic examination. After day 14, all the animals survived were
euthanized in a CO2 -chamber and dissected. Hematologic studies, macroscopic description and the evaluation of mass
coefficients of internal organs, histological studies were carried out.
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2.5.

List of recorded indicators of experimental animals

The animals were weighed just prior to administration of the hydrogel, on days 2 and 7, to control body weight
dynamics, and just prior to euthanasia (day 14) to calculate the percentage of organ weight to body weight. To account
for water and food consumption, rats were transferred to metabolic cages. All animals treated with the highest dose
of tested hydrogel were selected for pathomorphological studies. The pathomorphological study included necropsy,
macroscopic study, weighing and histological examination of internal organs. Necropsy was performed under the
direct supervision of a pathologist. After euthanasia, the animals were carefully examined for the presence of external
pathological signs. Examination of the gastrointestinal mucous membranes allowed us to estimate the local irritating
effect of tested gel. The examination of overall state of the thoracic and abdominal cavities as well as a macro- and
microscopic examination of the internal organs (heart, lungs with trachea, thymus, liver, spleen, kidneys, adrenal
glands, brain, testicles or ovaries) was carried out.
2.6.

The statistical evaluation of the effect

Statistical treatment of the results was performed using the STATISTICA 8.0 software. Data were presented as
the sample mean M, the standard error of the mean m, and the achieved level of significance p. Lowest accepted
significance level of differences was taken as p ≤ 0.05. In some cases, especially when there was a natural drift of
indicators (e.g. animal body weight gain over the observation period, etc.), the methods of dispersion analysis were
used.
3.

Results and discussion

Upon administering high doses of the gel (up to 25 g/kg), no mortality was noted among mice and rats. There
were also no significant abnormalities in overall behavior and systemic condition of animals. The oral administration
of high doses of the gel (more than 6 g/kg) showed limited retardation of animals, a reduction of feed intake on
the first day and diarrhea on day 2 after gel administration. Similar reactions were observed in control animals that
received large volumes of petroleum jelly. Limited retardation and reduction of feed intake on the first day occurred
in the control group of animals, which were apparently not related to the toxic effect of polysaccharide hydrogel, but
rather to the stressful effect of the oral administration procedure of large volumes. Such a discomfort was both due to
mechanical troubles in the gastrointestinal tract due to large volumes of gel administered as well as to the nature of
gelling agents (laxative effect could be caused by the presence of cellulose derivatives). The condition of the animals
then started to normalize and after 24 hours their overall behavior and systemic condition did not differ from those in
the control group and from the baseline status.
The dissection of the animals revealed a venous congestion of internal organs. There were no signs of gastrointestinal irritation. There were no gender differences during intoxication.
The results of animal body weight measurements are shown in Tables 1 and 2.
TABLE 1. The effect of acute intragastric administration of CeO2 -containing polysaccharide hydrogel on mice’s body weight (g, M±m)
Experimental group and gender
Time, days

Control

Hydrogel

M

F

M

F

Initially

18.7±0.4

19.3±0.2

19.2±0.3

18.8±0.3

2-nd day

18.4±0.3

19.2±0.1

19.1±0.2

18.9±0.2

7-th day

19.2±0.2

20.2±0.3

19.2±0.2

19.3±0.4

14-th day

20.1±0.4

20.4±0.2

19.9±0.1

19.7±0.2

On the second day after administration, a slight decrease was observed in the average body weight of all animals
treated with CeO2 -containing gel. The same effect has been registered in the control group (though to a lesser extent),
so it can be attributed to general stress. To exclude this effect (most likely caused by stress the associated with
involvement of animals in an experimental procedure), weight changes relative to initial values were compared. The
introduction of the hybrid hydrogel to animals did not lead to significant differences in the dynamics of water and food
consumption (Tables 3,4).
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TABLE 2. The effect of acute intragastric administration of CeO2 -containing polysaccharide hydrogel on rats’ body weight (g, M±m)
Experimental group and gender
Time, days

Control
M

Hydrogel
F

M

F

Initially

176.5±3.4 179.1±2.4

180.1±4.6

181.4±3.4

2-nd day

176.4±3.2 180.2±3.0

176.2±4.3

179.6±3.1

7-th day

187.1±2.9 186.6±2.2

185.0±2.9

183.1±3.5

14-th day

196.3±3.1 198.5±3.3

195.8±4.8

194.7±2.4

TABLE 3. The effect of acute intragastric administration of CeO2 -containing polysaccharide hydrogel on water consumption dynamics (ml/day, M±m) by rats
Experimental group and gender
Time, days

Control

Hydrogel

M

F

M

F

Initially

18±0.6

15±0.7

19±0.6

16±0.6

2-nd day

17± 0.5

16±0.4

18±0.5

17±0.5

7-th day

18±0.8

18±0.5

20±0.3

19±0.6

14-th day

19±0.5

19±0.6

19±0.4

18±0.7

TABLE 4. The effect of acute intragastric administration of CeO2 -containing polysaccharide hydrogel on feed consumption dynamics (g/day, M±m) by rats
Experimental group and gender
Time, days

Control

Hydrogel

M

F

M

20.3±0.9

F

Initially

20.5±0.9

20.2±0.9

20.6±0.8

2-nd day

15.6±1.1* 16.2±1.0* 15.9±1.3*

17.1±1.4*

7-th day

19.9±1.6

24.2±1.9

23.9±2.3

22.1±2.0

14-th day

21.3±2.2

21.9±1.5

22.0±2.8

22.6±1.8

* – Significant difference from initial values (at p< 0.05)

Data analysis did not reveal any significant differences in body weight dynamics between the test and control
animals. Slightly higher body weight gains in test groups compared with the control at the final stage of the study
were not statistically significant.
No animal mortality was observed upon epicutaneous gel application. There were no external pathological manifestations that could be treated as the signs of intoxication. The condition and behavior of the test animals throughout
the observation period were not different from that of the control groups, and, in all the groups, were consistent with
that of intact animals. The dynamics of animal body weight in all test groups also did not differ from control (Table 5).
At the final stage of the experiment (dissection stage on the 14th day), there were no differences between the
animals treated with CeO2 -containing polysaccharide hydrogel and the control group. Macroscopic studies did not
reveal any species-specific or sex-specific differences, as well as the effect of the method of administration on the state
of internal organs.
According to the visual inspection, the animal fur was shiny and tidy. No bald spots were observed. There were
no excretions from animals. The front and hind limbs have not been altered and no deformation of the limbs has
been observed. Teeth were preserved. Visible mucous membranes were pale, shiny, and smooth. Animal nutrition
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TABLE 5. The effect of polysaccharide hydrogel on experimental animals’ body weight upon application onto scarified skin (g, M±m)
Experimental group and gender
Time, days

Control
M

Hydrogel
F

M

F

Initially

180.2±4.6 178.3±2.5

176.3±3.0

179.6±2.4

2-nd day

181.5±4.4 179.3±3.1

178.2±3.3

178.1±2.0

7-th day

189.3±4.4 186.5±2.6

185.0±3.3

187.5±2.8

14-th day

198.8±4.8 197.9±2.5

199.7±3.1

198.1±2.4

was satisfactory. Examination of the thoracic and abdominal cavities did not reveal any irregularities in the internal
organs. The submandibular lymph nodes and salivary glands had an oval or rounded shape, a homogeneous pinkish
or yellowish color and a moderate density. The thyroid glands were tightly attached to the larynx, had the usual size
and density, a pinkish-reddish color. The thymus had a triangular shape, a whitish color, and a moderately dense
consistency. The size and shape of the heart was not altered. The heart muscle was brownish and dense.
The surface of the lungs had a pale pink color; the lungs collapsed when the breast was opened. The dissected
tissue also had a homogeneous pale pink color. The mucous membrane of the extrapulmonary bronchi was smooth,
shiny, and pale pink. The spleen had a dark cherry color, smooth surface and rather dense consistency. The pancreas
was pale pink and lobular.
The size and shape of the liver did not represent any changes. The liver capsule was thin and transparent. Liver
tissue had a brownish color and moderately dense consistency. The size and shape of the kidneys were not different
from the control, the capsule was easily removed. The surface of the organ was smooth, had a homogeneous uniform
brownish-grey color. In the section of the kidneys, the cortex and the medulla were clearly distinguished.
The shape, size and density of the adrenal glands, ovaries or testicles did not differ from the control. Cerebral
meninges were thin and transparent. The brain matter had moderate density, and there were no enlargements of the
brain’s ventricles. Intragastric administration of the polysaccharide hydrogel modified with cerium oxide nanoparticles
or petroleum jelly did not reveal visible abnormalities in the gastrointestinal tract. The esophageal mucosa was shiny,
smooth, and pale in color. The size and shape of the stomach did not represent any changes. There was no hyperemia,
erosion, hemorrhage, indicating the irritating effect of the gel. The duodenum lumen did not show any changes, and
the intestinal mucosa was shiny, smooth, pale pink. The small intestine mucosa was pale pink, shiny, smooth as well.
The colon mucosa had a slightly greyish tint and was smooth and shiny.
Epicutaneous administration of polysaccharide hydrogel modified with cerium oxide nanoparticles or petroleum
jelly, did not lead to any observed local abnormalities, i.e. irritation, inflammation, hyperemia. In all the groups there
was a normal process of fur restoration in the depilated areas. The application of polysaccharide hydrogel modified
with cerium oxide nanoparticles onto animal skin was not accompanied by any signs of irritation. To analyze possible
irritation, after placing animals into special chambers their tails for 2/3 were placed into test tubes filled with a gel.
One hour after the completion of the gel application, no tail skin edema was observed.
Morphologically, the skin of the tails did not show any changes. Epidermis and skin appendages were intact.
Epidermis layers were clearly expressed, the basal membrane was preserved. Epithelial cells of hair follicles of outer
and inner root sheaths and connective tissue bag were well expressed.
Tables 6,7 show group-averaged mass coefficients of mice’s and rats’ internal organs.
Analysis of the mass coefficient values did not reveal any significant differences both in the groups of animals
treated with polysaccharide hydrogel modified with cerium oxide nanoparticles, and in the control group. Upon
epicutaneous application of polysaccharide hydrogel modified with cerium oxide nanoparticles the mass distribution
of the internal organs in the groups was consistent with the normal values for intact animals.
Thus, the use of biologically active nanomaterials for the modification of various hydrogels and scaffolds gives
them new functional properties which are applicable in biomedical applications [25–27].
4.

Conclusions

Experimental data obtained suggest that single oral administration or application of ceria-containing polysaccharide hydrogel onto scarified skin of rats and mice of both genders does not cause changes in behavior and overall
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TABLE 6. Mass coefficients of white mice’s internal organs upon an acute intragastric administration of high doses of polysaccharide hydrogel modified with cerium oxide nanoparticles (g/kg body
weight)
Experimental group and gender
Organ

Control

Hydrogel

M

F

M

F

Heart

3.2±0.2

3.3±0.2

3.5±0.1

3.1±0.3

Lungs with a trachea

6.2±0.2

6.4±0.1

6.3±0.1

6.5±0.1

Thymus

0.87±0.03 0.86±0.07

0.88±0.02 0.87±0.06

Liver

38.1±0.7

35.9±1.3

39.6±2.5

38.2±2.2

Spleen

2.9±0.2

3.0±0.1

3.3±0.1

3.1±0.2

Kidney (left)

4.2±0.2

4.3±0.3

4.3±0.3

4.5±0.1

Adrenal gland

0.17±0.01 0.15±0.01

0.17±0.01 0.16±0.01

Brain

15.5±0.5

15.6±0.4

15.5±0.4

15.9±0.4

Testicles or ovaries

3.6±0.2

0.21±0.02

3.4±0.3

0.18±0.02

TABLE 7. Mass coefficients of white rats’ internal organs upon an acute intragastric administration
of high doses of polysaccharide hydrogel modified with cerium oxide nanoparticles (g/kg body
weight)
Experimental group and gender
Organ

Control

Hydrogel

M

F

M

F

Heart

3.9±0.3

3.8±0.2

4.1±0.2

4.0±0.2

Lungs with a trachea

7.5±0.2

7.3±0.4

7.4±0.1

7.6±0.3

Thymus

1.39±0.11 1.25±0.08

1.36±0.06 1.27±0.11

Liver

37.9±1.4

36.7±1.9

36.6±1.9

35.4±1.3

Spleen

3.9±0.5

3.9±0.1

3.9±0.2

4.1±0.3

Kidney (left)

4.4±0.1

4.2±0.2

4.5±0.1

4.3±0.2

Adrenal gland

0.09±0.02 0.08±0.01

0.08±0.02 0.09±0.02

Brain

8.6±0.2

8.9±0.2

8.9±0.2

8.6±0.1

Testicles or ovaries

12.2±0.1

0.26±0.02

12.2±0.1

0.25±0.02

systemic condition of animals, do not cause any changes in mass coefficients of organs compared with control animals,
as well as do not cause any macroscopic changes in the brain, internal and endocrine organs of test animals.
In acute experiments, polysaccharide hydrogel application did not lead to irritating effects at the site of application.
Thus, our toxicology study performed 14 days after acute administration as well as necropsy data allow ranking
the polysaccharide hydrogel modified with cerium oxide nanoparticles as the Schedule VI of relatively low-risk drug
(LD50 > 25 g/kg, rats, per os) [28].
It can be concluded that a polysaccharide hydrogel modified with cerium oxide nanoparticles can be considered
as a safe and effective substances for the treatment of skin damage with various etiologies [29].
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The article is devoted to the covalent modification of the surface of titanium dioxide nanoparticles with polymethacrylic acid using the method of
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For the first time, core-shell titanium dioxide nanoparticles with water-soluble shell of
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1.

Introduction

In the recent years, nanosized titania and titania-based nanocomposites have become increasingly popular materials in the industrial-scale manufacturing of many products, agriculture, environmental science, and power engineering
due to their photocatalytic [1–6], photoluminescent [7,8], semiconductor [9–11], pigment [12], and biological [13–15]
properties. In particular, titanium dioxide nanoparticles are widely used in agriculture for the photocatalytic decomposition of pesticides [16–31], solar energy-assisted photocatalytic water purification (review [16] and references
therein), plant disease control [32–34]. One of the most important application areas of TiO2 nanoparticles in agriculture is treatment of crop seeds aimed at accelerating seed germination and crop vegetation [35–40]. The possibility of
this practical application of titanium dioxide is related to its capability for photocatalytic activation of oxygen, which
yields reactive oxygen species such as peroxide and hydroxide radicals and ions. As a result, stress tolerance of seeds
is enhanced, their ability to absorb water and oxygen increase [36]. Besides, treatment of seeds with titanium dioxide
nanoparticles leads to enhanced nitrogen binding by plants, increase in chlorophyll and protein contents in plants [38].
In order to increase efficiency of TiO2 -based photocatalytic systems, it is necessary to use this substance in the
form of stabilized aqueous dispersions (which are generated, for instance, upon interaction with triethanolamine [41]),
or in the form of core-shell nanoparticles with TiO2 core and a water-soluble shell. The most promising synthetic
method for these core-shell structures consists in modifying titanium dioxide nanoparticle surfaceswith covalently
grafted chains of water-soluble hydrophilic polymers. To date, a relatively large number of works devoted to modification of TiO2 nanoparticles with various polymers have been published. The most common method is controlled atom transfer radical polymerization (ATRP) of vinyl monomers involving α-Br-ester groups immobilized
on nanoparticle surface [42–54]. In most cases, this immobilization is preceded by modification of TiO2 surface
with amino groups in the process of treatment of nanoparticles with 3-aminopropyltriethoxysilane [42, 48–51, 53]
or dopamine [43]. Then, the obtained nanoparticles are treated with bromoanhydrides of 2-bromopropionic or 2bromo-isobutyric acids [42, 43, 48–51, 53], which results in immobilization of ATRP-initiating α-Br-ester groups on
nanoparticle surface. In some cases, TiO2 nanoparticles are immediately treated with 2-Br-isobutyroyl bromide [44].
It should be noted that there are virtually no literature data on modification of TiO2 nanoparticle surfaces with
water-soluble polymers. A small number of published papers report the synthesis of titanium dioxide and zinc oxide
nanoparticles modified with poly(N,N-diethylaminoethyl methacrylate), which were used as nanocontainers for anticancer preparations [44]. Titanium dioxide nanoparticles modified with ionized poly(styrene sulfonic acid) were used
as ion exchangers for Ag+ ; the products were intended for applications as TiO2 /Ag binary nanocomposite photocatalysts [45] and one of components of proton-conducting membranes [54]. There are also papers reporting the synthesis
of TiO2 nanoparticles modified with poly(oligoethylene glycol) methacrylate [47] and poly(N-isopropyl acrylamide);
the latter demonstrate self-flocculation in aqueous medium at temperatures above low critical solution temperature of
poly(N-isopropyl acrylamide) [51,52]. In addition, block copolymers of styrene and acrylic acid were used as micellar
nanoreactors for the synthesis of TiO2 nanoparticles and stabilization of TiO2 aqueous dispersions [55].
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In the present work, we synthesized core-shell TiO2 nanoparticles modified with water-soluble poly(methacrylic
acid) for the first time. The two-stage grafting method described above was used for immobilization of 2-Br-isobutyrate
groups on the surface of titanium dioxide; the method involved successive treatment of nanoparticles with
3-aminopropyltriethoxysilane and 2-Br-isobutyroyl bromide. Then, the obtained TiO2 -based macroinitiators were
used for polymerization of tert-butyl methacrylate (TBMA) by ATRP. The prepared core-shell TiO2 @PTBMA nanoparticles with grafted PTBMA chains were subjected to acidic hydrolysis; ester groups of the grafted chains were converted to carboxylategroups, and TiO2 @PMAA core-shell nanoparticles with poly(methacrylic acid) shells were obtained. In order to determine lengths of the grafted chains, they were isolated by selective alkaline hydrolysis of ester
bonds that connect polymer chains to TiO2 surface; molecular masses and molecular mass distributions were estimated
by size exclusion liquid chromatography (SEC).
The structure of nanoparticles at all stages of synthesis was confirmed by IR spectroscopy and solid state 13 C
NMR spectroscopy.
2.

Experimental: materials

3-Aminopropyltriethoxysilane (99 %, Acros Organics), N,N-dimethylformamide (DMF) (reagent grade, Vekton,
Russia), and N, N, N’, N”, N”-pentamethyldiethylenetriamine (PMDETA) (99 %, Aldrich) were used without additional purification. Methylene chloride (reagent grade, Vekton, Russia) and toluene (analytical grade, Vekton, Russia)
were dried by heating over anhydrous calcium hydride (99.9 %, Aldrich), then distilled under vacuum. The ionic liquid
(1-butyl-3-methylimidazolium chloride (BMIMCl) (≥98.0 % (Aldrich)), glacial acetic acid (reagent grade, Vekton,
Russia), trifluoroacetic acid (99 %, Aldrich), copper (I) bromide (99.999 %, Aldrich), 2-bromo-isobutyroyl bromide
(98 %, Aldrich) were used without additional purification. Tert-butyl methacrylate (TBMA) (98 %, Aldrich) was twice
distilled under vacuum before use, commercial TiO2 rutile nanopowder (Plasmotherm) was used for the modification.
3.
3.1.

Experimental: methods
TiO2 nanoparticles

SEM image of particles is presented in Fig. 1. According to these data, the particles have the size of 100 – 300 nm,
being characterized by the specific surface area (SSA) of ∼ 13 m2 /g and specific pore volume of 0.044 cm3 /g [56].
X-Ray diffraction of particles is presented in Fig. 2.

F IG . 1. SEM image of TiO2 nanoparticles
3.2.

Synthesis of TiO2 nanoparticles modified with 3-aminopropyltriethoxysilane (APTES)

Titanium dioxide particles (0.73 g) were annealed under vacuum at 120 ◦ C for 4 h in order to remove physically
adsorbed water [57]. Then the product was cooled down to room temperature, and DMF (10 mL) was recondensed into
the reaction vessel, and the mixture was subjected to ultrasound treatment for 30 min. Then the mixture was degassed
thrice, and argon was passed through the system; APTES (0.5 mL) was added at cooling in an ice bath and at constant
stirring. The mixture was left to stand for 24 h at constant agitation under anargon atmosphere at room temperature.
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F IG . 2. X-Ray diffractogram of the TiO2
The particles were isolated by centrifugation, washed thrice with DMF and thrice with methylene chloride. Yield:
0.74 g.
3.3.

Synthesis of TiO2 -APTES-BiB macroinitiators based on TiO2 -APTES

Titanium dioxide nanoparticles modified with APTES (TiO2 -APTES, 0.5 g) were heated at 110 ◦ C under vacuum
for 2 h. Dry toluene (25 mL) was recondensed into the reaction flask; the mixture was degassed thrice, andargon
was passed through the system; then 2-bromo-isobutyroyl bromide (BiB, 2 mL) was added. The reaction mixture was
exposed at room temperature and constant stirring for 24 h. The product was precipitated into deionized water and
washed thrice with subsequent centrifugation. The final product was obtained in the form of white powder. Yield:
0.83 g.
3.4.

Synthesis of TiO2 -APTES-BiB-PTBMA core-shell nanoparticles with poly(tert-butylmethacrylate)
(PTBMA) shells

The initiator (0.2 g) was put into the reaction flask together with 10 g of the ionic liquid (butyl-methyl imidazolium
chloride), heated to 80 ◦ C at constant stirring, degassed and subjected to ultrasound treatment for 30 min. Then, argon
was passed through the flask; CuBr (0.063 g) and PMDETA (0.7 mL) were added. Then preliminarily distilled TBMA
was added in the amounts indicated below. The mixture was exposed at 80 ◦ C with constant agitation for 24 h. The
synthesized particles were precipitated into excess distilled water and dried in air. The final product was obtained in
the form of white powder.
The following samples containing various amounts of PTBMA were synthesized by addition of 7.5, 2.5, and 1 mL
of TBMA: TiO2 -APTES-BiB-PTBMA-1, TiO2 -APTES-BiB-PTBMA-2, and TiO2 -APTES-BiB-PTBMA-3, respectively.
3.5.

Elimination of grafted PTBMA chains by alkaline hydrolysis of TiO2 -APTES-BiB-PTBMA core-shell
nanoparticles

The particles were put into 2 wt. % solution of KOH in methanol at 65 ◦ C and exposed for 16 h. Linear PTBMA
was precipitated into the methanol:water mixture and dried until constant weight was achieved.
3.6.

Synthesis of TiO2 -APTES-BiB-PMAA core-shell nanoparticles with poly(methacrylic acid) (PMAA)
shells

The synthesized TiO2 -APTES-BiB-PTBMA-1, TiO2 -APTES-BiB-PTBMA-2, and TiO2 -APTES-BiB-PTBMA-3
samples were dissolved in minimal amount of methylene chloride; trifluoroacetic acid (small excess) was added, then
the mixture was exposed for 24 h at room temperature and constant stirring. The formed precipitate was washed with
dichloromethane until neutral pH was reached, and then dried in air. Titanium dioxide particles modified with watersoluble poly(methacrylic acid) chains of various lengths (TiO2 -APTES-BiB-PMAA-1, TiO2 -APTES-BiB-PMAA-2,
and TiO2 -APTES-BiB-PMAA-3) were obtained.
3.7.

X-Ray diffraction

X-Ray diffraction was carried out using Rigaku MiniFlexII diffractometer with CuKα radiation in the 2θ range
5 – 75 ◦ , with step 0.02◦ at 5 ◦ /min speed. Crystal scattering domain (CSD) length was calculated with Debye–Scherrer
formula using 110 reflections.
3.8.

IR spectroscopy

IR Fourier transform spectra were obtained with the aid of an IRAffinity-1S spectrometer (Shimadzu) equipped
with a Quest attenuated total reflectance attachment (Specac) (diamond prism, spectral range 7800 – 400 cm−1 ).
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NMR spectroscopy
Solid state 13 C NMR spectra were recorded using a Bruker Avance 400 SB instrument (1H: 400 MHz).

3.10.

Size exclusion chromatography

The samples were analysed with the aid of an Agilent-1260 Infinity chromatography setup equipped with two
columns packed with PLgel MIXED-C sorbent (column dimensions: 7.5 × 300 mm; sorbent particle size: 5 µm).
Elution proceeded in isocratic regime; dimethylformamide was used as an eluent. Molecular masses and polydispersity parameters were measured by multidetector gel permeating chromatography. Characteristics of polymers were
determined from the data of refractometric and viscosimetric detectors used in combination with a light scattering
detector, which makes it possible to manage without calibration standards.
3.11.

Scanning electron microscopy

The SEM studies were performed with the aid of a Carl Zeiss N Vision 40 instrument at an accelerating voltage
of 1 kV and magnification of up to ×300000.
3.12.

Thermogravimetry

A DTG-60 setup (Shimadzu, Kyoto, Japan) was used for thermogravimetric (TGA) analysis to determine the
amount of OH-groups chemically bound to the surface of TiO2 nanoparticles, the samples being heated to 600 ◦ C at a
rate of 5 ◦ C/min in air flow (80 mL/min).
4.

Results and discussion

TiO2 nanoparticles were studied by the TGA method in order to determine the amount of surface OH-groups
bound covalently to Ti atoms. According to the procedure described in [57], the following equation was used to this
aim:
2 (∆WT1 →T2 ) NA
,
(1)
SSA × M WH2 O
where ∆WT1 →T2 is the weight loss fraction upon heating the sample from T1 = 120 ◦ C (the annealing temperature
at which physically adsorbed water is removed) to T2 = 600 ◦ C (the temperature at which no chemically bound
OH-groups remain on the surface of titania nanoparticles [57]), NA is Avogadro number, M WH2 O is the molecular
weight of water. As may be found from the TGA curve presented in Fig. 3, ∆WT1 →T2 ≈ 0.0092. Then, according
to formula (1) with SSA = 13 m2 /g, the surface density of chemically bound OH-groups, #OH/nm2 = 29.4 nm−2 .
This value corresponds to ∼ 3.822 · 1020 chemically bound surface OH-groups per 1 g of TiO2 nanoparticles.
#OH/nm2 = 0.625 ×

F IG . 3. TGA curve of the powder of TiO2 nanoparticles
The scheme of the synthesis of TiO2 -APTES-BiB-PMAA core-shell particles with titanium dioxide cores and
poly(methacrylic acid) shells included several stages; the synthesis scheme is presented in Fig. 4.
At the first stage, titanium dioxide nanoparticles were treated with APTES in order to graft primary amino groups
onto nanoparticles’ surface. The taken amount of APTES (0.5 g) corresponds to an approximately 5-fold molar excess
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F IG . 4. Scheme of the synthesis of TiO2 -APTES-BiB-PMAA core-shell particles with titanium
dioxide cores and poly(methacrylic acid) shells

of APTES with respect to chemically bound surface OH-groups in the taken amount of annealed TiO2 nanoparticles
(0.73 g). The presence of amino groups on the surface of the synthesized particles is confirmed by comparison of
13
C NMR spectra of the initial titanium dioxide nanoparticles (Fig. 5a) and the nanoparticles treated with APTES
(Fig. 5b). The spectrum of the initial nanoparticles presented in Fig. 5a indicates that they have pure surface, i.e. there
are no carbon-containing groups or compounds on TiO2 .
Meanwhile, the spectrum of TiO2 -APTES nanoparticles contains the signals attributed to carbon atoms of aminopropyl groups near 10, 25 and 45 ppm. In addition, the presence of surface amino groups is confirmed by comparison
of IR spectra of the initial TiO2 nanoparticles before and after treatment with APTES (Fig. 6). The following bands
appear in the spectra of APTES derivatives: (i) wide bands in the region 1560 – 1570 cm−1 attributed to deformation
vibrations of primary amino groups [58]; (ii) C–N stretching vibration band of APTES at 1323 cm−1 [58]; (iii) the
bands near 1140 cm−1 assigned to valence vibrations of C–N bond in primary amines [59].
At the second stage, surface amino groups of TiO2 -APTES nanoparticles were acylated with 2-bromo-isobutyroyl
bromide to graft 2-bromo-isobutyrate groups onto nanoparticles’ surface; these fragments are able to initiate controlled
atom transfer radical polymerization. 13 C NMR spectrum of the resulting TiO2 -APTES-BiB nanoparticles is presented
in Fig. 5c. Comparison of this spectrum with NMR spectrum of TiO2 -APTES (Fig. 5b) demonstrates that the formercontains new signals attributed to methyl carbon atoms (32 ppm), quaternary carbon atoms (52 ppm), and carbonyl
atoms in 2-bromo-isobutyrate fragments (170 – 180 ppm). Thus, the 13 C NMR spectroscopy data confirm successful
preparation of TiO2 -APTES-BiB nanoparticles with surface 2-bromo-isobutyrate groups.
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(c)

(d)

(e)
F IG . 5. Solid state 13 C NMR spectra of the initial titanium dioxide (a), TiO2 -APTES (b), TiO2 APTES-BiB (c), TiO2 -APTES-BiB-PTBMA (d) and TiO2 -APTES-BiB-PMAA particle (e)
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F IG . 6. IR spectra of the initial titanium oxide (1) and TiO2 -APTES nanoparticles (2)
The synthesized TiO2 -APTES-BiB nanoparticles were used in polymerization of tert-butyl methacrylate according to ATRP mechanism. The TiO2 -APTES-BiB-PTBMA nanoparticles were synthesized; their 13 C NMR spectrum
(Fig. 5d) virtually coincides with that of poly(tert-butyl methacrylate). It includes signals related to all PTBMA carbon atoms: methylene group (∼ 55 ppm) and α-carbon atom (∼ 45 ppm) of PTBMA backbone, methyl group at
α-carbon (∼ 18 ppm), signals of carbonyl atoms (∼ 180 ppm), quaternary carbon atoms (∼ 80 ppm) and methyl
carbon atoms (∼ 28 ppm) of side ester groups. It should be noted that signals of TiO2 -APTES-BiB macroinitiator
cannot be registered due to its extremely low amount in TiO2 -APTES-BiB-PTBMA samples.
The grafted PTBMA chains were eliminated from TiO2 -APTES-BiB-PTBMA nanoparticles in the process of alkaline hydrolysis, which destructs the ester bonds connecting polymer chains to macroinitiator fragments. Conditions
of alkaline hydrolysis were selected so as to prevent transformation of side ester fragments of PTBMA [60]. The isolated linear PTBMA was analyzed by multidetector size exclusion liquid chromatography with the so-called triple detection (a combined analysis of the data provided by refractometric, viscosimetric and light scattering detectors [61]).
It was found that the isolated PTBMA chains have the following characteristics: Mn = 70000, Mw = 120000,
Mw /Mn = 1.7. Thus, the PTBMA chains grafted onto the surface of titanium dioxide nanoparticles are long (polymerization degree about 500) and have relatively narrow molecular mass distributions.
At the last synthesis stage, TiO2 -APTES-BiB-PTBMA nanoparticles were subjected to “dry” acidic hydrolysis
that affected side ester groups of PTBMA chains. Hydrolysis proceeded under the action of anhydrous trifluoroacetic
acid and was accompanied by release of gaseous isobutylene and transformation of ester groups into carboxylic fragments. As a result, we obtained TiO2 -APTES-BiB-PMAA nanoparticles with water-soluble poly(methacrylic acid)
shells, their polymerization degree being the same as that of the initial PTBMA chains. 13 C NMR spectrum of these
nanoparticles given in Fig. 5e confirms the presence of poly(methacrylic acid) in the shell. Thus, the spectrum contains
the signals attributed to methylene group atoms (∼ 55 ppm) and α-carbon atoms(∼ 45 ppm) of PMAA backbone, the
signals of methyl group at α-carbon atom (∼ 20 ppm) and carboxylic carbon atom (∼ 185 ppm). At the same time,
there are no peaks related to quaternary carbon atoms and methyl carbon atoms of side ester groups, which indicates
complete transformation of TiO2 -APTES-BiB-PTBMA into TiO2 -APTES-BiB-PMAA.
According to the polymerization degree of ∼ 500 of PMAA chains in the shell of TiO2 -APTES-BiB-PMAA particles, the shell is ∼ 125 nm thick, taking into account that the monomer unit length of PMAA side chains is ∼ 0.25 nm.
The UV spectrum of the synthesized TiO2 -APTES-BiB-PMAA nanoparticles in water solution is presented in Fig. 7.
As seen from Fig. 7, the spectrum shows a typical absorption of TiO2 cores below 400 nm [62].
5.

Conclusions

Modification of nanoparticles surface with polymers is of great interest for various practical applications. The
obtained TiO2 -APTES-BiB-PMAA core-shell nanoparticles with a water-soluble shell can be used, in particular, for
treatment of agricultural crop seeds with the purposes of enhancing their germination and increasing growth rate.
Each nanoparticle contains photocatalytically active core of titanium dioxide that increases photosynthesis efficiency
and poly(methacrylic acid) shell providing solubility of the product in water. It should be noted that the synthesis of
titanium dioxide nanoparticles with grafted poly(methyl methacrylate) chains has been described in the literature [63].
However, water-soluble shells of poly(methacrylic acid) were grafted onto the surface of TiO2 nanoparticles for the
first time.
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F IG . 7. UV spectrum of TiO2 -APTES-BiB-PMAA nanoparticles in water
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Catalytic fullerenol C60 (OH)24 action on Chlorella Vulgaris growth in the conditions of limited resource growth base and in the conditions of
oxidative stress are reported. Chlorella growth or oppression were investigated in open transparent in the visible area cylindrical polystyrene
test tubes at room temperature under illumination by standard incandescent lamp for the period 9 days. Catalyst concentration were varied in
the range 0.01 – 1.0 g/dm3 . Oxidative stress was organized by the addition of hydrogen peroxide with the concentration 1.0 g/dm3 . Chlorella
Vulgaris concentrations were determined by the method of turbidimetry – by the determination of optical density of scattered light in the direction
of propagation of the incident beam at wavelength 664 nm. Obtained kinetic data were processed by the method of formal classical kinetics.
The pseudo-order of the process Chlorella Vulgaris growth in the conditions of limited resource, according to Chlorella, is −2; the curve of the
dependence of Chlorella concentration against time is concave at all fullerenol concentrations. The pseudo-order of the process Chlorella Vulgaris
suppression in the conditions of oxidative stress, according to Chlorella, is +2, the curve of the dependence of Chlorella concentration against time is
convex at all fullerenol concentrations. The kinetics of Chlorella Vulgaris growth in the conditions of limited resource was also processed by model
Verhulst equation of logisitic growth, and this equation describes the kinetics as accurately and adequately as possible. The authors have established,
that in the case of the conditions of limited resource, fullerenol at low concentrations (less than 0.1 g/dm3 ) catalyzes-accelerates Chlorella growth
and at higher concentrations (0.1 – 1.0 g/dm3 ) inhibits Chlorella growth. For the conditions of oxidative stress, authors have established, that at all
fullerenol concentrations, it considerably inhibits suppression-depopulation of Chlorella processes, so fullerenol proves enough strong anti-oxidant
action. It was demonstrated, that Verhulst equation maybe satisfactory used for the description of different natural process.
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1.

Introduction

Light fullerenes (C60 and C70 ) may be more or less effectively used in different fields of science and technics, but
its application is sufficiently limited by practically complete insolubility and incompatibility with water and aqueous
solutions. Covalent functionalization is the most reliable way to obtain systems based on fullerenes which are suitable
for biomedical applications. It deals with the structures of such molecules can be precisely determined (using Xray crystallography), and their pharmacokinetic and dynamic behavior is better understood. This belongs also to
the most of the light fullerene derivatives (halogen, amino, hydro and others). Meanwhile, water soluble fullerenes
may be used in more wide ranges of applications: machinery, building, medicine, pharmacology (as the result of
compatibility with water, physiological solutions, blood, lymph, liquor, gastric juice), agriculture, crop production,
cosmetics. Poly-hydroxylated fullerenes (fullerenols) and adducts of light fullerenes C60 and C70 with carboxylic
acids and amino-acids are the perspective bioactive fairly water-soluble fullerene derivatives.
This article continues the series of articles investigating the synthesis, identification and properties of fullerenols.
Some articles are devoted to the investigation of the influence of water-soluble fullerene derivatives on plants growth
and development and common bioactivity (for example [1–11]). The common conclusion in the part, related to the
bio-activity of water soluble adducts of light fullerenes on plant is the following – these derivatives have a beneficial
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effect on grow and development of plants, in any case when using not very high concentrations of the latter – n·102 –
n·103 g/dm3 .
The question of toxicity of fullerenes themselves, and water soluble fullerenes in particular, is closely related with
bio-activity. Toxicity of fullerenes and their derivatives were investigated and discussed widely. In one of the last
works [12, 13] a detailed and complete overview is given. A bibliography on the theme of fullerene toxicity [14–40]
covers quite an extensive number of works over the 20 last years. The main conclusions are the following:
• Numerous further studies have also not shown any adverse or toxic effects of fullerene on organism. According to the Toxicological classification of substances exhibiting toxicity at doses above 1 g/kg, belong to the
class of non-toxic substances. A long experiment was conducted in rats the diet of which added fullerene in
the form of solution in olive oil [16]. The experiment lasted 5.5 years, as a control diet with the addition of
just olive oil and water. Fullerene almost doubled the life expectancy of rats. Different diets did not affect the
dynamics of animal weight, which also indicates the absence of toxic effects in.
• It is shown in [14] that fullerene in the form of water colloidal dispersion also does not show toxic proper-ties,
but only shows the properties of antioxidant. This conclusion is based on more than ten years of biological
tests of fullerene dispersion in various experiments in vitro and in vitro. It did not reveal any toxic effects (at
concentrations from 10−9 to 10−4 mol/dm3 and at total doses up to 25 mg/kg).
• The toxicology of water-soluble derivatives of fullerene has been the subject of many discussions, but the vast
majority of works have shown their toxicity is low. So, water-soluble fullerene derivatives do not exhibit acute
toxicity in vivo, even at sufficiently high doses. For example, the value for fullerenol in intraperitoneal mice
is 1.2 g/kg [38, 39]. Parenteral administration of the amino-acid derivative to mice at a dose of 80 mg/kg had
no effect on the behavior and viability of mice for 6 months [16].
• In [12] it was shown, that water solutions of octo-adduct C60 with arginine are characterized by acceptable
(i.e., low) toxicity and the only one most concentrated solution (with concentration 0.25 g/dm3 ) can be characterized by moderate toxicity (at the lower limit).
• Research [41] showed water solubility solutions of C60 no toxicity in in vitro experiments on Chinese hamster
V79 cell lines.
• The cytotoxicity of C60 in water solution was noted in the research [42]. It showed that the cytotoxicity of
water-soluble fullerene species is a sensitive function of surface derivatization; in two different human cell
lines, the lethal dose of fullerene changed over 7 orders of magnitude with relatively minor alterations in
fullerene structure.
• Authors [43] showed that C60 (OH)24−26 did not show acute or chronic toxic effects in model organisms from
four different kingdoms. There was evidence of increased growth and increased life expectancy that could
have profound effects in environmental research.
• The antioxidant ability of C60 (OH)24 has been shown to modulate the cytotoxic effects of the chemotherapeutic agent, doxorubicin (DOX), which causes ROS-mediated oxidative stress [44–46].
• The biological activity of a number of fullerenols with a different number of hydroxyl groups: C60 (OH)12−14 ,
C60 (OH)18−24 , C60 (OH)30−38 , was studied [47]: C60 (OH)12−14 , was insoluble in water and did not show
biological activity when introduced into cell cultures in the form of suspensions. While C60 (OH)18−24 was
soluble and had maximum antiviral and protective activity.
• Fullerenols used in this work [48] demonstrated negligible toxicity even at high concentrations as a result of
a specifically developed manufacturing process.
The following property of water soluble fullerene derivatives, which is closely connected with bio-activity is
anti-oxidant activity, which was investigated in many works, in particular [3, 49–64]. The antioxidant properties of
fullerenols were previously investigated. Several mechanisms for the antioxidant activity of fullerenol nanoparticles
have been proposed [4]. All authors note very strong anti-oxidant activity of all water soluble fullerene derivatives.
However, authors [49, 51] determined this bulk anti-oxidant activity weaker one in comparison with such classical
anti-oxidant agents as ascorbic acid. But these derivatives possess one very rare and useful property, namely – the
ability to reversible absorption of oxidant particles, or to multiple sorption-desorption oh the last ones.
In the present article, we report about the investigation of fullerenol of light fullerene C60 (OH)24 in bio-testing,
using as test micro-organism “Chlorella vulgaris beijer” – a very popular alga for laboratory studies. We shall report about the kinetics in the system: chlorella vulgaris beijer (bio-component)-fullerenol (catalyst-inhibitor)-water
(solvent) in the presence of light (visional region wavelength) and CO2 (dissolved in water solution).
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F IG . 1. Electronic spectrum of water
suspension of Chlorella Vulgaris with
concentration Cchl = 1 g/dm3 without fullerenol
2.

F IG .
2. Electronic
spectrum
of C60 (OH)24 water solution
(concentration of C60 (OH)24 –
Cf ullerenol = 0.625 g/dm3 )

Materials and experimental methods

In the investigations we used a suspension of Chlorella Vulgaris “Detox Urban Drink” Belive Organic (Saint
Petersburg, Russia) with chlorella content 1 g/dm3 , recalculated on solids. Also we used fullerenol C60 (OH)24 , which
was synthesized from Br-derivative - C60 Br24 , according to previous method [63, 64]. C60 (OH)24 was synthesized by
the treatment of these product by boiling water-dioxane mixture with the dissolved NaOH. Then sodium fullerenes
forms C60 (OH)24−δ (ONα)δ were neutralized and washed in the Soxlet-extractor.
Chlorella growth or suppression were investigated in open transparent in the visible area cylindrical polystyrene
test tubes at room temperature under illumination by standard incandescent lamp (Phillips E27 – 40 Wt) for the period
of 9 days. Catalyst concentrations were varied in the range 0.01 – 1.0 g/dm3 . Oxidative stress was organized by the
addition of hydrogen peroxide with the concentration 1.0 g/dm3 .
Chlorella Vulgaris concentrations were determined by the method of turbidimetry – by the determination of optical
density of scattered light in the direction of propagation of the incident beam at wavelength λ = 664 nm −D664 . The
spectrum was obtained relative to the comparison solution – water solution of C60 (OH)24 with the same concentraion,
that was in test suspension without fullerenol (fullerenol was not consumed during the growth of Chlorella). All
suspensions were thoroughly shaken before turbidimetric determination.
A typical spectrum of chlorella water solution is represented in Fig. 1. We used the following formula to calculate
chlorella concentration in suspensions:
Cchl (g/dm3 ) = 0.131 D664

(at the width of optical cell l = 1 cm).

(1)

We do not use wavelength λ = 424 nm, because the second component of the suspension substantially strengthen
light absorb, when one transfers from yellow-green light to blue-violet one (Fig. 2).
The second reason of preferences of λ = 664 nm is in the fact, that this peak is considerably less diffusional (see,
differential electronic spectrum in Fig. 3).
3.

Kinetics of Chlorella Vulgaris growth described by formal kinetics method
Data on the dependence of chlorella concentration – Cchl against time of observation (t) are represented in Fig. 4.

One can see, that all graphics Cchl (t) are concave, i.e. the velocity of chlorella growth decreases with chlorella
concentration increases (at the same time concentration of significant participants in the process: fullerenols, visional
photons, dissolved CO2 are stationary). So, the order of the reaction is negative and chlorella should be self-inhibitor
of its own growth. This is atypical for standard chemical reactions, but more often is realized in some other processes,
such our now, for example.
Let us determine the order of chlorella growth according to chlorella, constructed graphics for orders n = 2, 1,
−1, −2 order for the suspension without fullerenol – Fig. 5 (graphics for n = 0 is represented in Fig. 4).
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F IG . 3. Differential electronic spectrum of water suspension of Chlorella Vulgaris with concentration Cchl = 1 g/dm3 without fullerenol

F IG . 4. Dependence of chlorella concentration – Cchl against time of observation – t for different
fullerenol concentrations Cf ullerenol = 0.000 g/dm3 (triangles with base down); 0.010 (circles);
0.0625 (triangles with base down); 0.125 (squares); 0.250 (triangles with base on right); 0.500
(triangles with base left); 1.000 (stars). Initial concentration in all cases: Cchl = 0.88 g/dm3
From Fig. 5 one can see, that pseudo-order of process is really nearly n = −2. Absolutely the same is realized
in the presence of catalyst – fullerenol with all concentrations. So differential and integral kinetic equations at all
fullerenol concentrations are as follows:
dCchl
−2
= KCchl
,
(2)
dt
1 3
3
(C − Cchl−0
) = Kt.
(3)
3 chl
So, we determined velocity constant for the suspensions with the different fullerenol content – Table 1 and in Fig. 6.
From Fig. 6, one can see, that at low fullerenol concentrations Cf ullerenol < 0.1(g/dm2 ) it is the catalyst of
chlorella growth process, but at higher concentration it is inhibitor of this process.
Unfortunately the authors are not satisfied by the presented higher calculation, because the presented experimental
and calculated (according to n = −2) curves have no convex regions, where the velocity of growth increases with
chlorella concentration growth. But, according to physical sense such region at low chlorella concentrations should
be. In our experiment these regions were not investigated, but even if this were the case, the model of formal kinetics
with the order n = −2 would not be able to describe this in principle.
The fact of pseudo-order n = −2 is not inexplicable in the conditions of limiting resources of growth, where
competition between the participants of growth exists. Really:
• Dissolved CO2 is distributed evenly between chlorella and the available concentration is inversely proportional
to Cchl ;
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F IG . 5. Kinetic curves F (Cchl )(t) for different orders n of the process of chlorella growth for the
solution without catalyst – fullerenol (from top to bottom: n = 2 (left-top), 1 (right-top), −1 (leftbottom), −2 (right-bottom))
TABLE 1. Velocity constants, formal integral and formal differential fullerenol activity in the process of chlorella growth (reaction of pseudo −2 order)
Fullerenol
Velocity
formal integral
formal differential catalyst
concentration
constant – K
catalyst fullerenol
fullerenol activity
3 3
Cf ullerenol
(gchl /dm ) /day
activity Af ullerenol =
af ullerenol = (K − K0 )/Cf ullerenol
(g/dm3 )
= K − K0 (gchl /dm3 )3 /day
(gchl /dm2 )3 /(gf ullerenol ·day)
0.000
0.119
0.000
–
0.010
0.121
0.002
0.200
0.0625
0.127
0.008
0.128
0.125
0.103
−0.016
−0.128
0.250
0.093
−0.026
−0.104
0.500
0.073
−0.046
−0.092
1.000
0.041
−0.078
−0.078
K0 – is velocity of chlorella growth without fullerenol.
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F IG . 6. Integral (left) and differential (right) catalyst fullerenol activity against fullerenol concentration

• Tested suspensions in experiments are nearly opaque for visible light (optical density at λ = 664 nm and
width of optical cell in experiment l = 2 cm is D664 =1.5 – 2.0 a.u.), so from 100 photons 95 – 99 photons
are absorbed in the suspension. Thus, competition between chlorella for the photons also exist, and number
of photons, absorbed by one chlorella also inversely proportional to Cchl .
4.

Kinetics of Chlorella Vulgaris growth, described by Verhulst equation of logistic growth

The Verhulst model of logistic growth [65,66] was elaborated for the description of population growth in the conditions of resource constraints. Here under the term population we understand bio-mass of animals, plants, viruses,
bacteria, fungi. Under limited resources we understand restricted access to food, territorial resources, access to individuals of the opposite sex for bisexual organisms, oppression or depopulation as a result of poisoning by products of
metabolism. As a result, the Verhulst model describes population growth in the conditions of intraspecific competition.
The Verhulst equation has the following form:
X(t) =

Xmax X0 ert
.
Xmax − X0 + X0 ert

(4)

Where X – some function, characterizing population or bio-mass, for example number of organisms, or their concentration in some normalized scale, t – current time from the moment of observation start t = 0. It is possible to
extrapolate t in negative zone t < 0 or for the time before observation start, and predict, for example time of population
origin. Equation contains 3 parameters:
P1 = Xmax – maximal population or bio-mass, corresponds to t → ∞;
P2 = X0 – population the moment of observation start t = 0. Here and everywhere further we shall not consider the
case, when Xmax < X0 , although this case maybe realized, for example in the case of sharp changes in the terms of
experience;
P3 = r – initial velocity of population growth, when resource constraints are insignificant.
Two parameters Xmax , r (as a rule are fitting ones), the third parameter – X0 may be fitting and may be fixed
(it depends on the accuracy of it’s determination). If somebody wants to describe growth curve without extrapolating,
possessing experimental data in whole time range, only a single parameter, r, may be varied.
Mathematically, the Verhulst curve is a bi-asymptotic monotonically increasing convex-concave curve with an
inflection point.
Two horizontal asymptotes are the following:
lim X(t) = Xmax ,

lim X(t) = X0 .

(5)

dx
X0 Xmax rert (X0 − Xmax )
=
.
dt
(Xmax − X0 + X0 ert )2

(6)

t→∞

t→−∞

First derivative or growth velocity may be calculated as:
V =
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The second derivative or growth acceleration may be calculated as:
A=

(X0 Xmax r2 ert (X0 − Xmax ))(Xmax − X0 + X0 ert )
d2 x
=
.
2
dt
(Xmax − X0 + X0 ert )2

(7)

This second derivative turns to 0, at the following inflection time – tinf :
tinf =

−x0
ln xmax
x0

.
(8)
r
We processed obtained data Cchl at different catalyst – fullerenol concentrations with the help of Verhulst equation. Obtained Verhulst parameters are represented in Table 2 and I Fig. 7.
TABLE 2. Parameters of Verhulst
Cchl−max Cchl−0 ert
Cchl−max Cchl−0 + Cchl−0 ert

equation

of

logistic

growth:

Cchl−max (t)

=

Fullerenol
Verhulst equation Verhulst equation Correlation factor
concentration
parameter
parameter
of approximation
1
3
3
Cf ullerenol (g/dm ) Cchl−max (g/dm )
r( day )
R2 (a.u.)
0.000
0.010
0.0625
0.125
0.250
0.500
1.000

1.70
1.69
1.67
1.61
1.59
1.50
1.30

0.328
0.324
0.323
0.321
0.308
0.285
0.240

0.998
0.982
0.998
0.993
0.995
0.991
0.999

One can see, that the Verhulst equation quite successfully and with very low standard deviation describes dependencies Cchl (t) at different fullerenol concentrations. The dependencies of Verhulst parameters on fullerenol
concentration is practically linear (Fig. 8) and may be approximated as:
Cchl−max = 1.70 − 0.40Cf ullerenol (g/dm3 );

r = 0.328 − 0.088Cf ullerenol (g/dm3 ).

(9)

dCchl (t)
So, now we can calculate the dependencies Cchl (t) and V =
, according to Verhulst equation with
dt
parameters from Table 2 – Fig. 9,10.
One additional moment remains. Classical Verhulst curve is bi-asymptotic convex-concave curve with inflection
point. One cannot see even second asymptotes, convex parts of curves (only concave), inflection points in all curves
in Fig. 9. This fact can be explained easily if we take into account the fact, that we have chosen in the experiment
a very high initial concentration of chlorella Cchl−0 = 0.88 g/dm3 comparable to maximal chlorella concentrations
Cchl−max = 1.3 − 1.7 g/dm3 in dependence of fullerenol concentration (Table 2). So, convex parts of the curves
should correspond to lower values Cchl . Let us recalculate Verhulst curve into negative times (formally before start of
observation) and we shall get absolutely classical Verhulst curves – Fig. 11,12.
We also calculate Verhulst integral (Af ullerenol ) and differential fullerenol catalyst activity (af ullerenol ) in the
process of chlorella growth:
Af ullerenol = V − V0 ;

af ullerenol =

V − V0
.
Cf ullerenol

(10)

Calculations we provided in the form of the dependencies of fullerenol catalyst activity on time at different fullerenol
concentrations and on fullerenol concentration (at fixed time of observation) – can be seen in Figs. 13,14.
From the last two figures, one can see, that fullerenol has negative catalytic activity or inhibitor activity on
chlorella growth, with exception of the cases of low concentrations (Cf ullerenol is hundredths or less than 0.1(g/dm3 ) –
see, for example Fig. 14. For these cases, fullerenol possesses real positive catalyst activity. Moreover, for the longer
the observation time, positive catalyst fullerenol activity manifests stronger. This fact corresponds to results installed
previously – Fig. 6.
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F IG . 7. Kinetic curves Cchl (t) and Verhulst equation approximation (red lines) for different
fullerenol concentrations as an example [from top to bottom: Cf ullerenol = 0.0 (left-top), 0.0625
(right-top), 0.25 (left-bottom), 1.00 g/dm3 (right-bottom)], Cchl−0 = 0.88 g/dm3

F IG . 8. Dependencies of Verhulst parameters on fullerenol concentration: Cchl−max (left), r (right)

5.

Kinetics of Chlorella Vulgaris growth in the conditions of oxidation stress

Oxidative stress on the chlorella population was organized by the use of a H2 O2 solution with a concentration
CH2 O2 = 0.1(g/dm3 ) as a breeding medium for chlorella. The process of chlorella population development in this case
with the use of catalyst – fullerenol, should be more complex, because there are simultaneously several multidirectional
affects on this process, namely:
• Oxygen – O2 (maybe free radical – O: also), generated by H2 O2 decomposition, itself is the product of
chlorella metabolism, and so should inhibit chlorella population growth, or maybe cause chlorella depopulation;
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F IG .
9. Verhulst
dependencies
Cchl (t)
at
different
fullerenol
concentrations
Cf ullerenol (g/dm3 ) = 0.000 (triangles with base down); 0.010 (circles); 0.0625 (triangles
with base down); 0.125 (squares); 0.250 (triangles with base on right); 0.500 (triangles with base
left); 1.000 (stars)

dCchl (t)
at different fullerenol concentrations
dt
3
Cf ullerenol (g/dm ) = 0.000 (triangles with base down); 0.010 (circles); 0.0625 (triangles with base
down); 0.125 (squares); 0.250 (triangles with base on right); 0.500 (triangles with base left); 1.000
(stars)
F IG . 10. Verhulst dependencies V

=

F IG . 11. Verhulst equation of logisitic growth approximation
Cf ullerenol (g/dm3 ) = 0.000) with the extrapolation to the previous time

curve

Cchl (t)

(at
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F IG . 12. Verhulst equation of the velocity of logisitic growth approximation curve
Cf ullerenol (g/dm3 ) = 0.000) with the extrapolation to the previous time

dCchl (t)
(at
dt

F IG . 13. Integral fullerenol catalyst activity in the process of chlorella growth at different fullerenol
concentrations Cf ullerenol (g/dm3 ) = 0.000 (red line); 0.010 (circles); 0.0625 (triangles with base
down); 0.125 (squares); 0.250 (triangles with base on right); 0.500 (triangles with base left); 1.000
(stars) against time of observation

F IG . 14. Differential fullerenol catalyst activity in the process of chlorella growth on the 10-th day
of observation
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• Fullerenol in low concentrations catalyzes chlorella population growth, and in higher concentrations inhibits
it;
• Fullerenol at all concentrations neutralize the inhibitory action of O2 , because it possesses strong antioxidant
activity.
The graphics of the dependencies Cchl (t) at CH2 O2 = 1.0(g/dm3 ) and different Cf ullerenol are in Fig. 15.

F IG . 15. Dependence of chlorella concentration – Cchl against time of observation – t in the conditions of oxidation stress for different fullerenol concentrations Cf ullerenol (g/dm3 ) = 0.000 (triangles
with base down); 0.010 (circles); 0.0625 (triangles with base down); 0.125 (squares); 0.250 (triangles with base on right); 0.500 (triangles with base on left); 1.000 (stars). Initial concentration in all
cases: Cchl−0 (g/dm3 ) = 0.715, CH2 O2 = 1.0(g/dm3 )
One can see, that in all cases curves Cchl (t) are monotonously decreasing, convex ones. So, we see chlorella
depopulation and the order of this process should be n > 1. To determine n we have construct the curves for n = 1,
n = 2 – see Fig. 16, as an example (the case n = 0 is represented in Fig. 15).

F IG . 16. Kinetic curves F (Cchl (t)) for different orders (n) of the process of chlorella growth for
the solution with H2 O2 and without catalyst – fullerenol (n = 1 (left), 2 (right))
Absolutely the same is in case of catalyst – fullerenol use. So, n = 2 , and differential and integral kinetic
equation at all fullerenol concentrations are the following:
dCchl
2
−
= KCchl
,
(11)
dt


1
1
−
= Kt.
(12)
Cchl
Cchl−0
In Fig. 17 we demonstrate how accurately eq. (12) describes the kinetics of the process at different Cf ullerenol
concentrations. Calculated velocity constants for the process are represented in Table 3.
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1
1
−
= f (t) for the solution with H2 O2 and with different catCchl
Cchl−0
alyst – fullerenol concentrations Cf ullerenol (g/dm3 ): 0.01 (left-top), 0.125 (right-top), 0.250 (leftbottom), 1.000 (right-bottom)
F IG . 17. Kinetic curves

F IG . 18. Dependencies of the velocities of the process against time for different fullerenol concentrations Cf ullerenol (g/dm3 ) = 0.000 (triangles with base down); 0.010 (circles); 0.0625 (triangles
with base down); 0.125 (squares); 0.250 (triangles with base on right); 0.500 (triangles with base on
left); 1.000 (stars). Initial concentration in all cases: Cchl−0 = 0.715(g/dm3 ), CH2 O2 = 1.0(g/dm3 )
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TABLE 3. Velocity constants of the process of chlorella growth for the solution with H2 O2 and with
catalyst – fullerenol
Fullerenol
concentration
0.000
3
Cf ullerenol (g/dm )
Velocity
constant
0.725
K(gchl /dm3 )−1 /day

0.010 0.0625

0.125

0.250 0.500

1.000

0.711

0.253

0.625 0.313

0.567

0.263

F IG . 19. Dependencies of the integral catalyst fullernol activities of the process against time for different fullerenol concentrations Cf ullerenol (g/dm3 ) = 0.000 (base red line); 0.010 (circles); 0.0625
(triangles with base down); 0.125 (squares); 0.250 (triangles with base on right); 0.500 (triangles with base on left); 1.000 (stars). Initial concentration in all cases: Cchl−0 = 0.715(g/dm3 ),
CH2 O2 = 1.0(g/dm3 )

F IG . 20. Dependencies of the differential catalyst fullerenol activities of the process against time
for different fullerenol concentrations Cf ullerenol (g/dm3 ) = 0.000 (base red line); 0.010 (circles);
0.0625 (triangles with base down); 0.125 (squares); 0.250 (triangles with base on right); 0.500
(triangles with base on left); 1.000 (stars). Initial concentration in all cases: Cchl−0 = 0.715(g/dm3 ),
CH2 O2 = 1.0(g/dm3 )
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F IG . 21. Dependencies of the differential catalyst fullerenol activities of the process against
fullerenol concentrations at different observation time (in days): 1-st (left); 4-th (right: triangles
with base on left); 9-th (right: stars)
One can see that dependence K(Cf ullerenol ) is non-monotonic and passes through the minimum, which reflects
the fact, that two or more oppositely directed tendencies are acting, which increasing and decreasing of the velocity of chlorella depopulation processes. In Fig. 18 we represent the graphics of the dependencies of the velocities
dCchl
= f (t). Obviously the dependenof the process against time for different chlorella concentrations V =
dt
cies V (Cf ullerenol ) are non-monotonic and also pass through the minimum, as K(Cf ullerenol ) at Cf ullerenol ≈
0.10(g/dm3 ). We also calculated integral catalyst activity and differential catalyst activity in depopulation chlorella
processes in the conditions of oxidation stress, according to eq. (10). Data are represented in Fig. 19,20, correspondingly. From Fig. 19,20, one can see, that at low observation times 0 – 2 ∼ 3 days fullerenol at all concentrations has
an effect, inhibiting=protecting the process of chlorella depopulation, and after that – at times 2 ∼ 3 – 9 days this the
effect is leveled and fullerenol starts catalyze=accelerate the process of chlorella depopulation.
Noticeably, it is more revealing to calculate the dependencies of differential catalyst fullerenol activities against
fullerenol concentration at different fixed times of observation – see Table 4 and Fig. 21 for 1-st, 4-th and 9-th days.
TABLE 4. Integral (Af ullerenol ) and differential af ullerenol =

V − V0
catalyst fullerenol acCf ullerenol

tivity in 1-st, 4-th and 9-th day
Fullerenol
1-st day
1-st day
4-th day
4-th day
9-th day
9-th day
concentration Af ullerenol af ullerenol Af ullerenol af ullerenol Af ullerenol af ullerenol
gchl
gchl
gchl
Cf ullerenol
(g/dm3 ·day) ( gf ullerenol
) (g/dm3 ·day) ( gf ullerenol
) (g/dm3 ·day) ( gf ullerenol
)
(g/dm3 )
0.000
0.010
0.0625
0.125
0.250
0.500
1.000

0.000
0.0010
0.0655
0.0688
0.0655
0.0539
0.0140

/day
–
0.0010
0.0655
0.0688
0.0655
0.0539
0.0140

0.000
−0.00026
−0.00456
−0.00422
−0.00456
−0.00532
−0.00294

/day
–
−0.00007
−0.00114
−0.00106
−0.00114
−0.00133
−0.00073

0.000
−0.00014
−0.00700
−0.00723
−0.00700
−0.00607
−0.00187

/day
–
−0.00002
−0.00078
−0.00080
−0.00079
−0.00067
−0.00021

From Fig. 21, one can see, that at the time of exposition 1 day (2, 3 also) fullerenol has an effect, inhibiting =
protecting the process of chlorella depopulation, and after that – at times 2∼3 – 9 days fullerenol starts catalyze =
accelerate the process of chlorella depopulation. At the same time positive fullerenol inhibitory activity at the first
days according to the absolute value is 1-2 orders of magnitude greater than the negative fullerenol catalyst activity
subsequently. Maximal positive fullerenol inhibitory activity corresponds to Cf ullerenol = 0.1(g/dm3 ). With further
increase common catalyst or inhibitory activities both quickly decreasing.
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Conclusions

Catalytic fullerenol C60 (OH)24 action on Chlorella Vulgaris growth in the conditions of limited resource growth
base and in the conditions of oxidation stress were investigated. The kinetics of Chlorella Vulgaris growth in the
conditions of limited resource growth, maybe adequately described by the equation of formal kinetics with a second
order (inhibitory process) or Verhulst equation of logistic growth of bio-masses. It was demonstrated, that the Verhulst
equation maybe satisfactorily used for the description of different natural process. The kinetics of Chlorella Vulgaris
depopulation in the conditions of oxidation stress, maybe adequately described by the equation of formal kinetics of a
second order. It was shown, that in the case of limited resource growth, low fullerenols concentrations Cf ullerenol <
0.1(g/dm3 ) catalyzes or accelerate Chlorella growth, but higher concentrations suppress or inhibit the growth. Under
conditions of oxidative stress in the first 2 – 3 days, fullerenols protect chlorella or inhibit depopulation; after this
time, the fullerenols catalyze or accelerate chlorella depopulation. Positive fullerenol depopulation inhibitory activity
at the first days according to the absolute value 1 – 2 orders of magnitude greater than the negative fullerenol catalyst
activity in subsequent days. Maximal positive fullerenol inhibitory activity corresponds to Cf ullerenol ≈ 0.1(g/dm3 ).
With further increase common catalyst or inhibitory activities both quickly decreasing.
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In this study, Carbon nano particles (C NPs) from neem leaves were synthesized for adsorption and photo catalytic degradation of Auramine–O
(Au–O) dye used in paper industries. The synthesized C NPs were characterized by powder X-ray diffraction and scanning electron microscopy.
Dye adsorption and photo catalytic properties of C NPs were examined by studying the decolorization of dye Au–O at 5 minutes time interval using
a UV-Visible spectrophotometer. The results show that C NPs acts as a better adsorbent even with shorter time and lower concentration than as
photocatalysts.
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1.

Introduction

Synthetic dyes have been widely used in many technological processes such as paints and textiles, as an additive
in plastic, paper, leather, cosmetics and rubber industries, and so on [1]. The paper industry is one of the oldest
industries in which the extensive use of various dyes has been implemented for ages. There are many variations in
the kind of papers produced in paper industry such as writing and printing paper, tissues used as toilet paper, facial
tissues or used as paper napkins or towel, copier paper, cover papers, corrugated papers used for packing, handmade
paper, lamination paper and the list is endless. For each kind of paper, a different kind of dye is required. The dying
process in poly board paper industry involves many dyes such as Acid orange, Brown dye, Red dye, Paper yellow,
Methylene Blue, Victoria Pure Blue, Malachite Green Crystals, Rhodamine 6, Methyl Violet, Rhodamine B, Auramine
O. Out of these, Auramine–O (Au–O) is a basic yellow dye containing amino and imino groups (Fig. 1). The effluents
containing Au–O cause significant health problems. Au-O may bind to hemoglobin, inhibiting the normal uptake of
oxygen, leading to methemoglobinemia, cyanosis and breathing difficulties. There is evidence that it may produce eye
irritation and eye damage 24 hours or more after instillation. There may be damage to the cornea. Unless treatment is
prompt and adequate there may be permanent loss of vision. Inhalation leads to unconscious. Continuous exposure to
Au–O causes vomiting and yellowish discoloration of skin [2].

F IG . 1. Structure of Auramine–O
Even at low concentration, the colors of these dyes can be easily observed by water and make it highly injurious
effects for an environment and human health. Therefore, significant attention has been drawn to develop a beneficial
technology for the removal of these organic pollutants from aqueous solutions. These harmful organic pollutants can
be removed by various methods such as precipitation, adsorption, photocatalytic degradation, ion exchange, reverse
osmosis, solvent extraction and chlorination. Adsorption of dyes by activated carbon and its composites is one of
the simplest and most economical methods for removing dyes from wastewater due to its high adsorption capacity,
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high specific surface area, and low selectivity [3–15]. Previous research revealed that photocatalyst had shown a good
performance in degrading the persistent organic pollutants with the aid of light absorption in the water [16].
However, the performance does depend not only on the composition, but also on its microstructure, size, and morphology. Smaller nanoparticles could form on active sites of support materials through oxide-support interaction. This
could increase the overall surface area of the photocatalyst, and the support materials can act as a sink of electrons.
In recent trends, nanomaterials are used as a photocatalyst to degrade organic pollutants. Nanoscale materials have
high surface area to volume ratio, making them ideal for use in composite materials, drug delivery, catalysis, sensors,
data storage and energy storage. The finite size of material entities as compared to the molecular scale makes nanostructured materials harder, less brittle and mechanically strong. Basically, in nanotechnology, we study materials at
nanoscale (1·10−9 m), materials at bulk scale show different properties and at nanoscale different extraordinary properties, at nanoscale with size their surface to volume ratio increase. This surface to volume ratio property, especially
as a catalyst, increases the efficiency by a hundred percent as compared to bulk materials.
Carbon based nanoparticles have application as photocatalysts but there are some limitations, due to which, these
were not use commercially. So the present work focussed on the synthesis of carbon nanoparticles from neem leaves
and its adsorption and photocatalytic action against Au–O dye.
The neem (Azadirachta indica A. Juss) is a tropical evergreen tree traditionally well known for its medicinal
value. Apart from Indian subcontinent, neem is widely used in African countries as therapeutics, preservatives and
insecticides. Neem leaves, natural source of flavonoids, polyphenols, isoprenoids, sulfurous and polysaccharides,
play important role in free radical scavenging. Neem leaves are used for treating leprosy, eye disorders, bloody nose,
intestinal worms, stomach upset, skin ulcers, fever, diabetes, gum disease, and liver problems.
As Au–O dye causes skin coloring, vomiting, unconsciousness, the carbon nanoparticles synthesized from neem
leaves may be the best adsorbent.
2.
2.1.

Materials and methods
Synthesis of carbon nanoparticles

Carbon nanoparticles were synthesized from neem leaves. The fresh neem leaves were collected and then washed
with distilled water. Then the washed leaves were soaked in dilute hydrochloric acid for 3–4 hours. After 4 hours the
color of the leaves turned black, at which point they were collected and dried at 120◦ C for 3–5 hours in a hot air oven.
The dried mass was collected and stored for application.
2.2.

Adsorption

The adsorption performance of carbon nanoparticle was evaluated through the decreased UV absorbency of Au–O
solution. The chemical structure of Au-O is shown in Fig. 1. The concentration of Au–O was 5 PPM. 5 mL of the dye
solution is sonicated with 20 mg of carbon nanoparticle to get better adsorption activity. The absorbency of the Au–O
solution at a wavelength of 435 nm was measured every 10 min by a UV-vis spectrophotometer for 50 minutes.
2.3.

Photocatalytic with UV and Visible Sources

Photocatalytic degradation process was also carried out under UV light irradiation. Four fluorescent lamps were
used for irradiation of UV light source. 50 mL Au–O dye solution with 5 PPM concentration was sonicated continuously with 20 mg of Carbon nanoparticles in a 100 mL cylindrical Pyrex vessel reactor. The reaction was initiated
by switching on the light source. 5 ml of dye solution was taken at the equal intervals of 5 minutes from 0 upto
30 minutes. To examine the degradation of Au–O, the collected solutions were filtered and the UV-Vis absorption
spectra were recorded by UV-Vis spectrometer.
2.4.

Characterization

Scanning Electron Microscope EVO18 (CARL ZEISS) was used to investigate the surface morphology of carbon
nanoparticles. Scanning electron microscopy (SEM) is a widely used method for the high-resolution imaging of
surfaces that can also be employed to characterize nanoscale materials. SEM uses electrons for imaging, much as a
light microscope uses visible light. The sample were placed in an evacuated chamber and scanned in a controlled
pattern by an electron beam. Interaction of the electron beam with specimen produces the SEM images of Carbon
NPs.
X-ray diffractometer D8 Advance ECO (Bruker) was used to investigate the grain size. X-ray diffraction (XRD)
is one of the most extensively used techniques for the characterization of NPs. Typically, XRD provides information
regarding the crystalline structure, nature of the phase, lattice parameters and crystalline grain size. The grain size is
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F IG . 2. SEM images of C NPs
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F IG . 3. XRD Pattern of Carbon NPs

estimated by using the Scherrer equation using the broadening of the most intense peak of an XRD measurement for
a specific sample.
3.
3.1.

Result and Discussion
Scanning electron microscopic analysis

Morphology of synthesized carbon nanoparticles was characterised by SEM analysis. The SEM images were
developed by the interaction of electron beam with carbon nano particles (Fig. 2). The Carbon NPs formed are well
dispersed and evenly distributed in all direction. It shows that the Carbon NPs have smooth and uniform surface. It
also confirms that there is no contamination with carbon nano particles.
3.2.

X-ray diffraction analysis

The XRD pattern of the synthesized C and C–CaO NPs are shown in Fig. 3. It shows that the XRD pattern of the
synthesized C NPs observed with 2Θ values 16◦ 58’, 18◦ 93’, 30◦ 15’, 39◦ 96’ they are indexed to the 221, 100, 111,
220 crystal planes. The average size of the synthesized C NPs was calculated using Scherrer’s equation:
D=

kλ
,
β cos Θ

where, D – particle in size, k – Scherrer’s coefficient, λ – wavelength of X-ray source (1.5406 nm), β – full width half
maximum (FWHM) and Θ – diffraction angle.
The average size of carbon nano particle is found to be 6.78 nm. It shows that the synthesized Carbon NPs are
spherical.
3.3.

Adsorption of dye molecule by Carbon NPs

Adsorption of Au–O dye molecule by Carbon NPs was examined. The adsorption peaks of the synthesized C NPs
are depicted in Fig. 4. From the spectra, it is perceived that the intensity of the characteristic peak of Au–O observed
at 435 nm decreases with respect to the time for the synthesized C NPs. This reduction in the concentration up to
55% of the initial concentration is due to the adsorption of Au-O dye by adsorption of Carbon nano particle. After
50 minutes, the concentration is reduced to 48% only.
3.4.

Photocatalytic degradation of dye molecule by Carbon NPs

The photocatalytic performance of the synthesized C NPs is examined by the degradation of Au–O dye molecules
under UV-light irradiation. The photocatalytic degradation peaks of C NPs are depicted in Fig. 5. From the spectra, the
intensity of the characteristic peak of Au-O observed at 435 nm decreases with respect to the time for the synthesized
C NPs. But the intensity is not that much decreased as in the case of adsorption. This study implies that C NPs are
acting as better adsorbents than as photocatalysts.
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F IG . 4. UV – Visible spectra of Au–O with C NPs at time interval of 5 minutes from 0 to 50 minutes
by adsorption studies

F IG . 5. UV – Visible spectra of Au–O with C NPs at time interval of 5 minutes from 0 to 30 minutes

F IG . 6. Time course of Au–O adsorption on C NPs for both adsorption and photocatalytic degradation
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Mechanism for Au–O degradation by Carbon NPs

Fig. 6 depicts the time course of Au–O degradation on C NPs by adsorption and photocatalytic degradation
process. Compared to the photocatalytic process, the adsorption process has significantly degraded the Au–O due
to C NPs nano size, highly porous structures, in terms of area, pore volume, and pore distribution. The adsorption
equilibrium was achieved after 40 min. The graph matches with the physical adsorption curve of Langmuir. But in
the photocatalysis process, the low performance of degradation compared to the adsorption process may be due to the
rise in temperature by passing the light radiation. This may cause desorption process. Thus, the C NPs act as better
adsorbent than photocatalytic degrader.
4.

Conclusion

In summary, the carbon nanoparticles were successfully synthesised from neem leaves with smooth and uniform
morphology with 6.28 nm grain size. These carbon nanoparticles act as better adsorbents than as photocatalysts. This
leads to further study to synthesize composite material with this carbon nano particle to increase their photocatalytic
activity.
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1.

Introduction

Currrently, two complementary approaches to the development of energy supply systems have been formed: there
is a centralized “external” energy industry of large capacity and autonomous distributed, or local “internal” energy
industry [1–4]. They differ in various interests of energy producers and consumers, different indicators of energy
productivity and energy efficiency, different costs for creation, and operation, energy sources used, technological
schemes for converting primary fuel and distributing converted energy flows, and different levels of losses for generating and transporting consumed types of energy. However, this division is rather conditional. As in any complex
system, in natural and technical complexes of centralized and autonomous power supply, there are numerous direct
and inverse relationships between the selected hierarchical levels, which are based on fundamental and applied scientific achievements of the nineteenth to twenty-first centuries, primarily in the field of thermo- and electrodynamics,
hydroaerodynamics, mechanics, heat transfer, atomic physics, chemistry, and materials science.
Centralized energy industry of large capacity (up to 1200 MW in a single at a time when the total installed
capacity of all power plants of the Unified Energy System of Russia is over 246 GW as of January 1, 2020) is intended
for remote electricity and heat supply through the electric and heat networks of industrial enterprises, public social
services and household needs of the population from large generating units of thermal (TPP), nuclear (NPP) and
hydro- (HPP) power plants which, respectively, use fossil energy resources of chemical (organic) and nuclear fuel,
as well as the energy of nature-renewable movement of large masses of river water. In terms of the unavailability of
centralized power supply or in case of attempts to reduce economic and ecological costs of remote production and
transport of energy; in order to provide power supply for small industrial and community facilities of different local
groups, the autonomous energy industry is used in forms of distributed power installations of low and medium power
(5 to 50 MW in a single unit). Along with traditional generation plants, alternative solar, wind, tidal, geothermal,
biofuel, thermoelectric and other power units are also used here as well [5–10].
A special area of autonomous energy industry is a personalized energy industry, the power of which is comparable
to the power of the human body in the range of its normal and peak loads (about 100 – 1200 W). It is designed in order
to maintain the efficiency of individual life support equipment and human survival in remote natural habitat, as well as
in terms of emergency situations such as technological catastrophes and natural disasters. This includes provision of
food preparation and water supply, housing maintenance, use of tools and devices for personal labor, transport, electronic communication and navigation, medical devices, sports and tourist equipment, personal protective equipment
and equipment for rescuers, firefighters, security personnel, emergency medical services and other emergency services.
Along with traditional and alternative sources for personalized energy supply, such as, mechanical movement and heat
of the human body and environmental objects, as well as the electrical processes occurring in them and accompanying
magnetic phenomena, background electromagnetic radiation in the radio and television broadcasting bands, human
muscle strength and the strength of domestic animals, secondary energy sources, in the form of agricultural and local
industry waste, etc., can be also used [11–13].
Although the development of the scientific and technological base of energy industry in the current understanding
dates back about 200 years, the recent problems of depletion of intensively used fossil energy resources, concomitant
environmental pollution and attraction of renewable alternative sources stimulate the search for new approaches and
solutions in all the energy areas mentioned above. Fundamental and applied physical and chemical problems, as
well as the results of such searches, are reflected in numerous original articles published and in a large number of
generalizing reviews and monographs [14–20], in which you can find interesting details and additional links. This
review is devoted to the consideration of a still poorly presented, but promising and rather intensively developing area
of modern research in the field of autonomous personalized energy industry using nanostructured converters. The use
of functional materials of such a structure, especially those with a high content of interphase formations of fractal
geometry (non-autonomous phases [21–23]), which differ significantly in their properties, structure and composition
from the corresponding characteristics of bulk phases, allows us to purposefully influence the processes of energy
transformation. In particular, it is possible to develop nonlinear regimes with the so-called exacerbation [24,25], when
the effects of local energy concentration appear with their retention for a finite time practically without spreading to
other zones. In this case, the change in the space-time structure is not accompanied by a general destruction of the
material, in contrast to known examples of thermal explosion, shock wave accumulation, self-focusing of light beams,
plasma instability, and other variants of such effects in continuous nonlinear media [26]. Other unusual structural and
functional properties of processes in such media (changes in the melting temperature, transport coefficients, etc.) are
also found, which are studied in the framework of the theory of dissipative structures and synergetics [27]. They can be
used in many applications of physics, biophysics, chemistry, and biology, but they are especially important for solving
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problems of personalized energy industry due to the specific requirements for the power of the sources used and their
availability, low weight and size characteristics, as well as the unstable operating modes. This review also addresses,
as necessary, the main points of research in related areas of energy that are important for the analysis of the topic
under consideration. In particular, physical constraints limit the possibilities of converting various forms of energy,
the conditions and mechanisms for modes of increasing maximum power and efficiency of these transformations,
their thermodynamic stability and regulation of controllability, influence the functional properties of the underlying
environments and structures of materials, the development of methods for their synthesis, determining the attainability
of the desired properties and the desired intensification of the transformation modes. In this review, these issues are
analyzed based on the available literature data, as well as original author’s developments.
2.

Individual energy needs of the human body and the possibility of sources of additional energy supply in
personalized energy industry

Individual energy needs of the body are determined, first of all, by the energy costs of ensuring human’s vital
activity. This is the maintenance of a constant body temperature, heart and respiratory muscles, the nervous system,
physical activity in the processes of work, changes in the structure and physiology of organs in certain age periods.
This also includes carrying out functional responses to stressful situations, including the mobilization of all energy and
regulatory resources of the body for its survival in the event of sudden changes in the external and internal environment.
The physiological source of body energy supply is a combination of metabolic processes as a set of multi-stage
biochemical reactions of the exchange of incoming food substances at the tissue and cellular level. Enzymatic selfregulation of the kinetics of these reactions is carried out by the nervous and endocrine systems of the body with the
maintenance of hemodynamic balance, indicators of water exchange of biological fluids and gas balance, depending
on environmental conditions and internal factors.
According to medical and biological data [26, 28], the individual energy expenditure of an adult of medium build
in a temperate climate is 2800 – 3200 kcal/day (11.7 – 13.4 MJ) for men, 2100 – 2300 kcal/day (8.8 – 9.6 MJ) for
women, and about 2000 kcal/day (8.4 MJ) for a 10-year-old child. In adults, from 10 to 25 % of energy is spent on
the brain, while the brain of a 5–6-year-old child can consume up to 60 % of the body’s energy [29]. As the body
grows from the age of 20, the energy consumption begins to decrease with a gradual decrease first by 3, then by 7.5,
and then by 10 % approximately every 20 years. The intensity of energy consumption depends on the physical activity
of the body, slightly different in women and men. Thus, the intensity of energy consumption in light work is 3.5
and 5.3 kcal/min, respectively (which is equivalent to the energy transformation power of 250 – 370 W), in moderate
work 5.7 and 8.0 kcal/min (400 – 560 W), in heavy work 7.8 and 11 kcal/min (550 – 770 W). During short-term peak
physical activity, energy consumption increases to 14 – 16 kcal/min (980 – 1120 W) or more, while at rest during sleep,
energy consumption is only 1 – 1.5 kcal/min (70 – 100 W). These data taken at rest are calculated from the rate of basal
exchange, i.e., the formation of heat in the human body. As for various physical activities, these data take into account
the additional exchange associated with the intensity of muscle load, when mechanical work is added to the formation
of heat and the total energy expenditure increases by 15 – 20 %. The latter means that only about 1/5 of the body’s own
energy can be spent on transforming the environment in order to improve living conditions. And it may happen only
in a time-limited working period within the range of developed power at normal and peak loads (from 100 to 1200 W)
in accordance with the physiological capabilities of the body and the rhythms of human life. Approximately the same
level of capacity, determined by the density of energy flows in the biochemical reactions of metabolic processes in the
human body, is typical for renewable environmental sources as derivatives of solar radiation, which is the main source
of renewable energy on the planet’s surface. A comparative assessment of the energy capabilities of these sources for
additional energy supply in personalized energy systems is given in Table 1 according to the data [6, 30–35]. This
includes solar and wind energy, energy of natural magnetic and background electromagnetic fields of anthropogenic
nature, thermoelectric materials, including those that convert the heat of the human body, piezoelectric materials that
convert the energy of mechanical vibrations, motion or acoustic noise, pyro- and ferroelectric materials that convert
radiant energy into high electrical voltage, etc. These sources complement the energy capabilities of the human body
discussed above, among which the greatest power density is represented by the thermal energy of the human body
(135 mW/cm3 ) and the energy of its mechanical movement (800 mW/cm3 ).
These indicators are at least one hundred times less than the corresponding indicators of continuous power supply
in centralized systems used for covering of general household and industrial needs that are used currently in developed
countries (up to 10 or more kW of installed capacity per each resident). According to the materials provided by the
academician P. L. Kapitsa in the report “Energy and Physics” at the scientific session in honor of the 250th anniversary
of the Academy of Sciences of the USSR [36] and in his Nobel acceptance lecture [37], based on data from the UNO
and the International Bank for Reconstruction and Development in the 70s of the last century, which have kept the
general trends to the present day, there is a direct proportionality between the cost of gross national (domestic) product
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TABLE 1. Comparison of capacities of possible sources and technologies of energy collection in
personalized energy systems [6, 30–35]
Harvesting Method

Power density

SOLAR
Solar energy – outdoors

15 mW/cm3 – bright sunny day
0.15 mW/cm3 – cloudy day

Solar energy – indoors

10 – 100 µW/cm2

MECHANIC (Vibrations)
Piezoelectric – shoe inserts

330 µW

Electrostatic conversion

0.021 µW/mm3 – 105 Hz

Electromagnetic conversion

154 µW/cm3

THERMIC
Thermoelectric −5 ◦ C gradient

40µW/cm3

PYROELECTRIC
Temperature rate of 8.5 ◦ /s

8.64 µW/cm3

MAGNETIC
Magnetic field energy

130 µW/cm3 – 200 µT, 60 Hz

RADIO FREQUENCY
GSM 900/1800 MHz

0.1 µW/cm2

WiFi 2.4 GHz

0.01 µW/cm2
380 µW/cm3
(at the speed of 5 m/s)
0.96 µW/cm3 at 100 dB
0.003 µW/cm3 at 75 dB

WIND
ACOUSTIC NOISE

produced and energy consumption (Fig. 1). When they decrease, not only the level of well-being falls, but the resulting
life expectancy of people in these countries also suffers (Fig. 2).
The report presented by P. L. Kapitsa emphasized not only the fundamentally different level of energy flow density (about 10 MW/m2 ) for large-capacity centralized power generation using concentrated fossil energy resources,
from the above-mentioned energy flow density for alternative renewable environmental sources (about 100 W/m2 at
the surface to 1.35 kW at the boundary of the Earth’s atmosphere), but also noted their relationship with the efficiency
(efficiency) of energy transformation processes. These indicators are determined by the fundamental laws of conservation of energy and increasing entropy in transformation processes, which do not allow the creation of “perpetual
motion machines” of the 1st and the 2nd kind, as well as by the restrictions on the maximum power of its transmission
through the material medium by the value of the Umov-Poynting vector U < νF . Here, ν is the distribution velocity
of the medium-deformation, which is usually equal to the speed of sound in gaseous medium, and F is the volume
power density of the medium during the transfer of any type of energy (elastic, thermal, electrical, etc.) in it. In stationary processes, the value of div U determines the amount of energy conversion to another type. The example given
by P. L. Kapitsa of the effect of this restriction on the parameters of various converters shows that in order to generate
100 MW of power while using the direct conversion of solar energy into electrical energy from a sunlit surface at the
usual energy flux density of 100 W per square meter, a working area of 1 km2 is required. The same working areas
of almost impossible dimensions will be needed for the wheel of a wind power plant, for the installation of direct
conversion of the chemical energy of hydrogen oxidation into electricity, for an electrostatic generator (Van de Graaff
type), thermoelectric generators and similar converters on energy sources with energy flows of similar density.
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F IG . 1. Dependence of gross national (domestic) product on energy consumption per person per
year for different countries of the world [36, 37]

F IG . 2. The dependence of life expectancy in countries of the world on GDP according to the United
Nations and the International Bank for Reconstruction and Development (year 2000): 1 – Australia;
2 – Bulgaria; 3 – Brazil; 4 – Great Britain; 5 – Denmark; 6 – Israel; 7 – India; 8 – Ireland; 9 – Spain;
10 – Netherlands; 11 – New Zealand: 12 – Norway; 13 – Russia; 14 – USA; 15 – Finland; 16 –
France; 17 – Sweden; 18 – South Korea
Similarly simple estimates show that generating even much smaller capacity by using renewable environmental
sources in personalized energy systems will also require quite large converter workspaces. In particular, for an additional external energy supply of a person at the level of capacity at least its peak capacity (about 1 kW) by using
solar photovoltaic cells, wind power plants, thermoelectric generators, small water flow energy, etc. if the flow density of the actual power removed in them is about 100 W/m2 , the working area of each of these installations will be
required at least 30 – 40 m2 , taking into account the relatively low values of their efficiency of about 25 – 30 %. The
increasing of their energy efficiency through the use of new materials, as well as using possible processes of direct
(non-thermal) conversion of source energy into electrical energy by the type of fuel cells with an efficiency of 60 –
80 %, allows reducing the weight and size characteristics of such installations. The possibilities of implementing
such one-stage transformations are shown in Table 2, presented as a matrix of mutual transformation of various types
of energy [38, 39]. As it follows from the the matrix of energy transformations that have practical significance, the
possibilities of direct one-stage processes are very limited. A wider choice is provided by the multi-stage organization
of sequential transformation of various types of energy with the use of intermediate working bodies. In all cases, it

373

Personalized energy systems based on nanostructured materials
TABLE 2. Matrix of possible transformations of various types of energy
Type of energy

1

2

3

4

5

6

7

8

9

10

1. Nuclear PSE, SSE

(+)

[+]

|+ |

+

[+]

[+]

+

[+]

<+> [+]

2. Chemical PSE, SSE, ES

–

[+]

+

+

+

+

–

(+)

<+> [+]

3. Electromagnetic EC

–

(+)

+

+

+

–

–

(+)

(+)

+

4. Gravistatic SSE, ES

–

–

–

[+]

[+]

–

–

+

+

+

5. Elastic SSE, ES

–

–

–

[+]

+

[+]

+

[+]

+

(+)

6. Electrostatic SSE, ES

–

–

–

+

+

+

+

[+]

+

+

7. Magnetostatic SSE, ES

–

–

–

+

+

+

+

+

+

[+]

8. Electric EC

–

[+]

+

+

+

+

+

<+> <+> <+>

9. Thermal PSE, SSE, ES

–

+

+

–

+

–

–

(+)

<+> <+>

10. Mechanical PSE, SSE, ES

–

–

–

+

+

+

+

(+)

(+)

<+>

Designation: “ – ” – transformation impossible; “ + ” – transformation is possible, but of no practical
interest; |+ | – transformation is possible and of practical interest, but not for energy purposes; [+] – the
transformation is possible and of practical interest for energy purposes, but so far almost never used;
(+) – same as previous but partially already in use; <+> – same as previous but widely used; PSE –
primary source of energy; SSE – secondary source of energy; ES – energy storage; energy carrier.

is necessary to ensure the proper level of energy concentration and select working bodies of certain properties for
conversion. The simplest, most reliable and promising ways have already been used and can only be improved in the
direction of increasing the efficiency of transformations and the specific power of the converter.
Along with the need to increase efficiency, another problem in the development of personalized energy devices
is the coordination of energy generation and consumption modes, taking into account the instability of renewable
environmental sources and the physiological rhythms of human life. In order to ensure their coordination, wellknown electro-galvanic accumulators are used, as well as new types of super-accumulators and double-layer electric
accumulators [40–46] with special schemes for their buffer connection (Fig. 3 and Fig. 4), which control the automatic
charging of these devices during periods when the amount of incoming energy exceeds the amount of consumed one.
Otherwise, accumulated energy is returned to the consumer [9].
A separate extremely important task of personalized energy systems is to ensure a person’s potable water requirements in extreme and emergency conditions in the absence of sufficient sources of clean fresh water. The physiological
norm of its daily consumption for an adult is considered to be 30 – 40 g per kg of body weight, which on average is
about 2.5 liters of water per day, and the same amount is excreted from the body. Under survival conditions, water
consumption can be reduced to one quarter of the norm, but its complete absence or replacement with salty seawater
leads to rapid dehydration with a fatal outcome in 3 to 5 days [11, 12, 47]. Possible solutions of this problem include
distillation methods for cleaning and desalination of existing salty sea and ground waters using energy sources of the
environment, primarily solar radiation.
In all these cases, the main criteria for the practical selection of energy sources in personalized energy systems are
not only their availability and capacity indicators presented in Table 2 above, but also the possibility of implementing
heat and power supply devices based on them as the most used types of energy, taking into account the specific
conditions of their operation. In this regard, the mainly solid-state photo- and thermoelectric converters enumerated
below, without mechanically moving elements, are considered as very attractive and preferable ones. A special role in
solving the problems of their further improvement is assigned to the development of new functional materials for such
devices and the identification of optimal modes for regulating the processes of energy conversion in them in terms of
specific output power, efficiency and stability of energy transformation.
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F IG . 3. Autonomous energy system with energy storage buffer

F IG . 4. An equivalent circuit for the calculated replacement of the buffer mode for turning on the
drive as part of an autonomous energy system with several energy sources and consumers
3.
3.1.

Regulation of processes and optimization of energy transformation modes in personalized energy systems
Problems of model description of energy conversion processes in nanostructured media

The problems of optimal regulation of energy conversion processes in terms of specific output power, efficiency
and stability in personalized energy systems remain very relevant not only in connection with the above-mentioned
instability of its receipt from renewable environmental sources and uneven consumption in the physiological rhythms
of human life. It is equally important to set requirements for the development of new materials for such converters,
taking into account their operation in variable modes.
In the available works, energy conversion processes are usually considered either in the thermodynamicallyequilibrium approximation [48,49] or on models of transport phenomena in non-equilibrium thermodynamic systems,
usually applied to problems of continuous media, including not only natural [50–53], but also biological objects [54–
56] and even social systems [57]. However, the application of the classical thermodynamic approach to small nanoscale
objects requires a certain adjustment of the models used.
The proposed variants of “nanothermodynamics” which are based on the development of classical equilibrium
thermodynamics take into account the contribution of surface energy [58], the extension of classical thermodynamics
considering “separation energy” – the so-called nanothermodynamics of Hill [59,60], methods of molecular dynamics
and Monte Carlo [61], lattice models [62], the van der Waals theory of inhomogeneous media [63], chemical approach
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to the description of the nanoparticles as chemical education is a complex of supramolecule [64–66], statistical thermodynamics of small systems [67], nonextensive statistical thermodynamics, including the use of Tsalis entropy [68,69],
“non-equilibrium” equilibrium thermodynamics with allowance for fluctuation theorems [70–72]. When the material
contains a large number of non-autonomous interfacial formations of a fractal nature (non-autonomous phases), which
are formed in a limited space between bulk macroscopic phases in the form of intermediate (transient surface or internal) structures, the classical method of J. V. Gibbs is used for thermodynamic description of the system. It reduces the
differences in the properties of these structures from the properties of bulk phases to a dedicated conditional tension
surface located in the region of the interface [73].
3.2.

Principles of thermodynamic extremes in the generalized analysis of energy transformation processes

In non-equilibrium processes, the thermodynamic behavior of non-autonomous phases, as well as the behavior
of macroscopic bulk phases, can be conveniently considered based on the analysis of changes in the entropy of the
system by using the principles of the extremum of thermodynamic potentials [74]. This approach, as more general
in comparison with the Gibbs–Duhem equilibrium relation, is associated with the condition of positivity of internal
entropy production due to the irreversibility of the processes [75]. Since the density of flows of various forms of
energy increases with increasing nonequilibrium of the system, and the efficiency of their redirected transformation
decreases due to the concomitant increase in irreversibility losses, the condition for obtaining the maximum power
of energy transformation must correspond to the optimal level of thermodynamic nonequilibrium. Its estimation can
be made on the basis of considering the processes of transfer and transformation of one type of energy into another
as occurring in a certain volume (Fig. 5). Here, the initial energy type corresponds to the input thermodynamic flow
J1 , which, under the action of the conjugate thermodynamic force X1 , is the driving force for the output flow of the
converted energy type J2 , induced against the non-conjugate thermodynamic force X2 [49].

F IG . 5. Generalized energy conversion scheme
The phenomenological connection between thermodynamic flows Ji and the thermodynamic forces Xi in case
of deviations from the equilibrium state, in close proximity to it and in stationary processes is described by a linear
m
X
Onsager relations: Ji =
Lik Xik [76]. Here, Lik means the kinetic coefficients of direct and cross-effects of the
k=1

transport of converted types of energy, which reveal reciprocity relations L12 = L21 , which are considered a theoretical
consequence of the principle of microscopic reversibility of time [75, 77], and a consequence of the relationship of
convective components of heterogeneous flows at the macro level [78].
Using the Prigogine theorem on the representability of the power source of entropy in the form of a bilinear form
of the generalized fluxes and forces,
X
XX
XX
IS =
Ji Xi =
Lik Xi Xk =
Rik Ji Jk = min ≥ 0,
i

i

k

i

k

the number of components, which is equal to the number of degrees of freedom of the system, and stationary stable
states correspond to minimum entropy production, and entropy moving from performance to energy, for the value of
efficiency as the relationship of output and input power, η = E2 /E1 = T 00 J2 X2 /T 00 J1 X1 in dimensionless form, we
can obtain [49]:
W = −T 00 JM XM = G(∆H − T 00 ∆S) =

η=

r(1 − r)z
r(1 − r)z
2
2
L11 XQ
=
R11 JQ
,
z+1
[1 + (1 − r)z]2

−T 00 JM XM
G(∆H − T 00 ∆S)
r(1 − r)z
=
=
.
00
©
©
T JQ XQ
(JQ − H G)∆T /T
1 + (1 − r)z
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Here, the parameter r = −(L22 /L21 )(X2 /X1 ) corresponds to the dimensionless ratio of components in the
2
2
output energy flow, and the parameter z = L221 /(L22 L11 − L221 ) = R21
/(R22 R11 − R21
) corresponds to the dimensionless q-factor of the converter. The inverse values of the conductivity coefficients Lik characterize the transfer
resistances of the corresponding energy flows in the system Ω1 = X1 /J1 and Ω2 = −X2 /J2 .
3.3.

Modes of energy transformation in non-equilibrium systems

By means of using the standard apparatus of maxima and minima depending on the ratio r and z the main modes
of energy transformation are revealed:
• idle mode and short-circuit mode with zero output power of the converter; W2 = 0 at r = 0 and at r = 1;
max
2
• maximum output power mode WXQ
= [(1/4)z/(1 + z)]L11 XQ
at r = 1/2 for a fixed power source (DC


max
2
voltage Xi = const) and WJQ = (1/4) z/(1 + z)R11 JQ for a fixed flow source (DC Ji = const) at
r = (1 + z)(2 + z);
• maximum efficiency mode with the maximum value of the efficiency of the converter
√
 √

1+z−1 / 1+z+1
η max =
√

at r = 1 −
1 + z − 1 /z.
As you can see, the maximum power mode is close to the maximum efficiency mode only for low-efficiency
installations, with low q-factor at z  1 with its increase, all other things being equal, the efficiency and output power
increases. However, even for installations with infinitely high q-factor in the maximum output power mode, the efficiency cannot exceed 50 % of its maximum possible value for this type of converter, for example, the Carnot efficiency
for heat engines, the Beitz–Zhukovsky coefficient for wind wheels, the Ioffe efficiency index for thermoelectric generators, etc. [79–81]. In the maximum efficiency mode, with an increase in the q-factor of the system, the efficiency
value can approach 100 % of the possible efficiency as the limit for reversible equilibrium of the system, however, the
output power tends to zero. In order to obtain high output power, high-quality installations with a constant-force power
source must have low internal resistance and are poorly adapted to work with high load resistances, and systems with
a constant-flow power source must have low internal conductivity and do not work well with high-conductivity loads.
2
At the same time, in modes with zero output power and zero efficiency, energy costs EQ = T 00 R11 JQ
for maintaining
00
2
the output power at idle are required, at a time when energy costs E = T L11 XQ are required for maintaining the flow
of matter at short-circuit mode. The graphical interpretation of the above energy conversion dependences, according
to the generalized thermodynamic scheme, is shown in Fig. 6.
The analysis of the given energy characteristics makes it possible to identify the shaded area in Fig. 6 as the
most appropriate for creating energy conversion devices, since there is a simultaneous loss in both output power and
efficiency beyond its borders. The characteristics of real large-scale power plants presented here show that they are
primarily focused on achieving maximum efficiency.

F IG . 6. Generalized characteristics of energy conversion in nonequilibrium thermodynamic systems
with conjugate energy flows: 1,2,3-observable data on large-capacity power turbines of thermal
power plants, nuclear power plants and gas turbines according to [80, 81]
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Regulation of operating modes of non-equilibrium systems

The possibilities of the considered thermodynamic systems to adapt to work in a wide range of loads are illustrated by the diagram in Fig. 7 [54–56]. It is based on the fact that the linear Onsager equations formally describe
the operation of affine transformation of the space of input variables Ji Xi into the space of output variables Ji Xi ,
translating a rectangular coordinate grid into a skew-angular grid with the image of constant load lines in the form of
rays coming out of the coordinate center. The examples of transition path from one state (mode) to another shown in
the diagram correspond to various output power control programs used in power plants. Thermodynamic expressions
for various paths are obtained from ratios that describe the change in output power and efficiency of the converter for
the selected method of regulating the power of energy source or load taking into account the boundary flow values,
[J1 ], [J2 ] and forces [X1 ], [X2 ] that are maximum allowable under the terms of the destruction of the system.

F IG . 7. Load path of energy converters in the input-output space for various control programs
These programs can be implemented by either adjusting the power used by the power source with the converter
and load parameters unchanged, or by changing the parameters of the converter and load itself with the input source
power unchanged. As can be seen, the greatest thermodynamic gain in efficiency is provided when regulating along the
path Ω02 , and in terms of output power – along the paths Ω∗2 or Ω∗∗
2 depending on the types of energy source discussed
above. The control along the path J2 X2 = const ensures constant output power of the converter. The corresponding
schemes of serial and parallel regulation are shown in Fig. 8.
3.5.

Stability of processes in non-equilibrium systems

The described energy-entropy approach is used in our work in order to analyze the stability of non-equilibrium
systems under deterministic and spontaneous fluctuations of thermodynamic quantities with the formation of selforganizing dissipative regimes and structures [80, 81]. The variational synergetic principle of least energy scattering
(dissipation) was used as a thermodynamic stability condition, which is equivalent to the theorem of Prigogine on the
minimum entropy production in stationary linear systems of the Onsager type, but also allows for the contribution
of nonlinear effects. At the same time, a relative non-stationary coefficient of the form ε = hĖ(Ji Xi )i/Ė(J0i X0i )
is introduced for a general assessment of the influence of dynamic perturbations of flows and forces on changes in
entropy production in comparison with their stationary values and determination of self-organization parameters on
this basis.
Here, E(J0i X0i ) = T 00 S is the variable energy dissipation (entropy production). In a system with stationary values of flows and forces, hE(Ji Xi )i is the average value of this variable in a system with perturbed flows and forces, determined by the usual averaging rules for both deterministic,
for example,
harmonic
Z +∞
Xi (τ ) = X0i [1 + ni · sin(ω i τ + νi )] and random Ē =
E · ψ(E) · dE processes. The value ε = 1 corre−∞

sponds to a stationary undisturbed state (mode) of a non-equilibrium system; the values 0.5 ≤ ε ≤ 1 correspond
increased or decreased dissipative energy losses at various deviations from this mode. The mathematical formulation of the problem of regime stability and energy-entropy self-organization in such a system is reduced to finding
the lowest value of entropy generation ε = εmin depending on the perturbation parameters. This is quite valid even
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F IG . 8. Schemes of sequential (a) and parallel (b) regulation of input and output power
X
for systems that allow a linear relationship between thermodynamic flows and forces, JK =
Lki Xi , due to the
general quadratic (bilinear) function of entropy production from the acting flows and forces. The minimization of the
expression in this case


L11 hX12 i + 2L12 hX1 X2 i + hX12 i
ε=
2 + 2L X X
2
[L11 X01
12 01 02 + L22 X02 ]
leads to the identification of three successive modes of self-organization system, delimited by the roots of the charac∂ε
= 0 (Fig. 9). As follows from this analysis, a necessary condition for energy-efficient selfteristic equation
∂(n1 /n2 )
organization of the considered thermodynamic systems with the achievement of minimal entropy production ε = εmin
in the range εmin ≤ 1 is an antiphase (ν1 − ν2 ) = π feedback between the input and output flows (forces) carried out
through direct and cross-coefficients of conductivity Lki .
The explicit form of expressions for flows and forces, as well as for the source of entropy production in the
dependencies of the generalized thermodynamic model is determined by comparing the records of the Onsager and
Prigogine relations with the results that follow from the generalized Umov–Poynting balance equations
ρ dC
dτ + div Jc = Ic

F IG . 9. Change in the relative non-stationarity coefficient ε during self-organization of energy conversion processes for nonequilibrium thermodynamic systems depending on the relative perturbation
amplitudes n and m of the acting thermodynamic forces and the ratio of the components of the energy flows r [53]
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describing the transfer of an arbitrary substance C (mass, momentum, energy, entropy, etc. in a moving medium),
together with the Gibbs relation
X
X
T dS = dU + pdV +
µj dMj +
aν dAν
considered for non-equilibrium conditions based on the local equilibrium principle. Here: ρ – medium density, IC –
sources of the target substance, T – temperature, S – entropy, U – internal energy, p – pressure, V – volume, µj –
chemical potential, Mj – molar mass of substance j in the system.
The central place among these relations belongs to the entropy balance equation, which separates the total change
in entropy dS = de S + di S due to the interaction of the system with the environment (de S) and due to the action of
an internal source of entropy due to irreversible processes (di S ≥ 0).
It should be noted that for the first time many historically significant estimates of the specific power and efficiency
of energy transformation processes were obtained when solving specific scientific and technical problems of their
time, which later determined the directions of modern development of personalized energy considered below. We also
note that the use of new nanostructured materials with nonlinear energy transfer effects of various levels expands the
nature and areas of manifestation of stability and instability of processes, the possibilities of their regulation and selforganization conditions in thermodynamic systems, where the determining role is played not by entropy production as
in linear systems, but by the rate of its change [75].
3.6.

Influence of nonlinearities in the structure and properties of the material on the processes of energy
transfer and transformation

Non-linearities in the structure and properties of the material are reflected in the processes of energy transfer and
transformation in nanostructured converters and storage devices up to the development of modes with aggravation,
which express the inertia of transfer processes in a limited part of the medium and local energy concentration with their
retention for a finite time practically without spreading to other zones. Such regimes were studied by A. A. Samarsky
and other scientists in problems for quasi-linear parabolic equations in continuous media [24, 25]. The analysis of
the influence of structural inhomogeneities and functional properties of nanodisperse materials on the nature of the
development of such regimes can be carried out on the basis of the modified Fourier–Fick law and the nonlocal
transport equation in fractional derivatives with respect to coordinate and time [82–86].
For a general assessment of the influence of metrico-statistical characteristics of the structure of nanodisperse and
composite materials on such effects, in particular, manifested in the non-smoothness of the phase paths of solutions
of these equations and the stochasticity of their phase attractor up to violations of the ergodicity of the system, fractal
analysis methods are used [87, 88]. They consider the self-similarity of different-scale phase formations with a fractional non-Euclidean dependence M ∼ εD between the rate of increase in the number of elements considered M and
the increase in the scale of their consideration ε based on the generalized Renyi relation


ln IRq (q, ε)
1
·
.
DRq = lim lim lim
ε→0 r→0 m→∞ 1 − q
ln(1/ε)


M (ε)
X q
Here, IRq (q, ε) = 
pi (ε) – is the generalized Renyi entropy of order q; M (ε) – is the minimum number of
i=1

“measuring” elements with size ε, required for covering of the fractal in the n-dimensional phase coordinate space of
the embeddings; pi – is the probability of visiting the i-th cube by the phase path; m is the number of points used
to estimate the dimension [89]. This relation is followed by well-known expressions for the Kolmogorov–Sinai entropy and the Kolmogorov–Hausdorff fractal dimension (q = 0), Shannon entropy and the corresponding information
dimension (q = 1), correlation entropy and correlation dimension (q = 2) as special cases for different q [90]. The
establishment of these characteristics allows us to link the indicators of structural and phase heterogeneity and their
self-organization in the development of new materials with changes in their physical and chemical properties.
The establishment of these characteristics allows us to link the indicators of structural and phase heterogeneity
and their self-organization in the development of new materials with changes in their physical and chemical properties.
The characterization of the fractal dimension of nanostructured materials, including micrographs of their chips
according to the method discussed in detail in [91], indicates the multifractal nature of their structural-phase inhomogeneity with a whole spectrum of fractal dimensions according to the generalized Renyi ratio, in contrast to the
classical regular monofractals of the Sierpinsky structure type [88]. The essential role of fractal structures in regulating the functional properties of such materials is shown for almost all technologies and methods of nanomaterial
synthesis [22]. This is determined by the special role of energy and entropy characteristics of non-autonomous phases
(interphase layers), the correlation scale of the phenomena of matter and energy transfer in different-sized macro-,
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micro- and nano-structural blocks of the material, as well as the tolerance factor of their interface. At the same time,
the kinetic and dynamic characteristics of energy-mass transfer and chemical kinetics processes that occur under the
conditions of spatial and mass restrictions of non-autonomous interphase formations, where the energy dissipation
rate is significantly higher than in macro-volume blocks of matter, change. In particular, the result of changes in the
fractal dimension over a layer of strongly micro-homogeneous material may be an unevenness of its thermophysical
characteristics, which was experimentally recorded in [92] with the wave-like nature of the temperature distribution
characteristic of the acute regime (Fig. 10).

F IG . 10. Comparison of theoretical and measured values of thermal conductivity of the sintered
TiN–AlN composite: 1 – thermal conductivity, determined on the basis of the measurement results
at T = 30 ◦ C; 2 – theoretical dependence for the “ideal” mixture of non-interacting components [92]

4.
4.1.

Features of energy conversion processes using renewable sources of the environment and the body’s own
capabilities
Solar power systems

Solar radiation is the common basis of all the Earth’s renewable energy, with an available power of about
100 W/m2 on a surface illuminated by the Sun. The use of this energy in personalized energy systems can now
be carried out by transforming it into the most commonly used electrical and thermal forms using photovoltaic and
photochemical generators, as well as heating elements. The first type of generator is based on three types of photoelectric effect (external, internal, and lockable layer), the second – on the photovoltaic effect and solar regenerative
fuel cells, and the third – on the effect of thermal accumulation by materials with a high specific heat capacity [93,94].
In the above-mentioned three types of effects, the liberation of electrons out of a substance by incident light, a
significant energy result is only achieved while using semiconductor elements with a locking layers of p-n junctions.
The volt-ampere characteristic, or the relationship between the thermodynamic force and the thermodynamic flux in
terms of the general energy transformation model, for such a solar cell is the superposition of the Shockley voltampere characteristic of an unlit diode J = JS [exp(qV /AkT ) − 1] and its light current JL when the p-n junction
is illuminated, as shown in Fig. 11. The latter is characterized by the appearance of a parallel photo-emf on the
internal resistance VRS = (AkT /q) ln [(J − JL ) /JS + 1] due to the excitation of light-generated charge carriers of
the hole-type in the n-region and the electron type in the p-region [95].
The maximum output power of the photovoltaic transformation of solar radiation energy is determined from the
condition [d(VR · JL )/dVR ] = 0 and is achieved when the internal resistance of the element is optimally matched
with the shunt p-n junction external load, amounting to Wmax = JL2 RL F = JL2 RS F Mopt . Here JS = AkT /qR is
the diode saturation current due to the thermal generation of hole and electronic carriers of elementary charge q; A is a
dimensionless coefficient depending on the type of semiconductor; k is the Boltzmann constant; T is the temperature;
R is the load resistance; F is the illuminated area; M = RL /RS . This indirectly takes into account the energy
contribution of the spectral composition of solar radiation photons, both in the generation of useful power and in the
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F IG . 11. Current-voltage characteristic of a solar cell based on p-n junction [96]
thermal vibrations of the semiconductor lattice in the form of
Z∞
dnph
JL (Eg ) = q
d(hν),
d(hν)
hν=Eg

where Eg is the band gap. The spectral response of the used types of semiconductors is also indirectly taken into
account through the dimensionless coefficient A. The optimal load ratio Mopt = RL /RS can be found graphically
from Fig. 11 from the aspect ratio of the shaded rectangle of the maximum area.
The effective efficiency of a solar power generator is determined by the formula
qV
ηq =
,
[(hν) (J/JD )]
where hν is the photon energy spent on the formation of a pair of carriers; V is the potential difference, and J/JD is the
ratio of the useful load and diffusion current through the locking layer of the p-n junction due to the uneven distribution
of charge carriers over the volume of contacting semiconductors. Although the maximum thermodynamic efficiency
(T1 − T2 )
of a solar cell in accordance with the Carnot formula ηlim =
is estimated at about 95 % when the solar
T1
radiation spectrum is approximated by the blackbody radiation spectrum with the emitter temperature T1 = 5800 K
and the receiver temperature T2 = 300 K [97], this estimate for the maximum power mode decreases by at least half
according to the consequences of the generalized energy transformation model, remaining, however, at a fairly high
level of 45 – 48 %.
At the same time, the actual achieved efficiency of solar cells, which has significantly increased from 11 to
15 % for those previously created on the basis of silicon and germanium, currently does not exceed 39 – 41 %,
even for a new generation of photovoltaic semiconductor converters. They are developed on the basis of multilayer,
for example, AlInGaPAs/GaAs/Si, InGaP, InGaAs and Ge nanoheterostructures of cascade type grown by gas-phase
epitaxy from organometallic compounds on silicon and germanium substrates [98–106]. At the same time, an increase
in the maximum power of the solar cells is achieved not only by improving the structure of p-n junctions, but also
by focusing the sun’s rays using mirrors and Fresnel mini-lenses. Experiments show that with increasing intensity
(countrywoman) incident flux in 100 – 150 times output power grows 20 – 30-fold, as many times is reduced occupied
by the phototransducer working area, however, when increasing concentrations above 4 – 5 W/cm2 , a significant
increase in power occurs.
It should be noted that the highest efficiency values of solar photovoltaic cells have been achieved for systems
based on AIII BV compounds belonging to straight-band semiconductors, in which direct optical zone-to-zone transitions are allowed, while for other semiconductors the efficiency currently does not exceed 20 – 25 % [107, 108]. In
addition, the widespread use of solar cells on inorganic materials is constrained by relatively expensive technology for
the production and processing of inorganic semiconductors, which requires high temperatures and high vacuum.
In this regard, to create new types of cheap solar cells, technologies of thin-film (0.5 – 1.0 microns) solar cells
based on amorphous hydrogenated silicon (a-Si:H) with a p–i–n structure have been developed since the 1970’s. They

382

A. N. Kovalenko, E. A. Tugova, V. I. Popkov, O. N. Karpov, A. I. Klyndyuk

are obtained by a relatively cheap method of decomposition of SiH4 monosilane in a glow discharge plasma without
the use of expensive silicon substrates or harmful and toxic substances, with a thickness of 300 microns, and they have
higher electronic properties and 20 times greater optical absorption compared to single-crystal silicon [109–115]. The
proposed p–i–n structure makes it possible to create a uniform internal electric field in the entire region of optical
light absorption (i-region), which is necessary to provide the film with (a-Si:H) the drift of hole charge carriers with
a very small diffusion length (∼ 100 nm), in contrast to crystalline solar cells based on p-n junctions, where charge
carriers with a larger diffusion length (100 – 200 microns) reach the electrodes in the absence of an electric field.
Such ultra-thin photosensitive semiconductor films on organic and/or polymer substrates of millimeter thickness can
be made using roll technology, and they are already competitive in the market of mass power production.
Along with this, there is an increasing interest in organic and hybrid materials, in particular, with the implementation of a bulk heterojunction based on a donor-acceptor composite polymer (donor) with an acceptor material based
on fullerene derivatives, polymer and low-molecular acceptors, discussed in detail in the review paper [116–118]. In
order to expand the spectral sensitivity of polymer solar cells, it is possible to use narrow-band acceptor components
with strong absorption in the region of the optical gap of the conjugated polymer. Such components can be inorganic
nanoparticles, for example, quantum dots based on metal chalcogenides stabilized by suitable ligands, as well as coreshell quantum dot structures [119]. The resulting problem of extracting charge carriers from nanoparticles when they
are stabilized by organic ligands is solved quite effectively in an electrochemical Gretzel’s solar cell [120–123], created on the basis of nanocrystalline titania TiO2 , a metal-complex ruthenium dye and an iodine electrolyte and having
an efficiency of up to 11 % (Fig. 12).

F IG . 12. Gretzel’s electrochemical cell [120]
In order to overcome one of the main disadvantages of Gretzel’s electrochemical cells associated with the use of
a liquid electrolyte that evaporates during long-term operation, the problems of replacing it with a solid electrolyte or
eutectic melt are considered [124–134].
Among the chemical methods of solar energy conversion, photochemical, photoelectrochemical (including photoelectrolysis of water into hydrogen and oxygen) and photocatalytic methods are traditionally considered [135, 136],
the analysis of which is not included in the tasks of this work. We note only the prospects for using the photocatalytic properties of titania TiO2 , which is widely distributed in nature, not so much for photoenergetic purposes, but
for use in water and air purification systems from toxic chemical compounds and disinfection of various types of
microorganisms [120–122, 137–139].
Solar radiation, along with the possibility of transformation into an electric current source, can also be easily
converted into a heat source [93, 94]. The simplest devices of this type for personalized energy systems are lowtemperature heaters in the form of a “hot box”. They allow one to obtain the temperature of the intermediate heat
carrier circulating inside its pipe system in the range from 55 – 85◦ with an efficiency of 20 – 40 % to 200 ◦ C at an
outdoor temperature of 15 – 20 ◦ C. The physical basis of heating is a local greenhouse or greenhouse effect, which
is manifested by the re-emission of heat from the heat-insulated internal volume of the “box” heated by the sun with
different transparency of its cover glass (or polyethylene film) in the visible and far infrared ranges. The removed heat
can be used not only for heating and cooling of premises, water lifting and drying installations, for cooking, but also
for other needs, including desalination of salt sea water. Various designs for the implementation of a solar desalination
plant with a specific capacity of 3 – 5 l/m2 per day have been developed for a long time, including for the crews of
aircraft and ships in distress on the high seas [140, 141]. One of the modern versions of such a desalination plant
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produced by a German company “Augustin Produktentwicklung” is an inflatable floating shell made of transparent
plastic with an inner rim and a blackened bottom strip made of a sponge soaked in sea water (Fig. 13). The water
evaporated by the sun’s heat condenses when it comes in contact with the cooler sealed sub-cone shell, and the
distillate flows down to the lower part of the desalinator. The cone can also be installed on wet ground soaked in salt
water. The desalination plant also works at night due to the temperature difference inside and outside the cone.

F IG . 13. A desalination solar cone with a base diameter of about 0.8 m and with an optimum
78 degree angle for draining condensed moisture at the apex, providing 40 % efficiency for 1 –
1.15 liters of fresh water per day (URL: http://www.augustin.net/, http://www.watercone.com/)
In principle, it is also possible to recover from the air the moisture always contained in it, for example, by condensing it under strong cooling, which, however, requires excessive energy consumption for each liter of moisture.
The proposed cheaper options are based on the phenomenon of intensive absorption of atmospheric moisture by various substances. For example, we can use liquid lithium chloride, followed by the separation of water from the lithium
salt by semipermeable membranes due to reverse osmosis. Special nanofabrica “for fog-catching” with alternating
nanoporous capillaries and a water-repellent network for collecting absorbed moisture are also proposed.
4.2.

Thermoelectric converters

With regard to the problems of heat and power supply as the most used types of energy, this type of solidstate devices without mechanically moving elements can be attributed to the historically first developments in this
field, taking into account the specific operating conditions of personalized energy systems. Their characteristics for
specific conditions of direct conversion of heat to electricity were first analytically obtained by A. F. Ioffe [142]. This
contributed to the widespread use of such devices in the 1940’s and 1950’s to power battery-operated lamp radio
stations and radio receivers up to 10W of power by heating with a kerosene lamp or a fire pot (Fig. 14).

F IG . 14. Museum copy of the thermoelectric generator with a power of 10 W at ∆T =
300 ◦ C (a) [146] and modern thermoelectric modules of the same power with a size of 40×40×3 mm
at ∆T = 170 ◦ C (b) [147]; as well as glass fabric (c)
Currently, thermoelectric converters are being improved based on the development of new nanostructured materials, available heat sources and technologies [143, 144], and work is underway to use the existing background
electromagnetic radiation in the radio frequency and light range, and even the heat of the human body for similar
purposes [145].
The results obtained by A. F. Ioffe [142] and based on the consideration of the Seebeck effect underlying thermoelectric converters for the appearance of a potential difference ∆V at the ends of series-connected dissimilar conductors at different temperatures ∆T = T1 − T2 (Fig. 15) specify the above relations of the generalized model in the form
of the following dependencies for efficiency and output power.
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F IG . 15. Scheme of thermoelectric thermogenerator, T1 , T2 – temperature (T1 > T2 ); R –electric
load; l – current direction [93, 142]
All in all, the expression for the efficiency of converting thermal energy into electrical energy is given by the
formula:
T1 − T2
m/(m + 1)
m/(m + 1)
η=
=
.
2
T1 1 + (kr/ε )(m + 1)/T1 − 0.5∆T /T1 (m + 1)
1 + (m + 1)/ZT1 − 0.5∆T /(m + 1)
Here T1 and T2 are the temperatures of the hot and cold sides of the thermoelectric converter; m = R/(r1 + r2 ) is the
ratio of the resistances of external and internal loads in the circuit of connected conductors;
2 
h
i p
p
2
λ1 r1 + λ2 r2
Z = (ε1 + ε2 ) /
is the total thermoelectric q-factor of the converter, depending on the values of the Seebeck thermoelectric coefficients
ε = ∆V /∆T for the selected p and n-type materials, their thermal conductivity λp (λn ) and resistivity rp (rn ). We
should note that in solids, the thermal conductivity λ = λl + λe includes the lattice (phonon) (λl ) and the electronic
(λe ) components, the latter being related to the specific electrical conductivity of the material by the Wiedemann–
Franz law λ/σ = LT , with their ratio practically unchanged for different metals at the same temperature λe = LσT ,
where L is the Lorentz number [148].
Taking into account the value of the current in the circuit i = ε∆T /(r+R) = ε∆T [R(m + 1)] and the magnitude
of the generated voltage to an external load equal to the thermo-emf, minus the voltage drop on the internal resistance
U = E − Ur = ε∆T − ir the following modes of thermoelectric conversion are determined.
For the mode of maximum electric power W max = IU at m = R/t = 1, the expression efficiency takes the form
ηt,N =

∆T
,
2(T1 + 2/z) − (∆T /2)

for the mode of maximum efficiency – the form
ηtmax =

(M − 1)
T1 − T2
·
T1
M + (T2 /T1 )

p
at mopt = (R/r)opt = M 1 + 0.5z(T1 + T2 ). As can be seen in mode ηTmax the power drops compared to the
maximum wmax , however, largely reduced the total heat flow through the thermoelectric power source by reducing
the Peltier heat taken from the hot junction due to the fall of i in the chain while m-increasing. In this way, an optimal
energy balance is achieved.
Ignoring
the accounting Joule heat i2 r, we can simplify the expression of the optimal ratio of resistance
p
0
M = 1 + zT1 and corresponding optimum efficiency:
√
T1 − T2
1 + zT1 − 1
·√
.
ηtmax =
T1
1 + zT1 + 1
A graphic illustration of the dependences obtained by A. F. Ioffe with the graphs of the above dependences of
energy conversion according to the generalized thermodynamic scheme is shown in Fig. 16.
As it can be seen, the full electromotive difference of potential of the thermoelectric power source E = ε∆T
provides the current strength in the electric circuit ish.c. = E/r when the junctions are short-circuited at R = 0 to
i = 0 when the load resistance is open R → ∞, and in the maximum power mode i ∼
= 0.5ish.c. . Therefore, one
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F IG . 16. Characteristics A. F. Ioffe Energy Efficiency Thermoelectric Power Generators [93, 142]
element can only be used with low ohmic loads, but to ensure high-resistance loads, it is necessary to use a system of
series-connected elements in a thermal battery with a sufficiently high internal resistance and total efficiency [93]:
ηΣ = η1 + η2 (1 − η1 ) + η(1 − η1 )(1 − η2 ) + ... + ηn (1 − η1 )(1 − η2 )...(1 − ηn−1 ).
The reverse of the Seebeck effect, the Peltier thermoelectric cooling effect is used in solid-state thermoelectric
refrigerators that do not have mechanically moving elements, as well as thermal generators. The main energy characteristic of such devices is the cooling coefficient ηc = Qc /A = Qc /I∆V = Qc /εI∆T , where ∆T = (T1 − T2 ) is
the temperature difference between the hot and cold junctions of dissimilar conductors, and Qc is the absorbed heat at
the cold junction at temperature T2 .
Taking into account the Joule heat release on the internal resistance of the branches of the thermoelement when
transferring heat from a cold to a hot junction at a temperature T1 , it is possible to express the efficiency


ηc = εIT2 − 0.5I 2 R − λ∆T / I 2 R + εI∆T
and determine its maximum value for the current value [149, 150]:
I = (ε∆T )/ [R(1 + 0.5Z(T1 + T2 ) − 1]
ηcmax

1/2

.

As you can see, the cooling coefficient tends to its maximum value
at Z → ∞, and the maximum cooling capacity Qmax
is
achieved
at
the
maximum
operating
current
I
with
ηc = [T2 − 2∆T /ZT2 ] /2T1 . In this
max
c
case, the total heat output of the device in this mode will exceed the Joule heating of 0.5I 2 R by the variable
Qmax
= Qmax
+ 0.5I 2 R, where QX = ηX εI∆T . This allows it to be used as a heat pump with an efficiency
h
c
coefficient of ηh = Qh /I∆V = Qmax
+ 0.5I 2 R)/I∆V [151]. The high functional flexibility of thermoelectric coolc
max
ers and heat pumps allows somebody easily change their operating mode from the maximum efficiency ηX
up to
max
the maximum thermal power QX regimes by changing the applied voltage and the q-factor Z of the thermoelectric
materials used.
According to A. F. Ioffe [142], the main criteria that must be met by effective thermoelectric materials with high qfactor are: a) the presence of heavy atoms in the material that reduce the lattice thermal conductivity; b) the possibility
of deep doping of the matrix to achieve a concentration of charge carriers of the 1019 – 1020 cm−3 ; c) high values
of the Seebeck coefficient (ε > 200 mV/K); d) not too small band gap; e) high effective mass of charge carriers.
In this case, solid solutions should have a higher thermoelectric q-factor compared to individual compounds due to
lower values of their lattice thermal conductivity due to the disordered nature of one or more sublattices. To a large
extent, the functional characteristics of thermoelectrics are determined by the concentration of charge carriers. The
electrical conductivity and the electronic component of the thermal conductivity increase with increasing concentration
of charge carriers, and the thermo-emf, on the contrary, decreases; the power factor of a thermoelectric material and
its thermoelectric q-factor pass through the maximum corresponding to the transition zone between semiconductors
and metals, and the thermoelectric converter itself consists of two p- and n-type semiconductor columns (Fig. 17).
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F IG . 17. Concentration dependences of the main characteristics of thermoelectrics. The maximum
value of the thermoelectric figure of merit corresponds to a concentration of charge carriers of the
order of 1019 cm−3
4.3.

Background electromagnetic radiation and optical nanoantennas

The targeted application of the fractal organization of nanostructured objects described above creates a possibility
for using background electromagnetic radiation, in particular, radio radiation, to power wearable low-power electronic
devices in personalized energy systems. Although in the environment, background radio frequency energy has the
lowest specific power compared to other alternative sources, such as solar and wind energy, magnetic field energy,
thermoelectric materials, including those that convert human body heat, piezoelectric materials that convert the energy
of mechanical vibrations, motion or acoustic noise, etc., compared in Table 2 according to [30] and detailed in [32–35],
it radiates in a very wide frequency range, independent of the time of day, temperature fluctuations, the presence of
noise and vibrations. The beginning of the development of this topic can be considered the simplest detector receivers,
which were widely used in the first decades of radio broadcasting, did not need a power source and used exclusively
the energy of the received radio signal of the DV and SD bands according to the principle proposed by Nikola Tesla
in 1890.
Currently, the power of background radio emission has increased many times (up to 1 mW/cm3 in total) due
to the development of HF and VHF radio broadcasting, analog, digital and satellite television, cellular communications, etc. The energy transmitted by them can be converted into a constant voltage and stored for subsequent power
supply of low-power electronic devices by special receivers-microchipsets (energy harvesters with dimensions of
about 5 × 5 mm), developed by various companies [152]. In order to collect this energy, additive antenna technologies
with a fractal or fractal-like topology are being developed [153]. Thus, the Institute of Radio engineering and Electronics (IRE named after V. A. Kotelnikov) of the Russian Academy of Sciences proposed broadband fractal antennas
(Fig. 18) with a wide absorption band of electromagnetic energy and a wide directional pattern and programmable
frequency-selective properties with a transition from 2D to 3D electrodynamic media [154]. They use direct current magnetron sputtering technology and 3d inkjet printing technology with the use of nanoparticles based on metal
nanoparticles.

F IG . 18. Antenna plates of fractal frequency-selective surfaces based on the ‘Keighley Tree’ (a)
and current distribution over the surface of fractal structures in normal (b) and inversion (c) color
images [154]
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Optical nanoantennas are being developed to solve a similar problem of direct collection of the energy of natural
electromagnetic radiation from the Sun in the optical range [155].
As in conventional radio antennas, they use the effect of inducing currents by an incident electromagnetic wave
with optimization of their spatial distribution. In this case, it is achieved by converting optical frequency radiation from
submicron and even nanometer-sized objects into a highly localized electromagnetic field concentrated in a region of
small size compared to the wavelength. Nanoparticles, small groups of them, and even individual molecules, atoms,
ions, or clusters of them are used as such objects. The spatial spectrum of a concentrated field does not contain
uniformly flat transverse waves, but is a superposition of longitudinal evanescent waves whose polarization is directed
along their propagation, and the intensity when working with nanometer objects can significantly exceed the intensity
of ordinary (transverse) electromagnetic waves. Special cases of nanoantennas are devices that convert light radiation
into wave modes of so-called plasmon non-waveguides with sizes much smaller than the optical wavelength based on
various spherical, pin-shaped, rhombic, “bow tie” and fractal configurations of metal, semiconductor and dielectric
nanoparticles, as well as their hybrid combinations (Fig. 19).

F IG . 19. Main types of optical plasmon nanoantennas (a) [155], their monopole (b) [156–160] and
dipole ‘bow tie’ (c) [161] arrays, including those using Sierpinski fractal structures (d) [162]
Such a wide variety is determined by the various advantages and disadvantages of the presented types of nanoantennas in terms of their broadband, dissipative losses, effective gain, and other parameters, a detailed analysis of which
is presented in a large specialized review taking into account various applications [155]. The use of nanoantenn arrays
as light-trapping nanostructures for thin-film batteries in photovoltaics promises to realize the mode of localization of
incident light inside the sub-wavelength region of an optically thin photosensitive layer. This will allow us to solve the
issues of compensation of light reflection and prevent its loss when passing through such a thin film [163, 164].
4.4.

Optical communication systems in the ultraviolet range

Among the specific tasks listed in the introduction in personalized energy systems, there is one which corresponds
to the increasing of the reliability of wireless mobile communications through a self-organizing information transmission network that is protected from deliberate suppression and interception under the influence of destructive factors of
natural and man-made natures. One of the promising directions for solving this problem with the possibility of significantly increasing the bandwidth compared to radio frequency communication systems is the development of optical
communication systems based on the use of an ultraviolet channel in the sun-blind range of wavelengths. This range
makes it possible to use a huge unlicensed communication spectrum and has good electromagnetic compatibility with
various electronic devices. A significant number of scientific articles, in particular, [165–170], as well as numerous
patents, for example, [171–176], are devoted to the problems of modeling and experimental research of such communication systems. An important advantage of this channel in comparison with other optical bands is also the ability
to provide reliable communication in the absence of line-of-sight (NLOS) in the presence of obstacles between the
transmitter (led or laser) and the receiver (photodiode or photoelectric multiplier). The feasibility of communication
lines in the ultraviolet range without direct visibility is based on the reception of molecular and aerosol scattering of
optical radiation in the atmosphere [177–182].
The calculated and experimental evaluation [183–185] of the pulse characteristics of an optical atmospheric ultraviolet channel with scattering according to a model geometric scheme (Fig. 20) generally indicates the applicability of
small-sized semiconductor emitting LEDs based on multilayer semiconductor heterostructures and receiving photodiodes created so far for the UV range as an element base for transmitters and receivers of communication systems. This
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is also shown by the results of the first field tests performed at the Institute on Laser physics of the Siberian Branch of
the Russian Academy of Sciences in the field of non-line-of-sight ultraviolet communication links, multicast network
communications by using a pulsed copper bromine laser as the emitter at the converted wavelength λ = 281.1 nm and
a photoelectronic multiplier FEU-142 as the receiver [186].

F IG . 20. Model of a UV channel with a line of sight. UV channel model with an obstacle of
width [183–185]

4.5.

Human muscle power, mini wind- and hydro-electric generators

The above-mentioned energy capabilities of the human body, among which the greatest power density is represented by the thermal energy of the human body (135 mW/cm3 ) and the energy of its mechanical movement
(800 mW/cm3 ), are used in a number of proposed “hiking” tourist solutions for generating electricity through muscle
power. The technical basis of these solutions are manual electrodynamic flashlights – “bugs”, known since the 1980s
with the modern replacement of incandescent lamps with emitting LEDs, bicycle high-speed dynamo-machines that
rotate from the side wall of the tire of a moving wheel, and modern bicycle bushing multi-pole generators installed as
the wheel axis. The latter provide an electric power output of 3 W at a current of 500 mA and a voltage of 6 V, sufficient
for the operation of powerful led lighting and for charging portable electronics at relatively low wheel speeds (160 –
200 rpm). On their basis, compact low-speed wind and hydro-wheel generators are also designed, equipped with
blades located directly on the Bicycle spokes, in contrast to the development of bulky wind wheels with a high-speed
dynamo-machines. The latter work well at 1500 – 3000 rpm and require a gearbox when using wind or water flow as
the driving force. Recently, bladeless non-rotating wind generators have also been proposed [187], based on the effect
of frontal wind pressure on a round “sail” that oscillates due to built-in air valves, with further transformation of this
movement by hydraulic drive or piezoelectric elements similar to acoustic and thermoauxtic electric generators [188].
In all cases, in order to increase the power and efficiency used in such devices generators with permanent magnets,
further development coercivity materials with powerful magnetic induction type known neodymium magnet, consisting of an alloy of rare earth element neodymium, boron and iron with the tetragonal crystal structure of Nd2 Fe14 B are
required [148].
A historical prototype of power engineering devices using renewable environmental energy without electricity
generation can be considered made of wood as a natural nanocomposite wind- and water mills that reached the height
of perfection in the 17th century.
5.
5.1.

Development of new functional materials for personalized energy based on nanotechnology approach
General methods of the nanotechnological approach to the development and synthesis of functional
materials

The development of nanostructured materials for working bodies and media of energy converters and storage devices is a developing and very promising area of modern research in the field of autonomous personalized energy industry. The nanotechnology approach involves the creation and use of materials, devices, and technical systems whose
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functioning is determined by a nanostructure with ordered structural fragments ranging in size from 1 to 100 nanometers. Features of nanodisperse systems are associated with the manifestation of quantum-dimensional effects, changes
in the atomic-crystal structure, and an increase in the proportion of “surface” atoms that are under different conditions
compared to the bulk phase atoms. The nonequilibrium state of nanoparticles, which is formed as a result of extreme
production conditions, is reflected in the properties of nanomaterials in comparison with massive samples. The use
of such materials, whose structure and properties significantly differ from those of a continuous medium, allows us to
purposefully influence the energy transformation processes to reduce dissipative losses in various types of generators
and converters: thermoelectric, solar and wind generators, fuel cells, batteries and galvanic batteries, supercapacitors
and other devices, up to high-temperature superconductivity systems [189–211].
A special influence on the change in the functional properties of a nanostructured material is exerted by the presence of a large number of interphase formations of a fractal nature (so-called non-autonomous phases), which in their
properties, structure and composition differ significantly from the corresponding characteristics of bulk phases. These
studies were initiated by the works of T. Jung (1805–1807), D. W. Gibbs (1878), and J. D. van der Waals (1908–1912),
who considered the properties of surface layers (phases) of finite thickness, as well as the works of R. Defey (1934)
and I. R. Prigogine (1947), who defined such formations as “non-autonomous phases” and “non-autonomous state of
matter” due to the impossibility of their independent (isolated from bulk phases) existence [21, 50, 51, 75, 212, 213].
New developments in this direction have been made in research on the physicochemistry of surface phenomena and
microheterogenic systems [214, 215], as well as intergranular and surface layers at the contact boundaries of solid
regions of bulk phases in polycrystalline [216–221].
Current works in the field of development of nanostructured converters and storage devices are mainly focused
on the problems of physical and chemical formation of structural and functional characteristics and the development
of methods for technological support of the synthesis of nanodisperse and nanoporous materials [222–234]. Also
their technological applications in different types of converters, in particular, thermoelectric, solar and wind generators, fuel cells, batteries and galvanic batteries, supercapacitors and other devices, up to systems of high-temperature
superconductivity are being discussed [235–248].
To date, plenty of different methods for creating nanostructured materials are known, which can be divided into
two large groups according to the type of nanostructure formation.
The “top-down” nanotechnology approach is based on reducing the size of physical bodies up to obtaining objects
with nanoscale parameters. When large particles are dispersed to nanoscale sizes, a significant amount of energy must
be expended from the outside to dramatically increase the solid-liquid (or gas) interface. In order to do this, we have
methods that are conventionally called physical methods which use use low-temperature plasma, cathode sputtering,
molecular beams formed by various heating sources, electric explosion, mechanical grinding in its various variants
etc. [249]. The extremely fast (extremely non-equilibrium) thermodynamic processes of high-speed phase transitions
of the aggregate state of matter through the “solid-liquid-gas”, including transitions through the critical point are
of particular interest for dispersion [250]. It is the only extremum on the equilibrium curves of the phase diagram
that belongs to both a liquid and a vapor, and the approach to it is accompanied by a significant increase in density
fluctuations in the micro volumes of matter compared to the regions of existence of metastable states adjacent to the
equilibrium curves of the two phases. In case of a sufficiently intensive input of energy, density fluctuations can selforganize, leading to a loss of thermodynamic stability of the substance and the formation of dissipative microstructures.
They can serve as “pre-germs” for the subsequent formation of dispersed particles during the destruction of the initial
consolidated material and the transfer of part of the energy to the environmental substance. This makes it possible
in principle to obtain very small sizes of such particles, up to units of nanometers, in contrast to the observed results
of other well-known dispersion mechanisms under mechanical or thermal action, for example, impact grinding of a
solid, its melting and crushing of a liquid into droplets, evaporation and subsequent vapor deposition. This significantly
increases the energy saturation of nanoparticles, which can cause their unique catalytic, sorbent and other properties,
as well as the observed threshold phenomena. For example, the total surface of all particles contained in a metal Ni
powder with an average size of 0.1 mm increases by a factor of 1000 when they are dispersed to a size of 100 nm from
a consolidated substance in non-equilibrium thermodynamic processes.
In case of the opposite “bottom-up” technology, a nanoobject is “assembled” from individual atoms, molecules,
biological cells, etc. The possibility and prospects of this approach were first pointed out by Richard Feynman [251]
in a speech at the annual meeting of the American Physical Society in 1959. This process mainly occurs by selfassembly or chemical reactions resulting from the transformation of a precursor compound and subsequent aggregation
of molecules or atoms of the reaction product, and therefore these methods are often referred to as chemical [252].
Most technologies for assembling nanomaterials from individual atoms are based on the phenomenon of condensation
or chemical deposition from a matrix medium under conditions close to thermodynamic equilibrium. The formation
of nanostructures is significantly influenced by clusters of pre-germ micro-formations, as well as spatial restrictions
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in the evolution of matter from the formation of pre-germ clusters to the aggregation of nanocrystals in the material of
both individual compounds and solid solutions based on them. However, even in this case, a large excess of surface
free energy, which is the driving force of spontaneous enlargement of nanoparticles, can also cause their instability
and loss of unique properties. To prevent undesirable aggregation and stabilization of nanoparticles, dispersants are
used, which are introduced into the medium containing nanoparticles, or the method of so-called matrix isolation of
nanoparticles in porous bodies is used, etc.
It should be noted that in the practical implementation of both approaches, both physical and chemical methods
can be used, as well as their various combinations. It is fundamentally important that the structure of nanoparticles of
the same size obtained by dispersion and construction from atoms may differ. When compact materials are dispersed
to nanoscale sizes, the resulting particles usually retain the structure of the original sample. Particles formed by
aggregation of atoms may have a different spatial arrangement of the atoms, which affects their electronic structure
and the lattice constant.
The choice of specific methods and conditions for the synthesis of nanocomposite materials aimed at use in
personalized energy systems is determined by specific requirements for their functional properties noted above, first of
all, the efficiency of regulating energy conversion processes in terms of specific output power, efficiency and stability.
In particular, according to the results of joint research of the Ioffe Institute and the Belarusian State Technological
University have identified advanced technological methods for obtaining basic model compounds with a high content
of non-autonomous phases. They are designed to create a new generation of functional nanostructured materials for
chemical-catalytic and thermoelectric purposes due to the obvious disadvantages of materials traditionally used for
these purposes with a high content of toxic and expensive components.
5.2.

Characterization of properties and features of synthesis of new nanostructured thermoelectric materials
by “wet chemistry” methods

The development of new classes of thermoelectric materials is based on a number of concepts, one of which is
the idea put forward by Slack that a good thermoelectric should be a substance that conducts electric current well
(“electron crystal”) and poorly conducts heat (“phonon glass”), the so-called PGEC [253]. On the basis of this idea,
such classes of thermoelectric materials as filled scutterudites (for example, Ybx Co4 Sb12 ) [254–257], semiconductor
clathrates (Eu8 Ga16 Ge30+x , etc.) [258, 259], as well as Goisler half-alloys (in particular, (Zr0.7 Hf0.3 )0.7 Ti0.3 NiSn)
[260]. The another concept is the idea put forward by Dresselhaus that nanostructuring of thermoelectrics is an
effective way to increase their thermoelectric q-factor, due to a sharp decrease in the lattice component of thermal
conductivity arising from a decrease in the average free path of phonons [261].
In this regard, the synthesis of nanoceramic materials based on metal oxides such as cobalt and zirconium, in
particular, the system of layered calcium cobaltites of the CaO–CoOx type, is of great interest due to their low cost
and high stability at elevated temperatures. At the same time, partial substitution of cobalt with transition or heavy
metals, and calcium with rare-earth elements or bismuth can be used to improve their thermoelectric characteristics.
The essence of the applied synthesis method consists in the chemical deposition of the hydroxide components of the
solution on the solid phase suspended in this solution. CaCO3 suspension in Co(NO3 )2 solution was used as the initial
components, and NaOH solution was used as the precipitator. Initial nanopowders in the form of solid solutions of
the composition Ca3−x Bix Co4 O9+δ (0.0 ≤ x ≤ 1.5) were obtained by solid-phase reactions from Co3 O4 , Bi2 O3
and CaCO3 . Further high-temperature treatment of the resulting initial mixture was carried out in a muffle furnace
aerobically in the temperature range of 400 – 900 ◦ C with an isothermal exposure time of 3 hours.
This method was also used for synthesizing the samples of new materials based on perovskite-like layered compounds in the Ln2 O3 –MO–Al2 O3 system (where Ln = rare earth elements: lanthanum, scandium, yttrium, and lanthanides; M = Mg, Ca, Sr, and Ba) with the structure of the Ruddlesden–Popper phases [262–264]. Using a wide
range of physical and chemical analysis methods, the main of which are X-ray fluorescence and X-ray spectral microanalysis, X-ray diffractometry, scanning electron microscopy, synchronous thermal analysis, pycnometry, etc., their
physicochemical and functional properties were studied, and their structural features were determined (Fig. 21).
Based on the results of these studies, it was found that the power factor and the thermoelectric q-factor in bismuthcontaining ceramics based on layered calcium cobaltite, as well as in polycrystalline substances based on lanthanumstrontium-aluminum oxide, can be significantly improved by creating a chemical [265] or phase inhomogeneity in
it [266–269].
The revealed characteristics of these compounds indicate the prospects of their use as p-branches of hightemperature thermoelectric generators of a new generation. Promising materials for the n-branches of thermoelectric
generators are perovskite calcium manganites CaMnO3 doped with rare-earth materials [270–276], perovskite plumes
of alkaline-earth materials [277–280], and materials based on titanium dioxide and strontium titanate [281–288].
High-density n-type thermoelectric ceramics are produced by the same methods as p-type ceramics, additionally using
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F IG . 21. 50 µm electron micrographs of nanostructured Ca3–x Co4 O9+δ ceramics at: x = 0 (a),
x = 1.5 (b) and X-ray diffraction patterns of appropriate compositions ceramics (c, d). * marks
Co3 O4 reflections.
annealing in a reducing atmosphere to create the desired level of oxygen sublattice defects that provides the required
electrophysical properties [289].
Such complex oxide thermoelectrics can also be used for direct conversion of solar energy into electrical energy [290–292], with higher efficiency than in photovoltaic devices, since the latter allow only UV and part of the
visible region to be converted to electricity, while in thermoelectric generators, the entire spectrum of solar radiation
is converted.
In order to determine the stability boundaries of complex oxides with the structure of one-layered Ruddlesden–
Popper phases, based on the structural-energy approach and taking into account the comparison of geometric tolerance
conditions of the perovskite block size parameter with the parameter showing the number (fraction) of compounds
from the set of potentially possible [293], the formation of a new DySrAlO4 thermoelectric compound is predicted
and synthesized by solid-phase reactions in the temperature range 1300 – 1500 ◦ C. A simplified diagram of the layer
coupling mechanism is shown in Fig. 22.
5.3.

Features of the implementation of the combustion method of gel-like media in high-speed kinetic mode

The combustion method of gel-like media in high-speed kinetic mode [201, 208, 224, 225, 232, 248, 294] is an
alternative to the described synthesis method, which proceeds in a relatively slow diffusion mode [216–221, 262, 293,

F IG . 22. Scheme of conjugation mechanism of LnAlO3 (P) and rock salt MO (RS) blocks, which
form the one-layered Ruddlesden–Popper phases structure. The geometric associativity of P and
RS blocks fragments can be estimated by the comparing of these blocks areas sizes or unit cell
parameters, in particular, by the size ap, as shown in the scheme.
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295], as well as to the sol-gel and hydrothermal technology with nanopowder deposition from the initial mixture and
subsequent dehydration during heat treatment [195, 196, 198, 200, 229, 231, 296–298]. It is used to produce layered
calcium cobaltite Ca3 Co4 O9 during the combustion of a glycine-nitrate gel precursor [299–302]. This method provides
a higher dispersion and uniformity for the synthesized powders, including stoichiometric composition, which helps to
solve the problem of their sinterability, and brings the properties of materials based on them closer to the properties
of single-crystal samples. Examples of the structures of highly dispersed Ca3 Co4 O9 samples obtained by this method
are shown in Fig. 23.

F IG . 23. Electron micrographs of dispersed Ca3 Co4 O9 samples obtained by heat treatment of precursors got at G/N = 0.45, 0.75 ratio under T = 700 ◦ C and X-ray phase analysis data of the initial
Ca3 Co4 O9 samples after combustion with different G/N : 1) 0.15, 2) 0.30, 3) 0.45, 4) 0.6, 5) 0.75
Recently, the solution combustion (SCS) method has been used to obtain new nanostructured multiferroic materials with unique magnetic, electrical, and catalytic properties based on rare-earth element (REE) orthoferrites RFeO3
(R = Y, Ln) [194, 207, 231, 297, 303–310] with a perovskite-like structure, combining ferromagnetic and ferroelectric
ordering. In some cases, it has been shown that the use of additional heat treatment of solution combustion products
and other chemical precursors leads to the formation of metastable forms of REE orthoferrites and a significant change
in the functional characteristics of materials based on them [231, 311, 312]. It has been shown that in this case, the
chemical and structural background of the precursor exposed to thermal action plays an important role [313–316],
while for other systems, for example, KNO3 –BaTiO3 -based ferroelectrics, the necessary properties can be achieved
by simple mechanical mixing of the components and the background does not play a significant role [317]. Among
the oxide magnetic materials that are promising for use in personalized energy devices, it is also worth noting substances with a spinel structure – Li0.5 Fe2.5 O4 , NiFe2 O4 , ZnFe2 O4 and others synthesized by solution combustion,
successive ionic layer deposition (SILD) (Fig. 24) and plasma-chemical synthesis [318–321]. Their use as the basis
for low-coercivity microwave ceramics and corresponding functional devices is also of particular interest [322, 323].
The use of other methods of “wet chemistry”, such as hydrothermal synthesis, coprecipitation with subsequent
annealing-quenching in a neutral, oxidative or reducing atmosphere, can significantly expand the structural, morphological and disperse characteristics of the resulting nanostructured functional substances and materials [195, 196, 198,
200, 207, 228, 229, 231, 235, 236]. Thus, new oxide materials with high acid-base properties that are of interest in
the field of heterogeneous catalysis and new methods of material functionalization have been developed using “wet
chemistry” approaches [121–123,138,139,207,223,231,297]. It was shown that, just as in the case of materials for supercapacitors [41,45,46,204,211], the type and concentration of functional groups on the surface of the substance play
a decisive role here. On the other hand, these synthesis methods make it possible to obtain substances in the form of
nanocrystals of uniform size and morphology, which can be used as the basis for MRI contrast agents [202, 324–326],
catalyst carriers [22, 198, 207, 228, 231], sorbents [45, 115, 116], and other useful materials.
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F IG . 24. Synthesis of superparamagnetic ZnFe2 O4 via SILD technique by results of the work [318]
5.4.

Characteristics and features of methods for the synthesis of new nanostructured catalysts

Nanostructured catalysts represent a separate area of materials for personalized energy. In this area, effective
catalysts based on nanoparticles of d- and f-element oxides and hydroxides have been developed for the electrocatalytic production of hydrogen from water-alcohol solutions [327–331], photocatalysts based on simple and complex
oxides [123, 135–139, 233, 332], carbon monoxide oxidation catalysts [333–336], and acid-base n-hexane conversion
catalysts [337–339]. Obtained in the form of isometric nanoparticles, nanorods, nanoplates, and porous compositions
(Fig. 25), these nanostructured catalysts exhibit high catalytic activity and stability compared to materials obtained
by using traditional catalytic techniques. Besides, catalytic materials that do not contain expensive metal elements,
such as graphite-like carbon nitride or g-C3 N4 , have a great potential for development [328]. This catalytic material
can be obtained by simple thermolysis of urea, melamine, and other organic precursors in air and exhibits high, stable
catalytic characteristics both in the processes of photocatalytic oxidation of organic substances [340, 341] and in the
electrocatalytic release of hydrogen [342].

F IG . 25. Synthesis of porous HoFeO3 catalyst via SCS technique (by results of the work [339]
5.5.

Features of implementation of high-energy methods for synthesis of nanostructured materials for
personalized energy systems

In a number of cases, additional energy effects are used in the synthesis, including sonochemical and microwave
synthesis in addition to those mentioned above [343–347]. It is revealed that the size and degree of disorientation of
their constituent crystallites have a great influence on the structure and contribution of non-autonomous phases and
properties of polycrystalline materials. Depending on the degree of disorientation of the crystallites, the thickness,
composition, and structure of the intercrystalline layer change. The ratio of the size of crystallites and the thickness of
the intercrystalline layer (non-autonomous surface phase), in turn, determines the volume fractions of crystallites and
intercrystalline formations in a polycrystalline material [22, 23, 216–221, 315, 348–351].
As follows from the results of a number of studies on the formation of nanomaterials, in many cases their functional properties are determined by the chemical and thermal prehistory of the initial compositions and the mechanism
of their formation [176, 177, 182, 186, 189, 190, 194, 198, 199, 228, 352, 353]. It is also shown that solid-phase reactions are, in a certain sense, liquid-phase, since reactions in a solid system are activated with the transition of
two-dimensional non-atomic phases (intergrain formations) to a liquid-like state, when the reaction rate increases
sharply [216–221].
Electroexplosive technologies are also being developed for dispersing the initial conducting materials that experience the transition of the aggregate state through the “solid-liquid-gas-plasma” [354–358]. Great prospects for the
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development of this direction for obtaining nanoscale metal oxides containing non-autonomous phases are opened
when performing an electric explosion of conductors in various chemically active media. In particular, an installation was developed for an electric explosion in a supercritical water fluid with dispersion of the conductor due to the
development of thermodynamic instabilities of its physical state in the vicinity of the critical point [250].
The ML-ALD chemical layer deposition method can be used in order to form a molecular or atomic monolayer
on complex-shaped substrates without forming three-dimensional “germs” [359]. It is carried out by cyclic alternate
supply of gaseous (MOCVD – Metal Organic Chemical Vapor deposition) or liquid (followed by pyrolysis – MOD
Metal Organic deposition) reagents – precursors of the buffer layer and the source material to the substrate. In this
case, chemical reactions that lead to the growth of films occur only in chemisorbed layers, that is, with the exception
of reactions in the gas phase. The specified increase in the thickness of the formed film is easily and very accurately
controlled by the number of deposition cycles using the property of self-organization (self-limitation) of surface reactions, which are completed automatically when all reactive areas on the surface are exhausted. In principle, this
technology can be implemented by applying atomic layers, for example, by the method of atomic layer deposition
(ALD), that was initially proposed by V. B. Aleskovsky in the middle of the twentieth century [360–364].
6.

Conclusion

The analysis of the problems of personalized energy supply for autonomous human survival in remote natural
habitat, emergency situations of natural disasters and technical catastrophes with the unavailability of centralized
power supply indicates a major role in its solution of developments in the field of nanostructured materials with special
functional properties. Their application is designed to provide the possibility of preferential use of available renewable
energy sources of the environment, processes and devices for extracting, storing and converting their energy into the
necessary consumer forms, taking into account specific operating conditions and requirements for power, efficiency,
operating modes, and weight and size characteristics. Fundamental restrictions on these indicators are imposed by the
characteristics of physical effects associated with these processes and interactions.
The study of these features for various types of such devices by methods of non-equilibrium thermodynamics,
chemical kinetics, nonlinear dynamics, fractal analysis, and quantum physics demonstrates the great attractiveness in
this regard, primarily for solid-state photo-and thermoelectric semiconductor converters based on a new generation of
inorganic compounds that do not have mechanically moving elements. The results of the nanotechnological approach
to their development using various technologies and synthesis methods, including “wet chemistry” and solid-phase reactions in diffusion modes, combustion of gel-like media in high-speed kinetic modes, chemical layer deposition and
other types of epitaxy, as well as high-energy effects of various types, show the special role of non-autonomous interfacial formations and processes of fractal self-organization in the formation of functional properties of the synthesized
materials.
The development of this concept makes it possible to carry out a directed physical and chemical design of new
nanostructured materials with an unusual composition, structure, and unique functional behavior as a base for personalized energy systems.
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