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Abstract Low-temperature hydrothermal-assisted syn-
thesis of pure and cesium (Cs) (1, 3, 5, 7 and 10 wt%)
doped lead iodide (PbI2) nanorods and nanosheets have
been achieved successfully for the first time. The struc-
tural and vibrational studies confirm the formation of a
2H-polytypic PbI2 predominantly. Scanning electron
microscope analysis confirms the formation of well-
aligned nanorods of average size ~ 100 nm at low
concentration and nanosheets of average thicknesses in
the range of ~ 20–40 nm at higher concentrations of Cs
doping. The presence of Cs doping was confirmed by
energy dispersive X-ray study. Ultra-violet-visible ab-
sorbance spectra were recorded, and energy gap was
calculated in the range of 3.33 to 3.45 eV for pure and
Cs-doped PbI2 nanostructures which is higher than the
bulk value (i.e., ~ 2.27 eV) due to quantum confinement
effect. Dielectric constant, loss, and AC conductivity
studies have been done. Enhancement in Gamma linear
absorption coefficient due to Cs doping confirms the
suitability of prepared nanostructures for radiation

detection applications. Furthermore, the photocatalytic
performance of the synthesized nanostructures was eval-
uated in the decolorization of methyl green (MG) and
methyl orange (MO) under the illumination of visible
light (λ > 420 nm). The observed photocatalytic activity
for 5 and 7 wt%Cs-doped PbI2 was observed to be more
than pure PbI2 and also > 10 times higher than the
commercially available photocatalysts. The results sug-
gest that the prepared nanostructures are highly applica-
ble in optoelectronic, radiation detection and many other
applications.
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Introduction

Lead iodide (PbI2) is a wide band gap semiconductor
material with layered structure which consists of a re-
peating unit of a hexagonally closed-packed layer of
lead ions sandwiched between two layers of iodide ions.
It comprises various key applications such as in the
development of active matrix flat panel imagers
(AMFPIs) and functions as detectors for X-ray digital
radiography using direct conversion technique, mam-
mography energy range detection, room temperature X-
ray imaging, and nuclear particle detectors (Bennett
et al. 2003; Ponpon 2005; Roth and Willig 1971;
Street et al. 2002; Street et al. 1999). The other important
applications of PbI2 are as radiation detector,
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photoconductors, photo-detectors, photovoltaic, co-
precipitation sensors, biological labeling and diagnostic,
and light-emitting diodes including photo-electro-co-
precipitation and in the fabrication of Perovskite solar
cells, etc. (Antonuk et al. 2000; Bennett et al. 2003;
Condeles and Mulato 2015b; George et al. 1994;
Ponpon 2005; Shkir et al. 2012b; Tubbs and Forty
1964; Yu et al. 2015; Zentai et al. 2005). It is well known
in the literature that the materials with well-organized
nanostructure are one of the amazing fields of research
and development and demandable for advanced tech-
nologies due to their extensive exploitation in the vicin-
ity of optoelectronic devices (Ahn et al. 2015; Arico
et al. 2005; Baxter and Aydil 2005; Empedocles et al.
2005; Goldberg et al. 2007; Liang et al. 2014; Scher
et al. 2005; Warren and Liang 1993; Xu et al. 2012;
Zhao et al. 2016). Nanostructured (nanocrystals, nano-
rods, nanotubes, nanowires, nanobelts, nanoribbons,
nanosheets) semiconductor materials give outstanding
quantum chattels. Due to robust applications of PbI2 in
optoelectronic and room temperature radiation detection
devices, the idyllic alternative is to nanostructurize it.
Quite a number of reports are available on PbI2 such as
on its synthesis and nanostructurization by inverse
microemulsion method, hydrothermal rout, reverse mi-
celle solution technique, chemical route, microwave
technique, etc. (Barnakov et al. 2001; Dag and Lifshitz
1996; Lifshitz et al. 1994;Ma et al. 2005; Sengupta et al.
2000; Shkir et al. 2016b; Tang et al. 1995; Zhu et al.
2010; ZHU et al. 2007a); the fabrication of pure and
doped thin films (Albrecht and Green 1977; Bhavsar
and Saraf 2003; Condeles et al. 2006; Condeles and
Mulato 2015a; Condeles and Mulato 2016; Condeles
et al. 2007; Dmitriev et al. 2009; Ghosh et al. 2008;
Mousa et al. 2012; Shkir et al. 2012b; Zentai et al. 2005;
Zhu et al. 2012); and the growth of pure and doped
single crystals (Bhavsar 2011; Matuchova et al. 2006;
Novosad and Novosad 2013; Ponpon and Amann 2004;
Sandroff et al. 1986; Tonn et al. 2011; Tonn et al. 2015;
Zhang et al. 2015) and have extensively studied various
key characteristics and demonstrated a visible alteration
in its properties when it is in nano-films/nanoparticles/
nanostructures form. In these reports, the properties such
as structural, optical, and electronic are found to be
varied. Freshly, the synthesis of Gd3+-doped PbI2 nano-
sheets has been prepared by hydrothermal and micro-
wave route by our group (Shkir et al. 2017; Shkir et al.
2016b). From all the techniques applied to synthesize
the nanostructure of PbI2, the hydrothermal technique is

found to be the better one to have a well-organized
nanostructure in the form of nanorods, nanoparticles,
nanosheets, nanocrystals etc. The nanosynthesis of
promising materials such as zinc oxide (ZnO), titanium
oxide (TiO2), bismuth telluride (Bi2Te3), and tin oxide
(SnO2) with cesium (Cs) doping using different tech-
niques with tailored properties is already reported
(Ragupathi et al. 2014; Kaviyarasu et al. 2012a;
Mirabbaszadeh et al. 2013; Park et al. 2009; Srivastava
and Singh 2014). These reports show that the key prop-
erties of any material can be controlled by Cs doping.
According to the available literature, there is very pop-
ular Cs perovskite materials named CsPbI3 nanostruc-
tures (Luo et al. 2016). However, no report on the
fabrication of low-concentration Cs-doped PbI2 nano-
structures is available so far. Thus, herein, the authors
plan is to fabricate the nanostructures of pure and low-
concentration Cs-doped (1 to 10 wt%) PbI2 at low
temperature with well-organized morphology using hy-
drothermal technique and characterize it to explore its
possible applications in optoelectronic, room tempera-
ture radiation detection, and photocatalytic applications.
The prepared nanostructures (nanorods and nanosheets)
of the titled semiconductor may be useful in medical
imaging, photovoltaics, sensors, solar cell, and photo-
catalytic applications, etc.

Experimental

Synthesis of pure and cesium-doped PbI2 nanostructure

The high-purity lead acetate [Pb(CH3COO)2], sodium
iodide (NaI), poly(vinyl alcohol) (PVA), cetyltrimethyl
ammonium bromide (CTAB), and cesium nitrate
(CsNO3) were bought from Alfa Aesar and Sigma Al-
drich. For the synthesis of the aimed nanostructures,
initially, 1 M lead acetate (39.987 g) was dissolved in
50 ml double-distilled water in a good quality and
highly cleaned cylinder of 1000 ml volume, and after
dissolving it, 50 ml CTAB solution (from the prepared
solution with concentration of 50 g/l) and 50 ml of PVA
(from the prepared solution with concentration of 10 g/l)
were added to it one by one and stirred continuously to
get a homogeneous solution at 300 K using a magnetic
stirrer fixed at 1000 rpm. As it is acknowledged, the
reaction media or surfactants play a central part in the
synthesis of well-defined nanostructures of materials.
Therefore, in the present work, CTAB and PVA both
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are used as surfactants in order to organize the morphol-
ogy of the subjected materials (AL-Thabaiti et al. 2013;
Sabourimanesh et al. 2015). Step 2—2M sodium iodide
(37.795 g) was dissolved in 50 ml double-distilled water
in a different beaker and stirred well with similar type of
stirrer at the same rate. Homogeneous and transparent
solutions were achieved through continuous stirring for
2 h, and both the above prepared solutions were mixed.
Within few seconds of addition of sodium iodide solu-
tion (in lead acetate + CTAB + PVA solution), the
transparent solutions become yellow which can be ac-
knowledged to PbI2. Similar procedure was done for
preparing the other five solutions for doping purposes.
In parallel to the above, we have prepared the solution of
cesium nitrate for Cs doping (with different wt%, i.e., 1,
3, 5, 7, 10%) and added to the above product solution
and continuously stirred. The finally achieved solutions
were subjected to hydrothermal process. All the
resulting products were subsequently transferred into
indigenously designed Teflon-lined autoclave with a
stainless steel shell for hydrothermal synthesis. All the
autoclaves were housed in a well-controlled furnace at
145 °C temperature for 24 h and naturally cooled down
to room temperature. The low-temperature hydrother-
mal synthesis of the well-organized nanostructures is
well documented in the literature (Cheng et al. 2009;
Pawar et al. 2010; Shkir et al. 2016b). The use of this
technique was to achieve the nanostructures at low cost
with good and arranged morphology facilely. The hy-
drothermally obtained yellow precipitates were washed
several times with double-distilled water and filtered
with high-quality Whatman filter paper and dried in
vacuum at 80 °C for 4 h.

Characterization details

For structural as well as doping confirmations in all the
fabricated nanostructures of pure and Cs-doped PbI2,
the powder X-ray diffraction (PXRD) patterns were
recorded using a Shimadzu X-600 Japan powder X-ray
diffractometer (PXRD) having CuKα radiation and
wavelength λ = 0.1543 nm and operated at 40 kV,
30 mA, at the scan rate of 0.02°/m over the angular
range of 5° ≥ 2휃 ≥ 90° at 300 K. Themorphological and
elemental analyses for all the prepared nanostructures
were done by using a scanning electron microscope
(SEM) (JSM 6360 LA, Japan) equipped with energy-
dispersive analytical X-ray spectroscopy (EDAXS) unit.
The prepared samples were sputter coated with 10-nm-

thick gold to get rid of the charge buildup during the
SEM measurement. The vibrational study was carried
out at room temperature for all the nanostructures using
a FT-RAMAN and FT-IR spectrometer (Thermo Scien-
tific, DXR) coupled with microscope using full-range
grating (3500–100 cm−1). The Raman system was op-
erated at 0.2 mW laser power (532 nm laser), and the
estimated resolution and size of aperture pinhole was
about 5.1 to 8.3 cm−1 and 50 μm, respectively. UV-
Visible (UV-Vis) absorption measurement was carried
out using a UV-Vis-NIR spectrophotometer (JASCO
V-570) in the wavelength range from 190 to 1000 nm.
Approximately 0.3 g of prepared nanostructures of pure
and Cs-doped PbI2 has been taken for making its well
organized pallets of same thickness about 2 mm. Before
subjecting to the measurement, the prepared pallets were
coated on both sides with platinum using a sputter
system. Using a KEITHLEY 4200-SCS parameter ana-
lyzer, the dielectric constant, loss, and AC conductivity
were analyzed in higher frequency range of 3 kHz–
10 MHz at 300 K.

Photocatalytic activity measurement

Visible light photocatalytic activity measurements were
conducted as described earlier in Hamdy et al. (2014) by
using methyl green (MG) and methyl orange (MO) as
model compounds under the illumination of visible light
halogen tubes (λ > 425 nm) as light source. Generally,
three sets of experiments were conducted; in the first set,
the photocatalytic activity of PbI2 was compared with
commercially available photocatalysts (e.g., TiO2(P25),
ZnO, andWO3), while in the second set of experiments,
the photocatalytic performance of PbI2 was compared
with that of Cs-doped PbI2 by using MG and MO dyes
in the third set. In a real experiment, 100 mg of the
catalyst was introduced into the beaker with 50ml of the
applied dye (20 mg/L). The ultrasonication of solution
was carried for approximately 10 min and kept inside a
reactor, and stirring was done at 700 rpm for 15 min in
the dark at room temperature to allow for chemisorption
to occur. After this time had gone, a sample of this
solution was taken, and the leftover solution was irradi-
ated with visible light. Further samples were taken every
10 min, filtered through a 0.2-mm PTFE Millipore
membrane, and lastly examined using the UV-Vis spec-
trometer in the range of 300 and 800 nm for MO and
400 to 800 nm for MG to determine the concentration of
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the dye. The maxima at 631 and 468 nm were chosen to
calculate the decolorization ofMG andMO dye, respec-
tively (Fig. 1). The reaction rate constant (K) was then
estimated assuming first-order kinetics using the follow-
ing equation: ln(C/C0) = − Kt, where C0 is the initial
concentration of the dye after the chemisorption,C is the
concentration at time t, and K is the reaction rate
constant.

Results and discussion

Structural analysis

Figure 2a shows the recorded diffraction patterns of the
prepared nanostructures of pure and Cs-doped (1 to
10 wt%) PbI2. The diffraction pattern sharpness con-
firms that the fabricated nanostructures possess good
crystallinity. For the confirmation of single phase and
its purity, crystalline structure, calculations of lattice
parameters, and presence of doping, the recorded dif-
fraction data was used as input in CHECKCELL soft-
ware. The calculated cell parameters of pure and Cs-
doped PbI2 are given in Table 1 and confirm that the
prepared nanostructures are of high purity, single phase
with hexagonal structure of space group P-3 m1, and
found in great agreement with the earlier report (JCPDS-
07-0235). After the close analysis of diffraction patters,
there is no extra diffraction peak that was observed due
to PbOHI and Pb(OH)2 impurities which further con-
firms its high purity. However, some peaks mainly in
angular range from 20 to 35° with minute shifts with
higher doping are present due to yellow orthorhombic

phase of CsPbI3 in all the doped structures (JCPDS-74-
1970). From this, it may also be concluded that by
higher concentration of Cs doping in PbI2, the non-
perovskite phase is also formed (Eperon et al. 2015;
Luo et al. 2016). From the indexed diffraction patterns,
it is clear that the prepared nanostructures are of 2H-
polytype of PbI2 predominantly. The variation of lattice
parameters such as a, c, and V are shown in Fig. 2b.
From the figure, it can be concluded that Cs has a strong
effect on the lattice of PbI2. The value of a and V is
found to be increased up to 7 wt% Cs doping; however,
at 10 wt% Cs doping, it reduces but still higher than
pure, 1 and 3 wt% Cs doped PbI2.

Moreover, on comparing the predominant peak in the
diffraction patterns (Fig. 2c), a clear slight shift in peak
positions towards the lower as well as higher angles was
observed which suggest Cs doping in the PbI2 matrix.
Furthermore, the crystallite size of the fabricated pure
and Cs-doped PbI2 nanostructures was estimated by
using the well-known Scherer’s formula: D ¼ kλ

βcosθ ;

where k = 0.9 and D, λ, and β are known as average
crystallite size, X-ray wavelength (0.1543 nm), and full
width at half maximum in radian, respectively. For all
the prepared nanostructures, the determined values of
crystallite size are presented in Table 1. Values of strain
(ε) and dislocation density (δ) were also calculated
(given Table 1) from the following relations:

ε ¼ β�cosθ
4 ; δ ¼ 15ε

a�D. No systematic variation in crystal-
lite size, strain, and dislocation was observed with dop-
ing. The value of crystallite size was found to be in the
range of 46–64 nm. The value of crystallite size is found
to be decreased with Cs doping. Similarly, results were
observed in Cs-doped SnO2 (Kaviyarasu et al. 2012a).

Fig. 1 The UV-Vis spectra of MG (left panel) and MO (right panel) during real photocatalytic reactions catalyzed by CsPbI2

328 Page 4 of 17 J Nanopart Res (2017) 19: 328



The decrease in crystallite size may be due to the small
grain growth of Cs-doped PbI2 nanorods and nanosheets
as compared to pure PbI2. This may also be due to the
different size of radii of the dopant in comparison to the
parent matrix which affects the strain or stress field that
disturbs the process of grain growth.

EDAXS and SEM analyses

To study the effect of dye doping on the morphology of
nanostructures as well as to know the presence of dopant
and elemental composition, the synthesized powders
were subjected to SEM/EDAXS analysis. Figure 3a
(a–e) shows the recorded EDAXS patterns of pure and
Cs-doped PbI2 nanostructure. From Fig. 3a (b–e), it is
clear that Cs ions are present in the synthesized PbI2
nanostructures. The % of Cs was found to be ~ 0.40,
0.90, 1.4, 1.8, and 2.1, respectively. Further, the SEM
micrographs of pure and (1, 3, 5, 7, and 10%) Cs-doped

PbI2 nanostructures synthesized by hydrothermal tech-
nique under the similar conditions were captured at
different places of each specimen and are shown in
Figs. 3b and 4. From Fig. 2a, b, it is clear that the
synthesized nanostructures are of well-aligned nanorods
and the morphology has not been much affected by
1 wt% Cs doping. In 3 wt% Cs-doped nanostructures
(Fig. 3b (c)), the few nanosheets appear with a large
number of nanorods. However, fromFig. 4a, b, it is clear
that the synthesized nanostructures are only nanosheets
at higher concentrations, i.e., 5, 7, and 10 wt%. The
density of nanosheets is more at 5 and 7 wt% Cs doping
(Fig. 4); however, at 10% Cs doping (Fig. 4c), the
nanosheets become low dens and cover large area. This
means that higher-concentration Cs doping has a strong
effect on the morphology of PbI2.

The average diameter of the fabricated nanorods is
within the range of ~ 100 nm with few micrometer
length for pure to 3% Cs and the average thicknesses

Fig. 2 a Powder X-ray diffractions pattern. b Variation of lattice parameters c Close view of main diffraction peak
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of nanosheets may be in the range of ~ 20–40 nm with
few microns of length at higher concentration of Cs
doping with well-defined morphology. The size of the
nanorods is found to be minutely decreased with Cs
doping and evolving to nanosheets at higher-
concentration doping. The morphological evolution
from nanorods to nanosheets may possibly be due to
the fact that the Cs ions could disturb the PbI2 crystal
lattice and obstruct the growth process; however, no
secondary phase was observed on the surface of the
sheets. The formation of nanorods is well documented
using different techniques (Barnakov et al. 2001;
Kaviyarasu et al. 2012b; Shkir et al. 2016a; Zhu et al.
2007a); however, very recently, the nanosheets were
synthesized by our group in presence of Gd3+ doping
in PbI2 (Shkir et al. 2017; Shkir et al. 2016b). These
results show that the higher concentration of Cs doping
has strong effect on the morphology of PbI2
nanostructures.

FT-Raman analysis

Figure 5 shows the recorded FT-Raman spectra for
single crystal grown by gel method (Henisch 1996) as
well as hydrothermally prepared pure and Cs-doped
PbI2 nanostructures. The Raman spectra of pure and
Cs-doped PbI2 nanostructures confirm the high purity
of the prepared systemwhich is in good correlation with
X-ray diffraction analysis. The intensity of Raman peaks
is found to be enhanced at 3 wt% Cs doping concentra-
tions which is a mixture of nanorods and nanosheets;
however, at other concentrations, it was found to be
continuously reduced. The reduction of intensity at
higher concentration clearly indicates the reduction in
crystallinity of the prepared nanostructures which is also
confirmed by the low crystallite size determined by X-

ray diffraction study. However, the intensity of Raman
peaks is quite good to have an idea about the crystallin-
ity of the prepared nanostructures. As clear from the
figure that the Raman spectrum have visible and strong
Raman bands at ~ 75, 100,115, 170, and 220 cm−1 in
pure; at 75, 100, 115, 171, and 218 cm−1 in 1 wt% Cs; at
75, 100, 115, 171, and 218 cm−1in 3 wt% Cs; at 75, 100,
114, 172, and 220 cm−1 in 5 wt% Cs; at 75, 100, 115,
170, and 221 cm−1 in 7 wt% Cs; and at 76, 100, 115,
171, and 219 cm−1 in 10 wt% Cs. The other bands are
also present in all the recorded spectra with low intensity
and peak broadness. Our results were compared with the
reported bands for bulk 2H–PbI2 and 4H–PbI2 polytype
crystals and nanoparticles (Kasi et al. 2007; Khilji et al.
1982; Sears et al. 1979; Sengupta et al. 2000), which
were attributed as vibration modes of E2

1, A1
1, A1

2,
2E2

1, and 2E1
1, respectively (Baltog et al. 2009; Sears

et al. 1979; Sengupta et al. 2000). The more detail on
Raman study on bulk PbI2 crystal with six polytypes can
be seen somewhere else (Sears et al. 1979). Raman
bands predominantly for 2H–PbI2 polytypes along with
few bands of 4H–PbI2 polytypes were observed which
is in good correlation with our X-ray diffraction study.
The vibration bands in grown single crystal are observed
at ~ 80.91, 104.05, 118.5, 176.1, and 223.6 cm−1 (see
inset of Fig. 5). Hence, the clear shifting in the Raman
bands are observed between crystals and nanostructures
fabricated in the present work. The clear shifting in the
Raman bands towards the lower wavenumber is ob-
served for the synthesized nanorods as well as nano-
sheets in comparison of bulk crystals which may be
accredited to relaxed binding in synthesized nanostruc-
tures due to their larger surface-to-volume ratio. Such
shifting in the vibrational bands was also observed in the
previous report on nanoparticles, nanocrystals, and
nanorods (Kasi et al. 2007). It is clear from Raman

Table 1 Lattice parameters of pure and Cs-doped PbI2 nanorods and nanosheets refined by POWDERX software

Sample a = b (Å) C (Å) V (Å)3 D (nm) ε × 10−4 δ × 10−4 (nm−2)

JCPDS#7–0235 4.557 6.979 125.511 – – –

P 4.557 6.993 125.751 63.73025 3.05095 5.902

1 wt% Cs 4.559 6.988 125.782 57.28638 3.04717 6.645

3 wt% Cs 4.562 6.980 125.776 57.05917 3.29588 6.211

5 wt% Cs 4.563 6.981 125.890 56.27597 3.85515 6.624

7 wt% Cs 4.565 6.982 126.030 52.43670 4.10971 6.879

10 wt% Cs 4.560 6.991 125.892 46.54233 5.00420 7.654
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spectra that the fabricated nanostructures are highly
crystalline in nature. It may be mentioned here that
one may expect the additional peaks in the Raman
spectra due to another phase as mentioned in the XRD
section. However, due to the dominant nature of main
phase formation of PbI2, no additional peaks were de-
tected in the fabricated doped nanostructures (Shkir
et al. 2016b) except a shift in the peak position.

Optical band gap analysis

Figure 6a shows the recorded absorbance spectra for pure
and Cs-doped nanostructures. The absorbance spectra
were recorded for colloidal solutions prepared inmethanol
as solvent. For calculating the energy gap, the Tauc’s
relation was used and the Tauc’s plot is shown in Fig. 6b.
Further, to obtain the energygap from theTauc’s plot, one-
line straight line has been extrapolated to curve (αhν)2 vs.

hν, to the point of intersection where (αhν)2 = 0 with
energy axis, and hν and α are known to be photon energy
and absorption coefficient. The absorption coefficient α
was calculated from the very well-known Beer–Lambert
relation,α = 2.303A/R,whereA isUV-Visabsorbanceand
R is the path length of the used quartz cuvette (10 mm) in
this measurement. The optical band gap for pure and Cs-
doped nanostructures is found to be in the range of 3.287–
3.427 eV. The calculated band gap is found to be remark-
ablyenhancedfor thepreparednanostructurescomparedto
the bulk value of PbI2, i.e., 2.27 eV (Zhu et al. 2007b). The
enhancement in thevalueofbandgapmaybedue to theCs
doping as well as quantum confinement effect. It is also in
correlation with crystallite size which is found to be re-
duced with doping. In previous reports, the value of the
band gap of PbI2 nanostructures is reported to be 2.85 eV
(Kaviyarasu et al. 2012b) and 3.84 eV (Chakrabarty et al.
2014). However, previously reported values of band gap

Fig. 3 a EDS patterns of (a) pure and (b) 1 wt%, (c) 3 wt%, (d) 5 wt%, (e) 7 wt%, and (f) 10 wt% Cs doped and b SEMmicrographs of (a)
pure and (b) 1 wt% and (c) 3 wt% Cs-doped PbI2 nanorods
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calculated from diffused reflectance also have differences
and are comparable as both techniques are fully different.
TheresultsobtainedinUV-Visstudyaremoreexpectedfor
pureaswell asdopedPbI2nanostructures than inDRstudy
(Kaviyarasu et al., 2012a, Chakrabarty et al., 2014). From
these studies, we conclude that the UV-Visible techniques
is better for semiconductor nanostructuredmaterials espe-
ciallyforPbI2asbydoping, it isnoteasytochangethecolor
of it as it is a deep yellowmaterial andwill not give proper
results in DR analysis which gives the same reflected data
from the surface (i.e., DR technique is for color change
material measurement). It can also be considered for
our previous articles on doped PbI2 in which we have
provided DR analysis as the results may be different
when we go to study them by UV-Vis data (Shkir
et al., 2016a, Shkir et al., 2017).

Dielectric and electrical analysis

The dielectric measurement on pure and Cs-doped PbI2
nanostructures synthesized by hydrothermal technique
has been carried out in the high frequency range, i.e.,
3 kHz to 10 MHz at 300 K. Figure 7a, b shows the plots
of variation of dielectric constant, ε1 ¼ C�l

ε0�A, (where ε0
is the permittivity of space, A is the area of electrode, C
is capacitance, and l is thickness of the prepared pallets)
and dielectric loss, ε2 = tanδ × ε1, (where tanδ is loss
tangent) vs. frequency. From Fig. 7a, it is clear that the
ε1 values are higher in the lower-frequency range and
become almost constant at larger frequencies. The be-
havior of dielectric constant in the low frequency range
is due to all four charges such as electronic, ionic,
dipolar, and space charge polarizations because they

Fig. 4 SEM micrographs of bundles a 5 wt%, b 7 wt%, and c 10 wt% Cs-doped PbI2 nanosheets

328 Page 8 of 17 J Nanopart Res (2017) 19: 328



depend on the frequencies (Xue and Kitamura 2002).
The ε1value for pure and Cs-doped nanostructures is
observed to be lessened with frequency and turn out to
be nearly stable between 1 and 6 MHz, which depends
on the fact that the electric field dipole does not follow
the alternating field beyond a certain frequency (Batra
et al. 2005; Hill 1969; Shakir et al. 2010; 2009a; 2009c).
The value of ε1of the fabricated nanostructures of pure
as well as Cs-doped PbI2 is found to be higher compared
to bulk PbI2 single crystal at 293 K (Dugan and Henisch
1967; Glasser et al. 1967; Hassan et al. 2010). It can be
seen that the value of ε1 is found to be reduced by Cs
doping which may be due to interfacial charge transfer.
Similar type of results was reported previously on Nd-

and Sm-doped TiO2 and Cs-doped SnO2 as well
(Gafoor et al. 2013; Gafoor et al. 2011; Kaviyarasu
et al. 2012a). Decrease of the ε1 value with Cs substitu-
tion in the lower frequency range is observed due to the
smaller grain size that has different polarization mecha-
nism. In the present work, Cs doping may be increasing
the grain boundaries on PbI2 that cause the reduction in
polarization and hence the values of ε1 (Gafoor et al.
2013; Koops 1951). The decrease in the value of dielec-
tric constant of Cs-doped PbI2 nanostructures validates
that the fabricated nanostructures will have low electri-
cal power consumption which is a critical factor in
fabricating and designing the photonics, microelectron-
ics, broad band electro-optic modulators, field detectors,

Fig. 6 a UV-Vis spectra and b energy band gap determination plot

Fig. 5 FT-Raman spectra of pure
and Cs-doped PbI2 nanostructures
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and THz wave generators (Anis et al. 2016;
Shanmugam et al. 2013). The dielectric loss was also
found to have similar behavior as dielectric constant and
dependent on the frequency as shown in Fig. 7b. Fur-
ther, the total alternatingcurrent conductivity (σac . tot.)was
determined by the following relation: σac:tot: ¼ l

Z�A : For
the determination of conductivity mechanism, we have
applied the well-known Jonscher law: σac = σdc + Bωs,
whereσdc is the direct current conductivity,B is a constant,
ω is angular frequency,ands isanexponent.Thecalculated
ac conductivity (σac . tot.) plot of variationwith frequency
for all the synthesized nanostructures has been shown in
Fig. 7c. It is clear from the figure that the σac is found to
increase with increase of the frequency and obeys the
universal frequency power law behavior. However, the
(σac)was found tobedecreasedwith additionofCsdopant
inPbI2matrix.Thevalueof swas also calculated for all the
specimens from the slope of lnσac vs . lnω and found to be

1.049, 1.071, 1.122, 1.054, 1.066, and1.110with standard
error0.109,0.160,0.248,0.135, 0.152, and0.080 forpure,
1wt%Cs,3wt%Cs,5wt%Cs,7wt%Cs, and10wt%Cs-
doped PbI2 nanostructures, respectively. However, the
values of s calculated from the linear part of the curve for
all the nanostructures are as follows: 1.014, 1.010, 1.019,
1.006, 1.007, and 1.085 with standard error 0.0594,
0.0591, 0.0594, 0.0590, and 0.093 for pure, 1 wt% Cs,
3 wt% Cs, 5 wt% Cs, 7 wt% Cs, and 10 wt% Cs-doped
PbI2.ThevariationinthevalueofswithCsconcentrationis
shown inFig. 7d. Its values are frequencydependent and it
is about 1.Generally, the value of s is reported between0.6
and 1 for ionic conducting materials (Lee et al. 1991) and
the theoretical limit of it is about 1. The n value has a
physical significance or explanation that if n ≤ 1 then the
hopping motion involves a translation motion with a sud-
denhoppingwhereas ifn ≥ 1, thehoppingmotion involves
localized hopping. As clear from the present study, the

Fig. 7 Plots of variation of a dielectric constant and b dielectric loss and c ac conductivity as a function of frequencies and d frequency
exponent with Cs concentration
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value of s is about 1when calculated from the linear part of
the curve for all the prepared nanostructures. The case of
s > 1 was also observed and reported previously in some
crystalline compositions, semiconductors, and glasses l
(Chen et al. 2000; El-Mallah 2012; El-Mallah and Hegab
2007; Le Stanguennec and Elliott 1994).

Photon linear attenuation coefficient study

The nanostructurization of high atomic number (Z) ma-
terials are the key for medical radiology, high resolution,
and real-time radiation detectors (Nambiar et al. 2015;
Nambiar and Yeow 2012; Retif et al. 2015). It is well

known that the unwanted exposures to ionizing radia-
tion or high energy can be hazardous to human health
(Bushberg and Boone 2011; Nambiar and Yeow 2012).
The linear absorption or attenuation coefficients help to
understand how the interaction of Gamma photon takes
place with materials. PbI2 contains lead which has high
density and atomic number and absorbs much higher
fraction of gamma radiation than the aluminum and steel
of the same thickness. As PbI2 is already a well-known
radiation detector, the authors believe that by adding
another metal as dopants will increase the radiation
ability of these materials and hence chose these mate-
rials for radiation measurement. Therefore, it is

Fig. 8 Plots of variation of a linear attenuation coefficient, b half value layer, c tenth value layer, and dmean free path vs. Cs concentrations

Fig. 9 a The photocatalytic decolorization ofMG in the presence of PbI2 compared with other commercially available photocatalysts and b
the first-order rate constant of the corresponding decolorization profiles
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important to study the gamma radiation absorption
properties of PbI2 for applications in science, technolo-
gy, agriculture, and human health (Zentai et al. 2005). In
the present work, we have measured the absorption
properties of the fabricated nanostructures of pure and
Cs-doped PbI2 using a single AM-241 [(Io)avg. = 68,774
(59.5 keV)] radiation source at room temperature (the
pallets of same thicknesses were prepared). For calcu-
lating the linear attenuation coefficient, the fundamental
law of Gamma-ray attenuation has been used and the
expression is given as follows: I ¼ Iοe−μlx, where Iο is
the intensity of radiation counted during a certain time
duration without any absorber, I is the intensity counted
during the same time with a thickness x of absorber
(pure and Cs doped PbI2 samples) between the source
of radiation and the detector, and μlis the linear attenu-
ation coefficient. The plots of variation of μl values vs.
Cs concentrations have been shown in Fig. 8a. It is clear
from the figure that the value of μl has been enhanced
from 10.956 for pure PbI2 to 13.612 for 10 wt% Cs-
doped PbI2; however, at higher concentration, it be-
comes steady. This value is very high and also

comparable with other studied materials (Burger et al.
2002; Hubbell 1982) and confirms that PbI2 is highly
applicable as a room temperature radiation detector.
Further, there are other important parameters such as
half value layer (HVL) of half-value thickness x1/2, tenth
value layer (TVL) (x1/10), and mean free path (t) known
as the average distance to travel in the absorber by
Gamma ray before interacting. The x1/2 is known as
the thickness of absorber which needs to reduce the
intensity of a incident photon beam to one-half of its
initial value; it can be calculated from the following

procedure [43]: I
Iο
¼ e

−μlx I
Iο , by solving the above equa-

tion, x1/2 will be as x1=2 ¼ ln2
μl
: The calculated value of

x1/2vs. Cs concentrations is shown in Fig. 8b, and it is
clear that the value of half value layer is decreasing with
Cs doping. In the same way, the tenth-value layer x1/10
will be as x1=10 ¼ ln10

μl
. The determined values of x1/10 is

found to be decreased with Cs concentrations as shown
in Fig. 8c. The value of mean free path was also calcu-
lated by t = 1/μl, and the plots of variation of t with Cs
concentration is shown in Fig. 8d.

Fig. 10 a The decolorization profiles of MG dye catalyzed by the
different prepared samples of Cs-doped PbI2 and b the correspond-
ing first-order rate constants. c The decolorization profiles of MO

dye over Cs-PbI2 samples and d the corresponding first-order rate
constants of the investigated catalysts
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Photocatalytic activity

Three batches of photocatalytic experiments were carried
out; in the first batch, thephotocatalyticperformanceof the
preparedPbI2wascomparedwith that of thecommercially
available photocatalysts such as TiO2 (P25), ZnO, and
WO3. The photocatalytic performance of the four samples
is presented in Fig. 9a, b. It is clearly seen that PbI2 is the
most activematerial under the illuminationof425nm.The
observed reaction rate is almost ten times higher than the
other commercially available photocatalysts studied in
current work for comparison. TiO2 and ZnO do not have
an excitation bands in the visible light, so the observed
results were expected. Surprisingly, WO3 did not show a
photocatalytic performance althoughWO3 has an adsorp-
tion band in the illumination area; the reason for such
behavior needs further investigations.

In the second batch, the photocatalytic performance
of the PbI2 was compared to that of Cs-doped PbI2
(Fig. 10a–d). From the obtained results, the samples
with a lower loading of Cs (1 and 3 wt%) and that with
a higher loading (10 wt%) do not seem to have any
positive effect on the photocatalytic activity of PbI2, and
the photocatalytic activity of PbI2 was found to be
decreased with the above-mentioned Cs loading. Such
reduction in photocatalytic activity was also observed
for Cr- and Mo-doped TiO2 which are known to be
efficient photocatalysts even at their higher doping con-
centrations (Rauf et al. 2011; Wilke and Breuer 1999).
However, at 5 and 7 wt% Cs loading in PbI2 shows a
very strong photocatalytic activity under the visible light
illumination compared to other. The samples with 5 and
7 wt% Cs loading showed 15–20 wt% higher photocat-
alytic activity than the pure PbI2. Such enhancement in
photocatalytic activity may be due to more compact
nanostructures in the form of rough bundles of nano-
sheets with high surface area compared to nanorods of
PbI2 compared to other which can be seen in SEM.

Conclusions

Pure and Cs-doped PbI2 nanostructures have been
fabricated successfully by hydrothermal route at low
temperature with good quality and well-defined mor-
phology. The structural and vibrational studies au-
thenticate the production of a 2H–PbI2 polytypic with
hexagonal structure. The clear shift in the Raman
bands was observed towards lower wavenumber with

respect to bulk values which may be attributed to
extra stress-free binding due to their larger surface-
to-volume ratio. The pure and 1 and 3 wt% Cs-doped
fabricated nanostructures are nanorods of average
diameter about ~ 100 nm with length of few microns;
however, at higher concentration doping of Cs, the
fabricated nanostructures are found to be nanosheets
of average thickness in the range of ~ 20–40 nm and
size of few microns with well defined morphology as
confirmed by SEM. Different morphologies for ZnO
and PbS were also reported via polymeric complex
prepared via sol-gel and hydrothermal process
(Farhadi-Khouzani et al. 2012; Mohammadikish
et al. 2015). The optical band gap for pure and Cs-
doped nanostructures is found to be in the range of
3.287–3.427 eV, which is higher than the bulk value
(i.e., 2.27 eV). Such enhancement in the value of
band gap may be due to Cs doping as well as quan-
tum confinement effect. The high band gap of the
pure and Cs-doped PbI2 suggests its applications in
optoelectronic devices which can be utilized at higher
voltages, frequency, and temperature than usual
semiconductor materials. This may allow us for an
extra influential electrical system to be manufactured
with low cost and high energy efficiency (Casady and
Johnson 1996; Chow and Tyagi 1994; Feng et al.
2004; Kirschman 1999; Periyasamy et al. 2007;
Shakir et al. 2009b;2012a; 2014; Vavilov 1994;
Vogel et al. 1994). Relative permittivity, dielectric
loss, and ac conductivity are found to be varied with
increasing the frequency and gradually decrease with
Cs doping. The enhancement in the values of Gamma
linear absorption coefficient is observed with Cs
doping. High photocatalytic response under the illu-
mination of visible light was observed for 5 and
7 wt% Cs-doped PbI2, and the recorded activity is
ten times larger compared to commercially available
photocatalysts. All the results suggest that the fabri-
cated nanostructures can be suitable in various opto-
electronic device applications.
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