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Obituary
Dr. Sergey A. Chivilikhin (1947 – 2020)
The Editorial Board regrettably announce that Doctor Sergey A. Chivilikhin, a
member of the Editorial Board of the journal, passed away on September 29,
2020.
Doctor Chivilikhin was an internationally known and respected physicist. His
scientific interests were very wide. He obtained remarkable results in many
fields from viscous flows to quantum communications. He was consummate
specialist in the modeling of physical processes. All colleagues were sure that he
could create a good model for any phenomenon. He was a longtime employee at
Saint Petersburg National Research University ITMO, where he was an
excellent teacher. His enthusiasm and knowledge attracted many students and
young scientists. He was very popular with students of all subjects due to his
enthusiasm and knowledge and, because of his great commitment as a
supervisor of numerous bachelor and master theses, he was highly sought as a
mentor. He demonstrated students and young scientists that science is not only
hard labor but also could be a tremendous pleasure. As one of his enduring
legacies, he was one of the founders of the journal “Nanosystems: Physics,
Chemistry, Mathematics”.
Above all, however, he will be remembered for his assistance to those
colleagues and students having problems, his patience and his openness to listen
to all the difficulties encountered by his students and colleaugues. The loss of
Sergey leaves a large gap in our community.
In conclusion, we would like to offer our most sincere condolences to his family.
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Topological indices are numerical invariants of molecular graphs and are beneficial for predicting the physicochemical properties of chemical
compounds. In this view, a topological index can be considered as a score function which maps each molecular structure to a real number. In the
past two decades, tungsten trioxide (WO3 ) nanostructures have been extensively studied for their diverse technological applications. They have
received greater attention by researchers, owing to their novel functionalities and unique physicochemical properties. We, for the first time, compute
the Sum Connectivity index, Variable Sum index, ABC index, Harmonic index, Ordinary Geometric Arithmetic index, SK indices, Forgotten
index, Symmetric Division index, Augmented Zagreb index, Inverse sum index, IRM index, Modified second Zagreb index, Inverse Randić index,
Albertson and Bell topological indices of cubic structured WO3 [l, m, n] nanomultilayer. We also present a graphical analysis of all indices with
respect to the dimension of this nanomultilayer.
Keywords: topological index, chemical graph, cubic WO3 , nanomultilayer.
Received: 31 August 2020
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1.

Introduction

Let G = (V, E) be a molecular graph of order p (number of vertices) with size q (number of edges). Denote uv,
the link (edge) joining the nodes (vertices) u and v. The degree of a vertex u ∈ V (G) is denoted by du and is the
number of vertices that are adjacent to u. Molecular graphs are a unique type of chemical graphs, which describe the
constitution of molecules [1]. Molecular graph considered in this article is finite, undirected, connected, loopless, and
without multiple edges.
1.1.

Background

Testing of new reagents in chemical physics and physical chemistry is always a major concern. One of the prominent strategies to address this issue is the graph theoretic approach, which performs to model the characteristics of
novel and proposed chemical compounds to save time and costs. Chemical graph theory plays a crucial role in molecular topology and computational nanomaterials to determine the structure of molecular graphs [2–4]. Topological
characterization is a standout approach provided by chemical graph theory to predict certain physicochemical properties like molecular weight, density, risk assessment, toxicity and determine regularity decisions and so forth [2–6].
Topological indices (molecular descriptors) are numerical values associated with chemical constitution and are applied
in the development of quantitative structure-activity relationships (QSARs), Quantitative Structure Property Relationships (QSPRs) and Quantitative Structure-Toxicity Relationships (QSTRs) [7, 8]. They preserve the symmetry of
molecular structures and act as a bridging tool between mathematics and chemistry. Until recently, several kinds of
topological indices are introduced like distance-based, degree-based and spectrum-based indices and so on. Among
them, degree based topological indices are robust in nature, because they can be directly derived from the structure of
chemical graphs. The concept of topological indices in chemical graph theory was first introduced by Weiner in 1947,
to predict the heats of formation, chromatographic retention time, boiling point and strain energy [2]. In recent times,
many authors employed topological indices of various nanostructures involving Pent-Heptagonal Nanosheets [9], polyhex nanotubes [10] and nanostar dendrimers [11]. For more about the significance of topological indices in molecular
chemistry and the graph theoretical tools used in this article, we refer [12, 13] and references therein.
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Degree based Topological Indices

In this part, we shall enumerate some degree-based topological indices (as explicated in Table 3) that will be
needed in the main result section. Gutman et al. [3] established a pair of topological indices namely, first Zagreb
(M1 (G)) and second Zagreb (M2 (G)) indices for predicting total π electron energy of compounds. In mathematical
chemistry, there is a large number of topological indices of the form
X
T I = T I(G) =
F (di , dj ).
xi xj ∈E(G)

Another important degree-based topological index called Randić index (connectivity index or branching index),
which is given by Milan Randić in 1975 [32]. It has found manifold applications in drug designing field. Later, Amić
et al. [29] proposed the generalized version of Inverse Randić index (for any real number α). For α = −1, RRα
turns out to be a second Zagreb index; for α = 1, RRα will be a modified second Zagreb index and RRα becomes a
1
Reciprocal Randić index if α = − .
2
1.3.

A brief sketch on WO3 nanomaterial

Today has witnessed the prompt advancements in nanotechnology, which keeps in pace with the emergence of
novel nanomaterials and interdisciplinary approaches. WO3 is one such nanomaterial which has drawn considerable
attention of research community due to their various applications in chemical sensors, field emission devices, electrochromic, photocatalysts [33] and photo-electrochemical water splitting [34]. For more details we refer [35] and
references therein.
1.4.

Proposed work and organization

Motivated by the formation of WO3 nanomultilayer reported in [36], here, we construct a molecular graph for
cubic WO3 nanomultilayer and compute certain degree based topological indices to reveal its mathematical aspects.
The partitions of the edge set and the vertex set of cubic WO3 nanomultilayer have been well discussed in Section 2.
In Section 3, we established our new results about cubic WO3 nanomultilayer in terms of the parameters l, m and n.
In order to disclose the trends of dependency among the values of indices and the dimensions of the nanomultilayer,
some relevant graphical representations are provided in Section 4.
2.

Methods

It is evident from Fig. 1 and Fig. 2 that, each tungsten atom is closely bound to six oxygen atoms, and each oxygen
atom and two tungsten atoms are nearly adjacent, then each tungsten atom is a sub-neighbor with another one. As
seen in Fig. 2(a), the intervening portion between two horizontal linear arrangements of connected tungsten trioxide
molecules can be taken as a single row (l = 1). The same vertical alignment of this pattern forms a single column
(m = 1) and these two parameters joined together to form a single layer (n = 1). Consider a 3-D cubic system of
WO3 nanomultilayer with l rows, m columns and n layers, and each layer contains l rows and m columns as shown in
Fig. 3. Such a typical molecular system, atoms and bonds can be represented by vertices and edges, respectively. We
reserve the notation c-WO3 [l, m, n] for cubic WO3 nanomultilayer, where l, m, n ≥ 1. The construction of c-WO3
[1, 1, 2] and c-WO3 [1, 3, 2] are illustrated in Fig. 2(b) and Fig. 2(c).

F IG . 1. A 3-D structure of WO3 molecule
Observe that, c-WO3 [l, m, n] consist of 1,2 and 6 degrees vertices, and the total number of vertices are 4lmn +
6n+15(ln+mn)+lm+l +m+1. Further, we partition the edge set of c-WO3 [l, m, n] into two disjoint sub-classes
with respect to the degrees of the end vertices of each edge namely, {1.6} and {2,6}, and the total number of edges
are 6n(lm + l + m + 1). In other words, all surface O atoms bound to W atoms can be shown by the edge type E(1, 6)

Computational analysis of some degree based topological indices of cubic structured tungsten trioxide...

F IG . 2. (a) Vertices of c-WO3 [1, 1, 1] labelled with degrees {1,2,6}; (b) c-WO3 [1, 1, 2] and
(c) c-WO3 [1, 3, 2] nanomultilayer

F IG . 3. Molecular graph of cubic – WO3 [l, m, n] nanomultilayer
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TABLE 1. Edge partition of c-WO3 [l, m, n] nanomultilayer based on the degree of end vertices of
each edge
Type of edges

E(1, 6)

E(2, 6)

(du , dv ) , u, v ∈ E(G)

(1, 6)

(2, 6)

Number of Edges
E(du ,dv )

2(lm + mn + ln + l + m + 2n + 1)

6lmn + 4(ln + mn) + 2n−
2(lm + l + m + 1)

TABLE 2. Vertex partition of c-WO3 [l, m, n] nanomultilayer based on the degree of end vertices
of each edge
Vertex
partition Vdu

V1

V2

V6

du , u ∈ V (G)

1

2

6

Number of
Vertices
|Vdu |

2(lm + mn + ln + l + m + 2n + 1)

3lmn + 2(ln + mn)−
(lm + l + m + n + 1)

(lm + l + m + 1)n

and the intermediated O atoms connected with W atoms are represented by the edge type E(2, 6) . Table 1 and Table 2
represent the degree based edge partition and vertex partition of c-WO3 [l, m, n].
The edge set c-WO3 [l, m, n] nanomultilayer with l, m, n ≥ 1 has following two partitions:
E(1, 6) = {e = uv ∈ E(c − WO3 [l, m, n])|du = 1, dv = 6}
and
E(2, 6) = {e = uv ∈ E (c − WO3 [l, m, n]) |du = 2, dv = 6} .
The vertex set of c-WO3 [l, m, n] nanomultilayer with l, m, n ≥ 1 has following three partitions:
V1 = {v ∈ V (c − WO3 [l, m, n]) |dv = 1} ,

V2 = {v ∈ V (c − WO3 [l, m, n]) |dv = 2}

and
V6 = {v ∈ V (c − WO3 [l, m, n]) |dv = 6} .
3.

Main results

Theorem 3.1. Let c-WO3 [l, m, n] be the cubic structured WO3 nanomultilayer of dimensions l, m, and n ≥ 1. Then
(1)
SCI(c − WO3 [l, m, n]) = χ(c − WO3 [l, m, n]) =
2(lm + mn + nl + l + m + 2n + 1) 6lmn + 4(ln + mn) + 2n − 2(lm + l + m + 1)
√
√
+
.
7
2 2
(2)
χα (c − WO3 [l, m, n]) = 2(lm + mn + nl + l + m + 2n + 1)(7)α +
(6lmn + 4(ln + mn) + 2n − 2(lm + l + m + 1))(8)α .
(3)
SEIα (c − WO3 [l, m, n]) = 2α(lm + mn + nl + l + m + 2n + 1)+
α2 (3lmn + 2(ln + mn) − (lm + l + m + n + 1)) + α6 (lm + l + m + 1)n,
where α is any positive real number such that α 6= 1.

Computational analysis of some degree based topological indices of cubic structured tungsten trioxide...

505

(4)
r
ABC(c − WO3 [l, m, n]) = 2

5
(lm + mn + nl + l + m + 2n + 1)+
6
r
1
(6lmn + 4(ln + mn) + 2n − 2(lm + l + m + 1)).
2

(5)
H(c − WO3 [l, m, n]) =

4
(lm + mn + nl + l + m + 2n + 1)+
7
1
(6lmn + 4(ln + mn) + 2n − 2(lm + l + m + 1)).
4

(6)
√
4 6
(lm + mn + nl + l + m + 2n + 1)+
OGA(c − WO3 [l, m, n] =
7
√
3
(6lmn + 4(ln + mn) + 2n − 2(lm + l + m + 1)).
2
(7) SK(c − WO3 [l, m, n]) = 24lmn + 23(ln + mn) + (22n − lm) − (l + m + 1).
(8) SK1 (c − WO3 [l, m, n]) = 36lmn + 30(ln + mn) + 6(4n − lm) − 6(l + m + 1).
(9) SK2 (c − WO3 [l, m, n]) = 96lmn + 88.5(ln + mn) + (81n − 7.5lm) − 7.5(l + m + 1).
(10) F(c − WO3 [l, m, n]) = 240lmn + 234(ln + mn) + 6(38n − lm) − 6(l + m + 1).
77
1
17
(11) SDD(c − WO3 [l, m, n]) = 20lmn + (ln + mn) + (94n + 17lm) + (l + m + 1).
3
3
3
(12) AZI(c − WO3 [l, m, n]) = 48lmn + 35.456(ln + mn) + (22.912n − 12.544lm) − 12.544(l + m + 1).
(13) ISI(c − WO3 [l, m, n]) = 9lmn + 7.714(ln + mn) + 1.29(5n − lm) − 1.29(l + m + 1).
(14) IRM(c − WO3 [l, m, n]) = 96lmn
  + 114(ln + mn) + (132n − 18lm) + 18(l + m + 1).
1
(15) m M2 (c − WO3 [l, m, n]) =
(3lmn + 4(ln + mn) + (5n + lm) + (l + m + 1)) .
6
(16)
RRα (c − WO3 [l, m, n]) =

2
α (lm + mn + nl + l + m + 2n + 1)+
(6)
1
α (6lmn + 4(ln + mn) + 2n − 2(lm + l + m + 1)).
(12)

(17) A(c − WO3 [l, m, n]) = 24lmn + 26(ln + mn) + 2(14n + lm) + 2(l + m + 1).
(18)
B(c − WO3 [l, m, n]) =
2
12n(lm + l + m + 1)
+
4lmn + 6n + 15(ln + mn) + lm + l + m + 1

2
12n(lm + l + m + 1)
(3lmn + 2(ln + mn) − (lm + l + m + n + 1)) 2 −
+
4lmn + 6n + 15(ln + mn) + lm + l + m + 1

2
12n(lm + l + m + 1)
(lm + l + m + 1)n 6 −
.
4lmn + 6n + 15(ln + mn) + lm + l + m + 1
Proof. One can make calculations in accordance with the rules presented in Table 3.

2(lm + mn + nl + l + m + 2n + 1) 1 −

4.

Index analysis and description

In this part, we present index analysis of computed indices of cubic WO3 [l, m, n] nanomultilayer. Fig. 4(a)
suggests that IRM, Albertson and Bell indices are linearly related with number of vertices in nanomultilayer of dimensions l, m and n. These three indices really correlate the tendency of irregularity in structure [27, 30, 31]. However
B(G) progresses very slowly. On the other hand, IRM(G) increases sharply, indicating that the nanomultilayer structure becomes more irregular and complex as dimension increases. The graph in Fig. 4(b) illustrates the dependence
of ABC(G), OGA(G) and AZI(G) on nanomultilayer dimension. It is now an established fact that, these indices are
more sensitive to predict thermodynamic properties of compounds [18, 21, 25].
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TABLE 3. Formula for degree-based topological indices of a graph G
S. No

Topological Index

Notation

1.

Sum Connectivity
Index [14]

SCI(G) = χ(G)

2.

General Sum
Connectivity Index [15]

χα (G)

3.

Variable Sum
exdeg Index [16, 17]

4.

Atomic Bond
Connectivity
Index [18]

ABC(G)

5.

Harmonic
Index [19, 20]

H(G)

6.

Ordinary Geometric
Arithmetic Index [21]

OGA(G)

SK Index [22]

SK(G)

7.

Formula of Topological Index
X

√

u v∈E(G)

X

(du + dv )

SK1 Index [22]

SEIα (G)

du (α)du , and α 6= 1

u∈V (G)

r

X
u v∈E(G)

du + dv − 2
du · dv

2
du + dv
u v∈E(G)
√
X 2 du · dv
du + dv
X

u v∈E(G)

du + dv
2

X

X

SK1 (G)

u v∈E(G)

9.

SK2 Index [22]

α

u v∈E(G)

X

u v∈E(G)

8.

1
du + dv



X

SK2 (G)

u v∈E(G)

Forgotten Index [23]

11.

Symmetric Division
(Deg) Index [24]

SDD(G)

Augmented Zagreb
Index [25]

AZI(G)

Inverse sum (Indeg)
Index [26]

ISI(G)

14.

IRM Index [27]

IRM(G)

15.

Modified Second
Zagreb Index [28]

h

X

F (G)

10.

du · dv
2

du + dv
2

2

2

(du ) + (dv )

2

i

u v∈E(G)

12.
13.

X
u v∈E(G)



min {du , dv }
max {du , dv }
+
max {du , dv }
min {du , dv }
X  du · dv 3
du + dv − 2

u v∈E(G)

du · dv
du + dv

X
u v∈E(G)

X

(du − dv )

2

u v∈E(G)

16.
17.

m

M2 (G)

X
u v∈E(G)

Inverse Randić
Index [29]

RRα (G)

Albertson Index [30]

A(G)

1
du · dv

1
α
(du · dv )

X
u v∈E(G)

X

|du − dv |

u v∈E(G)

18.

Bell Index [31]

B(G)

X 
u∈V (G)

2q
du −
p

2
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F IG . 4. Comparison of values of different topological indices (a) IRM(G), A(G) and B(G);
(b) ABC(G), OGA(G) and AZI(G); (c) m M2 (G), H(G) and SCI(G) and (d) χ1 (G), RR−1 (G),
RR1/2 (G) and F (G) with respect to number of vertices in c-WO3 [l, m, n] nanomultilayer

The indices graphically represented in Fig. 4(c) and Fig. 4(d) are actually related with the total π electron
energy of compounds [14,15,19,20,28,29]. Clearly, Forgotten index responds promptly as compared to other indices,
suggesting that which has the higher prediction capacity of this energy. It is evident from Fig. 4(c) that, m M2 (G) has
the least prediction potential with respect to the dimension. The indices plotted in Fig. 5(a) are considered to predict
the total surface area of a structure [24, 26]. The prediction performance of SDD(G) is greater than ISI(G). Fig. 5(b)
and Fig. 6 clearly show that, SK2 (G) increases quickly as a function of dimensions [l, m, n].

F IG . 5. Comparison of the topological indices (a) SDD(G) and ISI(G); (b) SK(G), SK1 (G) and
SK2 (G) with respect to number of vertices in c-WO3 [l, m, n] nanomultilayer
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F IG . 6. A 3-D surface plot showing the comparison of SK(G), SK1 (G) and SK2 (G) indices with
respect to number of vertices in c-WO3 [l, m, n] monolayer; where l ∈ [1, 5] and m ∈ [1, 10]
using Octave software
5.

Conclusion

We successfully computed some important degree based topological indices for cubic structured WO3 [l, m, n]
nanomultilayer and accurate expressions have been obtained. We also presented index analysis graphically with a view
to understand the dependence on the involved parameters [l, m, n]. From an applicative point of view, the indices
reported in this literature are really correlated with physicochemical properties of WO3 nanomultilayer and will be
helpful for people employed within nanotechnology industries.
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Sedlar J., Stevanović D., Vasilyev A. On the inverse sum indeg index. Discrete Applied Mathematics, 2015, 184, P. 202–212.
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In the zero-range potential model and in the effective mass approximation, dispersion equations have been obtained, that describe dependence of the
average binding energies of the quasistationary g- and u-states of the D2− - center in the QD, as well as the widths of energy levels on the magnitude
of the external electric field and the parameters of 1D-dissipative tunneling. Dips in the field dependences of the binding energies average values
for quasi-stationary g- and u-states have been revealed. It is shown that the field dependences of the energy level widths for the g- and u- states of
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binding energies.
In the dipole approximation, the field dependence of the probability of the electron radiative transition from a quasistationary u-state to a
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1.

Introduction

In recent years there has been an increasing interest in the optical properties of tunnel-coupled semiconductor
nanostructures with impurity quasistationary states (a review is given in [1]). This interest is twofold, since, on the
one hand, tunneling structures with impurity states are attractive from the point of view of creating new sources of
stimulated emission based on intracenter optical transitions, and the further development of optoelectronics requires
the search for effective methods for controlling the lifetime of impurity states. On the other hand, the combination
of optical and tunneling measurements can serve as an important tool for investigating new effects associated with
electron - phonon interactions and interparticle correlations in low-dimensional systems.
The problem of tunneling decay of quasistationary states in mesosystems of different nature (in various problems
of physics, chemistry, and biology) is the subject of many monographs, reviews, and articles (see, for example [2–12]).
Typical shapes of potential energy surfaces are quite universal in various applications. The problem of controlled
tunnel transport in low-dimensional systems is relevant and is represented by a fairly wide range of experimental
works [7–13]. Currently, an alternative to quantum methods for calculating the tunneling probability can be the instanton method proposed by A. M. Polyakov [14] and S. Coleman [15](a review is given in [2, 3]), which allows one
to take into account the influence of the heat bath on the tunneling transfer process. The theory of dissipative quantum
tunneling as applied to systems with Josephson contacts was developed by E. J. Legget, A. I. Larkin, Yu. N. Ovchinnikov and others [2, 3]. In the works of V. A. Bendersky, E. V. Vetoshkin and E. I. Kats (see, for example [16]) on
basis of the instanton approach, E. Kats developed a quasi-classically exact method that makes it possible to solve the
problem of tunneling splitting for symmetric double-well potentials in a wide energy range from the ground state to
states located near the top of the barrier. The instanton method turned out to be productive in calculating the tunneling
probability for QMs with H − -like quasistationary impurity states [17], where, in combination with the zero-range
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potential method, it was possible to obtain the main results in an analytical form and to analyze the effect of tunneling
decay on the optical properties of QDs. The need to take into account the QM interaction in a quasi-zero-dimensional
structure, as well as the influence of local phonon modes on the field dependence of the probability of dissipative
tunneling, requires further development of the instanton method as applied to the optics of low-dimensional tunneling
structures with impurity quasi-stationary states.
The aim of this work is to study theoretically the features of intracenter radiative transitions in quantum molecules
with quasi-stationary impurity D2− -states associated with the presence of 1D-dissipative tunneling, taking into account
the influence of two local phonon modes in an external electric field.
2.

Model: Dispersion equations describing quasi-stationary states of the D2− -center in a quantum dot in the
presence of an external electric field and dissipative tunneling, taking into account the influence of two
local phonon modes.

Let us consider the problem of bound states of an electron localized at a D2− -center with quasistationary g- and
u-states in a QD with a parabolic confinement potential in the presence of an external electric field.
Let D0 are the centers of the ion, which are localized at points with coordinates Ra1 = (xa1 , ya1 , za1 ) and
Ra2 = (xa2 , ya2 , za2 ), here Rai = (xai , yai , zai ) (i = 1, 2) – rectangular Cartesian coordinates of D0 -centers in QD.
Let us assume that the external electric field E0 is directed along the x coordinate axis.
The two-center point perturbation potential Vδ can be written correctly in the form of a pseudopotential [18] as:
2
X

Vδ (r; Ra1 , Ra2 ) =

αi δ (r − Rai ) [1 + (r − Rai ) ∇r ] .

(1)

i=1

Here, αi is determined by the energy Ei = −~2 αi2 / (2m∗ ) of the electronic bound state at the same D0 -centers
in the bulk semiconductor; m∗ is the effective mass of an electron.
For one-electron states, unperturbed by impurities in a longitudinal electric field, the Hamiltonian in the chosen
model of the parabolic confinement potential has the form:

1
~2
∇2 + m∗ ω02 x2 + y 2 + z 2 − |e|E0 x,
(2)
∗
(2m )
2
where ω0 – characteristic frequency of the QD confinement potential; |e| – absolute value of the electron charge.
The eigenvalues En1,n2,n3 and the corresponding eigenfunctions Ψn1,n2,n3 (x, y, z) of the Hamiltonian (2) are
given by expressions of the form [19]:
H=−



2
|e| E02
3
En1 ,n2 ,n3 = ~ω0 n1 + n2 + n3 +
−
,
2
2m∗ ω02
Ψn1 ,n2 ,n3 (x, y, z) = 2−

n1 +n2 +n3
2

− 21

(n1 !n2 !n3 !)

(3)

 h
i

3
3
2
π − 4 a− 2 exp − (x − x0 ) + y 2 + z 2 / 2a2 ×
(4)

where n1 , n2 , n3 = 0, 1, 2, ... are the quantum
numbers corresponding to the energy levels of an oscillatory spherp
∗
ically symmetric potential well; a = ~/(m ω0 ) is the characteristic length of the confinement potential; x0 =
|e|E0 /(m∗ ω02 ); Hn (x) are the Hermite polynomials.
In the effective mass approximation, the wave function of an electron Ψλ (r; Ra1 , Ra2 ), localized at the D2− -center,
satisfies the Lippmann–Schwinger equation:
Z
Ψλ (r; Ra1 , Ra2 ) = dr1 G (r, r1 ; Eλ ) Vδ (r1 ; Ra1 , Ra2 ) Ψλ (r1 ; Ra1 , Ra2 )
(5)
and has the form of a linear combination
Ψλ (r; Ra1 , Ra2 ) =

2
X

γk ck G (r; Rak ; Eλ ),

(6)

k=1

where ck =

lim [1 + (r − Rak ) ∇r ] Ψλ (k = 1, 2); G(r, Rak ; Eλ ) is the one-electron Green’s function corre-

r→Rak

sponding to a source at the point Rai and the complex energy Eλ = ~2 λ2 /(2m∗ ).
The one-electron Green’s function has the form:
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X

G (r, r1 ; Eλ ) =

n1 ,n2 ,n3

Ψ∗n1 ,n2 ,n3 (r1 )Ψn1 ,n2 ,n3 (r)
.
Eλ − En1 ,n2 ,n3 − i~Γ0

(7)

Using expressions for the energy spectrum (3) and for one-particle wave functions (4), for the Green’s function (7)
we obtain:
− 23

G (r, Rak ; Eλ ) = − (2π)
"

1

β − 2 a−3
d ×

# ∞  
n
2
2
2
2
(xak − x0 ) + yak
+ zak
+ (x − x0 ) + y 2 + z 2 X 1 1
×
exp −
2a2
2
n1 =0

 ∞  n2

 ∞  
0
X 1
Hn1 xaka−x0 Hn1 x−x
Hn2 yaak Hn2 ay X 1 n3
a
×
n1 !
2
n2 !
2
n2 =0
n3 =0




−1
Hn3 zak
Hn3 az
2
|e|2 E02
a
. (8)
Eλ − ~ω0 n1 + n2 + n3 +
+
− i~Γ0
n2 !
3
2m∗ ω02

Green’s function (8) can be conveniently written in units of the effective Bohr radius (ad = 4π0 ~2 /(m∗ |e|2 ),
(0 is the electric constant,  is the static relative dielectric permeability of the QD) and the effective Bohr energy
Ed = ~2 /(2m∗ a2d ). Let’s use the obvious expression:

−1


|e|2 E02
3
+
− i~Γ0
=
Eλ − ~ω0 n1 + n2 + n3 +
2
2m∗ ω02
+∞

 

Z
|e|2 E02
3
−1
+
+
i~Γ
Ed
exp −Ed−1 (Eλ − −~ω0 n1 + n2 + n3 +
0 t dt =
2
2m∗ ω02
0

Ed−1

+∞
Z
exp [− (q + n1 + n2 + n3 ) t] dt, (9)
0

 p 
where q = −βηq2 + 3/2 − βW0∗ + iΓ0 ~β/Ed ; ηq2 = Eλ /Ed ; β = R0∗ / 4 U0∗ ; W0∗ = e2 E02 a2d β 2 /Ed ; R0∗ =
2R0 /ad ; R0 is the QD radius; U0∗ = U0 /Ed ; U0 is the amplitude of the QD confinement potential, satisfying the
relation 2U0 = m∗ ω02 R02 ; Γ0 is the dissipative tunneling probability.
Then expression (8) can be represented as:
"
#
2
2
2
2
(xak − x0 ) + yak
+ zak
+ (x − x0 ) + y 2 + z 2
− 32 − 12 −1 −3
×
G (r, Rak ; Eλ ) = − (2π) β Ed ad × exp −
2a2

 ∞ 
Z∞
∞  −t n1
0
X
X e−t n2
Hn1 xaka−x0 Hn1 x−x
e
a
dt exp [−εq t]×
×
2
n1 !
2
n
=0
n
=0
1
2
0

 ∞ 


n3
yak
y
−t
X
Hn2 a Hn2 a
Hn3 zak
Hn3 az
e
a
. (10)
n2 !
2
n2 !
n =0
3

Summation in (10) over quantum numbers n1 , n2 , n3 can be performed using Mehler’s formula [20]:
(
)



∞  −t n
X
Hn zaa Hn az
2za ze−t − za2 + z 2 e−2t
1
e
=√
.
exp
2
n!
a2 (1 − e−2t )
1 − e−2t
n=0

(11)

As a result, for the Green’s function, we have [17]:

− 23

G (r, Rak ; Eλ ) = − (2π)

β

− 12

Ed−1 a−3
d

Z∞
×

(
dt exp [−εq t]

1 − e−2t

− 32

×

0

"

#

 )
2
(r − Rak )
(xak − x0 ) (x − x0 ) + yak y + zak z
t
exp −
coth (t) exp −
tanh
. (12)
2
2
2a
a
2
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Using the procedure of the zero-range potential method, we obtain a dispersion equation that determines the
dependence of the average binding energy of the resonant g- and u-states and the width of resonance levels on the
coordinates for D0 -centers, parameters of the confinement potential of QDs, the strength of the external electric field,
and parameters of dissipative tunneling. Applying the limits lim [1 + (r − Rak ) ∇r ] to both sides of expression (6),
r→Rak

we obtain the following system of algebraic equations of the form [17]:
(

c1 = γ1 a11 c1 + γ2 a12 c2 ,
c2 = γ1 a21 c1 + γ2 a2 2c2 ,

(13)

where akj = lim [1 + (r − Rak ) ∇r ] G(r, Raj ; Eλ ) (k, j = 1, 2).
r→Rak

Eliminating the coefficients ci , containing the unknown wave function Ψλ (r; Ra1 , Ra2 ), from the system (13),
we obtain the desired dispersion equation:
γ1 a11 + γ2 a22 − 1 = γ1 γ2 (a11 a22 − a12 a21 ) .

(14)

Let us find explicit expressions for the coefficients aii and aij .
To isolate the diverging part in (12), we use the Weber integral [20]:
+∞
√
 2

Z
i
h p
ρ
2π
− 23
− µx dx =
exp − 2µ |ρ| ,
x exp −
2x
|ρ|




< ρ2 > 0, <µ > 0 ,

(15)

0

which in the notation adopted here has the form:
Z∞

− 23

t

|r − Ra |
dy exp (−εq t) exp −
2a2 t

0

2

!

√

β
e− εq |r−Ra |
√
=
.
(2π)2 πEd a2d |r − Ra |

(16)

In this case, the Green’s function can be represented as:

− 32

G (r, Rak ; Eλ ) = − (2π)

β

− 12

Ed−1 a−3
d

Z∞
×

(
dt exp [−εq t]

1 − e−2t

− 32

×

0

!
 
2
t
(r − Rak )
(xak − x0 ) (x − x0 ) + yak y + zak z
exp −
tanh
−
coth (t) −
a2
2
2a2
"
#)

√
2
exp − εq |r − Ra |
(r − Rak )
β
− 23
√
coth (t)
−
. (17)
t exp −
2a2 t
|r − Ra |
(2π)2 πEd a2d
Again, applying the limits lim [1 + (r − Rak ) ∇r ] to both sides of this expression, we obtain [17]:
r→Rak

akk = − (2π)

− 23

β

− 12

Ed−1 a−3
d

(Z
+∞
dt exp [−εq t]

1 − e−2t

− 23

×

0

 



! r
)
2
2
2
(xak − x0 ) + yak
+ zak
tanh (t/2)
3
π
√
−
 − (2t) 2 −
exp −
εq
(18)
a2
2
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and
akj = − (2π)

− 23

β

− 12

Ed−1 a−3
d

(Z
"
+∞
− 3
dt exp [−εq t] 1 − e−2t 2 ×
0

"



2

2

2

(xak − xaj ) + (yak − yaj ) + (zak − zaj )

exp −



coth (t)

#
×

2a2

"

3

t− 2

 #
t
(xak − x0 ) (xaj − x0 ) + yak yaj + zak zaj
tanh
exp −
−
2
a
2

" 
##)
2
2
2
(xak − xaj ) + (yak − yaj ) + (zak − zaj )
exp −
coth (t)
−
2a2 t

−1
β
2
2
2
√
(x
−
x
)
+
(y
−
y
)
+
(z
−
z
)
×
ak
aj
ak
aj
ak
aj
(2π)2 πEd a2d
!
r 

2
2
2
. (19)
exp − εq (xak − xaj ) + (yak − yaj ) + (zak − zaj )

In the case when γ1 = γ2 = γ equation (14) splits into two equations that determine the symmetric (g-term) and
antisymmetric (u-term) states of the electron, respectively, we obtain:
γa11 + γa12 = 1,

(c1 = c2 )

(20)

γa11 − γa12 = 1. (c1 = −c2 )

(21)

In this case, the average binding energies of quasistationary g- and u-states are determined, respectively, as E g =
E0,0,0 − <E2λu , E u = E0,0,0 − <E2λg , and the broadening of impurity levels: ∆Eg = 2=E2λg , ∆Eu = 2=E2λu ,
respectively.
Dependence of the average binding energies of quasistationary g- and u-states of the D2− -center and the
width of impurity levels on the magnitude of the external electric field and parameters of dissipative
tunneling.

3.

Figure 1 shows dependence of the average values of the binding energies for the quasistationary g- and u-states of
the QD D2− -center on the magnitude of the external electric field and the parameters of 1D-dissipative tunneling, obtained by numerical analysis of equations (20) and (21). The field dependences of the binding energies average values
for the quasistationary g- and u-states show dips that appear at the values of the parameters of 1D-dissipative tunneling and the external electric field strengths corresponding to the maxima in the field dependences of 1D-dissipative
tunneling, with the participation.
Let us normalize the wave functions of quasistationary g- and u-states. From the normalization condition for the
wave function Ψλ (r; Ra1 , Ra2 ), we have:
Z

2

dV |Ψλ (r; Ra1 , Ra2 )| =

γ12 C12

Z∞ Z∞ Z∞

2

|G (r, Ra1 ; Eλ )| dxdydz+

−∞ −∞ −∞
Z∞ Z∞ Z∞

V

2γ1 γ2 C1 C2

G (r, Ra1 ; Eλ ) G (r, Ra2 ; Eλ ) dxdydz+

−∞ −∞ −∞

γ22

2
C22

Z∞ Z∞ Z∞

2

|G (r, Ra2 ; Eλ )| dxdydz = 1. (22)

−∞ −∞ −∞

The integrals in expression (22) are calculated using the Green’s function (7), i.e.:
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F IG . 1. Dependence of the average binding energy of quasistationary g-state E g (curve 1), and ustate E u (curve 2) for D2− -center on the strength of the external electric field E0 in the presence
of 1D-dissipative tunneling with allowance for the influence of two local phonon modes at R0 =
50 nm; U0 = 0.35 eV; ηi = 8.5; ρ12 = 4.8 nm; ∗T = 1.3; ∗L1 = 1.4; ∗L2 = 1.6; ∗C = 2.2
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F IG . 2. Dependence of the broadening for impurity levels of quasistationary g- (curve 1), and ustates (curve 2) for D2− -center on the strength of an external electric field E0 in the presence of 1Ddissipative tunneling taking into account the influence of two local phonon modes at R0 = 50 nm;
U0 = 0.35 eV; ηi = 8.5; ρ12 = 4.8 nm; ∗T = 1.3; ∗L1 = 1.4; ∗L2 = 1.6; ∗C = 2.2
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Z∞ Z∞ Z∞
G (r, Raj ; Eλ ) G (r, Rak ; Eλ ) dxdydz =
−∞ −∞ −∞

X

Ψn1 n2 n3 (Raj ) Ψ∗n0 ,n0 ,n0 (Rak )

X

1

n1 ,n2 ,n3 n01 ,n02 ,n03

2

3

(Eλ − En1 ,n2 ,n3 ) Eλ − En01 ,n02 ,n03
Z∞ Z∞ Z∞

×

Ψ∗n1 ,n2 ,n3 (r) Ψn01 ,n02 ,n03 (r) dxdydz. (23)

−∞ −∞ −∞

We calculate the integral in (23) using the orthogonality condition for the eigenwave functions:
Z∞ Z∞ Z∞

Ψ∗n1 ,n2 ,n3 (r) Ψn01 ,n02 ,n03 (r) dxdydz = δn1 ,n01 × δn2 ,n02 × δn3 ,n03 ,

(24)

−∞ −∞ −∞

as a result, we have:
Z∞ Z∞ Z∞

X

G (r, Raj ; Eλ ) G (r, Rak ; Eλ ) dxdydz =

Ψn1 ,n2 ,n3 (Raj ) Ψ∗n1 ,n2 ,n3 (Rak )
2

(Eλ − En1 ,n2 ,n3 )

n1 ,n2 ,n3

−∞ −∞ −∞

,

(25)

where j, k = 1, 2.
The right-hand side of expression (25) can be written as:
X

Ψn1 ,n2 ,n3 (Raj ) Ψ∗n1 ,n2 ,n3 (Rak )
2

n1 ,n2 ,n3

(Eλ − En1 ,n2 ,n3 )

=−

∂G (Raj , Rak ; Eλ )
∂G0 (Raj , Rak ; εs )
−2
= (~ω0 ) a−3
,
∂Eλ
∂εs

(26)

where G0 (r, Ra ; Eλ ) – dimensionless Green’s function.
Taking into account (23) – (26), we write down the normalization condition for the wave function Γλ (r; Ra1 , Ra2 )
of the quasistationary D2− -state:
Z

2

dV |Ψλ (r; Ra1 , Ra2 )| =
V


∂G (Ra1 , Ra2 ; Eλ )
2 ∂G (Ra2 , Ra2 ; Eλ )
+ 2C1 C2
+ C2
= 1. (27)
−γ
∂Eλ
∂Eλ
Then the expressions for the normalization factors of the symmetric (C1 = C2 ) and antisymmetric (C1 = −C2 )
D2− -states take the form:
2



∂G (Ra1 , Ra1 ; Eλ )
C12
∂Eλ

−1
∂G (Ra1 , Ra2 ; Eλ )
∂G (Ra1 , Ra2 ; Eλ )
∂G (Ra2 , Ra2 ; Eλ )
±2
+
,
(28)
∂Eλ
∂Eλ
∂Eλ
here the upper and lower signs refer to the g- and u-states, respectively. Let us calculate the derivatives in formula (28), passing to the dimensionless Green’s function G0 (r, Ra ; Eλ ) by a simple transformation:
C12 = −γ 2



−1

G (r, Ra ; Eλ ) = a−3 (~ω0 )

G0 (r, Ra ; εq ) ,

(29)

where
G0 (r, Ra ; εq ) = −2−1 π

− 23



(xa − x0 ) (x − x0 ) + ya y + za z
exp −
a2



"

(r − Ra )
exp −
2a2

2

# 

εq
1
B
,−
.
2
2

(30)

As a result, we have:



ε
∂G0 (r, Ra ; εq )
(xa − x0 ) (x − x0 ) + ya y + za z ∂B 2q , − 12
−1 − 32
= −2 π exp −
=
∂εq
a2
∂εq


  


ε 
Γ 2q
(xa − x0 ) (x − x0 ) + ya y + za z
εq
εq
1
−1 −1

2 π exp −
ψ
−ψ
−
, (31)
ε
a2
2
2
2
Γ 2q − 21
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where ψ(x) = Γ0 (x)/Γ(x) is the logarithmic derivative of the Euler gamma function Γ(x).
Let us write down the final expression for the normalization factors of the wave functions Ψλ (r; Ra1 , Ra2 ) for
the symmetric and antisymmetric states:

  
!− 12
εq 
3
Γ
1
1
5
ε
ε
1
q
q
2
 ψ
−ψ
C1 = 2 4 π 2 β − 4 Ed ad2 γ
−
×
ε
2
2
2
Γ 2q − 12
!
(


2
2
2
(xa1 − x0 ) + ya1
+ za1
(xa1 − x0 ) (xa2 − x0 ) + ya1 ya2 + za1 za2
+
exp −
±
2
exp
−
a2
a2
!)− 21
2
2
2
(xa2 − x0 ) + ya2
+ za2
exp −
. (32)
a2
Using expression (32) for the wave function of the quasi-stationary D2− - state in a QD in an external electric field,
we obtain:
 − 21

 ε  ε 
εq −1
q
q
Γ
ψ
−
ψ
2
2
2
1
1 −3
 ×


Ψλ (r; Ra1 , Ra2 ) = −2− 4 π −1 β − 4 ad 2 
εq −1
Γ
2
!
(


2
2
2
(xa1 − x0 ) (xa2 − x0 ) + ya1 ya2 + za1 za2
(xa1 − x0 ) + ya1
+ za1
±
2
exp
−
+
exp −
a2
a2
!)− 21
2
2
2
(xa2 − x0 ) + ya2
+ za2
exp −
×
a2
∞
!
Z
2
2
2
3
 dt exp [−εq t] (1 − exp (−2t))− 2 exp − (x − xa1 ) + (y − ya1 ) + (z − za1 ) coth (t) ×
2a2
0



  Z∞
t
−3
± dt exp [−εq t] (1 − exp (−2t)) 2 ×
2
0
!
2
2
2
(x − xa2 ) + (y − ya2 ) + (z − za2 )
exp −
coth (t) ×
2a2

 
(xa2 − x0 ) (x − x0 ) + ya2 y + za2 z
t
exp −
tanh
. (33)
a2
2

(xa1 − x0 ) (x − x0 ) + ya1 y + za1 z
exp −
tanh
a2

Here, the signs ”+” and ”−” determine the g- and u-states, respectively.
Expression (33) for the wave functions of quasistationary g- and u-states will make it possible to calculate the
probabilities of radiative transitions of an electron in a quantum molecule in an external electric field.
4.

Conclusions

In the model of the zero-range potential in the effective mass approximation, dispersion equations have been
obtained that describe dependence of the average binding energies of the quasistationary g- and u-states of the D2− center in the QD, as well as the energy levels width on the magnitude of the external electric field and the parameters
of 1D-dissipative tunneling. Dips in the field dependences of the average values of the binding energies of quasistationary g- and u-states have been revealed. The dips are caused by a significant decrease in the lifetime of the
impurity quasi-stationary states at values of the dissipative tunneling parameters and external electric field strengths
corresponding to the maxima on the field dependences of the 1D-dissipative tunneling probability. It is shown that the
field dependences of the energy levels widths for the g- and u- states of the D2− -center have a resonance structure at
the external electric field strengths corresponding to the dips in the field dependences of the average binding energies.
In the dipole approximation, the field dependence of the radiative transition probability (RTP) of an electron
from a quasistationary u-state to a quasi-stationary g-state of the D2− -center in a QD in the presence of dissipative
tunneling with the participation of two local phonon modes has been calculated. It was found that the curve of the
RTP dependence on the strength of the external electric field contains three peaks. The leftmost peak corresponds to
the RTP with the energy of the emitted photon comparable to the energy of the optical transition of an electron from
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the quasistationary u-state to the quasi-stationary g-state of the D2− -center. The other two peaks are separated by a dip
and are due to the presence of two local phonon modes; moreover, with a decrease in the phonon frequency, the peaks
are smoothed out and the dip is transformed into a horizontal section, the length of which substantially depends on the
constant of interaction with the contact medium.
Acknowledgements
This work was supported by the Ministry of Education and Science of the Russian Federation (project 0748-20200012) and RFBR (project no. 18-42-130007 p a). The research was partially supported by the Foundation for Polish
Science through the IRA Programme co-financed by EU within SG OP.
References
[1] Aleshkin V.Y., Gavrilenko L.V., Odnoblyudov M.A., Yassievich I.N. Impurity resonance states in semiconductors. Semiconductors, 2008, 42,
P. 880–904.
[2] Ovchinnikov A.A., Dakhnovsky Yu.I., et al. Principles of controlled modulation of low-dimensional structures. UNC DO (a publishing company at Moscow State University), Moscow, 2003, 510 p.
[3] Leggett A.J. (Ed.) Controllable dissipative tunneling. Tunnel transport in low-dimensional systems. Fizmatlit, Moscow, 2012, 495 p.
[4] Mantsevich V.N. Nonequilibrium effects and non-stationary electron transport in semiconductor nanostructures with interparticle interaction.
PhD Thesis, Moscow, 2014, 337 p.
[5] Mantsevich V.N., Maslova N.S. Spatial effects of Fano resonance in local tunneling conductivity in vicinity of impurity on semiconductor
surface. JETP Lett., 2010, 91, P. 139–142.
[6] Maltezopoulos T., Bolz A., et al. Wave-function mapping of InAs quantum dots by scanning tunneling spectroscopy. Phys. Rev. Lett., 2003,
91, 196804.
[7] Tserkovnyak Y., Halperin B.I., Auslaender O.M., Yacoby A. Finite-size effects in tunneling between parallel quantum wires. Phys. Rev. Lett.,
2002, 89, 136805.
[8] Bomze Yu., Mebrahtu H., et al. Resonant tunneling in a dissipative environment. Phys. Rev. B, 2009, 79, 241402.
[9] Qin H., Holleitner A.W., Eberl K., Blick R.H. Coherent superposition of photon- and phonon-assisted tunneling in coupled quantum dots.
Phys. Rev. B, 2001, 64, 241302.
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1.

Introduction

The research of chalcogenide semiconductor materials for solar energy conversion and other related photovoltaic
applications has been recently initiated. ZnS belongs to group II–VI semiconductor material. It has cubic and hexagonal crystal structure [1]. It is semiconductor material with a large band gap greater than 3.5 eV [2]. ZnS films have
been prepared by using various techniques such as electrochemical deposition, chemical bath deposition,spray pyrolysis [3]. Amongst these various deposition methods,electrochemical deposition is more attractive, being a simple, low
temperature and inexpensive technique. The prepared films have been widely used in variety of application such as
window layer of solar cell, laser materials, sensors, photoconductors, anti-reflection coating [4]. The Chalcogenide
semiconductor material show unique optical behavior due to quantum size effect and widely studied because of their
applications in optoelectronic devices [5]. The ZnS material is suitable as a window layer in hetero junction photovoltaic solar cells [6–10]. In this research, we have reported deposition of ZnS film on stainless steel substrate by
an electrode position technique [11, 12]. The main aim of this research is to study the effect of triethanolamine as
complexing agent and pH of bath on the morphological and optical properties of ZnS material respectively.
2.

Method

ZnS particles were deposited on stainless steel substrate by an electrochemical deposition technique shown in
Fig. 1. The type of AISI 316 stainless steel plate/FTO glass was used as the working electrode with graphite as
the counter electrode and Ag/AgCl working as reference electrode to measured deposing potential of ZnS with respect to working electrode. All the precursors were used for the deposition as AR grade. Zinc sulfide particles
layer were electrode posited on to the stainless steel substrate for 10 to 40 min at room temperature from a solution
containing 0.1 N Zinc sulfate(ZnSO4 ), 0.1 N sodium thiosulfate (Na2 S2 O3 ) at pH = 3.5. The 0.1 N solution of triethanolamine (TEA) was added in bath as complexing agent. The role of complexing agent to formation of complex
stoichiometric compound of Zn and S ions and substrate is fully covered. The cyclic voltammetry technique was used
to study the electrochemical property such as deposing potential of ZnS materials. The stainless steel substrates of
2.25 cm2 dimension area were cleaned by acetone and distilled water before deposition. The distance between the
working electrode and counter electrode was kept constant as 1 cm during deposition of materials. The ZnS particles
are formed on the stainless steel substrate according to reaction. This is electrochemical reaction of thiosulfate ion.
2−
The process of disproportionate of S2 O2−
3 to S and SO3 is possible,
2−
S2 O2−
3 −→ S + SO3 .

(1)
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Zinc ions are involved in reduction and oxidation reaction with transfer of two electrons
Zn+2 + 2e− + S −→ ZnS.

(2)

F IG . 1. Electrochemical deposition set-up for deposition of ZnS particles layer
The formation of ZnS material according to reaction (2).
The electrical parameters such as DC voltage and current density were adjusted at 1700 mV and 4.4 mA/cm2
respectively. The zinc sulfidefilms were prepared at deposition time (10 to 40 min) and thickness of layer studied [13].
The pH of electrolyte bath was adjusted from 3.5 to 5 by adding 0.1 N sodium hydroxide(NaOH). The ZnS films
were prepared at different percentage of 0.1 N triethanolamine (TEA). The layer of ZnS was further characterized
by UV-Visible spectrophotometer. Energy dispersive analysis by X-ray diffraction (EDAX) and Scanning electron
microscopy (SEM). The chemical bonding of functional groups was analysed by FT-IR technique. The electrical
resistivity of ZnS was estimated by two point probe method.
3.
3.1.

Result and discussion
Energy dispersive analysis by X-ray spectroscopy

Figure 2 shows energy dispersive analysis by X-ray spectroscopy of ZnS particles. It showed the elemental
composition for the Zn and S ions in the sample. The ZnS particles were shown to be deposited successfully. The
EDX spectrum in Fig. 3 revealed that as grown layer composed of only Zn and S species. The At% ratio of Zn, S and
O was found 62.48, 6.76 and 30.76 respectively.

F IG . 2. Energy dispersive analysis of ZnS particles
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F IG . 3. Cyclic voltammetry of measured current versus applied potential of electrolyte bath containing ZnSO4 and Na2 S2 O3 with scan speed 25 mv/sec
3.2.

Cyclic voltammetry

Figure 3 shows cyclic voltammetry of electrolyte bath at scan speed 25 mv/sec. Cyclic voltammetry (CV) was
used to determine the optimal deposition potential of ZnS and study of the corresponding deposition mechanism. It
indicates variation of potential with current to find suitable deposing potential of ZnS material. The first and second
anodic peak was found at +0.25 V, +0.80 V at scan speed 25 mV/s. Dissolution of sulfide and zinc ions in to the
solution has been observed respectively. At that instant, the deposition of ZnS takes place when cathodic potential
was reached −0.80 V against Ag/AgCl (Reference Electrode). Therefore, the optimal potential range for deposition
of ZnS is −0.8 to −1 V.
3.3.

Estimation of layer thickness

Figure 4 shows the deposition time versus thickness of ZnS film.
The thickness of film variation was estimated by using mass difference method:
∆m
,
(3)
t=
A·ρ
where ∆m is mass difference of stainless steel substrate before deposition and after deposition, t is thickness of film,
A is area of deposition, ρ is density of deposited material. The standard density of ZnS particles was 4.090 g/cm3 .
The process of layer formation was found to time dependent. The ZnS particle growth was studied over the range of
deposition times from 10 to 40 min. It has been observed that thickness of layer increased up to 20 min, and after that,
it was decreased by co-deposition. The optimized thickness of the layer was 3.92 µm at 20 min. The thickness of the
ZnS layer was found to be highest at 20 min. The real thickness of the layer will be higher than the calculated values.
Because layers may have some porosity, there exists uncertainty in layer thickness.

F IG . 4. Deposition time (min) versus thickness of layer
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Effect of complexing agent

In this report triethanolamine (TEA) was used as a complexing agent to prepare ZnS film at optimized time
20 min [14]. The ZnS film deposited at pH 3.5 at different percentage of 0.1 N triethanolamine such as 1, 2, 3, and
4 % of total 80 ml electrolytic bath. The prepared films of ZnS were characterized by using Field Emission Scanning
Electron Microscope (FESEM). The SEM image indicated that high dense ZnS filmwas deposited at 4 % TEA if
compared to those prepared in the 1 % TEA of complexing agent [14]. It has been observed in Fig. 5. The ZnS film
deposited with 4 % TEA was optimized. It showed high dense and good surface coverage of substrate. It can be seen
that ZnS film was found densely covered full substrate area if percentage of complexing agent are increased.

F IG . 5. Scanning electron microscopy image of deposited layer of ZnS particles with complexing
agent triethanolamine (TEA) (a) 1 % TEA; (b) 2 % TEA; (c) 3 % TEA; (d) 4 % TEA
3.5.

Effect of pH

Figure 6 shows SEM images of deposited of ZnS particle layers with different pH. The SEM was carried out to
study the effect of different pH values of solution on surface morphology of ZnS particles. The pH of solution varied
from 3.5 to 5; it introduced crystallite defect. It has been observed that two types of particles were found, namely
nanorods and lamilar. The average diameter of nanorods was estimated by using image-J software. The nanorods
diameter was found to decrease in order to increased pH of solution [15]. It has been shown in Table 1.
The optical absorbance spectra of the ZnS particles by the electrode position method with different pH solution are
shown in Fig. 7. The optical absorbance data of the particles were carried out by using UV-Visible spectrophotometer
in the wavelength range from 100 to 1100 nm. It is shown that a sharp rise in absorbance occurs between 330 and
360 nm. These are fundamental absorption edges. It is indicated to excitation of electron from valence band to
conduction band.
Figure 8 shows optical transmission spectra of ZnS particles deposited by electrode position method with different
pH solution [15]. All films showed sharp absorption edges at near 330 nm which correspond to optical band gap of
films. It can be observed that average transmission values are 80 % in the wavelength range after 330 nm. The
absorption of light in the wavelength region of 330 nm to 360 nm is caused by crystalline defects. The crystalline
defects were found to be responsible for reduction in optical transmission. It can be seen that varying pH introduces
crystalline defects in ZnS particles as shown in Fig. 6.
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F IG . 6. Scanning electron microscope image of deposited layer of ZnS particles at (a) pH = 3.5;
(b) pH = 4; (c) pH = 4.5; (d) pH = 5
TABLE 1. Estimated values of average diameter of nanorods and band gap of ZnS at different pH of bath

Sr. No

pH of solution

Average
diameter of
nanorod (nm)

Energy Band gap
(eV)

1

3.5

160.12 ± 0.5 nm

3.98

2

4

100.15 ± 0.5 nm

3.91

3

4.5

60.10 ± 0.5 nm

3.87

4

5

40.22 ± 0.5 nm

3.74

Figure 9 shows energy band gap of ZnS particles deposited with varying pH of solution from 3.5 to 5. The band
gap energies of the deposited particles were calculated with the help of an optical absorption spectrum. i.e. Taucplot.
The absorption coefficient (α) was calculated by using equation:
α=

Absorbance
.
Thickness of film

(4)

The optical band gap energy of ZnS particles were calculated by plotting graph (αhν)2 versus hν [16–19]. The
band gaps were determined by the intercept of straight line portion of the (αhν)2 versus hν graph on the hν axis. The
direct band gap was calculated to be 3.98 eV and decreased to 3.74 eV after increasing pH of solution. The effect of
crystallite defects on band gap of ZnS at different pH of solution as shown in Table 1.
3.6.

Effect of deposited layer thickness

The various thicknesses of layer characterized by UV-visible spectrophotometer. Fig. 10 shows optical absorption
spectra of ZnS particles deposited by the electrode position method at different thicknesses [20]. The sharp rise of
absorption occurs between 300 to 350 nm of thickness range 2400 to 3920 nm.
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F IG . 7. Optical absorbance spectra of ZnS films deposited at different pH solution

F IG . 8. Optical transmittance spectra of ZnS films deposited at different pH solution
Figure 11 shows transmittance spectra of ZnS particles with various thicknesses. It has been observed that 80 %
transmittance occurs for all thickness above wavelengths of 350 nm. The maximum absorption at various layer thicknesses was found to be at wavelengths lower than 350 nm.
Figure 12 shows the optical band gap energies for various particle layer thicknesses. The optical band gap energy
of ZnS particles of various thicknesses were calculated by plotting graph (αhν)2 versus hν [21]. The band gap values
varied from 4.10 to 3.78 eV. Of varied thickness 2400 to 3920 nm. It showed band gap energy deceased with increased
thickness of layer [22, 23]. The effect of thickness on band gap energy as shown in Table 2.
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F IG . 9. Energy gap of ZnS films deposited with different pH solution

F IG . 10. Optical absorbance spectra of ZnS particles with different thickness
TABLE 2. Estimated values of band gap with different thickness of films
Sr. No.

Thickness of layer (nm)

Band gap energy (eV)

1

2400

4.10

2

2910

3.99

3

3450

3.90

4

3920

3.78
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F IG . 11. Transmittance spectra of ZnS particles with different thickness

F IG . 12. Energy band gap of ZnS particles with different thickness
3.7.

Electrical resistivity

A direct current two point probe technique in air was implemented for characterized the ZnS particles resistivity.
The electrical resistivity was estimated by using eq. (3):
ρ·L
,
(5)
dW
where R – resistance of film, ρ – resistivity of film, L – length of rectangular substrate, dW – element of width.
The resistivity of particles depends on resistance of layer and its thickness. It has been observed that a change in
thickness of layer gives variation in electrical resistivity.
The resistivity of various layer thicknesses estimated as shown in Table 3.
It confirmed the resistivity of ZnS particles decreases from 1.782 · 106 to 0.462 · 106 (Ω·cm) as layer thickness
increases from 2400 to 3920 nm, due to the improved crystallinity of ZnS particles. The size effect in semiconductor
thin films was introduced for this behavior. Fig. 13 shows the variation of resistivity with thickness of ZnS particles.
The ZnS particles deposited on substrate with high concentration of Zn2+ ions as compared to S ions and this is
n-type ZnS film hence it has been observed in edax spectra as Zn:S =9.24:1.
R=
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TABLE 3. Illustrate the variation of electrical resistivity with thickness of ZnS particles layer
Sr.No.

Thickness of layer (nm)

Resistivity (Ω·cm)

1

2400

1.782 · 106

2

2910

1.396 · 106

3

3450

0.868 · 106

4

3920

0.462 · 106

F IG . 13. Variation of resistivity with film thickness of ZnS films

During the growth process of ZnS, not only the Zn and S were found, but also the presence of oxygen appeared,
actually there was a significant amount of oxygen present in the ZnS layer. The impure Zn included in deposited layer
because ZnS include oxygen element. There is impact of this additional phase on electrical behavior. The resistivity
value decreases as the oxygen content is increased in ZnS. It maybe owing to the higher defect existed in ZnS and
surface state density existed in the higher oxygen incorporated. The thickness of the layer increases when more oxygen
is introduced in ZnS and resistivity will decrease.

4.

Conclusion

The ZnS particles were successfully deposited on FTO/stainless steel substrate by an electrode position technique
in the presence of triethanolamine as complexing agent. By using scanning electron microscope and UV-Visible
spectrophotometer ZnS layers were studied. The SEM images showed that the layer was found good quality and fully
substrate coverage at 4 % triethanolamine as compared to film in absence of triethanolamine. The effects of pH on
surface morphology, optical properties of ZnS particles were investigated. It was shown that the average crystalline
nanorod diameter and band gap decreases with increasing the pH values in range 3.5 to 5. The crystalline nanorod
diameter of ZnS particles were found to be between 160.12 – 40.22 nm. The pH values were found to be responsible
for crystal defect.The optical band gap values of ZnS particles were found to be 3.98 to 3.74 eV. The thickness of
layer was also affected on optical properties.The thickness of layer varied from 2400 to 3920 nm. The optical band
gaps were found to range from 4.10 to 3.78 eV. The thickness of layer increases with decreasing band gap energy.
The complexing agent, pH of solution and thickness has an important role in controlling morphological and optical
properties of the ZnS particles layer. The resistivity of layer was found to thickness dependent. The thickness of layer
ranged from 2400 to 3920 nm the resistivity were measured in range 1.782 · 106 to 0.462 · 106 (Ω·cm). It confirmed
that the resistivity of layer decreases as layer thickness increases.
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A novel, eco-friendly and low temperature synthesis of tin (II) monosulfide colloid particles is described. Chemical bath deposition was successfully applied for the deposition of polynanocrystalline SnS from acidic aqueous solutions. The characterization of the prepared samples was
accomplished through elemental analysis, scanning electron microscopy, X-ray powder diffraction, and optical spectroscopy. The composition of
tin (II) monosulfide colloids assembled of nanoparticles was found to be Sn-rich. Several simple scenarios for Sn surplus within SnS lattice (Svacancies at S-sublattice, Sn-atoms intercalated between SnS layers and Sn-doping of S-sites) have been analyzed by means of quantum chemical
calculations. The potential application of the Sn1+x S colloid particles in solar cells as absorber material and as photocatalyst was demonstrated by
measuring the optical properties.
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1.

Introduction

Metal sulfides represent one of the most important compounds among chalcogenide semiconductor materials due
to their unique chemical and electronic properties. SnS is typically a p-type semiconductor with ideal parameters for
solar cell absorbers. SnS has attracted much attention in the solar energy conversion due to its near-optimal direct band
gap (Eg ∼ 1.3 eV) [1], a high absorption coefficient of ∼104 –105 cm−1 [2] for photons with energies greater than the
bandgap energy, the high hole densities of 1015 –1018 cm−3 and mobilities ∼90 cm2 /(Vs) [3]. Recently, SnS has also
been proven to be an attractive photocatalyst for dye degradation under visible light [4] and for photoelectrochemical
splitting of water [5]. The constituent elements, Sn and S, are nontoxic, cost affordable and relatively abundant in nature. Diverse methods for SnS deposition have been developed including vacuum and chemical deposition techniques,
namely, vacuum evaporation [6], sputtering [7], vapor transport deposition and epitaxy [8], atomic layer deposition [9],
sulfurization of Sn metal films [10], chemical spray pyrolysis [1,11], electrochemical deposition [3,12] and bath deposition [13,14]. Though, these numerous approaches are capable for producing thin film materials only.
Recently, the synthesis of SnS in the form of nanocrystals and quantum dots through a single-source precursor
route has attracted much attention because of its potential advantages and possibility to tune the size, size distribution,
and morphologies of the powder products by controlling the reaction conditions [15]. The precursors employed
are usually metal complexes prepared from a Sn salt and ligands in organic media. In the present work, colloid
nanoparticles of tin (II) monosulfide have been grown by the chemical bath deposition (CBD) technique. CBD is
a solution-based technique providing simple and low-cost pathway to produce both uniform, adherent, reproducible
large area thin films and nanostructured powders. CBD is based on the reaction between metal salt and sulfur agent
in aqueous solutions. The structural and optical properties of CBD-deposited SnS colloid particles have been studied
with the objective to establish the optimum parameters for forming single phase nanostructured SnS for application as
a photo-absorber layer in solar cells and in natural sunlight-driven photocatalytic processes.
2.
2.1.

Experimental
Synthesis and characterization

The nanostructured SnS colloid particles were precipitated by chemical bath deposition. The SnS-1, SnS-2, SnS-3
and SnS-4 samples were synthesized over 30, 60, 90 and 120 min, respectively. The aqueous solutions of tin chloride
SnCl2 (0.06 M) and sodium thiosulfate Na2 S2 O3 (0.06 M) were used as Sn2+ and S2− sources. In order to adjust the
concentration of free Sn2+ cations, the complexing agent sodium citrate Na3 Cit was added into the reaction mixture.
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The pH value was maintained at 4.6±0.2. All used chemical reagents were of analytical grade and used without further
purification. After SnS deposition, the powders were taken out of the beaker, filtered, washed with distilled water and
dried in air at ambient temperature.
Scanning electron microscopy (SEM) images were recorded on a scanning electron microscope JEOL-JSM LA
6390 at 20 kV. Energy dispersive X-ray (EDX) analysis was performed by using a JEOL JED-2300 detector. Xray powder diffraction (XRPD) patterns were collected on Shimadzu XRD-7000 automatic diffractometer (CuKα
radiation) in the angle range 2θ of 5–80◦ with step 0.03◦ and an exposure time of 5 sec. The unit cell parameters
of SnS were refined by Rietveld method using XRD data. The diffuse reflectance spectra of the SnS powders were
recorded on a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer using BaSO4 as a reference.
2.2.

Computational details

The DFT calculations were performed using the SIESTA 4.0 implementation [16, 17]. Generalized Gradient
Approximation (GGA) with the Perdew–Burke–Ernzerhof parametrization was used for description of exchange–
correlation potential. The core electrons were treated within the frozen core approximation, applying norm-conserving
Troullier–Martins pseudopotentials. In all calculations, the double-ζ basis set was used. The k-point mesh was generated by the method of Monkhorst and Pack with a cutoff 15 Å for the k-point sampling. The real-space grid used for
the numeric integrations was set to correspond to the energy cutoff of 300 Ry. All calculations were performed using
variable-cell and atomic position relaxations, with convergence criteria corresponding to the maximum residual stress
of 0.1 GPa for each component of the stress tensor, and the maximum residual force component of 0.01 eV/Å.
3.
3.1.

Results and discussion
Concentration regions of SnS solid phase formation by CBD

The formation of SnS solid phase during CBD is a complex multistage process, which is based on the chemical
reaction between a complex tin ion SnCit− and a sulfide ion S2− released during the hydrolytic decomposition of
Na2 S2 O3 . The chemical reaction can be represented as follows:
SnCit− + Na2 S2 O3 + H2 O = SnS ↓ +Na2 SO4 + Cit3− + 2H+ .
The concentration regions for the formation of SnS and competitive hydroxide phase Sn(OH)2 as impurity were
calculated for the “SnCl2 - Na3 Cit - Na2 S2 O3 ” system (Fig. 1). The determination of the minimum concentration of
metal salt Cin required for solid phase either SnS (1) or Sn(OH)2 (2) depositions was carried out using the relations:



1 
0.86 · σ · VM
1
pKT S − pH + p S2 O2−
,
(1)
−
pCin = pKsp,SnS − pαSn2+ −
3
in
2
2
R · T · rcr
pCin = pKsp,Sn(OH)2 − pαSn2+ − 2pKw + 2pH,

(2)

2+
where p is the negative decimal logarithm; Ksp,SnS = 6.92·10−30 is the SnS solubility product; αSn
is the frac2+
−27
tional concentration of free Sn ions; KT S = 1.99·10
is the constant of Na2 S2 O3 hydrolytic decomposition;
[Na2 S2 O3 ]in is the initial Na2 S2 O3 concentration in solution; σ=1.75 J/m2 is the SnS specific surface energy; VM =
28.88 kg/m3 is the molar volume of synthesized SnS phase; rcr is the radius of the nucleus of critical size, 3.2 nm; R
is the universal gas constant; T is the bath temperature; pKsp,Sn(OH)2 =6.31·10−27 is the Sn(OH)2 solubility product;
Kw is the H2 O ionic product [18, 19].
As shown in Fig. 1, the presence of the Na3 Cit ligand with the concentration of 0.15 M may lead to the coprecipitation of SnS and Sn(OH)2 solid phases in the pH range from 6 to 12, while Cin remains constant with a
change of Na2 S2 O3 concentration from 0.05 to 0.2 M. Thermodynamic calculations and the plotted dependence in
three-dimensional coordinates “pCin - [Na2 S2 O3 ] - pH” showed that the acidic region pH = 3–5 is the most preferable
for obtaining solid phase of SnS.

3.2.

Phase identification

The as-deposited layers were brownish black. The XRPD patterns of the SnS particles synthesized at different
times are given in Fig. 2. The XRPD data showed the colloid particles to be tin(II) monosulfide SnS. The characteristic
diffraction lines (111), (131) and (141) at 2θ positions 31.8◦ , 38.4◦ and 44.7◦ match with the JCPDS reference database
# 00-039-0354, which is herzenbergite SnS or α-SnS (orthorhombic; space group Pnma). The unit cell parameters
were estimated to be a = 11.290(8) Å, b = 3.989(3) Å, c = 4.280(3) Å; cell volume = 192.8(3) Å3 ). No other impurities
were found in the samples, indicating that the products are a pure SnS phase. The average crystalline sizes in the SnS1, SnS-2, SnS-3 and SnS-4 samples were determined as 19, 21, 23 and 20 nm, respectively. The change of crystallite
size with deposition time was insignificant. This can be attributed to a rapid growth of the SnS crystallites during the
first 30 min of CBD process. A longer deposition time is inefficient to produce the larger particles.
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F IG . 1. Schematic diagram of concentration regions for formation of SnS and Sn(OH)2 solid
phases. The calculations were carried out at different initial pH and Na2 S2 O3 concentration for
the “SnCl2 –Na3 Cit–Na2 S2 O3 ” system at T = 298 K

3.3.

Grain morphology and elemental composition

The morphology and microstructure of SnS samples synthesized by CBD were visualized by scanning electron microscopy.The typical SEM micrograph shown in Fig. 3a corresponds to the powder SnS-1 synthesized during
30 min. Fig. 3 reveals that synthesized powders consist of nearly spherical particles of similar sizes ∼1 µm. Taking
into account the XRPD data, the observed SnS colloid particles are polycrystals assembled of nanoparticles with the
size of about 19 nm. The EDX analysis (Fig. 3b) confirmed that particles consist of tin, sulfur and oxygen with an
average content of 53±1, 42±1, and 5±1 at.%, respectively. The presence of oxygen might be due to water molecules
adsorbed on the surface of SnS nanoparticles.
Therefore, the synthesized SnS colloid particles are found also to be Sn-rich. Despite of the initial reaction
bath had an equimolar Sn2+ /S2 O2−
3 ratio, the disclosure of Sn-rich particles suggest a partial reduction of Sn atoms
2−
+
embedded in SnS lattice through the reactions of Sn2+ +2e = Sn0 (E = −0.140 V) and 2SO2−
4 + 10H + 8e = S2 O3
+ 5H2 O (E = 0.29 V) [17]. Hence, it appeals that correct chemical formula for the synthesized colloid particles might
be written here and thereafter as Sn1+x S (Fig. 3).
3.4.

Optical properties

The diffuse reflectance spectra of the SnS-1, SnS-2, SnS-3, and SnS-4 samples measured at 780–1800 nm wavelength range are presented in Fig. 4. The synthesized Sn1+x S colloid particles do not absorb radiation with λ =1450–
1800 nm; and the diffuse reflectance is approximately 100 % in this spectral region. However, at λ < 1450 nm the
significant decrease in the diffuse reflectance value takes place. The observed wide absorption band may be divided
into two components at 780–880 nm and 880–1450 nm, and the contribution of the latter increases with the deposition
time.
The diffuse reflectance data were analyzed to determine the optical band gap energy (Eg ) of the samples. For a
long time SnS had been considered as either direct and indirect allowed transition material until DFT calculations of
electronic band structure of SnS in the bulk form as well as the in the bilayer and monolayer limit were performed [20–
22]. Calculations showed that the bulk and bilayer SnS have an indirect band gap, while for the monolayer possible
direct transitions that are close in energy to the indirect gaps occur. Thus, the Eg value was estimated taking into
account the indirect allowed type of transitions. For this purpose, the Kubelka-Munk functions [23] were calculated
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F IG . 2. The X-ray spectra of as-deposited SnS colloid particles obtained at different deposition
times: (a) SnS-4 (120 min), (b) SnS-3 (90 min), (c) SnS-2 (60 min), (d) SnS-1 (30 min)

using equation (3) and then the appropriate dependences [F (R)hν]1/2 versus hν were plotted.
F (R∞ ) =

(1 − R∞ )2
k
= ,
2R∞
s

(3)

where F (R∞ ) is the diffuse reflectance of a sample relative to the reference, k is the molar absorption coefficient, and
s is the scattering coefficient.
The results of the graphic determination of Eg values are presented in the inset of Fig. 4. It has been revealed
that all curves have linear parts at 1.41–1.44 eV. The found Eg value is 1.34 eV for the all studied samples [20]. This
value is close to Eg = 1.24 eV calculated for bulk SnS and is consistent with the reported experimental values of
1.05–1.47 eV [7, 21, 24, 25]. The Eg value of SnS may depend significantly on the degree of crystallinity, particle
size and the stoichiometry of the samples. In a number of studies [1, 26] the change in the optical absorption edge of
SnS was attributed to the presence of other phases like SnO2 (Eg = 2.3 − 3.5 eV), SnS2 (Eg = 2.44 eV) and Sn2 S3
(Eg = 2.0 eV). Since no regions of decreasing reflectance at these energies are observed, the possible formation of the
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F IG . 3. The typical SEM image of Sn1+x S colloid particles (a); EDX analysis (b) is presented for
the SnS-1 sample synthesized during 30 min
aforementioned impurity phases may be excluded from consideration. These results are well matched with the XRPD
observations.

F IG . 4. Diffuse reflectance spectra for polycrystalline Sn1+x S colloid particles obtained after different precipitation times. The inset shows the determination of the optical band gap energy
3.5.

DFT computational data

A considerable 5–10% Sn-excess has been registered in our SnS samples by means of EDX analysis, which surely
exceeds experimental error in the detection and to ascribe the composition as Sn-rich SnS - Sn1+x S. No considerable
distortion of the α-SnS crystallattice has been established using XRPD method, which allows us to propose several
simple scenarios for Sn surplus based on the same lattice: the most obvious S-vacancies at S-sublattice, Sn-atoms
intercalated between SnS(001) layers and the non-trivial Sn-doping of S-sites.
Since the exact scenario cannot be definitively determined by means of the used characterization techniques, the
DFT calculations have been employed preliminarily. The 1×2×2 and 1×3×3 supercells of α-SnS were employed as
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parent models of Sn1+x S compounds. The lattice parameters of pristine α-SnS crystal can be found in fair agreement
with experimental data as a = 11.42 Å, b = 4.05 Å and c = 4.33 Å. A modification of the lattice by Sn surplus in
amount of x = 0.05–0.07 does lead to an essential modulation of the lattice parameters. The most prominent variation
is observed for c-parameter: shrinking on 1.5% for Sn1+x S with S-vacancies or with Sn-intercalants and expanding on
0.8 % for SnS -substituents. The a-parameter increases on 12.7 % for Sn-intercalated Sn1+x S, where Sn-intercalants
adapt atypical double coordination and the Sn-S bond length equal to 2.78 Å. In the remaining cases, both a- and
b-parameters remain insensitive to a given x.
The relative stabilities of all three types of Sn1+x S compounds have been estimated using the formation enthalpy
∆H at T = 0 K, calculated as the difference between the DFT total energies of a Sn1+x S composition and of elements
as β-Sn and cyclo-S8 . In general, the data give proof for the thermodynamic destabilization of the SnS lattice upon any
Sn-overdose, though, to different extents depending on x (see Fig. 5). Namely, Sn-intercalates Sn1+x S are characterized thermodynamically as the least stable, what should be an exclusion factor else in addition to the easily accessible
Sn-intercalants for water solvent, hence, to enhanced reactivity of such Sn1+x S in experiment. Sulfur-deficient Sn1+x S
compositions seem thermodynamically more stable, yet, unexpectedly losing in front of SnS -substituted Sn1+x S. The
latter compositions appear the most stable in all range of considered x up to 0.12–0.15. Probably, their stability is
promoted by similarity in local environment of Sn-atom placed at S-site of SnS lattice and that within the lattice of
elemental β-Sn: both have a distorted octahedral Sn-environment and the Sn-Sn bond lengths as 3.09 Å and 2.92–
3.22 Å, respectively. A higher resistance to water oxidation could be also expected for such Sn-doping atoms due to
preserved interplane SnS(100) distances as in pristine SnS and protection from SnS layers (i.e. from both basal and
lateral directions).

F IG . 5. Model formation enthalpies∆H (at T = 0 K) for different Sn-rich SnS compositions based
on α-SnS latice: SnS with S-vacancies, SnS with intercalated Sn-atoms and SnS with Sn-doping
into S-sites. DFT-GGA calculations
The calculated density of states (DOS) of pristine SnS and all types of Sn1+x S are depicted in Fig. 6. Theoretically,
SnS is a semiconductor with the band gap 0.77 eV. The band gaps are basically underestimated by classical DFT
methods; however, this has no effect on their relative values and the character of DOS distribution. The bottom of
the conduction band is dominated by Sn5p−states. The top of the valence band composed of the S3p−states with a
considerable contribution of the Sn5s− and Sn5p−states. The low-lying separate band in the range from −6 to −8 eV
is contributed mostly from the valence Sn5s−states. These main features of the DOS distribution are well preserved
for the DOS profiles of Sn1+x S compounds. However, the latter demonstrate distinct variety near the frontiers of
the fundamental band gap. The least stable Sn-intercalated Sn1+x S should be n-type semiconductor with the main
band gap 0.86 eV and the donor impurity level at 0.13 eV below the bottom of conduction band of SnS. S-deficient
Sn1+x S should be also n-type semiconductor with the main band gap 0.76 eV and the deep donor level at 0.33 eV
below the bottom of conduction band. SnS -substituted Sn1+x S demonstrates a more sophisticated DOS splitting
near Fermi level: the main band gap 1.10 eV hosts both donor and acceptor impurity levels at 0.59 eV and 0.05 eV,
respectively, below the bottom of conduction band. Additionally, the Sn5s-band in the spectrum of this compound
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possesses a distinct splitting of the Sn5s-levels at 0.23 eV deep, serving as a good indicator for the possible detection
of SnS -impurities in ongoing experimental characterization.

F IG . 6. Total and selected partial densities of states (DOS) for stoichiometricα-SnS compound and
different α-S1+x S compounds. Total and partial Sn5s-, Sn5p- and S3p-DOS are drawn in black,
red, orange and yellow, respectively. DFT-GGA calculations

4.

Conclusions

In summary, tin (II) monosulfide colloids assembled of nanoparticles were synthesized in aqueous media at low
temperatures by a CBD technique. The XRPD approves the formation of orthorhombic SnS phase with the optical
band gap energy of 1.34 eV. Synthesized SnS nanoparticles with crystallite size of 19–23 nm tend to cluster in aqueous solution to form larger aggregates, i.e. colloid particles, with an average size ∼1µm. The composition of SnS
was found to be Sn-rich due to the partial reduction of Sn2+ cations by anions S2 O2−
3 . The chemical formula for
the synthesized colloid particles might be written as Sn1+x S. The DFT calculations demonstrated SnS -substituted
Sn1+x S to be the most thermodynamically stable in all range of considered x up to 0.12–0.15. Based on the present
experimental and theoretical study, we suggest that CBD-deposited SnS has some potential as an inexpensive, earthabundant absorber material and photocatalyst for the degradation of organic compounds under sunlight. Furthermore,
the resistivity of binary semiconductors is known to be strongly dependent on small deviations in stoichiometry. Snrich orthorhombic SnS may contribute to the superior electrochemical performance and may be applied for creating
promising SnS-based anode materials for lithium-ion batteries [27]. Thus, our future work will focus on the electrochemical measurements with the aim of opening up a new opportunity for using CBD technique for the synthesis of
SnS with regulated stoichiometry.
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Zinc sulfide (ZnS) and zinc sulfide/lead sulfide (ZnS/PbS) nanorods were grown on glass substrates using a thermal evaporation method. The
morphology of the prepared samples has been studied by transmission electron microscopy (TEM), field-emission scanning electron microscopy
(FE-SEM) and Scanning Electron Microscopy (SEM). Both differences and similarities in morphology between the samples have been discovered.
In the ZnS/PbS sample, ZnS nanorods were formed with diameter less than 50 nm and length between 2000 and 3000 nm. The pure ZnS sample
has dense structure and its thickness was about 200 nm. Samples were studied in detail using energy-dispersive X-ray spectroscopy (EDX). The
surface chemical compositions of the samples were confirmed by means of X-ray photoelectron spectroscopy (XPS). The determination of the
crystal structure using the X-ray diffraction revealed that two phases of ZnS, blende and wurtzite, are present in the sample after adding Pb, while
only blende is identified in the pure ZnS sample.
Keywords: nanorods, ZnS, HRTEM, XPS, thermal evaporation.
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1.

Introduction

ZnS, ZnO, AlN and CNx nanotubes are envisaged to be highly promising for applications in semiconductors,
photo detectors, lasers, solar cells, and -nanogenerators [1]. During the last decade zinc sulfide (ZnS) has been
categorized as one of the most propitious semiconductor materials due to its wide device applications [2–8]. It is
environmentally friendly, cheap and easy to prepare. The potential application of ZnS in solar cell applications is well
established [9]. As is used as a buffer layer, the spectral response of the solar cell is increased. ZnS is a polymorphic
solid, meaning it has the ability to exist in more than one crystal structure. It has a direct wide band gap of 3.2–3.9 eV
at room temperature [10]. It appears as cubic (known zinc blende or sphalerite) or as a hexagonal wurtzite structure
(Fig. 1). The blende form is the most common natural form of ZnS and it is almost identical to the Si unit cell with a
band gap of 3.7 eV.

F IG . 1. The cubic unit cell of zinc blende (a) and the hexagonal unit cell of wurtzite (b). Sulfur and
zinc atoms are represented as yellow and gray spheres, respectively
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Several methods have been used to prepare ZnS films by different research groups [11], such as magnetron sputtering [12, 13], pulsed laser deposition, chemical bath deposition (CBD) [14], ultrasonic spray pyrolysis [15], electron
gun evaporation [16] and thermal evaporation [12]. The latter is particularly interesting, due to its simplicity and cheapness. Moreover, thermal evaporation process produce polycrystalline material with a predominant cubic phase [12].
ZnS deposition on different substrates, such as silicon, glass, and titanium oxide, have been also extensively discussed
in the literature [17, 18]. It is well established that the substrate plays a crucial role in determining the quality of the
deposited sample. For example, depending on the crystalline quality of the AlN substrate ZnO deposited films show an
epitaxial growth [19, 20]. Extensive studies have been reported on ZnS nanostructures doped with different transition
metal ions (such as Co, Mn, Ni, Fe) prepared by different techniques [21–24]. Depending on the type of dopant ion,
the doped materials exhibit different luminescent, electronic and magnetic properties.
In this work, we prepare a ZnS/PbS nanostructures deposited on glass substrates using a vacuum-based simple
thermal evaporation method. Several characterizations techniques were applied to describe their morphology, composition and structural properties. HRTEM and SEM techniques were applied to investigate the morphology of samples.
The crystallographic properties of the films were studied using X-ray diffraction method. EDX and XPS scans are
used for quantification of Zn, S and Pb in the sample.
2.

Experimental methods

ZnS/PbS thin films were prepared on glass substrates using simple thermal evaporation technique. 12 wt% PbS
powder is added to 88 wt% ZnS powder (99.99% purity) in the crucible as source material, under a vacuum of
10−5 Torr using low speed turbomolecular pump (pumping speed 25000 rpm). The chamber geometry, gas flow
and the gas remaining time enhance the thin film quality [25]. The distance between the ZnS and substrate holder was
about 25 cm; the substrate holder was heated before deposition to 100 ◦ C. Thin film morphology was examined using
scanning SEM, TSCAN Vega\\XMU model, equipped with energy dispersive spectroscopy (EDX) to determine the
chemical composition of the synthesized films. Transmission electron microscopy (TEM) images for ZnS/PbS sample
were also taken to verify the film morphology. The X-ray diffraction (XRD) measurements were carried out on
uncompressed powder inside steel holder by using Bruker, D8 ADVANCE diffractometer with Cu Kα (λ = 0.154 nm),
measurements were conducted in the range of 20–80◦ (2θ). Phase identification from powder diffraction data was
performed using the QualX peaks identification software [26]. The diffraction data was further analyzed using Rietveld
refinements method as implemented in GSAS-II package [27].
The XPS experiments were performed using a model VG Scientific 200 spectrometer (UK) equipped with MgKα
radiation (1253 eV) and operated at 23 kV and 13 mA. All binding energy values (in eV) were determined with respect
to the C1s line (284.6 eV).
TEM was performed with a JEM2200FS double aberration-corrected transmission electron microscope (JEOL
Ltd.) which was operating at an acceleration voltage of 200 kV.
3.

Results and dissection

The chemical composition of the film deposited on the glass substrate was explored by means of EDX and XPS
techniques. Fig. 2 shows the collected EDX spectrum of the products. Spectrum analysis shows that the film is
composed of Zn, Pb, S and small amount of C and O elements (Table 1). The concentration of S in the sample is
almost equal to the sum of Zn and Pb concentrations (S/(Zn+Pb) = 0.998). The C and O atoms are contaminants from
the atmosphere which are extremely difficult to avoid. Hence, our product is a stoichiometric film. Films with same
stoichiometry were also acquired by different techniques, such as ultrasonic spray pyrolysis [15] and electron beam
evaporation [16].
TABLE 1. Atomic percentage for Zn, Pb, S, O and C elements from EDX analysis
Element Weight %
CK
OK
SK
Pb M
Zn K

1.9
0.03
31.96
3.25
62.86

Atomic %
7.4
0.08
46.72
0.74
45.07

For further investigation of the chemical composition of the product, XPS scan of the sample was performed
(Fig. 3). In order to compensate the surface charging effects C 1s signal (284.6 eV) was used as a reference signal.
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F IG . 2. EDX spectrum for ZnS/PbS nanorods films deposited on glass substrate
XPS curves were fitted (lowest curve in each spectrum) after adjusting to theoretical curves. Detailed spectra for the
Zn2p, S2p, Pb4f, regions and related data are presented in Fig. 4. The results of XPS surface analyses are summarized
in Table 2, which confirm the formation of ZnS and PbS compound and the stoichiometry of the film. Moreover, there
was a strong indication for the presence of traces of, ZnO, PbO, CO and PbSO3 on the surface of the films due to
preparation and measurement conditions.

F IG . 3. XPS scans of ZnS/PbS sample on glass substrate
The X-ray diffraction pattern of the pure ZnS sample at room temperature is shown in Fig. 5. The peaks can be
tied to the blende phase of ZnS. A good agreement between observed and calculated spectrums was obtained; typical
wRp of the fit was ∼0.09. For the ZnS/PbS product, the best agreement between observed and calculated pattern could
only be achieved by the presence of the two phases of ZnS (blende and wurtzite) and one phase for PbS, namely galena
(Fig. 6). The phase fraction for each identified phase in the product was fitted simultaneously. Indications from XRD
results show that the ZnS/PbS sample contains more zinc blende (23.42%) than wurtzite (9.53%). The concentration
of the PbS phase is 3.32% and the rest is SiO2 . The ratio between the PbS phase and ZnS phases is about 0.1 which
coincide with the XPS results. X-ray line width measurements have shown that the average particle size of ZnS is about
30 nm. The average strain value was found to be negligible for all phases. Such low value of strain is advantageous
because the films have a good adhesion without high stress value. This can be attributed to the thermal evaporation
technique. These results were in agreement with work of Benyahia et al. [11], where thermal evaporation was also
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F IG . 4. Zn2p, S2p and Pb 4f XPS spectra recorded for the ZnS/PbS sample. Photon energies are 1253 eV
TABLE 2. XPS spectral features table

Name

Peak BE/eV

C1s
C1s A
C1s B
O1s
O1s A
Pb4f, 5/2
Pb4f, 7/2
Zn2p, 3/2
Zn2p, 3/2 A
Zn2p, 1/2
Zn2p, 1/2 A
S2p, 3/2
S2p, 1/2

284.7
285.2
288.4
531.3
532.1
142.9
138.2–139.6
1022.0
1024.0
1045.0
1047.0
161.4
162.5

FWHM/eV Area (P) CPS/eV Atomic %
1.0
1.2
1.2
1.4
1.8
1.5
1.2
2.0
1.7
2.0
1.9
1.0
0.9

1174.9
1216.2
127.9
922.2
793.6
247.8
13038.4
7296.1
2289.3
2915.9
1408.3
1404.5
662.9

21.4
22.2
2.3
6.7
5.8
0.2
0.5
10.6
3.3
4.3
2.1
14.3
6.8

Peak assignment
(C–C) adventitious carbon
(C–O–C) adventitious carbon
(O–C=O) adventitious carbon
(Organic C=O) chemisorbed oxygen[28,29]
(Organic C–O) chemisorbed oxygen
Pb in PbS[30, 31]
Pb in Pb(OH)2 / PbO/PbSO4
Zn in ZnS/ ZnO
Zn in ZnS[32, 33]
Zn in ZnS[34, 35]
Zn in ZnS
Sulphur in metal sulfide
Sulphur in S–O/S–C/S–H

HRTEM, XPS and XRD characterization of ZnS/PbS nanorods...

F IG . 5. X-ray diffraction data acquired from pure ZnS sample (blue +) including Rietveld refinements (green line) and background (red line). Vertical dashed lines denote dhkl values associated
with ZnS and SiO2 phases

F IG . 6. X-ray diffraction data acquired from ZnS/PbS sample (blue +) including Rietveld refinements (green line) and background (red line). Vertical dashed lines denote dhkl values associated
with ZnS (two phases), PbS and SiO2 phases. Typical wRp of the fit is ∼0.07

541

542

B. Abadllah, B. Assfour, M. Kakhia, Ali Bumajdad

F IG . 7. SEM images in low (a) and high (b) magnification. FE-SEM in low (c) and high (d) magnification for the ZnS/PbS nanorods grown on glass templates

used for ZnS deposition and blende structure was obtained. The blende structure was also obtained in our previous
work, where deposition was performed using electron gun techniques [16]. The identified PbS phase, galena, has also
a cubic structure. Galena is a natural mineral of Pb, it is most abundant sulfide minerals and mostly associate with
blende and calcite minerals. Therefore, the presence of the Zn blende and Pb galena together in the same thin film is
not surprising. It worth mentioning that, unlike previously reported work on the growth of wurtzite ZnS nanorods [36],
no phase transformation from zinc blende to wurtzite ZnS has been observed in the present product. It is clear in fact
that the addition of increased amounts of lead to the compound (ZnS) of the amphoteric element (Zn) will generally
result in a greater ionic character of the chemical bond between the “cation” and “anion”. It is well known, that blende
(ZB) is a lattice with a less ionic bond. While, wurtzite (WZ) with a more ionic bond [37], therefore the high bond
polarity favors the wurtzite structure instead of zinc-blende structure and the appearance of a wurtzite structure in our
sample is in full agreement with the known general chemical concepts. A number of authors have recognized the effect
of growth parameters such as substrate temperature and the ratio of dopant atoms on phase formation. For example,
Karan et al. reported about the reversible phase transformation of platelet-shaped ZnS nanostructures between e (WZ)
and (ZB) phases by reversible insertion/ejection of dopant Mn(II) ions induced by a thermocyclic process [38].Joyce
et al. showed that simply by tailoring the basic growth parameters of temperature and V-III ratio, pure ZB and pure
WZ III-V nanowires can be obtained [39]. Amico and coworker investigated doping effects, as induced by Al and Cu,
on promoting different ZnS phases using first principles simulations [40].
SEM is a versatile tool to investigate the surface topography and features of nanostructured materials. Moreover,
it is useful to determine the growth mode of deposited films. Fig. 7(a,b) shows the SEM plane-view images of the
ZnS/PbS sample in two different magnifications. It is clear that the template substrate covered with ZnS nanorods.
This confirms the growth as nanorods for ZnS deposited on glass substrate. FESEM (Fig. 7(c,d)) scan shows similar
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F IG . 8. (a and b) TEM morphology image of the synthesized ZnS/PbS nanorods. (c) TEM image
of an individual nanorod. (d) HRTEM image of one selected nanorod
images for the surface morphology of the sample. The growth mechanism for the ZnS nanorods can be explained as
following: the PbS evaporated initially because of the temperature milting (evaporation temperature of PbS is lower
than of ZnS), and it formed monolayer or nucleation layer. Moreover, the growth of objects is enhanced as large lead
atoms acting as dopants markedly accelerate the diffusion processes.
For further investigation of the film morphology, TEM and HRTEM characterization of the sample were performed. Although the TEM has many advantages over SEM, it has also some drawback and limitations. For example,
sample preparation is much more difficult than SEM and results from TEM scan are dependent on the quality and
cleanliness of the sample. Fig. 8 gives a TEM morphology image of the sample in low and high magnifications.
Fig. 8(c) shows the TEM image of an individual nanorod, revealing the flat and smooth surface with uniform diameters of the nanorod. The mean value of nanorod is varying between 180 and 200 nm. Fig. 8(d) shows the HRTEM
image of one nanorod in the lattice fringes.
4.

Conclusions

In summary, we prepared ZnS/PbS nanorods deposited on substrate of glass using thermal evaporation technique.
SEM and TEM images are used for exploring morphology of the films. They confirm the formation of nanorods with a
mean diameter 200 nm. Chemical composition of the product was investigated by mean of EDX and XPS. it confirms
the stoichiometry of the film. XRD pattern analysis indicates the presence of two phase from ZnS (blende and wurzite)
and one phase from PbS (galena).
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The presented work revolves around exploration of the structural dependence of electronic properties of zinc selenide nanowire. For this purpose
the shapes under consideration are 2 atom linear wire, 2 atom zigzag wire, 4 atom square wire and 6 atom hexagonal wire for zinc selenide.
ABINIT code has been used for the study. The band structure, geometrical optimization and stability of proposed structures have been studied.
A 4 atom square nanowire structure has come out to be comparatively more stable than other proposed structures while the findings of the study
for band structure reveals that zinc selenide nanowires may have conducting, semi conducting or insulating nature which depends on the proposed
geometry of the nanowire.
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1.

Introduction

The electrical properties and study of nanowires have been interesting fields to study for the researchers since the
1980’s. A drastic variation in optical as well as electrical behavior of these nanostructured substances is seen as compared to their bulk form. The miniature devices show exotic properties and this has increased the need of investigation
and exploration of behavior of metallic structure of nanometer-sized dimensions for such devices. These devices seen
to have significant advantages over the devices formed by photolithography. The structural dependence of electronic
behavior of few nanowires with significant technical importance with implication of local density approximation is the
outcome of this proposed work. Extensive experimental work on germanium and silicon nanowires has been already
performed by researchers [1–3]. From the family of II–VI group ZnSe semiconductor has its unique application as
light emitting diodes [4], photo detector [5] and scintillator [6]. Sufficient experimental work is reported on synthesis
of zinc selenide nanowires. Ye et al. [7] synthesized ZnSe nanowire of thickness 20 to 120 nanometer and tens of
micrometers in length under an Ar atmosphere by vapor transport. Panda et al. [8] reported that alignment and confinement play a major role in optical properties of synthesized ZnSe nanorods and nanowires. Singh et al. [9] reported
the structural dependence for ZnO. ZnSe nanowires with the length of few micronmeters and 80 – 150 nanometers in
diameter were fabricated and current-voltage characteristics were being studied by Philipos et al. [10]. ZnSe nanowire
were being synthesized on the zinc foil by Cheng et al. [11]. Archana et al. [12] used edamine as surface capping ligand and synthesized ZnSe nanowire by wet chemical method. First principles study of optical, magnetic and electronic
properties of ZnSe was performed by Benstali et al. [13]. Arya et al. [14] in their work, fabricated ZnSe nanowire via
template-assisted electro deposition method. Nasieka et al. [15] studied the doping effect of Er on ZnSe and studied
structural properties and found that varying the dopant concentration led to disorder in initial structure. Eitan et al. [16]
have performed the guided growth of horizontal zinc selenide nanowires in controlled manner. Zhang et al. [17] studied the first-principles calculations on the basis of DFT investigated the electronic structures and optical properties of
Cr2+ zinc selenide. Dong et al. [18] synthesized ZnSe nanowire via a heat-triggered precursor route. Wisniewski et
al. [19] used low temperature spectroscopy to identify the recombination mechanisms for ZnSe nanowire.
The proposed work deals with comparative study of electronic properties, band structure and density of state
curve study for four different shapes 2-atom linear nanowire, 2-atom zigzag nanowire, 4-atom square nanowire and
6-atom hexagonal nanowire, which has not been explored by anyone so far.
2.

Computational details

The structure of zinc selenide nanowires using DFT calculations [20,21] was explored. This pseduopotential technique is found to be very dynamic tool for studying the electronic and structural properties of different materials [22].
The present study has been performed by ABINIT code [23]. Exchange correlation of Troullier, Martins and Perdew
et al. [24, 25] has also helped in calculations. The pseduopotential has been obtained from ABINIT Webpage. To test
the potentials the calculations were performed on bulk zinc selenide material. The results showed close agreement
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to already existing experimental results. The structures were optimized for Hellmann–Feynman forces up to value of
10−3 eV/Å on each atom. The cut off energy for the calculations has been taken as 30 Hartee. The positioning of
nanowire has been done on a super cell along x-y direction with side 20 a.u. The z axis is considered as the axis of the
wire. The integration of Brillouin zone has been done and 15k – points sampling in z direction has been done with the
help of Monkhorst-pack technique [26]. In order to allow atoms to relax no constraints were imposed. The optimized
value of lattice parameter for bulk ZnSe has been obtained. The lowest energy was obtained after due optimization of
all the structures.
3.

Results and discussion

The paper explores the investigation of four completely unmatched geometric structures of ZnSe nanowires.
The details of proposed structures have been explored in our already published work [27–35]. The proposed structures
of ZnSe nanowires have been shown in Fig. 1. To get the desired stability the requirement is to get the configuration
which belongs to least energy amongst the all proposed structures. The energy variation with inter atomic distance for
all geometries is mentioned in Table 1 shows the energy variation with distance for all proposed structures. Table 2
highlights the optimized energy and corresponding distance. The calculation of energy, for infinite linear wire, as a
function of x = a has been obtained, wherever a is the zinc selenide distance up to 0.01 nanometers and thereafter
the effective total energy is determined. The 2-atom linear nanowire indicates minimum energy at the 0.64 nm and
acquires stability at −985.12 eV, whereas the 2-atom zigzag nanowire shows least energy of −985.29 eV at 0.26 nm
distance. For 4-atom square nanowire, the energy is least at 0.80 nm with value of −985.88 eV. The minimum
configuration for the 6-atom hexagonally shaped nanowire at the inter atomic distance of 0.38 nm has lowest total
energy, which is found to be −985.64 eV. The overall findings of study show that the 4-atom square nanowire has
the least energy configuration as compared other proposed structures under study and this is proposed to be the most
stable structure amongst the all. The graph showing the variation between distance and energy, for all the structures,
is shown in Fig. 2.

(a)

(b)

(c)

(d)
F IG . 1. Structures of ZnSe nanowires: (a) 2-atom ZnSe linear nanowire; (b) 2-atom ZnSe zigzag
nanowire; (c) 4-atom ZnSe square nanowire; (d) 6-atom ZnSe hexagonal nanowire
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TABLE 1. The variation between X (interatomic distance in nanometer) vs energy (eV/atom). The
bold faced ones are most stable structures
X = Zn – Se
distance(nm)

Total Energy (eV/atom)
2-atom linear
nanowire

2-atom zigzag
nanowire

4-atom square
nanowire

6-atom hexagonal
nanowire

0.06

−558.56

−707.49

−288.62

−277.18

0.10

−943.30

−930.12

−929.22

−817.48

0.16

−981.71

−975.71

−980.68

−941.08

0.22

−983.55

−983.72

−985.23

−972.50

0.26

−984.61

−985.29

−984.89

−982.16

0.32

−985.07

−985.00

−985.31

−985.14

0.38

−979.18

−983.79

−984.99

−985.64

0.42

−972.23

−984.43

−983.94

−985.49

0.48

−967.21

−983.78

−984.34

−983.57

0.52

−977.33

−985.15

−984.63

−974.30

0.58

−970.18

−980.43

−984.29

−984.13

0.64

−985.12

−985.12

−984.91

−981.84

0.68

−979.21

−977.76

−985.05

−878.83

0.74

−985.06

−985.08

−985.49

−984.01

0.80

−982.18

−985.16

−985.88

−982.87

TABLE 2. The total energy and inter atomic distances of various structures
Structures

Zn – Se distance
(nanometer)

Zn – Zn distance
(nanometer)

Total Energy
(eV/atom)

2-atom linear wire

0.64

1.28

−985.12

2-atom zigzag wire

0.26

0.52

−985.29

4-atom square wire

0.80

1.60

−985.88

6-atom hexagonal wire

0.38

7.6

−985.64
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F IG . 2. Variation between interatomic distance X (nanometer) versus energy (eV/atom) for different NWs
The energy versus density of state variation is shown in Fig. 3. The nature DOS for optimized inter atomic
distance was under analysis and it shows that the density of state is greater for the 6-atom hexagonal wire near the
Fermi level, whereas it is less for the 4-atom squared wire near the Fermi level, and hence, the 4-atom squared shape
is the most stable structure amongst those under consideration here.

F IG . 3. The variation between DOS versus Energy (eV) with for all structures
The band structures for all the shapes of ZnSe nanowire has been shown in Figs. 4 – 7. Fig. 4 shows that one
of the bands crosses the Fermi level for 2-atom linear nanowire, indicating its metallic behavior, whereas for 2-atom
zigzag nanowire, one of the bands is lying close to Fermi level as shown by Fig. 5, and thus this structure may be semi
conducting in nature. The studies of the band structures for 6-atom hexagonal nanowire and 4-atom square nanowire
in Figs. 6 and 7 respectively indicate that all bands are seen to be lesser than the Fermi level, and thus both structures
are possibly insulating in nature.
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F IG . 4. Band structure for 2-atom linear nanowire

F IG . 5. Band structure for 2-atom zigzag nanowire

F IG . 6. Band structure for 4-atom square nanowire
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F IG . 7. Band structure for 6-atom hexagonal nanowire
4.

Conclusions

We have performed an investigation of four different shapes for ZnSe nanowires with ab initio DFT calculations
and have analyzed the interatomic distance versus energy, DOS versus energy curve as well the band structure for
all the proposed geometries to have better understanding of electronic behavior and stability for the various proposed
shapes.The finding establishes that 4-atom square nanowire shape is more stable as compared to other shapes. The
bulk ZnSe is semiconducting in nature, whereas our study for proposed shapes reveals that the 2-atom linear nanowire
may be semiconducting in nature. The 2-atom zigzag nanowire seems to be conducting in nature while the 4-atom
square nanowire and the 6-atom hexagonal nanowire is insulating in nature.
Acknowledgements
We express our gratitude to G. D. Goenka University, Gurugram (Haryana) and Seth G. B. Podar College, Nawalgarh (Rajasthan) for all the help.
References
[1] LiD., Wu Y., et al. Thermal Conductivity of individual silicon nanowires. Applied Physics Letter, 2003, 83 (14), P. 2934–2936.
[2] Tian B., Zheng X., et al. Coaxial silicon nanowires as solar cells and nanoelectronic power sources. Nature, 2007, 449 (7164), P. 885–889.
[3] Andrew B.G., Lincoln J.L., Mark S.G., Charles M.L. Growth and transport properties of complementary germanium nanowire field-effect
transistors. Applied Physics Letter, 2004, 84 (21), P. 4176–4178.
[4] Chen S.H, Wang S.J.J, Lo C.J., Chi J.Y. White-light emission from organics-capped ZnSe quantum dots and application in white-light-emitting
diodes. Applied Physics Letter, 2005, 86 (13), 131905.
[5] Vigue F., Tournie E., Faurie J.P. ZnSe-based Schottky barrier photodetectors. Electronic Letters, 2000, 36 (4), 352.
[6] Nasieka l., Boyko M., et al. Optical characterization of Er-doped ZnSe for scintillation applications. Optical Materials, 2014, 38, P. 272–277.
[7] Ye C., Fang X., et al. Structural characterization of long ZnSe nanowires. Applied Physics A, 2004, 79 (1), P. 113–115.
[8] Panda A.B., Acharya S., Efrima S. Ultranarrow ZnSe Nanorodsand Nanowires: Structure, Spectroscopy, and One-Dimensional Properties.
Advanced Material, 2005, 17 (20), P. 2471–2474.
[9] Singh S., Srivastva P. Ab-initio Study of the Structural Stability and Electronic Properties of ZnO Nanowires. Proceedings of fifth international
conference “Communication systems and network technologies”, 2015, Gwalior, India, April 4–6, 2015, P. 1279–1283.
[10] Philipose U., Ruda H.E., et al. Conducticity and photoconductivity in undoped ZnSe array. Journal of Applied Physics, 2006, 99 (6), 066106.
[11] Cheng C.L., Chen Y.F. Low temperature synthesis of ZnSe nanowires by self-catalytic liquid-solid growth. Material Chemistry and Physics,
2009, 115 (1), P. 158–160.
[12] Archana J., Navaneethan M., et al. Chemical synthesis of monodispersed ZnSe nanowire and its functional properties. Material Letters, 2012,
81, P. 59–61.
[13] Benstaali W., Bentala S., Abbad A., Belaidi A. Ab-initio study of magnetic, electronic and optical properties of ZnSe doped transition metals.
Material Science in Semiconductor Processing, 2013, 16 (2), P. 231–237.
[14] Arya S., Khan S., et al. Electrical properties of electrodeposited zinc selenide (ZnSe) nanowires. Journal of Material Science, 2014, 25 (9),
P. 4150–4155.
[15] Nasieka I., Bokyo M., et al. Optical charecterisation of Er doped ZnSe for scintillation application. Optical Materials, 2014, 38, P. 272–277.
[16] Oksenberg E., Popovitz- Biro R., Rechav K., Joselevich E. Guided growth of Horizontal ZnSe Nanowires and their integration into high
performance blue-UV Photodetectors. Advanced Material, 2015, 27 (27), P. 3999–4005.

552

Sanjay Prakash Kaushik, Satyendra Singh, Ram-Krishna Thakur

[17] Zhang Y., Feng G., et al. Firrst principles study of the electronic structures and optical properties of Cr2+ doped ZnSe as a function of impurity
concentration. Physica Status Solidi (b), 2016, 253 (6), P. 1133–1137.
[18] Li D., Xing G., et al. Ultrathin ZnSe nanowires: one pot synthesis via a heat triggered precursor slow releasing route, controllable Mn doping
and application in UV and near visible light detection. Nanoscale, 2017, 9, P. 15044–15055.
[19] Wisniewski D., Byrne K., et al. Fingerprinting Electronic Structure in Nanomaterials: A Methodology Illustrated by ZnSe Nanowires. Nano
Letters, 2019, 19 (4), P. 2259–2266.
[20] Hohonberg P., Kohn W. Inhomogeneous Electron Gas. Physical Review B, 1964, 136, P. 864–866.
[21] Kohn W., Sham L.J. Self-Consistent Equations Including Exchange and Correlation Effects. Physical Review A, 1965, 140 (4), A1133–A1138.
[22] Martin R.M. Electronic Structure, Cambridge University Press, Cambridge, 2009.
[23] Gonze X., Beuken J.M., et al. First-principles computation of material properties: the ABINIT software project. Computational Material
Science, 2002, 25, 478.
[24] Perdew J.P., Burke K., Ernzerhof M. Generalized Gradient Approximation Made Simple. Physical Review Letter, 1996, 77 (18), P. 3865–3868.
[25] Troullier N., Martins J.L. Efficient pseudopotentials for plane-wave calculations. Physical Review B, 1991, 43 (3), P. 1993–2006.
[26] Monkhorstand H.J., Pack J.D. Special points for Brillouin-zone integrations. Physical Review B, 1976, 13 (12), P. 5188–5192.
[27] Srivastava P., Singh S., Mishra A. Stability and Electronic Properties of GaN Nanowires – An Ab-Initio Approach. Journal of Computational
& Theoretical Nanoscience, 2008, 5 (4), P. 635–638.
[28] Srivastava P., Singh S. Linear & Second-order optical response of different GaN Nanowires. Physica E, 2008, 40 (8), P. 2742–2746.
[29] Singh S., Srivastava P., Mishra A. Ab-initio study of Gallium Arsenide Nanowires. Journal of Computational & Theoretical Nanoscience,
2009, 6 (7), P. 1556–1560.
[30] Singh S.S., Srivastava P., Mishra A. Structural Stability and Electronic Properties of GaSb nanowires. Physica E, 2009, 42 (1), P. 46–50.
[31] Srivastava P., Singh S., Mishra A. Electronic Properties of GaP Nanowires of Different Shapes. Journal of Nanoscience and Nanotechnology,
2011, 11 (12), P. 10464–10469.
[32] Srivastava P., Singh S. Stability Analysis of AlN Nanowire. Journal of Computational & Theoretical Nanoscience, 2011, 8 (9), P. 1764–1768.
[33] Singh S., Srivastava P. Optical properties of gallium phosphide (GaP) Nanowires. Applied Nanoscience, 2013, 3 (2), P. 89–94.
[34] Singh S., Srivastava P. Linear and Nonlinear optical properties of GaAs Nanowires. Applied Nanoscience, 2015, 5 (3), P. 273–279.
[35] Singh S., Kaushik S.P., Supreet. Ab initio study of Electronic Properties of Cadmium Sulphide Nanowires. J. Comput. Theor. Nanosci., 2020,
17 (2/3), P. 546–551.

NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2020, 11 (5), P. 553–564

Nanotexture effect of the fiber surface on the sorption capacity of nonwoven fabrics
Yu. V. Rudyak1 , F. A. Doronin1 , G. O. Rytikov1,2 , E. K. Filyugina3 , V. G. Nazarov1
1

Moscow Polytechnic University, 38 B. Semenovskya str., Moscow 107023, Russia
2
State University of Management, 99 Ryazansky pr., Moscow 109542, Russia
3
National Research University Higher School of Economics, 20, Myasnitskaya Street, Moscow 101000, Russia
rudyak@mail.ru, f.a.doronin@mospolytech.ru, gr-yandex@yandex.ru,
ekaterina.filyugina@mail.ru, 110505n@gmail.com
DOI 10.17586/2220-8054-2020-11-5-553-564
An approach to structural and functional modelling of the oxyfluorinated nonwovens based composite materials has been developed. The structural
component of the model is presented in the form of integral and differential characteristic functions of the planar heterogeneity. The correlation
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1.

Introduction

Woven and nonwoven fabrics are well-known and widespread options for implementing materials based on polymer fibers [1–3]. Unlike fabrics consisting of regularly ordered forming threads, nonwoven fabrics have a chaotic
and fundamentally multi-layered structure, because, otherwise, they do not provide the necessary level of mechanical strength of finished products for practical operation [4–8]. A significant influence of finish treatment on the
physico-chemical and as a result, functional and operational properties (wettability, sorption capacity, permeability,
radioparadise, etc.) nonwoven fabric [9–11] can be used for solving a wide range of tasks (provide heat and moisture
insulation, filtration from different different-scale admixtures in water and fuel, emergency spill response of fuel and
lubricants, etc.) [12–14]. At the same time, the optical characteristics of different-scale visualizations of nonwoven
fabric surfaces can significantly change under the influence of various finishing methods, which makes it possible to
identify correlations between the functional and morphological characteristics of fibrous materials based on the analysis of their macro -, micro-and nanoscale images [15–17]. The study of the relationships between the set of parameters
of manufacturing modes, structural and functional characteristics of the original and modified samples allows one to
predict and control the properties of products used in various natural conditions, made on the basis and/or using fibrous
materials. The identification of correlations between the structural and functional characteristics of the corresponding experimental samples makes it possible to clarify the mechanisms by which changes in functional properties are
provided by the control program for the production of new materials based on nonwoven fabrics.
2.

Experimental samples

Test non-woven fabrics were made on the basis of two-component mixtures of polyester fibers of various linear
densities (0.33 and 1.7 Tex) using the technology described in [18]. Thermomechanical processing of experimental samples was performed at a temperature of 130◦ C and the speed of broaching non-woven fabrics between the
heated shafts 12 m/min. Chemical treatment of samples was carried out by oxychlorination with a gas mixture of
7.5%F2 +10%O2 +82.5%He with processing times of 0.5, 1, 1.5 and 2 hours.
The latex-sorption capacity of the experimental samples was subjected to a direct gravimetric measurement (Table 1). The latter was chosen as a simulation model of liquid-phase functional additives applied to the surface and
staining non-woven fabrics in volume during final pre-operational processing.
Latex treatment was performed in four different modes, hereafter referred to as L1, L2, L3 and L4. Modified
cloths were impregnated with latex copolymer of vinylidene chloride and butadiene (DVCB-70, 70% butadiene and
30% vinylidene chloride) with a rubber content of 26% (GOST 9501-60 synthetic Latex DVCB-70, TU 38.303–04–
03–90) at a temperature of 22◦ C. To regulate the degree of impregnation, water-diluted latex with a rubber content
of 3.5 (L 1), 4.4 (L2), 6.0 (L 3) and 13 % (L4) was used. Samples immersed in latex were rolled with a roller for
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TABLE 1. The latex-sorption capacity SC for oxyfluorinated bicomponent polyester fiber materials
under various modes of gas-phase modification and liquid-phase processing
Duration of
oxyfluorination, h

L1

0.5
1.0
1.5
2.0

3.8 ± 0.4
3.6 ± 0.4
3.6 ± 0.4
4.4 ± 0.4

The impregnation mode
L2
L3
4.1 ± 0.4
3.3 ± 0.3
2.9 ± 0.3
2.5 ± 0.3

4.9 ± 0.5
4.5 ± 0.5
3.8 ± 0.4
3.7 ± 0.4

L4
5.1 ± 0.5
4.2 ± 0.4
4.7 ± 0.5
4.5 ± 0.5

2 minutes. Latex-impregnated non-woven fabrics were passed through pressing rollers and, when blown with air at a
temperature of 120 ◦ C, dried until constant values of sample weights were reached.

F IG . 1. Values of the SC sorption capacity for latex of experimental samples treated in L1, L2, L3
and L4 modes at different durations of oxyfluorination with a gas mixture of
7.5%F2 +10%O2 +82.5%He
It is seen (Table 1, Fig. 1) that the different modes of impregnation with latex sorption capacity of samples in
most cases decreases with increasing length t of gas-phase chemical modification, but trends are not absolute in
nature, which is probably related to the increase in the hydrophilicity of polyester fibers during the oxyfluorination
and the dependence of sediment stabilities latex on the concentration of rubber in water.
3.

The average sorption capacity dependence on the duration of oxyfluorination

Figure 2 shows the dependence of the average values of sorption capacities of experimental samples (regardless
of the mode of latex impregnation) on the duration of oxyfluorination with a gas mixture of 7.5% F2 +10% O2 +82.5%
He for 0.5, 1, 1.5 and 2 hours. The average value of the sorption capacity of the initial samples is represented by a
point corresponding to the zero duration of gas-phase modification.
The dependence of the average value of the sorption capacity on the duration of oxyfluorination is well described
by the equation:
2

SC = SC0 · e−t + SC∞ ,

(1)

where SC0 is the sorption capacity of the initial samples, SC∞ – is the conditional expected sorption capacity of
samples oxyfluorinated over an infinitely long time, and t is the dimensionless time.
The values of parameters of the functional-dynamic model (1) obtained by the generalized method of least squares
(OLS), intended for predicting the average sorption capacity of bicomponent nonwovens when the duration of oxyfluorination changes, are presented in Table 2.
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F IG . 2. Dependence of the average values of sorption capacities of experimental samples on the
duration of oxyfluorination with a gas mixture of 7.5% F2 +10% O2 +82.5% He for 0.5, 1, 1.5 and
2 hours
TABLE 2. Values of parameters of the functional-dynamic model obtained by the GLS (generalized
least squares) method (1)
Parameter SC0 ± δSC0 ,g/g SC∞ ± δSC∞ , g/g R2
Value
1.1 ± 0.1
3.7 ± 0.4
0.95
Thus, the dependence of the average sorption capacity of the sample on the duration of oxyfluorination shows the
principal possibility of controlling the functional characteristics of composite materials based on non-woven fabrics
using gas-phase chemical modification.
4.

The concept of structural model

In order to ensure the efficiency of impregnation of non-woven fabrics, the highest for some and the lowest for
other latex compositions (simulating various liquid-phase functional compounds applied), it is necessary to develop
a technique for monitoring and predicting the properties of composite fiber materials based on the analysis of the
corresponding optical images. For example, Fig. 3 shows enlarged optical front and profile images of one of the
experimental samples after oxyfluorination.

F IG . 3. Optical front (A) and profile (B) images of the experimental sample after oxyfluorination
A significant disadvantage of direct adaptation of the previously developed original approach to the formation of
structural models in the form of decompositions into two-dimensional Fourier series is a large number of parameters,
the specification of which is necessary to achieve high-quality approximation of digital images of optical images of
analyzed objects. Mathematically strict verification of such models requires a large amount of experimental data, and
its visualization involves the use of pseudo-three-dimensional images, which makes it difficult for researchers and
engineers to perceive and qualitatively analyze the structural characteristics of the studied materials.
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To solve the above problem, an original approach to the quantitative description of images of experimental samples
was developed, consisting in the formation of characteristic functions of planar digital heterogeneity, which formalize
the dependence on the threshold values of pixel B brightness of the normalized total area S/S0 (B) of shapes formed
by pixels of the analyzed images, the brightness of which does not exceed B. Each image of an experimental sample
can be compared with an integral and differential characteristic function, determining the latter using a difference
scheme ∆(S/S0 (B + 1) − S/S0 (B). The visual models of front-facing (A) and profile (B) images corresponding to
different pixel brightness thresholds (Fig. 3) are shown in Table 3.
TABLE 3. Values of parameters of the functional-dynamic model for predicting the values of the
average sorption capacity when changing the duration of oxyfluorination
Threshold
value B the
brightness of
pixels of the
images
Octile of image
pixel brightness
distribution
Visual
models
of the front
image
S/S0 |f ront
∆(S/S0 )|f ront
Visual
models
of the profile
image
S/S0 |prof ile
∆(S/S0 )|prof ile

16

48

80

112

144

176

208

240

I

II

III

IY

Y

YI

YII

YIII

0.16
6.8

0.69
6.4

0.89
3.7

0.98
1.4

0.997
0.27

0.9998
0.03

1
0

1
0

< 0.01
< 0.01

0.09
2.7

0.42
6.6

0.69
7.5

0.85
5.5

0.94
3.4

0.98
1.4

> 0.99
0.3

Thus, the functional dependences of the integral S/S0 (B) and differential ∆S/S0 (B) functions of planar heterogeneity can be considered as unified quantitative structural characteristics of the samples under consideration.
The characteristic functions S/S0 (B) and ∆S/S0 (B) describing the front and profile images of experimental
samples oxyfluorinated with a mixture of 7.5% F2 +10% O2 + 82.5% He for 0.5, 1, 1.5 and 2 hours are shown in Fig. 4
and Fig. 5, respectively.
5.

Correlation and regression analysis of functional and structural relationships

A quantitative assessment of the possibility of establishing in a certain sense “universal” (common to all optical
images obtained under the same conditions of observation) threshold values B of pixel brightness, at which the relationship between the values of characteristic functions S/S0 (B) and ∆(S/S0 (B)) and the values of sorption capacities
(SC) of experimental samples is statistically significant, was performed using data correlation analysis methods.
The results of the correlation analysis (correlogram) of the structural and functional relationships of the sorption
capacity with the parameters of the functions of integral and differential planar digital heterogeneity of frontal and
profile images of experimental samples are shown in Fig. 6. The obtained values of Pearson correlation coefficients
are stored on the ordinate axes; the threshold values of pixel brightness are stored on the abscissa axes.
It can be seen that the prediction of sorption properties of oxyfluorinated non-woven material by quantitative analysis of the front image of the corresponding sample is to some extent possible based on data from the first octile (0..32)
of the corresponding correlograms. In cases (a), (c), (e) and (g) in this range of pixel brightness, the maximum value
of the correlation coefficient of the sorption capacity of experimental samples SC and the values of the characteristic
function ∆(S/S0 (B)) of the corresponding images is observed. However, since the correlation coefficient in the case
of (c) takes a value ∼
= 0, 5, and in the cases of (e) and (g) – ∼
= 0, 75, the formation of the corresponding regression
model is not appropriate due to the obviously poor quality of approximation of the model curve data.
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F IG . 4. The characteristic functions S/S0 (B) (a,c,e,g) and ∆(S/S0 (B)) (b,d,f,h) of the front images of the experimental samples L1(a,b), L2(c,d), L3(e,f) and L4(g,h). Curves 1–4 characterize the
samples oxyfluorinated with a mixture of 7.5% F2 +10% O2 +82.5% He for 0.5, 1, 1.5 and 2 hours,
respectively
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F IG . 5. The characteristic functions S/S0 (B) (a,c,e,g) and ∆S/S0 (B) (b,d,f,h) of the profile images of the experimental samples L1(a,b), L2(c,d), L3(e,f) and L4(g,h). Curves 1–4 characterize
samples oxyfluorinated with a mixture of 7.5% F2 + 10% O2 + 82.5% He for 0.5, 1, 1.5 and 2 hours,
respectively
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F IG . 6. The correlograms of the sorption capacity and the characteristic functions of digital planar
heterogeneities for frontal (a,c,e,g) and profile (b,d,f,h) images of the experimental samples L1 (a,b),
L2 (c,d), L3 (e,f) and L4 (g,h). Curves 1 and 2 correspond to the dependencies of the Pearson
correlation coefficients RSC;S/S0 (B) and RSC;∆(S/S0 ) (B) on the brightness threshold B. The first
and fourth octiles are highlighted as rectangles
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In the quantitative analysis of profile sections of experimental samples, the highest modulo values of the correlation coefficients RSC;∆(S/S0 ) (B) observed in the first half of the fourth octiles (96..112) (highlighted by rectangles in
Fig. 6(b,d,f,h) of the obtained correlograms reach values close to the maximum possible for the considered parameters
(∼
= 1 and ∼
= −1). In other words, in cases (b) and (d), the maximum correlation is observed, and in cases (f) and
(h), the maximum anticorrelation of the characteristic function ∆(S/S0 (B)) and sorption capacities of experimental
samples SC are observed.
Thus, for statistically reliable structural and functional forecasting, it is necessary to form a quantitative assessment of sorption capacity SC mainly based on the analysis of differential planar heterogeneity functions ∆(S/S0 (B))
for profile images of experimental samples.
Based on a set of linear regression models describing possible partial dependences of sorption capacities of experimental samples (impregnated with latex in the modes L1, L2, L3 and L4) on the corresponding values of functions
∆(S/S0 (B)) for all B belonging to the interval [96; 112] (the first half of the fourth octile of correlograms), four
models of the form visualized in Fig. 7 and specified in Table 4 were formed:
SCl =

112
X

pk · (ak · ∆l (S/S0 (Bk )) + bk ) = αl · ∆l (S/S0 ) + βl ,

(2)

k=96
4
P

in which pk =

Rk2
112
P
k=96

Rk2

; Rk2 = 1 −

l=1
4
P

2

(SCl − SCl,k )

2

; {SCl }4 – values of the sorption capacities of samples

(SCl − SCl,k )

l=1

impregnated in the modes L1, L2, L3 and L4; SCl,k – the value of the sorption capacity of the l-sample calculated by
the k-model; SC l – the average value of the sorption capacity of all samples of the l-series; αl and βl – parameters of
the l-functional and structural model.

F IG . 7. The dependences of the experimental samples’ sorption capacities on the values of the
digital differential planar heterogeneity functions

TABLE 4. Values of parameters of functional and structural models (2) obtained by the weighted
least squares (WLS) method
Parameter
L1
L2
L3
L4
αl ± δαl
260±30
860±90
−630±30 −260±30
βl ± δβl
1.7±0.2
−4.5±0.5
10.2±1
6.9±0.7
2
Rl
0.88±0.09 0.61±0.09 0.01±0,01 0.73±0.07
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It can be seen that the sorption capacity slightly depends on the structural characteristics of the modified nonwoven fabric at low (L1) and high (L4) concentrations of rubber in latex and strongly depends on the structural
characteristics at concentrations of rubber close to a certain ”threshold” value. If the proportion of rubber in the
impregnating latex is less than this value, the sorption capacity increases with increasing differential planar heterogeneity. Otherwise, the larger the value ∆(S/S0 ) becomes, the smaller the sorption capacity for latex will characterize
the sample.
Thus, to ensure relatively stable values of the sorption capacity for the oxyfluorinated nonwoven fabric over its
entire “effective” surface, functional covering materials similar to latexes with a percentage of rubber or less than 4 or
more than 12% should be used. If it is necessary to synthesize stochastic sorption maps formed during impregnation
of bicomponent polyester fiber materials, it is necessary to use mixtures similar to latex with an approximately 6%
rubber content as functional ones.
The presence of the above “extreme” value is probably associated not only with the limited sedimentation stability
of rubber in water, but also significantly depends on the relative position, total area, and degree of oxyfluorination of
the surfaces of latex-wetted fibers.
5.1.

Multi-scale structural analysis of nonwoven fabrics

Macroscopic optical images of the original and oxyfluorinated nonwoven fabrics fragments with dimensions of
800×1000 microns are shown in Fig. 8.

F IG . 8. SEM-images of nonwoven fabrics surfaces made of polyester fibers based on PET initial
(A) and oxyfluorinated (B) with a gas mixture of 7.5% F2 +10% O2 +82.5% He
Neither visual nor quantitative analysis of these fibrous materials images made it possible to statistically reliably
establish the presence and degree of the oxyfluorination influence on the material macroscopic structure.
When analyzing SEM-images (with dimensions of 250×350 microns) of the same samples’ fragments at the
microscopic level (at the lowest magnification available for the Jeol7500F microscope (Japan)) differences in the
observed textural heterogeneity degrees of the initial and oxyfluorinated fibers surfaces become noticeable (Fig. 9),
but a quantitative description of the corresponding nanoscale inhomogeneities is still impossible (due to the fact that
at a low resolution of the electron microscope, the characteristic size for one pixel of the generated image exceeds 1
micron).

F IG . 9. SEM-images of polymer fiber groups for initial (A) and oxyfluorinated (B) with a gas
mixture of 7.5% F2 + 10% O2 + 82.5% He
Finally, at the maximum magnification for the Jeol7500F (Fig. 10), it is possible to fix and then model the nanotextures of the original and oxyfluorinated nonwoven fibers using the original method of the quantitative SEM-images
analysis developed earlier [19–21]. The characteristic size for one pixel in this case is ∼1 nm.
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F IG . 10. SEM-images of polymer fiber surfaces: initial (A) and oxyfluorinated (B) with a gas
mixture of 7.5% F2 +10% O2 + 82.5% He
5.2.

Dependence of the fiber surfaces’ nanotexture on the duration of modification

SEM-images (with dimensions of 1.2×1.2 microns) of the surfaces’ fragments for the original and treated with a
gas mixture of 7.5% F2 + 10% O2 + 82.5% He fibers (with modification durations of 0.5, 1, 1.5 and 2 hours) are shown
in Fig. 11.

F IG . 11. SEM-images of the PET fiber surfaces: initial (A) and oxyfluorinated with a gas mixture
of 7.5% F2 + 10% O2 +82.5% He for 0.5 (B), 1 (C), 1.5 (D), and 2 (E) hours
The study of the nanostructural transformations dynamics of fiber surfaces showed that the localization region
of the morphological spectrum (Fig. 12), which characterizes the sample’s SEM-image, increases with increasing the
oxyfluorination duration, probably reaches the maximum value, and then decreases. (Fig. 13). The dynamics of the
morphological spectrum expressed in dimensionless units of the radius of the localization region and the derivative of
the model (1) are anticorrelated at the level of 0.78±0.08.

F IG . 12. Morphological spectra of the surfaces SEM-images for material-forming PET fibers: initial (A) and oxyfluorinated with a gas mixture of 7.5% F2 + 10% O2 + 82.5% He for 0.5 (B), 1 (C),
1.5 (D) and 2 (E) hours. The line indicates the radius of localization of the morphological spectrum
Since it is known [22] that the PET surface hydrophilicity increases sharply during gas-phase treatment with
mixtures whose active reagents are fluorine and oxygen, when latex hits the effective surface of a nonwoven fabric, the
processes of diffusion of latex as a colloidal solution into the thickness of the nonwoven material and intensive water
sorption by the PET fibers surface, hydrophilized by oxyfluorination begin to compete. This phenomenon increases
the uncertainty in predicting the sorption capacity at close to critical values of the rubber concentration in latex.
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F IG . 13. Dependence of the morphological spectrum localization radius of the polymer fiber surface
SEM-image on the duration of its oxyfluorination
However, the relationship between the latex-sorption capacity increment of the material, and the values of the
regions radii for the morphological spectra localization, which characterize the nanoscale SEM-images of fibers surfaces, describes the mechanism by which changes in setting of the modification mode (the duration of the gas-phase
oxyfluorination) manages the functional material properties (e.g., sorption capacity).
6.

Conclusion

An approach to structural and functional modeling of composite materials based on oxyfluorinated nonwovens
has been developed. The structural component of the model can be represented in the form of integral or differential
characteristic functions of planar heterogeneity S/S0 (B) and ∆S/S0 (B) and in the form of expansion into a twodimensional Fourier series with a morphological spectrum {Akl }N ×N .
The presence of correlations between the sorption capacities (for latex) and the structural characteristics of the
optical image of experimental samples was established using classical methods of correlation analysis of data. The
obtained functional and structural model allows us to quantify the expected values of the sorption capacity of bicomponent polyester fiber materials under certain restrictions on the chemical composition of the impregnating liquid-phase
mixtures. It was found that the uncertainty in the predicted values of the sorption capacity increases sharply with the
∼
= 6% content of rubber in latex, which indicates the determining influence of the particular structure of a particular
sample on its sorption properties relative to the above-mentioned impregnating mixture. Since it is impossible to form
structurally identical non-woven fabrics (due to the peculiarities of manufacturing technology), it is recommended
to use compositions similar to latex with a far from extreme percentage of rubber (<4 or >12%) when finishing
oxyfluorinated fiber materials with covering compounds.
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Magnetic properties of porous spheres BiFeO3 have been studied at temperatures ranging from 2 to 300 K. A transition to cluster spin glass state has
been detected in the region of about 100 K. The presence of the transition is confirmed by nonlinear variation of coercive force and the appearance
of exchange displacement of magnetic hysteresis loops at temperature below 100 K. Temperature dependence of magnetization for zero-field cooled
regime exhibit a maximum at some temperature Tm . The function Tm (H) (H is magneic field) changes in accordance with Almeida–Thouless line.
The performed measurements of the frequency dependence of AC susceptibility confirm the behavior of spin glass with spin freezing temperature
Tf = 116 K. The critical index zν = 2.5 agrees well with the mean-field theory zν = 2.0.
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1.

Introduction

It is known that the bismuth ferrite BiFeO3 (BFO) is one of few materials exhibiting multiferroic properties at
room temperature. However, bulk BFO is not suitable for application because of a spin cycloid with period length
of 62 nm in its magnetic structure [1] that reduces weak ferromagnetism to zero, thus preventing the appearance of a
linear magnetoelectric effect [2]. Reduction to nanodimensionis an effective method of ferromagnetic order formation
in BFO system due to an increase of the fraction of uncompensated spins and suppression of spiral order as a result
of reduction of crystallite sizes [3, 4]. Both in thin BFO films and nanocrystals, magnetic switching can be induced
by electric field [5, 6], which opens up prospects for practical application of BFO in magnetic sensors, spintronics and
data storage devices [1].
Recently, the study of magnetic properties was focused on BFO films and nanopowders. Different experiments,
including direct magnetic measurements, suggest several magnetic transitions in the temperature range from 5 to
250 K [7–9]. The nature of these transitions is not entirely understood. They can be related either to spin orientation variation or to transition to spin glass state. The results of neutron diffraction studies and investigations of
Raman spectra and dielectric properties revealed the presence of a phase transition connected with spin reorientation
at 150 K [10–12]. Spin reorientation transition facilitates transition to spin glass state at further decrease of temperature [12]. The majority of researchers of nanocrystalline powders believe that magnetic properties can be explained
in the model of antiferromagnetic nucleus with ferromagnetic shell. At the same time, some questions remain undetermined. Unusual effects of exchange displacement of hysteresis loop above transition temperature to spin glass
state and nonmonotonic variation of coercive force require further research [9, 13]. Park et al. [3] inferred that the
anomalous magnetization behavior in BFO nanoparticles arises from a complex interplay between the finite size effects, interparticle interaction, and a random distribution of anisotropy axis in nanoparticle assemblies. The systems
of interacting magnetic nanoparticles may demonstrate a large variety of phenomena, which are of interest both for
fundamental scientific studies and future practical applications of magnetic nanoparticles [14].
Examples of nanoparticles assembling are such materials as nanofibers [15], nanotubes [16], hollow spheres [17,
18] etc. consisting of randomly oriented nanocrystals [15,18]. Earlier we showed that spherical agglomerates of about
1 µm in size possess at room temperature weak ferromagnetism typical of nanoparticles making up spheres [18]. At the
same time, there are no available data on the presence of low-temperature phase transitions typical of nanoparticles. At
present, almost no experimental studies of low-temperature magnetic properties of nanostructured BFO are available.
In this work, the magnetic properties of spherical porous BFO agglomerates produced by ultrasonic spray pyrolysis are comprehensively studied in the temperature range 2 – 300 K. Based on the results of field and temperature
dependences of magnetization, magnetic AC susceptibility measurements we have established the existence of a phase
transition to spin glass state in the examined materials.
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Experimental

Spherical BFO agglomerates were synthesized by ultrasonic spray pyrolysis (USP) from a solution of iron and
bismuth nitrates with addition of 6 moles of tartaric acid (TA) per 1 mole of BiFeO3 . The synthesis procedure is
described in detail in works [18, 19].
X-ray powder diffraction (XRPD) analysis was carried out using an XRD-7000 (SHIMADZU) diffractometer
with a secondary monochromator with Cu Kα radiation in the 2θ range from 20 to 80◦ with a step of 0.03◦ . Structural
investigations were performed in transmission geometry using an automatic STOE STADI-P diffractometer equipped
with a linear mini-PSD detector using Cu Kα1 radiation in the 2θ range from 5 to 120◦ with a step of 0.02◦ . Polycrystalline silicon (a = 5.43075(5) Å) was used as an external reference.
The morphology of the samples and 3D FIB-SEM tomography study were carried out using a TESCAN LYRA 3
dual beam system.
Magnetic measurments were carried out using setups of Quantum Design – MPMS-XL-7 (UFU) as well as
PPMS-9 of the Collaborative Access Center “Testing Center of Nanotechnology and Advanced Materials” of the
Institute of Metal Physics.
3.

Results and discussion

The X-ray diffraction patterns of BFO sample are presented in Fig. 1(a). All the basic reflections correspond to
ferrite BiFeO3 with perovskite structure and space group R3c (ICSD Collection Code 15299). The lattice parameters
are calculated by way of full-profile analysis of X-ray diffraction patterns with the use of structural models of the
corresponding compounds (ahex = 5.58851, chex = 13.7852). The sizes of coherent scattering regions (CSR) were
found by the Le Bail method using the Klug & Alexander approach [20], allowing the contribution of size effects to
FWHM to be determined. The value of CSR, calculated from the X-ray diffraction patterns, is proportional to the sizes
of nanocrystallites composing the agglomerates (CSR = 26.2 nm). Therefore, hereafter, we shall consider that the CSR
value is equal
√ size. For the analysis of lattice distortions we used the rhombohedral cell parameters
√ to nanocrystallite
a = ahex / 2 and c = chex /2 3 (c/a = 1.0070). The obtained nanocrystal sizes and the lattice distortion parameter
coincide with the results of structural studies of nanopowders reported in work [21]. Earlier, we showed [18] that the
samples synthesized by USP technology contain no oxygen vacancies, and all Fe ions have valence 3+.
The electron microscopy study of the powders reveals that all the samples produced from solutions with TA
concentration 6 mol TA/mol BFO represent porous agglomerates of spherical shape. The mean diameter of the agglomerates determined from the results of 300 – 400 measurements amounted to about 1.2 microns (Fig. 1(b)). The
internal structure of agglomerates was studied by the SEM method with focused gallium ion beam polishing (FIB).
Fig. 1(c) displays a SEM image of an agglomerate after cross-section with preliminary application of a platinum mask
with the use of a gas injecting system (GIS). The platinum mask is a heat sink and it also protects particle from melting and mechanical failure during ion beam etching. The image of particle after polishing (Fig. 1(c)) proves that the
agglomerates have a porous cellular structure throughout.
Figure 2(a) demonstrates magnetic hysteresis loops of the examined powder. Note that the loops shape and
the magnetization values practically coincide with the field dependences of magnetization of BFO nanopowders of
size smaller than 40 nm reported in work [3]. The coercive force values at room temperature are also similar. The
temperature dependence HC (T ) exhibits a minimum near 100 K. An analogous HC (T ) dependence is observed in
nanocrystals [9] with a minimum at 50 – 60 K. The authors of work [8] attribute the HC (T ) minimum to the transition
of iron ions on the surface of nanoparticles to spin cluster glass state, which is confirmed by the exchange displacement
of hysteresis loops. It is interesting to study the exchange displacement in porous spheres BFO. The inset in Fig. 2(a)
shows M (H) loops for ZFC and FC sample (HF C = 70 kOe) at 2 K (the sample was field cooled from 300 to 2 K).
It can be seen that the FC hysteresis loop is displaced towards negative field and positive magnetization, whereas in
ZFC process the loop is centered around the origin of coordinates.
Note that the process of field cooling adopted in this study is not a traditional FC, since TN of BFO is much higher
than 300 K. Thus, the exchange anisotropy established in this system without usual FC can be related to spontaneous
effect of exchange displacement [7]. The dependence of HE (T ) on cooling field of 70 kOe is presented in Fig. 2(b).
As the temperature is raised, HE decreases abruptly and becomes equal to zero at T > 100 K.
If the minimum on the temperature dependence of HC (T ) in the region of 100 K is related to the transition to spin
glass state, then near this temperature there should be a temperature-dependent anomaly in the magnetization variation
in ZFC mode.
Figure 3(a) demonstrates ZFC and FC magnetization curves of spherical agglomerates of BFO in 500 Oe field. As
seen from Fig. 3(a), there is a divergence of ZFC and FC curves, which begins at 300 K and increases gradually with
decreasing temperature. The observed splitting of the ZFC and FC curves at low temperatures is a distinctive feature
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F IG . 1. a – Experimental (crosses), calculated (solid line), and difference (bottom line) XRPD
patterns for BiFeO3 and Si used as internal standard. Series of tick marks correspond to the Bragg
reflections. b – SEM image of BFO agglomerates. c – SEM image of agglomerate after gallium ion
beam polishing for 15 min. A platinum mask is applied on top
of spin glass-like state and can be due to local spin clusterization [22]. In addition, we observe a sharp inflection on the
ZFC curve at about 120 K, which can be ascribed to a typical blocking process of superparamagnetic spin moments
assembly [23]. On the contrary, these moments are arranged parallel to the applied field during FC measurement,
which leads to a large divergence of FC and ZFC curves below the freezing temperature. Similar changes in FC
and ZFC are observed in BFO nanopowders [7–9]. A distinctive feature is that the maximum on the ZFC curve in
nanoparticles is observed as a rule at a temperature of about 50 K.
The ZFC and FC magnetization characteristics of spherical BFO agglomerates were additionally studied by applying displacement magnetic field of different strength from 0.1 to 30 kOe. The splitting temperature Tirr (H) (irreversibility in ZFC) in all fields was observed in the temperature range 250 – 300 K. We could not establish the field
dependence of Tirr (H) because of gradual divergence (perhaps this is due to the absence of heating above 300 K).
The temperature dependences of ZFC magnetization in different fields are presented in Fig. 3(b).
The temperature (Tm ) of ZFC plot, M (T ), is displaced towards lower temperatures when the magnetic field H
increases. For fields smaller than 10 – 20 kOe this displacement is described by Almeida–Thouless dependence (AT
line):
H = A[1 − Tm (H)/T (0)]3 ,
(1)
where Tm (H) and T (0) are the field dependence and the maximum temperature at H = 0, respectively. Eq. (1)
establishes the boundary of transition to superparamagnetic state or the appearance of spin glass (AT line). As seen
from Fig. 3(c), the Tmax (H) dependence can be divided into 2 parts: the first – in the interval 3 – 20 kOe; the second –
in the interval 0 – 3 kOe. Data fitting by AT equation yields T1 (0) = 97 K for magnetic fields 3 – 20 kOe and
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F IG . 2. a – Field dependences of magnetization. 1 – 300 K; 2 – 2 K. Inset: loops obtained in
ZFC and FC regimes in field of 70 kOe. b – Temperature dependences of coercive force HC and
displacement fields HE
T2 (0) = 140 K for fields 0 – 3 kOe. An analogous inflection on the AT line in the region of 1 – 2 kOe is observed in
films and nanocrystals [8, 24].
In order to find out, to which state the low-temperature phase corresponds, we measured the frequency-dependent
variable of magnetic AC susceptibility [χ(ω, T )] in zero DC field.
Figure 4(a) shows the temperature dependences of the real part χ1 of susceptibility to alternating field for porous
spheres BFO at different frequencies at H = const ≈ 0. It is seen that the position of the χ1 (T ) peak, corresponding
to the freezing temperature Tf , is displaced towards higher temperatures with increasing frequency. The shift of
the peak temperature χ1 (ω, T ) was analyzed in terms of the empirical parameter of frequency-dependent sensitivity
K = ∆Tf /(Tf ∆ ln ω) (so-called Mydosh parameter), lying in the range 0.001 – 0.01 and 0.01 – 0.1 [25] for spin
glass freezing and SPM blocking, respectively. In case of BFO, the K parameter turns out to be equal to 0.06, which
is higher than in usual spin glass system and fits better SPM blocking. From Fig. 3(a) it is possible to obtain the
temperature dependences of relaxation time τ = 1/2πf (Fig. 4(b)). Since the Mydosh parameter corresponds to
SPM, then in accordance with the Neel superparamagnetic model the relaxation process should follow the Arrhenius
equation [26]:
τ = τ0 exp(Ea /kB Tf ),
(2)
where τ0 is the relaxation time constant, Ea is the anisotropy energy, and kB is the Boltzmann constant. The results
of fitting with Ea /kB = 3249 ± 6 K and τ0 = 2.3 · 10−15 are presented in Fig. 4(b). From the obtained values it
follows that BFO spheres are not Neel SPM system [27], since for superparamagnetic relaxation τ0 should be 10−10 –
10−13 s. The temperature dependence of relaxation time can be also approximated with the use of Vogel–Fulcher or
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F IG . 3. Almeida–Thouless line is shown by dotted line. a – Temperature dependences of FC and
ZFC magnetization at values of magnetic field strength 0.5 KOe; b – Temperature dependences of
ZFC magnetization at different values of magnetic field strength; c – Almeida–Thouless line (AT)
power laws. For the Vogel–Fulcher law [28]:
τ = τ0 exp[Ea /kB (Tf − TV F )],

(3)

where TV F is the representative Vogel–Fulcher temperature. The best fit between τ (T ) data and eq. (3) yields
Ea /kB = 86 ± 6 K, TV F = 109 ± 0.2 K and τ0 = (2.7 ± 0.06) × 10−5 s. For the power law [29]:
τ = τ0 (Tf /Tg − 1)zν ,

(4)

where Tg is the glass transition temperature (static freezing temperature), υ is the critical index describing the correlation distance growth, and z is the dynamic index describing the relaxation retardation. The power law is observed
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at Tg = 116 ± 11 K, τ0 = (6.7 ± 0.13) × 10−6 s and zν = 2.5 ± 1. The values of τ01 and τ02 for both power
and VF laws fall in the typical category of cluster glass (CG) (τ = 10−5 – 10−10 s) for concentrated systems [30],
rather than in canonical spin glasses in diluted systems. Thus, both the power law and V–F dynamics prove that the
frequency-dependent anomaly in χ(ω, T ) of spherical samples BFO is related to the transition to cluster spin glass
state.

F IG . 4. a – The temperature dependence of the real part of AC magnetic susceptibility at different
frequencies. The arrow shows the direction of frequency enhancement and the shift of the maximum.
b – The temperature dependence of relaxation time
4.

Conclusion

As a result of the research, it was established: (i) the presence of a minimum in the temperature dependence of
Hs (T ) at 100 K and the appearance of an exchange bias increasing with decreasing temperature; (ii) FC and ZFC
magnetizations differ greatly below 250 – 300 K; (iii) a maximum is observed in the temperature dependence of the
magnetization ZFC at a certain value of Tm , and with an increase in intensity H, the value of Tm decreases; (iv) a
maximum near 120 K is observed on the temperature dependence of AC magnetic susceptibility, which shifts towards
low temperatures when the frequency decreases. The intensity of the maximum of susceptibility lowers if frequency
increases, which is typical of glass-like state that becomes less sensitive with enhancement of frequency.
The experimental data obtained in this work prove that in the temperature region of about 100 K there takes
place a transition to spin glass state (or at least nonergodic behavior) in porous spheres BiFeO3 . The high values of
relaxation time τ0 of the order of 10−6 – 10−5 s allow one to draw a conclusion about the formation of cluster spin
glass. The critical index describing the retardation of vitreous solid dynamics is zν ≈ 2.5, which is much closer to the
value obtained in the medium field system (where zν ≈ 2.0) than in the classical Ising short-range model (zν ≈ 7 –
10).
Note the presence of a knee on the Tm (H) dependence in the region of fields 1 – 2 kOe. An analogous inflection
is observed in nanopowders and films. The reasons of this inflection are not clear and require further studies.
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As distinct from nanocrystals, porous spheres BiFeO3 have a higher temperature of transition to spin glass state
and at temperatures above the glass transition temperature there is no exchange displacement of hysteresis loops.There
is also no phase transition to the ferromagnetic state at 5 K.
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Vanadium oxides V2 O5 and V2 O3 have been synthesized by ultrasonic spray pyrolysis in the form of nanostructured spherical agglomerates with
an average diameter of 0.5–1.5 µm. By changing the synthesis conditions, the vanadium oxidation state and microspheres surface morphology
can be varied. The microspheres of V2 O5 are formed during aerobic synthesis, while V2 O3 microspheres are produced under an atmosphere of
argon. An increase in the concentration of the initial solution leads to an increase in both size of V2 O5 nanoparticles and the diameters of the V2 O5
microspheres. Long-term storage of V2 O3 in air results in morphological degradation of the microspheres.
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1.

Introduction

It is known [1] that a number of oxides of 3d-, 4d- and 5f- elements, including vanadium, are capable for metaldielectric phase transition (MDPT) under the influence of temperature and pressure. This phase transition leads to
changes in the structural, thermophysical, optical, magnetic and electrical properties of the compound and finds wide
practical application. Thus, for V2 O3 , a phase transition at 150–160 K is observed from a low-temperature monoclinic (space group I2/a) to a rhombohedral (space group R3c) modification, which is accompanied by an increase in
the electrical conductivity by seven orders of magnitude and a change in magnetic behavior from antiferromagnetic
to paramagnetic [2, 3]. Therefore, materials based on vanadium (III) oxide are widely used for the manufacture of
thermistors with a sharp change in resistance [4], which are used in electronic and electrical devices as breakers and
inrush current limiters. In order to control the temperature of the V2 O3 phase transition, the influence of deformation,
pressure and doping is studied [5–9]. Several vanadium oxides and vanadium oxide-based compounds have a layered
or tunnel type of crystal structure of V-O polyhedra, which provides significant mobility of metal cations embedded in
crystallographic lattice [10]. This property makes these compounds a promising material for use as sensor materials
and electrodes for intercalation batteries. Therefore, vanadium oxides with mixed valence and their derivatives have
recently attracted attention as chemical sensors, nanoscale magnets, and electrical and optical devices [11–13]. The
specific interest is the practical application of V2 O5 -based solid solutions as highly efficient cathode materials for
metal-ion batteries, which demonstrates a high energy density (with charging capacity up to 650 mAh/g) and significant cycle stability [14–16]. The nanostructured V2 O5 -based materials obtained in the last decade demonstrate an
high rate of the intercalation and deintercalation of Mn+ ions compared to commercial ones [17]. A large amount of
experimental results has been accumulated on the hierarchical structures of nanocrystalline vanadium (V) oxide [18].
Information on the features of the formation of V2 O3 in the nanocrystaline state is scarce and contradictory. Significant differences in the character of MDPT in nanodispersed V2 O3 in comparison with bulk crystalline samples were
found [19]. Due to the synergetic effect, three-dimensional (3D) hierarchical nanostructures have a stable structure, a
developed surface, and a large number of active centers. Such structures are intensively studied and applied in the field
of optics, catalysis, and energy conservation [20]. The morphological features of nanocrystaline samples are varied
by the preparation conditions. There are several ways to synthesize vanadium oxides in the 3-D state: hydrothermal
method [17], thermal decomposition of complexes with an organic ligand [21], and spray pyrolysis method [22–25].
The production of oxide materials in the form of hollow microspheres is a challenging task, since these objects combine the advantages of 3-D structures and thin films. This work describes the most promising method of ultrasonic
spray pyrolysis (USP). Previously, using the USP method, hollow microspheres of multiferroics BiFe1−x Mnx O3 were
obtained and studied [26, 27]. The USP method makes it possible to control the conditions for the formation of a
single-phase oxide from an aqueous aerosol with a radial distribution of dissolved components in the droplet volume,
which subsequently determines the formation of spherical agglomerates of a given diameter [26]. By varying the
intensity of ultrasonic exposure, the temperature and atmosphere of aerosol thermolysis, it seems possible to obtain
vanadium oxide in the expected valence and morphological state.
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The aim of this study is to obtain vanadium (III and V) oxides in the form of nanostructured hollow microspheres
using the USP method in a controlled gas atmosphere.
2.

Experimental

Ammonium metavanadate NH4 VO3 was used as a vanadium-containing precursor. Oxalic C2 H2 O4 acid was
added to an aqueous solution of NH4 VO3 in a molar ratio of ammonium metavanadate:acid equal to 1:2. The vanadyl
ions VO2+ solution with concentration of 0.10–0.30 mol/l was subjected to ultrasonic spraying in a vertical tube
furnace at a temperature of 550–800◦ C. Air or argon was used as a carrier gas at a rate of 0.10–0.20 m/s. The resulting
oxide was collected by an electrostatic precipitator.
The use of the V4+ precursor for the synthesis of vanadium oxides in different oxidation states excludes the stage
of reduction of the formed V2 O5 by hydrogen. It is known that the addition of carboxylic acids to the ammonium
2+
metavanadate solution ensures the reduction of VO−
and stabilizes the vanadyl ion in an aqueous
3 ions to VO
medium in the form of a complex [19]:
2+
VO−
+ 2CO2 + C2 O2−
3 + 2H2 C2 O4 → VO
4 + 2H2 O
+
3−
VO2+ + C2 O2−
.
4 → [VO (C2 O4 )2 ]

USP synthesis was carried out using gas carrier: air or Ar. The synthesis temperature in both cases was 600◦ C. Aerosol
was fed into the reaction zone at a rate of 0.2 m/s, corresponding to a synthesis time of 5 sec. A schematic diagram of
the of vanadium oxide (III or V) synthesis is shown in Fig. 1.

F IG . 1. A schematic diagram of the V2 On synthesis
X-ray phase analysis was carried out on an XRD-7000 diffractometer (SHIMADZU) with a secondary monochromator in CuKα radiation in the 2θ angle range from 20◦ to 80◦ with a step of 0.03◦ . X-ray diffraction analysis was
performed using the PowderCell software. The morphology of the samples, their chemical composition and the uniformity of the distribution of chemical elements were studied using a JEOL JSM-6390LA scanning electron microscope
(SEM) equipped with an EDS Inca Enegy 250 X-ray spectrometer.
3.

Results and discussion

Under the described conditions, the single-phase samples of vanadium oxides were obtained. When carrying out
the USP process in air the only product was V2 O5 . And using Ar s a gas carrier the final product was V2 O3 .
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F IG . 2. X-ray diffraction patterns of samples obtained by USP VO2+ solution: in air (a), in Ar (b)
The diffraction patterns of the samples have a profile characteristic of the corresponding vanadium oxide (ICSD
Collection Code 15299) (Fig. 2). During the USP the aerosol particles get directly into the drying zone with a temperature of 250–350 ◦ C, and then into the calcination zone with a temperature of 600 ◦ C (Fig. 1). The parameters
and conditions of USP, i.e. the concentration of vanadyl ion C2+
V O and the suppling rate of solution to the drying zone.
These parameters ensure the production of hollow microspheres observed experimentally. The Table 1 shows the
effect of the synthesis conditions of V2 On (C2+
V O ) on the parameters of unit cells and the size of coherent scattering
regions D (Table 1).
TABLE 1. Characteristics of samples obtained from solution
Sample Synthesis conditions Oxide composition
I
air
CV O2+ =0.04 mol/l
V2 O5
II

III

air
CV O2+ =0.3 mol/l
Ar
CV O2+ =0.3 mol/l

V2 O5
V2 O3

Unit cell parameters D, µm
a = 11.4807
0.45
c = 3.5636
b = 4.3989
a = 11.4863
0.65
c = 3.5561
b = 4.3792
a = 4.94498
0.45
b = 14.0123

CSR, nm
50

62

36

The complex mechanisms of aerosol droplet formation, drying, and thermolysis in a dynamic mode were studied
in detail in [26]. It was shown that the morphology of particles when using the USP process is formed during drying
and is retained during the subsequent calcination.
It has been experimentally established that the diameter of a spherical particle formed by USP process dg can be
expressed by the following theoretical relationship:
s
CV
dg = dD =
,
ρp
where CV is the vanadium concentration, ρp is the vanadium oxide density, dD is the average aerosol droplet size.
The droplet size is inversely proportional to the frequency of ultrasonic action on the solution during spraying.
The intensity of US-vibrations is determined by the viscosity and surface tension of the liquid used as a precursor.
According to SEM and X-ray phase analysis the average diameter of the regular V2 O5 microspheres obtained
from dilute solutions of vanadium in air is 0.45 µm of (Fig. 3a). The surface of the spheres is dense, without pores
and faults. With an increase in the vanadium concentration in the solution up to 0.3 mol/l, the average diameter of
the resulting spheres grows insignificantly (Table 1, Fig. 2b), and the lattice parameters do not undergo noticeable
changes.
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F IG . 3. SEM image and particle size distribution of V2 O5 samples obtained from a solution with a
concentration of 0.04 mol/l (a) and 0.3 mol/l (b) and V2 O3 (c)

The main difference between obtained V2 O5 microspheres is the surface type morphology. The surface of V2 O5
microspheres obtained from concentrated solution is formed by flat scaly crystals closely adjacent to each other
(Fig. 3b). In the case of USP under an Ar atmosphere, the V2 O3 microspheres with an average diameter of 1.5 µm
were obtained (Fig. 3c). The surface of the spheres is loose, formed from one layer of nanosized crystallites. It is
known that vanadium (III) oxide is metastable and over time it undergoes spontaneous oxidation to V2 O5 [27, 28].
The process of partial morphological and structural degradation characteristic of V2 O3 was observed after 12 months
of storage of the sample in air (Fig. 4).
The so-called “aging” of spherical samples is observed in a significant broadening of diffraction peaks characteristic to the V2 O3 structure (Fig. 4). At the same time, no peaks of the V2 O5 impurity were found in the diffraction
patterns. According to SEM data (Fig. 4), the surface of the aged V2 O3 samples is formed by lamellar aggregates
connected weakly to each other. Therefore, the shell was easily destroyed and the spheres were completely degraded.
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F IG . 4. V2 O3 sample after storage in air: diffraction pattern and SEM image
4.

Conclusion

Vanadium oxide (III or V), in the form of hollow microspheres, was obtained by the method of ultrasonic spray
pyrolysis (USP) in the controlled gas atmosphere at one stage. The size of the microspheres and the main properties of
their surface are establish to be dependent on the concentration of the precursor in an aqueous solution and thermolysis
atmosphere. Thus, the average diameter of microspheres can be experimentally varied in the range 0.45–1.5 µm. The
surface of V2 O3 spheres obtained in an Ar atmosphere is formed by one layer of crystallites with an average size of
36 nm. Spontaneous oxidation of spherical V2 O3 leads to complete degradation of its surface.
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In this article, monoclinic tungsten tri-oxide (m-WO3 ) nanoparticles (hereafter NPs) were prepared by facile precipitation method and they were
successfully examined as gas sensing materials for monitoring gaseous ammonia at room temperature have been reported. The effect of calcination
temperature on structural and morphological properties of the prepared samples were also investigated. Physicochemical properties of the samples
were characterized by XRD, SEM, XPS, UV-Vis and PL analysis. XRD studies confirmed the monoclinic structure of the prepared NPs. Optical
studies disclosed that the obtained samples were having wider optical band gaps ranging from 2.48 to 2.76 eV. Sensing signatures such as selectivity,
transient response along with performance indicators like repeatability and stability have also been investigated. Invitingly, the sample calcined at
823 K exhibited highly improved sensing response of 142 towards 200 ppm of ammonia with rapid response/recovery time of 26 / 79 s.
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1.

Introduction

One of the serious challenges we face in recent times is that living environment is losing its stability as a result of
the toxic gases released from several industries. According to the statistic survey of WHO, 4 out of 10 most common
causes of death are due to respiratory related ailments [WHO, World Health Statistic, 2011]. Toxic gases may often
contribute to adverse effects in humans and also their occurrence in environment poses severe threats. Therefore,
if the living environment is to be maintained well, it is necessary to detect the leakage of harmful gases at lower
concentrations. Among the toxic gases, ammonia is highly reactive and soluble alkaline gas which is present in the
environment at ppb levels [1]. The permissible long (8 hour) and short (10 minutes) term exposure limits for ammonia
in human are 25 and 35 ppm [2–4]. Due to the demand for fertilizers, ammonia be the second largest chemical product
manufactured in the world. Despite its uses, sensing ammonia is an essential process owing to its lethal behavior
at higher concentrations [5]. Significantly, ammonia sensors attracted more attention for realizing their applications
in various fields like petrochemicals, food and beverage, agriculture, automotive industry, fertilizers and medical
applications [6].
One of the most appropriate candidates in the field of toxic gas detection is chemiresistive sensor. In which semiconducting metal oxide (SMO) nanostructures have been investigated extensively in the fabrication of distinctive gas
sensors due to their tunable transport properties [7]. Among the SMOs, WO3 is a notable well known n-type semiconductor with a wide range of band gap varies from 2.2 to 2.8 eV [8]. Llobet et al. [9] have studied WO3 nanostructures
as an excellent gas sensing material towards reducing gases like ammonia. Moreover, WO3 nanostructures play a
key role in the preparation of colloidal quantum dot LEDs [10], bio sensing electrodes [11] and used in the fields of
mechanochemical [12], field emission devices, electrochromic and photocatalysts [13]. Wang et al. [14] have studied
WO3 nanofibers for ammonia gas detection at an operating temperature of 623 K. Wu et al. [15] reported an ammonia
sensor based on graphene/PANI nanocomposite with a response of about 11 for 100 ppm. Liu et al. [16] have studied
the Ag-decorated Titanium oxide quantum dot clusters for ammonia detection at room temperature. Recently Wang
et al. [17] have investigated the gas sensing performance of closely packed WO3 microspheres for ammonia detection
with a response of 3.2 towards 100 ppm ammonia. Tai et al. [18] used PANI/Titanium oxide nanocomposite to detect
117 ppm of ammonia gas at 298 K. Li et al. [19] reported the ZnO thin film as ammonia sensor with a maximum
response of 57.5 towards 600 ppm at 423 K.
However, various interpretations were reported for sensing ammonia, still high sensitive ammonia sensors based
on undoped SMO at room temperature is rare. For this objective, the present study is primarily aimed to explore
the improved gas sensing performances of undoped WO3 NPs synthesized by a facile precipitation process. The
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precipitation method is a well facilitated and self-styled technique as well as envisioned to be one of the most reliable
methods for the preparation of nano sized WOx particles with different morphologies [20]. We are considering the
effect of calcination temperature on crystal structure and morphology of the NPs as one of the key factors to improve
sensing performance. On these grounds, we prepared WO3 NPs under various calcination temperatures such as 623,
723, 823 and 923 K. Thus the prepared NPs were used as redox sensors to monitor ammonia gas.
2.
2.1.

Materials and methods
Synthesis of WO3 NPs

All the analytical grade chemicals were procured from Sigma–Aldrich and used without further purification. In a
typical precipitation procedure, 1.2 millimole of sodium tungstate dihydrate (Na2 WO4 ·2H2 O, 99.9 %) and 2 millimole
of calcium chloride dihydrate (CaCl2 · 2H2 O, 99.9 %) were prepared separately using 100 ml of de-ionized water (DI).
Then these two solutions were mixed under vigorous magnetic stirring (900 rpm) for 45 minutes at room temperature.
Thereafter, the resulting white precipitate was collected, washed many times with ethanol, acetone and DI, and dried
at 333 K for 16 hours using hot air oven. Then, the dried material was soaked in 50 ml of concentrated nitric acid
(HNO3 , ≥99 %) for 48 hours resulting yellow precipitates were obtained. These yellow precipitates were cleansed
several times with ethanol, acetone and DI. Finally the substance was placed in muffle furnace and calcined at 623 K
for 2 hours to improve crystallinity. After the completion of thermal treatment the sample has been ground to acquire
fine WO3 NPs. The similar procedure is followed to the remaining three different calcination temperatures (723, 823
and 923 K).
2.2.

Reaction scheme

Figure 1 depicts the schematic representation of WO3 NPs synthesis procedure. An intermediate substance
CaWO4 was first formed by vigorous stirring of the precursor mixture (Na2 WO4 and CaCl2 ). The Ca2+ cations
(Lewis acid-electron-pair acceptor) might interact with the WO2−
4 anions (Lewis base-electron-pair donor), resulting
in the formation of white CaWO4 precipitates. Then, CaWO4 was decomposed slowly upon solution acidification to
form yellow tungstite (WO3 ·H2 O) precipitates. The liberated H+ ions from the strong oxidizing agent HNO3 serve
as one of the reactants for the formation of WO3 ·H2 O. Remnants were removed by further cleansing process. On the
post calcination treatment, WO3 ·H2 O gets transformed to WO3 nanostructures.

F IG . 1. Schematic representation of WO3 NPs synthesis procedure
This can be explained as follows; the removal of internal water molecules and W=O double bonds permit the
layers to connect through the oxygen atoms to stack together and turn to more compact structure [21]. The possible
formation process of WO3 NPs can be explained as given in Eq. (1), (2) and (3).
Na2 WO4(aq) + CaCl2(aq) −→ CaWO4(s) + 2NaCl(aq) ,
CaWO4(s) + 2HNO3(aq) −→ WO3 · H2 O(s) + Ca (NO3 )2 (s) ,
[WO3 · H2 O]n −→ [WO3 ]n + nH2 O.
2.3.

(1)
(2)
(3)

Characterization techniques

The Crystalline structure of the prepared samples was employed using the XRD patterns obtained from Panalytical
Xpert-pro Diffractometer with a source of CuKα1 (λ = 1.5406 Å). The surface morphology of the obtained NPs was
analysed using Scanning Electron Microscope (ZEISS-SEM) and Transmission Electron Microscopy (TEM-Hitachi
H-9500). EDS (Bruker) analysis was performed to identify the elemental composition of the sample. Electronic state
of the elements within the samples was identified using X-ray Photoelectron Spectrometer (Thermo Fisher Scientific
Inc., K Alpha, USA). The spectral observations from Fourier Transform Infrared Spectroscopy (Perkin-Elmer Spectrum Two, USA) and Ultraviolet-Visible spectrophotometer (Perkin-Elmer Lambda 35 Spectrophotometer, USA) have
given the interpretations about the presence of functional groups and the optical characteristics of the NPs respectively.
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The Photo Luminescence spectra of the prepared NPs were recorded at room temperature using Varian Cary Eclipse
Spectrophotometer with the scan rate of 600 nm/min.
2.4.

Fabrication of gas sensing setup and measurements

All the sensing measurements have been taken at room temperature using a high resistance electrometer (Keithley
6517A, USA) with an integrated gas measurement setup as depicted in Fig. 2. Initially the prepared NPs were dispersed
in an appropriate amount of isopropyl alcohol and drop casted on the surface of a glass plate, hence a widespread layer
was formed and acts as a sensing material. In it, two copper electrodes have been attached with an applied DC voltage
of 10 V. The entire gas sensing process was carried out in the customized evaporation chamber of 1 L capacity. When a
liquefied analyte like ammonia was injected in to the evaporation chamber using a micropipette, which swiftly turned
in to vapor state and made a contact with the sample. The steady-state baseline resistance (Ra ) in air ambience and
the variation of electrical resistance from Ra to Rg (resistance under the exposure of target gas) were measured by
a highly efficient electrometer (Keithley 6517B, USA) controlled by a personal computer. The concentrations of the
analytes to be injected were calculated using static liquid-gas distribution method (Eq. (4)) [22]:
δVΓ RT
× 106 ,
(4)
C(p p m) =
M Pb Vb
where C is the concentration of test vapor (ppm), δ is the density of test vapor (gmL−1 ), VΓ is the volume of injected
vapor (µL), R is the universal gas constant (8.3145 J·mol−1 K−1 ), T is the absolute temperature (K), M is the molecular weight, Pb is the chamber pressure (atm) and Vb is the volume of the chamber (L). Generally, for reducing gases,
the sensing responses were calculated by the given relation (Eq. (5)) [22]:
Ra
, (Ra  Rg )
(5)
S=
Rg
where Ra and Rg are the resistances of the sample in dry air and target gas.

F IG . 2. Illustration of an integrated gas measurement setup
3.
3.1.

Results and discussion
Structural, morphological and functional groups

Figure 3 shows the XRD pattern of all the synthesized WO3 NPs. As the calcination temperature increases from
623 to 823 K, the crystallinity comes up gradually and the emergence of different peaks have been observed. Three
characteristic diffraction peaks (triplet) for WO3 were observed from the crystal planes (002), (020) and (200). These
peaks are matched well with the observed XRD patterns (standard JCPDS data card no. 43-1035). The samples were
crystallized with the polycrystalline monoclinic phase with the lattice parameters a = 7.297, b = 7.539, c = 7.688 Å.
The well-known Debye–Scherrer formula is used to determine the average crystallite size (D) of the samples as given
in Eq. (6):
Kλ
D=
,
(6)
β cos θ
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where K is Scherrer constant (0.89), β – full width at half maximum of the high intensity peak (FWHM in radians),
θ – Bragg angle, λ is wavelength of the X-rays (1.5406 Å for CuKα1 ). It is observed that, the predominant facet
was varied as a function of calcination temperature, therefore the average crystallite size was calculated from triplet
peaks, however, which is inappropriate for 623 K sample due to its partial crystalline nature. The mean crystallite size
found to be increase in the range of 17 to 39 nm with increased calcination temperature. This trend implies that higher
temperature provided adequate energy for smaller particles to coalesce into larger ones. It is clearly known from XRD
studies that there is no influence of any other characteristic peaks of impurities were observed, hence WO3 NPs were
formed without any impurities.

F IG . 3. X-ray diffraction patterns of the synthesised WO3 samples

The SEM images and size distribution histograms for the prepared samples are shown in Fig. 4. Invitingly,
the morphology was improved with increased calcination temperature from 623 to 823 K. Uniformly distributed
fine cluster like nanogranular morphology has been observed at 823 K. While increasing the calcination temperature
beyond 723 K, the precursor complexes may have adequate thermal energy to reorient themselves resulting lesser
chance of agglomeration. In which the inorganic compounds decomposed completely and free from impurities in-turn
a notable effect on the final morphology. Beyond 823 K, the morphology undergoes a transition from nanoclusters to
macro grains. This may be ascribed to the subsequent growth of interconnected crystallites among the grain network,
which favors the formation of larger micrometer-sized particles [23]. SEM studies are in good agreement with XRD
results.
The crystallite size estimated from XRD studies is compared with the grain size obtained from SEM analysis and
are listed in Table 1. The grain size obtained from the SEM images was found to be larger than the average crystallite
size estimated from the XRD patterns because SEM visualizes the surface of NPs, which may contain more than one
crystallite. Increase in the calcination temperature increased the crystallinity of the NPs, ultimately resulting in the
increase in the grain size and the surface became smoother. Therefore the effect of calcination temperature and the
specific route chosen for the synthesis have influenced the morphology. The 823 K sample was then chosen for TEM
studies, because the grain growth was less enhanced than at 923 K. The TEM images disclosed that the formation of
highly dispersed NPs (Fig. 5(a,b)) with arbitrary size and shape. Selective Area Electron Diffraction pattern (SAED)
confirmed the polycrystalline nature of the system as shown in Fig. 5(c). To identify the elemental composition, EDS
analyses was employed. Fig. 6(a) clearly showed that the sample was only composed of tungsten and oxygen and no
other impurities were observed, which also supports the XRD results. The inset of Fig. 6(a) displays the atomic and
weight percent of oxygen and tungsten.
FTIR spectra clearly identified the various mode of vibrations of the samples in the infrared regime (Fig. 6(b)).
O-Lattice group was observed at 502 cm−1 . The typical band at 610 cm−1 was due to the γ (W–O–W) signal. The
presence of stretching vibrations (W=O, W–O) of WO3 NPs identified at 955 cm−1 . The vibration at 1401 cm−1
can be attributed to the presence of W–O functional group. The 1625 cm−1 band is assigned to the H–O–H bending
vibration. Especially from the peak sited at 3449 cm−1 indicates the emergence of intercalated water molecules
(W–OH· · ·H2 O). These assignments found evidence for the formation of WO3 NPs [24].
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F IG . 4. SEM images and size distribution histograms of WO3 NPs calcined at various temperatures
TABLE 1. Structural, morphological and optical parameters of the prepared WO3 NPs
Samples

2θ (deg.)

FWHM
(β) (deg.)

Crystallite size
(D) (nm)

Grain size obtained
from SEM (nm)

Optical band
gap energy (eV)

623 K

–

–

–

75

2.76

723 K

23.6730

0.4783

17

86

2.65

823 K

23.7088

0.2292

35

104

2.55

923 K

23.5897

0.2080

39

233

2.48
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F IG . 5. (a,b) TEM images and (c) SAED pattern of the sample calcined at 823 K

F IG . 6. (a) EDS spectra of WO3 NPs calcined at 823 K and (b) FTIR spectra of the prepared nanostructures
3.2.

XPS analysis

Figure 7 shows the XPS spectra of pristine WO3 samples calcined at various temperatures. The high resolution
spectra of W4f- and O1s-levels have been acquired. The peak couples located at ∼35.8 and 37.8 eV corresponding
to W4f7/2 and W4f5/2 respectively, which are characteristic for W6+ oxidation state as shown in Fig. 7(a). It should
be mentioned that these doublet peaks were typical for all specimens and that there were relative small changes in
values.

F IG . 7. (a) W4f and (b) O1s XPS spectra of the samples calcined at various temperatures (623 –923 K)
The O1s peaks located at 530.49, 530.61 and 530.85 eV were attributed to lattice oxygen (O2− ) in WO3 (Fig. 7(b)).
While the peak at 531.55 eV (O1s of 823 K) is associated with O2− of OH− in the oxygen deficient regions within
the matrix of WO3 [25]. These oxygen vacancies are crucial for improving surface conductivity. In m-WO3 , the valence and conduction bands are comprised primarily of O 2p and W 5d states. The oxygen vacancies lead to outward
motion of W atoms surrounding the vacancy i.e., relax away from the vacancy. On relaxation of internal coordinates,
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the doubly occupied vacancy-induced states tend to move into the conduction band. As a result, two electrons then
occupy the extended conduction-band states [26]. These investigations confirmed the successful formation of WO3
NPs.
3.3.

Optical studies

3.3.1. Evaluation of optical band gap. To explore the optical performance of the resulting NPs, UV-Vis spectroscopy
was studied. As the calcination temperature increases, the absorption intensity in the visible region also increases as
shown in Fig. 8(a). The sample calcined at 923 K showed absorption maximum at ∼365 nm. Optical band gap of the
prepared NPs was estimated from the Tauc’s relation as shown in Eq. (7):
n/2

αhυ = k (hυ − Eg )

,

(7)

where α is the absorption coefficient, h is the Planck’s constant, υ is the light frequency; k is a constant, Eg is the
optical band gap, and n = 1 for direct transition and is 4 for allowed indirect transition. The band gap was calculated
2
by extrapolating the linear portion of the plot of hυ versus (αhυ) curve to X-axis as shown in Fig. 8(a) (inset). A
wide range of band gap from 2.48 to 2.76 eV has been observed, indicating that the samples were having tunable band
gap (Table 1). Due to quantum confinement effect the band gap decreases with increasing particle size. The obtained
band gap values were agreed well with WO3 NPs reported in the literature [8].

F IG . 8. (a) Absorbance spectra and Tauc’s plot (inset) and (b) PL spectra of the prepared WO3 samples

F IG . 9. Selectivity studies of the synthesised WO3 samples (623 – 923 K)
3.3.2. Defect states. Figure 8(b) shows the PL signatures of the prepared samples at room temperature with the
excitation wavelength of 325 nm. The peak found at 378 nm corresponds to NUV emission and is attributed to the
recombination between the electron occupying the resonant defect state in conduction band and a hole in the valence
band [27]. The emission at 412 nm may be allocated to the recombination of free excitons and is denoted as near
band edge emission. The peak located at 459 nm suggesting that the electron hole pair separation rapidly, which
may facilitate the electron transfer efficiency [28]. The blue emission at 490 nm can be assigned to oxygen vacancies
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associated with defect level in the band gap for its electron transition [29]. As the calcination temperature of WO3
NPs increases up to 823 K, the intensity of the oxygen vacancies related PL peak (490 nm) is found to increase and
the further increase in calcination temperature is accompanied by a decrease in oxygen vacancies, while the relevant
crystalline performance is improved by a decrease in bulk defects. Unambiguously, the WO3 NPs calcined at 823 K
has a significantly higher PL intensity compared to other samples, which suggests the higher recombination rate of
photo-induced electron-hole pair. In addition, a green emission
 peak at 521 nm was observed in 823 K sample, which
is related to doubly charged oxygen vacancy centers υ0++ located at the surface of the NPs. This emission may be
associated with various luminescent centers, such as defect energy states due to oxygen vacancies as well as dangling
bonds into NPs. On the other hand, no signal corresponds to green emission occur in the 623, 723 and 923 K samples.
Furthermore, all other peaks are due to the defects from bulk WO3 formation. The obtained PL results are in good
agreement with XRD and XPS studies.
3.4.

Gas sensing studies

In order to find highly selective behavior, all the samples were tested as sensing materials in the presence of
200 ppm of various injected analytes like acetone, ammonia, ethanol and formaldehyde. All the samples show highly
selective behavior to ammonia at room temperature while less sensitive to other gases, which purports pleasantly
enough selective behavior of the prepared NPs as depicted in Fig. 9. Interestingly, the 823 K sample was highly
selective (S = 142) towards 200 ppm ammonia. This behavior may be explained as follows. (i) Higher reducing
capability of ammonia and lower kinetic diameter (0.326 nm) than that of other target gases promotes the diffusion
process appreciably [30]. (ii) Lower ionization energy (10.18 eV), and also the dissociation of bond occurs at N–H
with the significant dissociation energy of 314 kJ/mol [31], which are comparatively lower than other test gases in-turn
the enhanced surface interactions [32]. (iii) Gas-solid interaction might be enhanced due to the lone pair of electrons
in ammonia when the occurrence of H–N bond dissociation [5]. (iv) The diffusion of ammonia vapor within the Debye
length has been excellently monitored by the cluster-like nanograin morphology of the NPs. (v) Good crystallinity
associated with uniformly assembled surface morphology may acts as a percolation path for vapor diffusion. (vi) The
presence of oxygen vacancies (as identified from the O1s spectra of 823 K) might have enhanced the reactive oxygen
sites on the surface of WO3 NPs and in turn improved gas–solid interaction. (vii) It is well known that oxygen vacancies had an obvious effect on improving the sensitivity. These vacancies act as electron donors, i.e., which introduce
carriers in the conduction band of WO3 thereby increasing the conductivity (as discussed in Section 3.2). (viii) The
presence of green emission peak due to perturbed oxygen defect centers and larger surface defects (as observed through
PL spectra of 823 K sample) might have improved the surface catalytic behavior and thereby resulting enhanced gas
response. These intrinsic defects introduce more mid-gap states and largely enhance the transition probability of the
valence electrons to its conduction band.
These notions supported explaining the significant ammonia response values reported in this literature, despite
the large crystallite size resulting from the thermal treatment at 823 K.
When WO3 is exposed to air ambience, the atmospheric oxygen species interact with the surface and chemisorbed
as O−
2 on the surface by capturing the electrons from the conduction band of WO3 (Eq. (8)). It causes further increment
in the surface resistance and this value could be fixed as the baseline resistance (Ra ). This increased resistance would
also develop a depletion region between the grain boundaries of the sample [33].
−
O2(atmosphere) + e−
(WO3 surface) −→ O2 (WO3 surface) .

(8)

When the sensing material is exposed under the influence of reducing gas like ammonia, which interacts with
adsorbed O−
2 ions, this results in the liberation of electrons (Eq. (9)). Those released electrons have retained in
the conduction band of the sensing material. As the width of the space charge region was decreased and leads to
a decrease in surface resistance thereby attaining the steady state ammonia resistance (Rg ). According to [34], the
feasible interaction mechanism of WO3 sensing surface towards atmospheric oxygen molecules and ammonia vapor
at room temperature is as demonstrated in Eq. (9):
−
4NH3 + 3O−
2 (WO3 surface) −→ 2N2 + 6H2 O + 6e .

(9)

In case of recovery cycle, interacted ammonia gets desorbed and the sensor reached its baseline resistance. It
accomplishes one proper cycle of response and recovery profile of the sensor.
The possible reasons for the low sensitive behavior of other samples (calcined at 623, 723 and 923 K) may be
ascribed to various factors as follows: (i) the reduction in crystallinity would affect the gas diffusion and electron
transport among the grain network, which would also have lowered the sensitivity of 623 and 723 K samples; (ii) beyond 823 K, the sensing response was found to be decrease, and it could be attributed to the agglomerated morphology
of the NPs, however, higher calcination causes crystal grain growth in the sample, which would effectively modify
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the microstructural properties of the NPs [35]. This might be affect the electron transfer during gas-solid interaction,
resulting in a significant change (decrease) in the sensing response. (iii) Besides, the lack of oxygen vacancies (as
observed from the O1s spectra of 623, 723 and 923 K) and poor oxygen defect centers (as identified from PL spectra)
reduce the reactive oxygen adsorption sites on the sensing surface thereby lowering the sensor kinetics. The transient
resistance response characteristics of the 823 K NPs were investigated towards ammonia in the range of 5 – 200 ppm
as shown in Fig. 10. Invitingly, the sensing response was found to be 7 for 10 ppm of ammonia. Thus, it could be
possible to detect ammonia even at low concentration levels under room temperature ambience and thus chiefly desired. The 823 K NPs also showed a high response of 18 towards 25 ppm ammonia while it increased to 142 in the
presence of 200 ppm ammonia. When the concentration of ammonia vapor was increased from 5 to 1000 ppm, a very
steep increase was observed in sensing response as depicted in Fig. 11(a). This trend is paramount factor for designing
readout signal circuits and also applied in the construction of low-power gas sensing devices. Beyond 1000 ppm, the
sensing response was found to be saturated, which may be due to the formation of multilayers of ammonia. These
layers might affect the further gas – solid interaction by decreasing the active sites present in the sensor surface [36].
The lowest detection limit of the sensor towards ammonia gas was experimentally found to be 5 ppm. The saturation
in sensor resistance is illustrated using a step change plot as shown in Fig. 11(b).

F IG . 10. Transient resistance response of 823 K sample towards different ammonia concentrations
(5 – 200 ppm)

F IG . 11. (a) Response trend of 823 K sample towards various concentrations (5 – 1200 ppm) of
ammonia at room temperature and (b) Change in electrical resistance as a function of ammonia
concentration from its initial baseline resistance
The 823 K NPs exhibited quick response and recovery profile towards 200 ppm of ammonia as shown in Fig. 12.
The response and recovery times were found to be 26 and 79 s respectively. Repeatable behavior of the 823 K sample
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was investigated towards 200 ppm ammonia for three cycles. The repeatability was found to be excellent over the
three evaluation cycles and displayed in Fig. 13(a). The sample also exhibited better stability towards 200 ppm of
ammonia for a period of 50 days in the interval of 10 days as illustrated in Fig. 13(b) and showed only 4.22 % change
(decrease) in sensitivity over 50 days.

F IG . 12. Response-recovery profile of 823 K sample towards 200 ppm of ammonia

F IG . 13. (a) Repeatability and (b) Stability of 823 K sample towards 200 ppm of ammonia
To highlight the feature of the present study, the ammonia sensing performance of the NPs reported in this literature is compared with the available reports in Table 2.
4.

Conclusion

The following conclusions can be drawn from the study results.
(1) Polycrystalline m-WO3 NPs were synthesized by precipitation method and are employed as an effective sensing material in the fabrication of gas sensor towards different analytes, particularly ammonia. (2) Targeting ammonia
vapor and operation at room temperature, the optimum calcination temperature was determined to be 823 K and the
sensor based on 823 K sample showed a high response of 7 towards 10 ppm of ammonia, while it increased to 142
towards 200 ppm of ammonia with rapid response and recovery times of 26 and 79 s respectively. (3) Satisfying
active detection range (5 – 1200 ppm), repeatability and long-term stability were ensured. (4) Improved crystallinity,
well-ordered nanocluster like morphology,enhanced electron transfer efficiency due to intrinsic defects, presence of
oxygen vacancies and the perturbed oxygen defect centers would effectively support the enhanced sensing behavior
of the 823 K sample. (5) This study disclosed that the thermal treatment has to be altered to change the crystallinity
and morphology of the pristine WO3 NPs resulting in improved sensitivity.
The most noteworthy aspect is that all the excellent gas sensing performance of the WO3 gas sensor was achieved
at room temperature. This innovation disclosed the following significant possibilities: (i) the reported sensor can be
used as an eminent gas sensing tool to contribute in many real-time applications such as diagnosis breath analysis
systems, food and beverage sectors owing to its excellent figure of merits; (ii) the present work is completely free
from the requirements of stabilizing agents and inbuilt micro heaters.
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TABLE 2. Comparison of ammonia sensing performances of the present work with other reports
Material

Response

Concentration
(ppm)

Response
time (s)

Recovery
time (s)

Temperature
(K)

Ref.

WO3

5.5a

100

18.3

91.2

648

[37]

WO3

9.7

a

1500

7

8

523

[38]

WO3

5.5d

100

1

5

473

[39]

PANI

2.3

d

100

120

300

298

[40]

ZnO/ nativegraphite

12c

40–45

510

420

303

[41]

ZnO

1.43a

5

30

450

503

[42]

ZnO

b

17 %

100

51

160

303

[43]

ZnO

10 %b

25

49
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This paper aims to study the photocatalytic properties of strontium aluminate phosphors. The rare earth doped strontium aluminate was synthesized
by combustion method. The photocatalytic property was studied by absorption of methyle orange in aqueous solution under solar radiation. Eu:Dy
codoped SrAl2 O4 shows better photocatalytic properties than Eu or Dy doped or Eu, Dy, Ho codoped SrAl2 O4 . Structural and morphological
characterization was done by X-ray diffraction, SEM, EDX techniques.
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1.

Introduction

Today, environmental pollution is major concern, especially resulting from volatile organic compounds like benzene or textile dyes, like Methylene blue, Congo red, etc.; these volatile organic compounds are known to be toxic
and carcinogenic. It is required to develop photo-catalysts for the degradation of these toxic materials to reduce air
pollution and to develop better wastewater cleaning process. Advanced oxidation is a process which produces reactive
oxygen groups to react with different chemicals which in turn help in degradation of these chemicals. Photocatalysis
is also a kind of advanced oxidation process to remove organic pollutants from water [1, 2]. When photocatalysts are
dispersed in water, they absorb UV or sun light to produce electron-hole pairs which in turn generate free radicals
(e.g. hydroxyl radicals OH− and O2− ) that take part in secondary reactions which removes organic pollutants from
water [3]. Photocatalysts are semiconductors or insulators such as Al2 O3 [4], ZnO [5], Fe2 O3 [6]. TiO2 has been
widely used for decolorizing of organic contaminants, dyes and phenols. The problem with TiO2 is that it is toxic for
living organisms [7, 8] like fish and other aquatic animals, as it can penetrate their skin to produce oxidative stress and
impaired liver function. Hence, the search for new environmentally friendly photocatalysts is required that could be
easily removed from water. It has been found that long-lasting phosphors show photocatalytic properties [9]. Rare
earth doped alkaline earth aluminates are a very important class of luminescent materials due to their higher quantum efficiency and persistent luminescence [10]. They are good host materials and have wide band gaps, thus, they
have been suggested for possibile application such as development of white LED’S, gamma ray dosimeter, pressure
sensor, stress sensor, environmental radiation dosimetry, luminescent paint, emergency exit lamps, radiation detection [11, 12] etc. There are few papers which report persistent luminescent phosphors prepared by combustion method
as photocatalytic materials.
In this paper, we have reported the synthesis of SrAl2 O4 doped with Eu/Dy/Ho by combustion method and their
photocatalytic properties.
2.

Experimental

The combustion method involves a highly exothermic reaction between an organic fuel and metal nitrates. The
reaction is initiated at low temperatures (around 610 ◦ C) and proceeds to completion in a few minutes. The exothermic
chemical reaction between the metal nitrates and fuel provides the required heat for synthesis of nano-phosphor.
Research grade strontium nitrate Sr(NO3 )2 , aluminum nitrate Al(NO3 )3 · 9H2 O, europium oxide Eu2 O3 , dysprosium
oxide Dy2 O3 , holmiun oxide Ho2 O3 were used as the staring materials and urea CO(NH2 )2 was used as a fuel. The
Stoichiometric composition to prepare Sr1−x Al2 O4 :Eux phosphor, the chemical reaction used for the combustion
reaction is as follows:
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1
(1 − x) Sr (NO3 )2 + x Eu2 O3 + 2Al (NO3 )3 · 9H2 O = Sr1−x Al2 O4 : Eux + 4N2 + 18H2 O + 10O2 ,
2
2CO (NH2 )2 + 3O2 = 2CO2 + 2N2 + 4H2 O.
The stoichiometric composition of the metal nitrates (oxidizers) and urea (fuel) were calculated using the total
oxidizing and reducing valences of the components, which serve as the numerical coefficients so that the equivalence
ratio is unity and the heat liberated during combustion is at a maximum. For the calculation of oxidizer to fuel ratio,
the elements were assigned formal valences as follows: Sr = +2, Al = +3, Eu/Dy/Ho = +3, C = +4, N = 0, O = −2
and H= +1. Nitrogen had a valence of zero because N2 was assumed to be liberated during the combustion process.
The rare earth oxides were dissolved in minimum amount of HNO3 . The stoichiometric quantities of metal nitrate
and urea were mixed for crushing in a mortar; then the nitrates of rare earth were mixed. The composition was stirred
for 1 hour at 80 ◦ C to form a thick paste. The paste was transferred to a crucible and put into a vertical cylindrical
muffle furnace maintained at 610 ◦ C. The mixture went decomposition with the evolution of large amount of gases
(oxides of carbon, nitrogen and ammonia). The exothermic reaction continues and the spontaneous ignition occurs.
The solution underwent smoldering combustion with enormous swelling, producing white foamy and voluminous
ash. The whole process completed in ∼30 seconds. The foamy product was milled to obtain the precursor powder.
Sample annealing was done at 1050 ◦ C for 3 hours in reducing atmosphere. The structural characterization XRD was
done with a PANalytical 3kW X’pert powder- Multifunctional X-ray diffractometer available at NIT, Raipur in the
range 10◦ < 2θ < 80◦ with a step of 0.02◦ . The morphology of the sample powders was done with ZEISS EVO 18
Scanning Electron Microscope (SEM), 30 kV of acceleration voltage with Quorum SC7620 sputter gold coater. The
Energy Dispersive X-ray (EDX) of the phosphor was done with INCA 250 EDS with X-MAX 20 nm detector at NIT,
Raipur. The absorbance spectra of powders were taken using ELICO-SL210 UV Spectrometer in 200 – 700 nm range.
Photocatalytic properties were studied after dissolving 0.1 gm of photocatalysts powder in the solution of methylene
orange. The mixture was stirred in the dark for 30 minutes and then placed in direct sunlight for different intervals and
absorbance studies were performed subsequently.
3.
3.1.

Results and discussions
Structural and morphological characterization

Figure 1 shows the XRD patterns of the SrAl2 O4 powders doped and codoped with Eu/Dy/Ho which matchs well
with the monoclinic phase of SrAl2 O4 , JCPDS card number 34-0379. The main peak corresponds to 220, 031, −211,
211 planes. The doping of rare earth ions does not affect the crystal structure due similar ionic radii of Sr2+ (0.114 nm),
Eu2+ (0.112 nm), Dy3+ (0.117 nm), Ho3+ (0.115 nm). The average crystallite sizes calculated by Scherrer method
for Eu, Dy, EuDy, EuDyHo doped samples were found to be 17.12, 20.54, 17.78 and 18.34 nm respectively.
The SEM micrograph of Eu, Dy, Eu:Ho, Eu:Dy:Ho doped SrAl2 O4 is shown in Fig. 2(A), 2(B), 2(C) and 2(D)
respectively. Each sample were coated with gold by gold sputter before SEM. The samples show flower like structure
with flakes randomly oriented.
The EDX spectral studies provide the elemental contents qualitatively and quantitatively. The EDX studies of Eu,
Dy, Eu:Ho, Eu:Dy:Ho doped SrAl2 O4 is shown in Fig. 3(A), 3(B), 3(C) and 3(D) respectively. Clearly the spectra
show sharp peaks corresponding to Sr, Al, O and Eu/Dy/Ho elements respectively and show no other impurities
presence of the samples. The elemental contents are shown in Table 1.
3.2.

Photocatalytic activity under solar irradiation

Photocatalytic activity was observed by the percentage degradation of methylene orange (MO) in aqueous solution. MO shows an absorbance band at 465 nm and absorption intensity of this peak as a function of time was
observed. Decrease in absorbance intensity indicate the decrement of MO concentration. The percentage degradation
was calculated as:
It − I0
× 100 %,
(1)
I0
where I0 – absorbance before solar radiation, It – absorbance after time t of solar radiation.
Aqueous solutions of Methylene Orange (0.0025 gm /100 mL) were prepared in a beaker subsequently, 0.1 gm
of photocatalysts powder were added to 100 ml aliquots of these solutions. The mixture was stirred in the dark for
half hour. Later, the solutions of dye photocatalyst were directly exposed to sunlight for regular intervals. Fig. 4
shows the percentage degradation of MO as a function of time. The percentage degradation of undoped samples were
Degradation (%) =
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F IG . 1. The XRD image of rare earth doped and codoped SrAl2 O4

(A)

(B)

(C)

(D)

F IG . 2. SEM micrograph of SrAl2 O4 doped with A) Eu0.05 ; B) Dy0.1 ; C) Eu0.05 Ho0.01 ; D) Eu0.05 Dy0.1 Ho0.01
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(A)

(B)

(C)

(D)

F IG . 3. EDX spectra of SrAl2 O4 doped with A) Eu0.05 ; B) Dy0.1 ; C) Eu0.05 Ho0.01 ; D) Eu0.05 Dy0.1 Ho0.01
TABLE 1. Element contents of SrAl2 O4

Elements

SrAl2 O4 :Eu0.05 %

SrAl2 O4 :Dy0.1 %

SrAl2 O4 :Eu0.05 Ho0.1 %

SrAl2 O4 :
Eu0.05 Dy0.1 Ho0.01 %

weight %

Atomic %

weight %

Atomic %

weight %

Atomic %

weight %

Atomic %

Sr

36.11

10.73

34.66

10.19

34.96

10.48

35.93

10.73

Al

20.95

20.21

22.05

21.06

23.71

23.08

21.39

20.73

O

42.4

68.97

42.61

68.64

40.37

66.28

41.84

68.4

Eu

0.54

0.09

–

–

0.41

0.07

0.21

0.04

Dy

–

–

0.68

0.11

–

–

0.46

0.07

Ho

–

–

–

–

0.57

0.09

0.17

0.03

Total

100

100

100

100

100

100

100

100

negligible and not reported here. The percentage degradation of Eu, Dy, Eu:Dy, and Eu:Dy:Ho doped samples after
240 minutes were 20.8%, 15.7%, 22.8%, and 13.2% respectively. The highest percentage degradation was obtained
for Eu:Dy codoped SrAl2 O4 . It has been reported earlier [13] that Eu:Dy codoped SrAl2 O4 was known to be more
persistent luminescent material than that of the doped alone, though its luminescence intensity decreased. Since the
photocatalytic activity depends upon the generation of free carriers, the long persistent luminescent materials allow
more time for the free carriers for catalytic action, in comparison to the high luminescent but less persistent materials.
With codoping of Ho and Dy in SrAl2 O4 :Eu,Dy, the luminescence intensity increases but the persistence time is
decreased [14] which results in less photocatalytic activity in Ho:Dy codoped phosphor.
4.

Conclusions

SrAl2 O4 doped and codoped with Eu, Dy and Ho were synthesized by combustion method. The XRD analysis
shows monoclinic structure of SrAl2 O4 without any considerable effect on structure due to doping. The photocatalytic
properties under solar radiation were observed. The undoped samples showed negligible photocatalytic effect with
respect to the doped samples. The Eu:Dy codoped samples showed better photocatalytic properties than Eu/Dy doped
or Eu:Dy:Ho codoped samples. The photocatalytic response of strontium aluminate phosphors were less than TiO2
but they are more environmental friendly as they are activated by solar radiation and they can be removed from water
by simple precipitation method.

594

Deepika Pal, Anil Kumar Choubey

F IG . 4. The percentage degradation of MO under solar radiation as a function of time
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Nickel-zinc ferrites are important industrial materials in the production of various types of microwave devices; therefore, studies of new methods of
obtaining functional ceramic on their basis are of great interest at present. In this work, soft magnetic ceramics based on Ni0.4 Zn0.6 Fe2 O4 spinel
ferrite with low values of the coercive force were successfully obtained under various sintering modes (1000 and 1100 ◦ C, holding time – 16 hours)
based on nanostructured pre-ceramic ferrite powder synthesized by the solution combustion method. The initial powder and sintered ceramics were
investigated by EDX, SEM and PXRD methods. The electromagnetic parameters of the final product were investigated by vibration magnetometry
and using the method of rectangular waveguide transmissions in the X-band. It was shown that, depending on the selected sintering mode, it is
possible to obtain magnetic ceramics with an average grain size in the range from 1 to 3 µm and with values of the coercive force (Hc ) from
16.32 to 19.41 Oe, remanent magnetization (Mr ) from 3.39 to 4.31 emu/g and saturation magnetization (Ms ) from 67.90 to 78.42 emu/g. After
the preparation of a ferrite-polymer composite with different content of Ni0.4 Zn0.6 Fe2 O4 (0–50 wt%), it was found that the highest absorption
characteristics of electromagnetic waves were observed for the sample with 40 wt% of spinel ferrite obtained at 1100 ◦ C, 16 hours sintering mode.
Keywords: solution combustion synthesis, spinel, ferrites, soft magnets, microwave adsorption.
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1.

Introduction

Ferrites-spinels and orthoferrites of rare earth elements remain relevant objects of research for many decades
due to their wide application in many areas of modern science and technology [1–3]. In addition to the well-known
classical areas of their application, such as the production of hard and soft magnets [4], magnetic fluids [5], sensors [6],
microwave devices [7], etc., in recent years, new opportunities have been opening up with the use of nanostructured
ferrites as materials with high antibacterial activity [8], MRI contrast agents [9], photocatalysts [10], materials for
wastewater treatment [11], magnetically recoverable catalysts [12] and many others. Interest in nanocrystalline ferrites
is primarily due to their high chemical and thermal stability and improved electromagnetic parameters in comparison
with classical micron systems of a similar composition [13–16]. Besides, obtaining multicomponent ferrites is much
easier if they are in a nanostructured form [17].
One of the most interesting representatives of spinel ferrites from an industrial point of view is the multicomponent Ni-Zn ferrite of the composition Nix Zn1−x Fe2 O4 , which is widely used in the production of various microwave
devices and as radio-absorbing materials (RAW) absorbing electromagnetic waves during which the incident energy
is converted into thermal due to the interaction of waves and matter [18]. Radio-absorbing materials are the most important dual-use products widely used in both the military and civilian sectors [19]. For example, for electromagnetic
shielding of aircraft and submarines, to eliminate interference and absorb secondary radiation from various electronic
devices, microwave ovens, aircraft devices, etc. [20]. There are a large number of materials that, by their conductive
and magnetic characteristics, can act as absorbers of electromagnetic waves. For example, polymers are not subject
to corrosion and are much lighter than oxide systems, but they have much higher insulation and low stability of electromagnetic parameters [21]. This problem can be solved by adding magnetic particles to conducting polymers [22].
One of the possible variants of such magnetic particles is nickel-zinc ferrite with the composition Ni0.4 Zn0.6 Fe2 O4 ,
which has shown its effectiveness as a radio-absorbing material [23].
However, the use of ferrites as a radio-absorbing material places high demands on the stability of the magnetic
and electromagnetic characteristics of the final product, which is difficult to achieve when using classical methods of
production [24]. One of the promising methods for obtaining nanostructured complex oxide systems is the solution
combustion method, which has shown its efficiency in the production of spinel ferrites and orthoferrites of various
compositions [25–28]. Its main advantages are the ability to finely control the particle size, structure, morphology,
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magnetic and electromagnetic characteristics by varying the composition of the initial reaction medium, which was
shown in detail in our previous works [29–31].
In this work, the solution combustion method was used to obtain an initial nanostructured pre-ceramic powder
Ni0.4 Zn0.6 Fe2 O4 with a high degree of crystallinity. The resulting powder was sintered according to classical ceramic technology, ground and dispersed into a varnish based on an acrylic copolymer in various weight percentages
(0,10,...,50 wt%). The resulting product was tested using a rectangular waveguide transmission line method in the
X-band (8.5–13 GHz).
2.

Experimental

The initial nanostructured nickel-zinc ferrite of composition Ni0.4 Zn0.6 Fe2 O4 was obtained by the solution combustion method using glycine as a fuel and a chelating agent. Nickel nitrate (Ni(NO3 )2 ·6H2 O, pur., 99.9%), zinc
nitrate (Zn(NO3 )2 ·6H2 O, pur., 99.9%), iron nitrate (Fe(NO3 )3 ·9H2 O, pur., 98.0%) and glycine (C5 H5 NO2 , pur.,
98.0%) were used. Glycine was taken in a stoichiometric ratio according to the reaction of formation of nickel-zinc
ferrite:
0.4Ni(NO3 )2 + 0.6Zn(NO3 )2 + 2Fe(NO3 )3 + 40/9C2 H5 NO2 →
Ni0.4 Zn0.6 Fe2 O4 + 80/9CO2 ↑ +56/9N2 ↑ +316/9H2 O ↑
The initial reagents were taken in a stoichiometric amount and dissolved in 50 ml of distilled water with constant
stirring for 30 min and a temperature of 50 ◦ C. Then, the initial solution was heated to the autoignition temperature,
during which a brown-colored ferrite powder was formed. The combustion product thus obtained was thermally treated
in the air at a temperature of 600 ◦ C for 3 hours to remove unreacted organic matter and mechanically processed in a
vibrating mill (balls diameter = 2 cm) for 4 hours. Then the milled powder was pressed using polyethylene glycol as
a binder and sintered at two temperature conditions – 1000 and 1100 ◦ C for 16 hours. The resulting ceramics were
analyzed and re-ground in a planetary mill (ball diameter = 1 cm) for 12 hours to obtain a submicron powder. The
final composite was obtained by mixing nickel-zinc ferrite powders with a varnish based on an acrylic copolymer in
various weight percentages (0, 10, ..., 50%) and passed electromagnetic characterization.
The morphology and chemical composition of the resulting powder and ceramics were studied by scanning electron microscopy (SEM) and energy dispersive analysis (EDX) using a Tescan Vega 3 scanning electron microscope
and an Oxford Instruments X-act EDX microprobe analyzer. powder X-ray diffractometry on a Rigaku SmartLab 3
diffractometer (CuKα = 0.15406 nm). Magnetic hysteresis loops were obtained using a LakeShore 7410 vibratory
magnetometer. EMI absorption analysis was performed using a linear X-band method using a standard rectangular
waveguide and a VectorStar MS4640B vector network analyzer.
3.

Results and discussion

The phase composition of the obtained samples of nickel-zinc ferrite was studied by powder X-ray diffractometry
(PXRD), the results of which are shown in Fig. 1. The data obtained indicate that the initial pre-ceramic powder
and the ceramics obtained on its basis are single-phase samples of Ni0.4 Zn0.6 Fe2 O4 (JCPDS # 08-0234 ) without
impurities. The most intense reflections are observed in the sample sintered at a temperature of 1100 ◦ C for 16 hours,
while the intensity of the peaks of the sample obtained at 1000 ◦ C is slightly lower. The crystallite size of the initial
powder was found using the Scherrer formula and was 47±5 nm. Besides, using the internal standard (Si) according
to the Rietveld method, the degree of crystallinity of the initial sample was estimated to be 94%.
Figure 2 shows the SEM micrographs of the initial nanostructured powder and sintered ceramic. According
to the data obtained, the morphology of the initial sample of nickel-zinc ferrite is a typical picture of the products of
glycine-nitrate combustion at a stoichiometric ratio of glycine to nitrate-groups. Such porous agglomerates with a large
number of micron and submicron pores formed during abundant gas evolution during the combustion process are often
observed during the formation of other complex oxide systems [12, 17]. It should be noted that such a morphology
complicates the process of pressing and sintering the powder, which is solved by grinding the starting material in a
vibrating mill, as a result of which the formed agglomerates are broken into smaller components. The data obtained
show that the microstructure of the obtained ceramics significantly depends on the selected sintering temperature
regimes. In the case of a sample sintered at a temperature of 1000 ◦ C, a large number of voids between grains are
observed, the size of which is in the submicron range (the average size is in the range from 0.8 to 1.3 microns). Despite
the small grain size, the presence of voids significantly worsens both the magnetic and electromagnetic parameters of
ceramics, which means that this temperature regime cannot be considered as optimal for sintering pre-ceramic powders
obtained under conditions of solution combustion. Nevertheless, the sample sintered at a temperature of 1100 ◦ C
demonstrates a completely different microstructure from the first sample. Despite a significant increase in the grain
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F IG . 1. PXRD patterns of the initial powder and sintered ceramics of nickel-zinc ferrite
size, which lies in the range from 1 to 3.5 µm, there is also a significant decrease in the number of voids between the
grains, which in turn affects the quality and stability of the magnetic and electromagnetic characteristics.

F IG . 2. SEM images of initial nickel-zinc ferrite powder obtained via glycine-nitrate combustion
method (a,b) and ceramics based on them sintered at 1000 ◦ C (c,d) and 1100 ◦ C (e,f)
The hysteresis loops of samples of the initial powder and sintered Ni0.4 Zn0.6 Fe2 O4 ceramics are shown in Fig. 3.
It follows from the data obtained that the highest values of the magnetic parameters (Hc = 16.32 Oe, Ms =
78.42 emu/g, Mr = 3.39 emu/g) are observed in the sample sintered at a temperature of 1100◦ , which is due to
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F IG . 3. Hysteresis loops of Ni0.4 Zn0.6 Fe2 O4 initial powder and sintered ceramics

the peculiarity of its microstructure. It should be noted that the appearance of the loops is similar for both sintered
specimens and differs in the values of saturation magnetization, remanent magnetization and coercive force (Fig. 4).

F IG . 4. Magnetic characteristics of obtained nickel-zinc ferrite samples

Figure 5 shows the curves of electromagnetic absorption for two sintered samples of nickel-zinc ferrite. The
measurement was carried out on a composite obtained by dispersing the crushed ceramic in an acrylic copolymer
varnish. The black curves in both figures are air measurements and were used as a reference. It is shown that with
an increase in the proportion of ferrite in the polymer matrix, a significant increase in the values of electromagnetic
absorption is observed. Both samples demonstrate approximately the same absorption values, with the only exception
that the sample sintered at a temperature of 1100 ◦ C demonstrates slightly better electromagnetic characteristics. This
is due to the larger grain size and fewer voids, which in turn made the grinding process more difficult. Further increase
in the mass fraction of nickel-zinc ferrite was not possible due to the limits of dispersion into the initial copolymer
matrix.
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F IG . 5. Microwave absorption of Ni0.4 Zn0.6 Fe2 O4 -based polymer composites: nickel-zinc ferrite
sintered at 1000 ◦ C (a) and 1100 ◦ C (b)
4.

Conclusion

Thus, a simple method was proposed for obtaining electromagnetic absorbing materials based on a copolymer
matrix and ceramics of the composition Ni0.4 Zn0.6 Fe2 O4 sintered from a nanostructured pre-ceramic powder synthesized by the method of solution combustion. This approach makes it possible to disperse up to 50 weight percent of
spinel ferrite into the copolymer matrix and achieve high values of electromagnetic absorption. It has been shown that
the most optimal sintering mode is a temperature of 1100◦ C and a holding time of 16 hours at which it is possible
to obtain soft magnetic ceramics with values of coercive force, saturation magnetization and remanent magnetization
equal to 16.32 Oe, 3.39 emu/g and 78.42 emu/g, respectively.
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◦
Using the thermodynamic and kinetic approaches, it was found that Cu(NH3 )2+
4 aq complex predominating at 23 C spontaneously decomposes

at elevated temperatures, forming CuO precipitate in a bulk solution and a layer (CuO||SiO2 ) on the surface of silica glass. The rates of these
heterogeneous processes are fairly well described by the 1st-order reaction of decay of the Cu(NH3 )2+
4 aq complex. The formation of the CuO
precipitate and layer is a two-step kinetic process. The rate of precipitate formation dominates above 65 ◦ C while the rate of the layer formation
prevails below this value. The CuO||SiO2 material synthesized below 65◦ possesses an optical bandgap of (1.25±0.05) eV, which is smaller
compared to the crystals of commercial CuO. The CuO||SiO2 material displays a photocatalytic activity in the reaction of UV-decomposition of
benzoquinone-hydroquinone. It was discovered that the photocatalytic activity depends on the thickness of the photocatalyst layer.
Keywords: Copper(II), oxide, layer, glass, surface, kinetics, photocatalyst.
Received: 18 September 2020

1.

Introduction

A low efficiency of applied light utilization is considered to be the main drawback of powder photocatalysts. It can
be improved by fixing micro- and nanoparticles of active material on substrates in the form of films and layers [1–3].
The properties of film photocatalysts depend on the accessibility of their surface for radiation, the morphology and
size of surface particles and, consequently, on the conditions of synthesis. Among promising photocatalysts, CuO
stands out as a p-type semiconductor with an optical gap width 1.21–1.51 eV that makes it active in the UV and
visible spectral regions [4, 5]. CuO films allow utilization of up to 30% of incident light energy, which is much more
compared to Cu2 O [6]. Synthesis of CuO layers in solutions [6–8] is a multistage process with the use of a solid-phase
precursor Cu(OH)2 . The more simple and convenient method is the thermal decomposition of ammonia complexes
of Cu(II) [9]. This unites the formation of primary CuO particles, their isolation and growth at the interface. The
application of this method for the synthesis of photomaterials is restrained by the lack of information concerning
synthesis conditions and the photocatalytic activity of produced CuO layers. The aim of present study was to invent
a single-stage hydrochemical method for the production of CuO photocatalyst layers with optimal mass (thickness)
on glass substrates by the thermal decomposition of ammonia complexes of Cu(II) in the conditions excluding the
formation of Cu2 O.
2.

Experimental work

Layer formation was studied by Dynamic Light Scattering (DLS) and Laser Doppler Electrophoresis measurements carried out on a Zetasizer Nano ZS particle analyzer (Malvern Panalytical Ltd.). The Raman spectral analysis
of the samples was performed at room temperature using an inVia Reflex Renishaw spectrometer (λ = 532 nm,
P=25 mW). The phase analysis of the products was fulfilled on a STADI-P X-ray powder automatic diffractometer
(STOE) with CuKα1 radiation using the library of X-ray diffraction data PDF-2 (ICDD Release 2009). The morphology of the layers on substrate was studied using the scanning electron microscopy (SEM) and EDX elemental analysis
on a JSM JEOL 6390LA facility. UV-visible absorption spectroscopy was performed using a Shimadzu UV-3101PC
UV/Vis/Near-IR Spectrophotometer. The diffuse reflectance spectra of the layers were recorded in the interval of
220–800 nm by means of a Shimadzu UV-3600 UV-vis-NIR spectrophotometer using BaSO4 crystals as a reference.
The thermodynamic study of the temperature evolution of CuO-Cu(OH)2 phases in pH – Eh – temperature coordinates was carried out to choose the conditions of CuO formation in the bulk of electrolytic solution. The study
was made for all known to date valence forms of copper. The HSC Chemistry v.8 program was used for the following
equations (1–3):
−
Cu2+ + nNH4 OHCu(NH3 )2+
n = 3 − 5,
(1)
n + nOH ,
−
Cu(NH3 )2+
n + (n + 2)OH Cu(OH)2 (solution) + nNH3 × H2 O(aq),

(2)
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−
Cu(NH3 )2+
n + (n + 2)OH Cu(OH)2 k(interf ace) + nNH3 × H2 O(aq).

(3)

The symbol “||(interface)” denotes the “solution – solid” interface. The pH-fields of predominance of 29 components
including Cu0 , CuO, Cu2 O, Cu(OH)2 phases, Cu(I,II,III) aqua-ions, their hydroxo-, mono- and dimeric ammonia
complexes were determined as the function of a temperature. This allowed us to find the conditions for the spontaneous
◦
decomposition of Cu(NH3 )2+
4 aq complexes which predominate in the reaction mixture at 23 . Thus, the complexes
◦
decompose at the temperature from 35 to 95 and pH from 11.0 to 12.0 with the generation of Cu(OH)2 and CuO
phases.

3.
3.1.

Results and discussion
Kinetics of CuO layers growth

According to the thermodynamic estimation by means of HSC Chemistry 8, Cu(OH)2 to CuO transition in an
Ar(g) atmosphere occurs at 150◦ . Under aerobic conditions, this decomposition takes place at 40–80◦ [8]. Hence, it
is possible to control the solid phase precipitation rate in the bulk of solution and at the solution|| solid interface by
choosing the synthesis conditions (temperature, solution chemistry and rate of solid phase formation) [9]. The search
for synthesis conditions of CuO||SiO2 layers on the inner surface of the quartz reactor (SiO2 ) was carried out in 50 ml
quartz vials filled with 25 ml 0.02–0.3 M copper(II) amine solution, C(Cu), with free ammonia concentration in the
range of 0.4–4.0 M at thermostat temperature up to 95◦ . The synthesis took place according to reactions:
k(bulk)

−
Cu(NH3 )2+
−→ Cu(OH)2 /CuO(bulk) + nNH4 OH(aq),
n + (n + 2)OH
−
Cu(NH3 )2+
n + (n + 2)OH

k(interf ace)

−→

Cu(OH)2 /CuO||SiO2 (interf ace) + nNH4 OH(aq),

dC(Cu)
= −k(bulk, interf ace)C(Cu).
dt

(4)
(5)
(6)

According to SEM, the produced CuO||SiO2 layers consist of bundles of elongated particles having a form of
nano-sheets. They first partially fill the surface of the glass and then grow normally to the surface. Fig. 1 shows that
CuO particles anchored on the glass surface form an openwork layer in which particles alternate with uncovered glass
“windows”. The DLS data show that the colloidal CuO particles growing in the solution maintain a ξ-potential of
−18.2±26.3 mV throughout the synthesis, which indicates non-stable colloid solutions. In the initial 3–5 min period,
the colloid particles have the hydrodynamic diameter of 90–100 nm and predominate in the solution. At the same
time, the mean size of CuO particles anchored to the CuO||SiO2 interphase keeps at the level of 280–290 nm. When
the initial period ends, the size of CuO particles rises dramatically reaching the value of 1200 nm in the solution
and 700–750 nm in the layer after 10–15 min synthesis, Fig. 2. The kinetic coefficients of direct reactions (4–6)
were determined experimentally. For this purpose, the variation with time of the copper content in solution (I), on
the inner surface of vial (II) and in the precipitate after removal of copper by filtration (III) was analyzed using the
mass spectrometry method (Elan 9000), Fig. 3. The characteristics of the compositions were fairly well confirmed
by means of spectroscopy and X-ray diffraction analysis (XDA). The Raman spectrum of composition (II) contains
vibrational modes of CuO: 282 cm−1 (Ag ), 332 cm−1 and 616 cm−1 (Bg ) [4]. For composition (III), the vibrational
modes of CuO are shifted relative to (II): 303 cm−1 (Ag ), 350 cm−1 and 636 cm−1 (Bg ) [11]. The XDA reflections
of compositions (II) and (III) are identical to those of CuO phase: space group C12/c1, lattice parameters a = 4.6804,
b = 3.4337, c = 5.1164, α = 90.0000, β = 99.1329, γ = 90.0000. The X-ray density of CuO in the layer is 6.490 g/cm3
and the mean crystallite size, calculated using the Scherrer equation, is 27.1–27.9 nm.
The least squares method was applied to estimate the coefficients of formation rate (6) in the bulk, k(bulk), and
at the solution-glass interface, k(interface), at 23–85◦ . The data obtained allowed us to identify the temperature
region (below 65◦ ), in which the reaction (4) of the layer growth predominates (Fig. 3, marked by arrow). Thus, the
series of CuO||SiO2 materials with different CuO layer thickness were synthesized on the surface of glass and used
in further photocatalytic measurements. The synthesis conditions to achieve optimal degree (60–80%) of copper(II)
ions transformed into oxide were chosen as follows: 35–65◦ temperature interval, 15–60 min synthesis time. The
photocatalytic effectiveness of studied materials is demonstrated by the UV-visible diffuse reflectance spectroscopy
data. The results show that the optical bandgap E(eV) calculated by means of the Kubelka-Munk equation for a direct
transition in CuO crystals (see [10–12]) is equal to 1.25±0.05 eV for the CuO||SiO2 materials, whereas for commercial
CuO it is around 1.50±0.05 eV [13]. The absence of the Cu2 O phase in the layers was additionally confirmed by the
voltammetry method [14] using the discussed copper(II) oxide layer deposited on the surface of Ni-foil electrode.
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F IG . 1. Size and morphology of CuO particles forming a layer on the surface of quartz vial
(CuO||SiO2 ) at different times of synthesis: 1 – 0.5 min; 2 – 3 min; 3 – 5 min. Panel 4: variation of relative coverage S/S(0) of SiO2 surface with CuO particles as a function of reaction time t.
S – surface of SEM image of quartz vial covered with CuO particles (µm2 ), S(0) – total surface of
the same image (µm2 ). Temperature of synthesis is 85 ◦ C

F IG . 2. Variation of CuO particles diameter (Dh ) in bulk solution (solute) and in the interface
solution||layer (layer) during Cu(NH3 )2+
4 ion particles deposition acquired with the help of dynamic
light scattering and laser Doppler electrophoresis measurements. 85 ◦ C
3.2.

Photocatalytic activity of CuO layers on the silica glass

The photocatalytic activity of synthesized CuO layers of different thickness on the inner surface of quartz reactor
walls was analyzed under the UV irradiation in the reaction of the decomposition of the electrochemically reversible
pair of benzoquinone–hydroquinone, BQ-HQ. For this purpose, 25 ml BQ-HQ solution with initial concentration
Cs◦ = 0.1 mM at pH = 6.8, 22◦ was poured into quartz vials lined with CuO. A UV lamp was mounted above the reactor
so that the UV-irradiation propagated from top to the bottom of reactor both through the “solution-air” interface (UVlight flow F1) and through the “CuO||SiO2 – solution” interface (UV-light flow F2) [15]. The scheme of the interaction
of UV-light flows F1, F2 with thin (A) and thick (B) layers of CuO is depicted in Fig. 4a,b. Before each experiment,
the BQ-HQ solution was contacting with CuO layer for a time needed to reach equilibrium absorption of BQ-HQ on
the surface of the photocatalyst. The experiments have shown that adsorption equilibrium state was reached in 25–30
minutes. After that each of the quartz reactors was irradiated with UV light of the wavelength λ(max) = 253 nm
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F IG . 3. Temperature dependence of kinetic coefficients of eq. 6 which describe solid phase formation according to 1st order reactions (4–5), calculated from experimental data (inset). T is the
temperature of thermo-decay. On the inset the examples are shown of the kinetics of Cu(NH3 )2+
4
thermo-decay in NH4 OH solution as a functions of contacting time. Initial Cu(II) concentration in
the solution C(max) = 0.02 M, pH = 11.3, 70 ◦ C, volume of solution = 25 ml. Concentration in
the phases (M units) is calculated as a ratio of Cu mass in the phase to the volume of solution; 1 –
in solution, 2 – in precipitate, 3 – in vial coating. Solid lines represent the least square curve fit
of the data in accordance with simple 1st-order decay/formation model. An arrow points out the
temperature 65 ◦
(4.9 eV) using the technique described elsewhere [15]. The substrate concentration variation (Cs ) with irradiation
time (t) in the series of experiments with the CuO layers of a different thickness is found (see Fig. 4c) to obey the
1st-order decay reaction equation (6):
k

(BQ − HQ) + hν −→ products,
.
dCs /dt = −ks Cs

(7)

In eq. (7), ks is the rate constant, which depends on the quantum yield of the photocatalytic reaction. The geometric
thickness of the layers (L, nm) was determined by EDX analysis of CuO||SiO2 composites on a JSM JEOL 6390LA
facility. The experimental correlation between the relative rate constant ks /ks (max) and L, where ks (max) is the
maximal value of constant (ks ) in the series of layered photocatalysts, is shown in Fig. 5. It is seen that ks /ks (max)
keeps the maximal value in the series of rather thin CuO layers with L < 1000 nm. This conforms to the results
of quantum-chemical simulation of UV radiation absorption by monocrystalline CuO, which we performed with the
use of the VASP program [16], Fig. 6. The calculated variation in the relative light transmission I(Lc )/I(0) of UV
radiation as a function of the light path length in the catalyst crystal (Lc ) strongly depends on the radiation energy
(E). The calculated data show that 99% of UV-radiation with E > 3.5 eV are absorbed within the thin CuO crystal
layer with Lc ∼ 80–100 nm. Since the thickness of sheet-like bundles of CuO particles is ∼ 200–250 nm, Fig. 1,
one can conclude that all photon energy of UV-light are absorbed by CuO sheet-like particles of the CuO||SiO2
photocatalyst independently of its thickness. Nevertheless, when the experimental layer thickness L increases, the
ks /ks (max) value decreases to a constant level, which is characteristic of micro-sized particles of CuO. To understand
this phenomenon, the UV-light flow geometry and the morphology of CuO layers growing on the glass support were
taken into consideration. In accordance with experimental conditions, there were two components of general UV
irradiation flow, Fig. 4a,b. Fraction F1 of the flow kept a constant intensity since it passed through air/solution interface
which was free of the colloid particles and CuO layer. Fraction F2 of the flow passed through the side walls of the
quartz vial. As a result, its intensity depended on the thickness and transparency of the growing layer. Fig. 1 shows
that the layers of CuO photocatalyst have openwork morphology. This implies that the rather small thickness of layer
leads to the formation of “windows” in the silica glass. These regions of the substrate are not covered with CuO
particles and freely transmit UV irradiation which scatters on and interact with the CuO nano-sheets surface. When
the thickness of photocatalyst layer reaches a rather large value L(max), the surface of “windows” diminishes and the
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UV-light flow F2 attains its minimal (or zero) value. In the framework of this interpretation, the value of L(max) is
about 104 nm. The frontier divided these two regions is shown in Fig. 5.

F IG . 4. Photocatalytic decomposition of 0.1 mM solution of BQ-HQ on the layers of catalyst CuO
deposited on the vials inner surface as a function of irradiation time. (a, b) – the schemes of UVirradiation of CuO on the surface of vials in the case of thin (a) and thick (b) layers. (c) – Decomposition of substrate under UV light as a function of irradiation time. Numbers near the pointers are for
the catalyst layers thickness (nm): 1 – 1500, 2 – 1650, 3 – 6020, 4 – 9400, 5 – 12700, 6 – 14600, 7 –
17900, 8 – 24800. Volume of substrate solution is 25 ml, measurements at 22 ◦ C, UV light energy –
4.90 eV. Solid lines are the best fit approximation of the substrate decomposition in accordance with
eq. (6). The surface area of the glass support in each sample was constant and equal to 4.2 cm2

4.

Conclusion

Thus, using thermodynamic and kinetic approaches, it was found that the Cu(NH3 )2+
4 aq complex predominating at
23◦ spontaneously decomposes at elevated temperature with the deposition of CuO phase in the form of the precipitate
in a bulk solution and layer on the surface of silica glass (CuO||SiO2 ). The rates of these heterogeneous processes
are described by the 1st-order reaction of the decay of the Cu(NH3 )2+
4 aq complex. It was found that the formation of
CuO precipitate and a layer is a two-step kinetic process. The rate of precipitate formation predominates above 65◦
while the rate of CuO layer formation prevails below 65◦ . CuO||SiO2 synthetized below 65◦ possesses an optical
bandgap of (1.25±0.05) eV which is smaller in comparison with commercially-available CuO crystals. The samples of CuO||SiO2 material display the photocatalytic activity in the reaction of UV-decomposition of benzoquinonehydroquinone. Wherein, the activity depends on the thickness and morphology of the photocatalyst layer.
Acknowledgements
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F IG . 5. Correlation between experimentally estimated rate constant of photo-degradation of substrate (ks ) according to eq. (6) and thickness of photocatalyst CuO layer (L) in the series of composites CuO||SiO2 . ks (max) = 8.20 · 10−5 1/c, 22 ◦ C. Vertical dotted line separate areas of thickness
L within which the whole incident UV light flow is active (L < 104 nm) or only its F1 component
(L > 104 nm) can penetrate through the CuO layer (see Fig. 4)

F IG . 6. The relative intensity I(L)/I(0) of light transmitted to the depth Lc in CuO with respect to
the intensity at the surface I(0), as determined by means of the VASP computer code [16]
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In this work first described the new relatively simple approach to the synthesis of nanolayers of Ni-doped CuO via of Successive Ionic Layer
Deposition (SILD) method. The study of Ni-doped CuO nanolayers, synthesized of SILD, has been carried out by HRTEM, XRD, FTIR and
XPS spectroscopy methods; it was demonstrated that they had been formed of nanorods with dimensions of about 10–15 nm and tenorite crystal
structure CuO were formed. The research electrochemical properties of nanolayers were carried out in 1 KOH solution by using techniques of
cyclic voltammetry and galvanostatic curves method. The electrochemical study of nickel foam electrodes modified by Ni-doped CuO nanolayer
prepared by 30 SILD cycles demonstrates that specific capacitance is 154 mAh/g (1240 F/g) at current density 1 A/g. Repeated cycling after 1000
charge-discharge cycles demonstrates 8% capacitance fade from the initial value, so such electrodes may be used as effective electroactive materials
for alkaline battery and pseudocapacitors.
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1.

Introduction

As is known, the key role of increase the effectiveness of energy storage devices consist is to create new electrode
materials with high energy density and long cycle life [1, 2]. From that point of view are of great interest use available
oxides and oxyhydroxides of transition metals. These oxides and oxyhydroxides compete with noble metals (RuO2 ),
used by electroactive materials in pseudocapacitor. Such materials are environmentally friendly, low cost and at the
same time have high specific energy values. Usually, among all oxides and oxyhydroxides, cobalt oxides [3], nickel
oxides [4], manganese oxides [5] and iron oxides [6] are used most frequently. However, recent research shows that
the most effective electroactive capacity materials should have high intrinsic conductivity and must have a developed
morphology of specific shape, which should provide, on the one hand, high specific surface area and, on the other,
provide fast diffusion of ions on the surface of the electrode [7].
Recently, copper oxide nanoparticles have been studied as electroactive materials for energy storage devices, as
this is one of the oxides with high conductivity and unique morphology [8–11]. In those papers, methods of chemical
and eletrochemical deposition from solutions have been used for the synthesis of such nanoparticles. It is worth
noticing that previously CuO nanolayers on the metal surface have been obtained via the SILD method (also called
SILAR [12]) to form effective electrodes for supercapacitors. This method is based on the successive and repeated
adsorption on the surface of the cations and anions substrate, which interact and give a nanolayer of an insoluble
compound. The SILD method has great potential for practical use to form nanolayers on the surface of the products
of complex shapes and has been used earlier, for example, for the synthesis of NiO1+x ·nH2 O [13], MnOOH [14],
CoOOH [15], AgMnO2 [16], Co-doped Cu(OH)2 [17], CoO-NiO solid solution [18], and also Zn-Fe layered double
hydroxysulfate [19, 20] which can be used as materials for electrocatalytic reforming of ethanol.
In the present paper, we report a new simple route of synthesis of Ni-doped CuO nanolayers via the SILD method.
The obtained nanolayers consist of CuO, including nickel atoms, with nanorods morphology, oriented mainly perpendicular to the substrate surface. We also describe their properties as electroactive materials for the electrode of alkaline
batteries and pseudocapacitors.
2.

Experimental

As a substrate for the synthesis of CuO nanolayers 0.3 × 5 × 25 mm polycrystalline Ni plates were used, on
which electrochemical experiments were performed, and also 0.35 × 10 × 25 mm single-crystal Si plates with h100i
orientation, were used for physical characterization. Extra pure water (Milli-Q) was used in all experiments. Si
substrates were cleaned in an ultrasonic bath filled with acetone for 10 min. Then plates of Si were sequentially
treated for 10 min in concentrated HF, water, 70% HNO3 , water, 0.1 M KOH and then flushed out by water. Ni plates
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were treated according to the technique described in [21] for 15 min in 6 M HCl solution, then several times rinsed by
water and dried on air at 120 ◦ C for 30 min.
A solution of mixed Cu(NH3 )4 (CH3 COO)2 and Ni(NH3 )4 (CH3 COO)2 was prepared by dissolving dry analytical
grade salts Cu(CH3 COO)2 ·nH2 O and Ni(CH3 COO)2 · nH2 O (C = 0.01 M) and NH4 CH3 COO (C = 0.1 M) in deionized
water. The pH of the solution was 9.4 and adjusted by the addition of the NH4 OH solution. The time between the
preparation of solutions and synthesis was 0.5 h. For the synthesis of Ni-doped CuO nanolayers substrate plates
were fixed in a holder of special home-made automatic setup and sequentially immersed for 30 s into a solution of
mixed copper and nickel ammonia, then washed from excess reagent in distilled water. On the second step, plates were
immersed in a solution of H2 O2 (3%, pH 9.5 adjusted by addition of KOH solution) and again washed in water (Fig. 1).
This sequence corresponds to one SILD cycle, which is repeated 30 times to obtain the desired nanolayer thickness.
Finished the sample was calcined on argon atmosphere at 200 ◦ C for 30 minutes at a heating rate of 5 ◦ C/min.

F IG . 1. Scheme of synthesis Ni-doped CuO nanolayers by SILD method
The obtained samples were characterized by HRTEM, FTIR, XPS and XRD methods. The morphology of synthesized films was investigated by HRTEM (ZeissLibra 200FE, 200 kV). FTIR transmission spectra of synthesized
films on the Si surface were registered by Infraspec FSM 2201 spectrophotometer using a differential technique with
respect to spectra of bare silicon plate. XRD patterns were obtained using a Bruker D8 DISCOVER X-ray diffractometer with CuKα radiation in grazing incidence diffraction geometry (θ = 0.3 ◦ ). The compositional analyses of
the samples were characterized by XPS (ESCALAB 250Xi electron spectrometer, with Al Kα radiation 14 866 eV).
Hydro-chemical equilibria in solutions were estimated using the simulation program Hydra-Medusa.
The electrochemical measurements of NF electrodes with the synthesized nanolayers were carried out in a threeelectrode electrochemical cell using Elins P-45X potentiostat. The working electrode was prepared by the deposition
of Ni-doped CuO nanolayers on the Ni foam surface as a result of 30 treatment cycles by the SILD method. Platinum
foil serves as the counter electrode and Ag/AgCl (aq. KCl sat.) as the reference electrode. Electrochemical characterization of the films was made by cyclic voltammetry (CV) and galvanostatic charge-discharge (CD) techniques.
The specific capacitance C (mAh/g) as an electrode for alkaline battery at different current densities can be
calculated via eq (1):
Z
Idt
,
(1)
C=
m
where I (mA) is a galvanostatic current, dt (h) is the discharge time of a cycle and m (g) is the mass of the active
material in the film electrode [22].
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Specific capacitance C (F/g) as pseudocapacitor were calculated using the following eq (2):

I∆t
,
(2)
∆V m
where I (mA) is a galvanostatic current, ∆V (mV) is the potential window, ∆t (s) is the discharge time of a cycle and
m (g) is the mass of the active material in the film electrode [23]. The electroactive mass of Ni-doped CuO for the
working electrode was measured using an OHAUS Pioneer T M PA54C microbalance.
C=

3.

Result and discussion

The results of the synthesized nanolayers study via the HRTEM method (Fig. 2) demonstrate that nanolayers are
formed on the surface after 30 SILD cycles. The nanolayers consist of nanocrystals with nanorods morphology and
dimension about 10–15 nm.

F IG . 2. HRTEM image of copper contained nanolayers
Figure 3 shows the XRD pattern of the synthesized copper contained nanolayers. The latter is in line with crystallographic planes with the orientation of (-111), (111), (-202), (020), (202), (-113) and (311), which are related to a
monoclinic crystal lattice of tenorite structure CuO (JCPDS 80-1916) [24].
On the FTIR spectrum (Fig. 4) of the original sample, the broad bands at 3400 cm−1 and 1645 cm−1 are attributed
to valence vibrations and deformation vibrations of the hydroxyl groups from H2 O, respectively [25]. The bands with
peaks at 1540 cm−1 and 1100 cm−1 correspond to the valence vibrations of the carbonyl group of acetate contained
in precursor salt [26]. The bands observed at 530 cm−1 and 450 cm−1 can be corresponding to Cu–O vibrations in
CuO [27].
The XPS spectrum shown in Fig. 5 indicates the presence of Cu and Ni elements with the atomic ration 1.0/0.38.
As shown in Fig. 5(a), two major peaks with binding energy 934.1 eV and 954.1 eV are corresponding to Cu 2p3/2
and Cu 2p1/2 , indicating that element Cu is the chemical state of 2+ in the sample [28]. The Ni 2p spectra (Fig. 5b)
reveal the presence peaks with binding energy 855.4 eV and 872.9 eV are corresponding to Ni 2p3/2 and Ni 2p1/2 ,
and also satellites peaks, which indicate of Ni is the chemical state of 2+ and 3+ [29].
Comparison of research results, conducted via XRD, XPS and FTIR methods, allows us to conclude: obtained
nanolayers consist of copper oxide, doped nickel atoms, which are likely to be included in the crystal structure CuO.
We assume that such a structure can possess interesting and practical electrochemical performance, in particular
as electrode materials for power sources in the alkaline electrolyte (1M KOH). The cyclic voltammograms of the
nickel foam (NF) electrode with Ni-doped CuO nanolayers were recorded in a potential window from 0 to 550 mV vs.
Ag/AgCl electrode at scanning rates of 5, 10, 15 and 20 mV/s (Fig. 6). At a scan rate of 5 mV/s, two redox processes
on anodic curve take place in the layer, including the Cu+ → Cu2+ transformation at 310 mV and the Ni2+ →Ni3+ at
390 mV. The proportionality of currents to scan rate provides information that the film is thick enough, and the charge
transfer rate is limited by diffusion of charge carriers in the film.
The specific capacitance of the Ni-doped CuO NF electrode is calculated from charge-discharge curves (Fig. 7)
by eq (1) and eq (2) to be 154 mAh/g (1240 F/g), 69 mAh/g (1063 F/g) and 25 mAh/g (960 F/g) at the current densities
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F IG . 3. XRD pattern of copper contained nanolayers

F IG . 4. FTIR transmission spectrum of copper contained nanolayers on silicon
of 1, 2 and 5 A/g, respectively. The high value of specific capacity can be explaining to good conductivity of CuO and
also the significant contribution of nickel atoms in pseudocapacity for this sample.
Cyclic stability is also an important property for electroactive materials. The capacity retention of the NF electrode
with Ni-doped CuO nanolayers after 1000 charge-discharge cycles at current density 2 A/g was kept 92% of its initial
capacity (Fig. 8) that shows good cycling stability of this material. High cycling stability can be explained by the
feature morphology of ultrathin nanocrystals of CuO which provide fast diffusion of ions on the electrode surface and
while not being destroyed in charge-discharge process.
We believe that these electrochemical capacity characteristics for electrodes of alkaline battery and pseudocapacitor based on Ni-doped CuO nanorods, synthesized via the SILD method, can be improved using a new scheme of
their synthesis, including nanocomposite with carbon materials (CNT, graphene), the formation of which has been
obtained after a new sequence of reagent treatment. However, these experiments fall outside the scope of the present
paper. Undoubtedly, the synthesized nanolayers can also form a basis for effective electrodes of electrocatalysts and
electrochemical sensors, etc.
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F IG . 5. XPS spectra Cu2p (a) and Ni2p (b) of copper contained nanolayers on the silicon surface

F IG . 6. CVA curves for NF electrode with Ni-doped CuO nanolayers at a scan rate of 5, 10, 15 and 20 mV/s

F IG . 7. Galvanostatic charge-discharge curves of the electrode with Ni-doped CuO nanolayers
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F IG . 8. The cycling stability for the NF electrode with Ni-doped CuO nanolayers at 2 A/g
4.

Conclusion

In summary, the possibility of obtaining Ni-doped CuO nanolayers via the SILD method using mixed copper
and nickel ammonia aqueous solution and hydrogen peroxide solution was shown. The results show the synthesized
nanolayers were formed nanocrystals of Ni-doped CuO the thickness of about 10–15 nm with tnanorod morphology and the monoclinic tenorite crystal structure of CuO. The electrochemical study of Ni-doped CuO nanolayersmodified nickel foam electrodes, prepared by 30 SLID cycles, demonstrates that the specific capacitance is 154 mAh/g
(1240 F/g) at a current density of 1 A/g. Repeated cycling for 1000 charge-discharge cycles demonstrates a relatively
small 8% capacitance fade. The electrode based on Ni-doped CuO nanolayers had shown high energy density and the
long-term electrochemical cycling stability. Thus this material can be a potential application as electroactive materials
for alkaline battery and pseudocapacitors.
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