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A B S T R A C T

The different concentrations of 0.0, 1.0, 2.5 and 5.0 wt% Cu-doped ZnO (Cu@ZnO) nanoparticles (NPs) have
been synthesized for opto-photocatalytic applications by a facile and cost-effective route. The formation and
structural analyses of Cu@ZnO NPs was recognized by X-ray diffraction (XRD), Fourier transform (FT)-Raman
and Transmission electron microscopy (TEM). The average crystallite size of 28.9, 27.4 and 26.4 nm was cal-
culated for (101) intense peak and found to be decreased with increasing the contents of Cu. The residual
microstrain values are noted ~3.84 × 10−3, 4.03 × 10−3 and 4.19 × 10−3. The particle size of 170, 109, 127
and 175 nm is obtained for undoped and Cu doped ZnO NPs from FESEM. The optical band gap of Cu@ ZnO NPs
were estimated through Kubelka-Munk theory and noted ~3.225, 3.150, 3.100 and 2.995 eV for 0.0, 1.0, 2.5 and
5.0 wt% Cu@ZnO NPs; this shows decreases with increasing the Cu contests in ZnO lattice. Photoluminescence
(PL) spectra of Cu@ZnO NPs shows near band edge emission at 407–411 nm with emission band 565-572 nm
correspond to intrinsic defects in ZnO lattice. The photocatalytic performance of Cu@ZnO NPs was assessed
through decolourizing of methyl green beneath the visible light illumination (λ = 425–460 nm). Photocatalytic
action of Cu@ZnO samples was 3.5 times greater to neat ZnO. Photocatalytic properties of Cu@ZnO NPs can be
used for water purification in environmental applications.

1. Introduction

After manufacturing, the several products in the industries, the
contaminated water from chemical industries poured in-to the rivers.
This contaminated wastewater contains several chemical elements
which can create environmental problems. The synthetic dye, organic
and mineral elements originated from the agricultural, urban and in-
dustrial resources, in which chemical dye which is the most dangerous
pollutant originates in the textile industries [1–4]. In order to preserve
and improve the water quality for drinking and several other purposes,
many industries contain the water purification plants to remove the
contamination from the wastewater at the low cast for benefits of en-
vironments [5–7]. Many treatments (recycling process) are being em-
ployed in the industries for purification of contaminated water. One of
the common and easy technique is heterogeneous photocatalysis. The
heterogeneous photocatalytic is a talented alternative for the treatment

of organic contaminants in water [8,9].
The higher surface area/defects are main physical parameters to

decide the photocatalytic action of oxides. The transition metal oxides
are being used as catalysts in the current photo-degradation process.
The transition metal doping in oxides increases the defect in the crystal
and tunes the optical band by altering an absorbance to longer wave-
length [10]. Among these oxides, zinc oxide (ZnO) is a promising ma-
terial for photocatalytic application [11,12] and its band gap is ~3.4 eV
[13,14]. Due to higher surface activity, high crystallinity and micro-
structural features of ZnO NPs are considered for the degradation of
organic pollutants as the catalyst [15]. The ZnO is known as endowed
semiconductor because of its stability in the environment, cost-effective
in comparison to other nanosize oxides and possess the higher surface
area which exhibits the better photocatalytic activity. ZnO is highly
effective in UV-light irradiation and possess very low efficiency when
irradiated to visible region.
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When the zinc oxide material is illuminated with a wavelength of
light, the hydroxyl radicals are generated by valence band of positive
potential at the surface of ZnO and the negative potential of conduction
band that used to reduce the molecular O2 at or near the surface of ZnO.
The hydroxyl radicals (OH−) is an influential oxidizer and molecular
oxygen O2 combined with organic pollutant at/near ZnO NPs surface to
degrading it [16–24]. Though the efficacy of photocatalyst is low, that
is instigated through a high recombination rate of charge carrier during
photocatalytic reaction [25]. The several metals, non- metals and noble
metals, are being used to improve the efficiency of photocatalytic ac-
tivity of ZnO [20,26–28]. ZnO with metal ions addition possess out-
standing catalytic action towards impurities owing to their enhanced
optical characteristics [29].

The photocatalytic activity of ZnO NPs doped with different metals
has been investigated by many researchers. The photocatalytic activity
of Tb and Sr doped ZnO NPs was investigated by Shkir et al. [30,31].
The pristine ZnO nanoparticles synthesized by flash combustion
synthesis method for photocatalytic application, according to Shkir
et al. [32]. Chandekar et al. prepared the La-doped ZnO NPs by flash
combustion route for photocatalytic application [33].

The photocatalytic efficiency has been improved by doping the
metals such as Cu, Fe, Bi and Mn [34–37]. The metals normally in-
troduced the localized states in the band gap between VB and CB. These
localized positions in energy gap trap the photogenerated carriers and
reduce the recombination rate, which enhances the efficiency of pho-
tocatalytic activity [20,27,28].

To improve the photocatalytic efficiency, Cu is selected as dopant
material in ZnO because (i) it has prominent luminescent activators by
creating the localized trapping levels in the band gap to reduce the
recombination of photogenerated charged carriers [38], (ii) Cu has
physical and chemical properties similar to Zn, microstructure features
(shape and size of particles) [39], and (iii) change in absorbance wa-
velength on the longer side with decreasing optical ban gap [40] of ZnO
can be changed by doping of Cu. Due to this prominent properties of Cu,
Cu is considered as doping elements for photocatalytic activity [28].
The diffusion of Cu in ZnO lattice structure causes various defects such
as substitutional or interstitial defects and creating structural de-
formation and formation of the various center like (CuZn, Cui) [41,42].

The Cu doped ZnO NPs are prepared by physical and chemical
synthesis routes in order to control the optical band gap of ZnO by
introducing the Cu as a dopant for improvement in photocatalytic ef-
ficiency. The chemical routes as sol-gel [16,43], co-precipitation
[44–46] and hydrothermal methods [47,48] are used to Cu:ZnO NPs for
photocatalytic activity. Cu@ZnO NPs with particle size 40 nm has been
prepared combustion method, according to Reddy et al. [49] exhibited
the red shift in wavelength and decreasing band gap with the contents
of Cu.

In the present article, we prepared the different concentration (0.0,
1.0, 2.5 and 5.0 wt%) doped Cu@ ZnO nanoparticles by flash com-
bustion method and executed the several material characterizations to
study the microstructure features of Cu@ZnO NPs for photocatalytic
application.

2. Experiential

2.1. Material and synthesis method

Sigma Aldrich supplied Zn(NO3)2.6H2O, C6H8O7 and cupric nitrate
(Cu(NO3)2) pentahydrate were used as procured. Flash combustion
route is employed to prepare the aimed materials. In a simple experi-
ment: 0.5 g of Zn(NO3)2.6H2O and 0.5 g C6H8O7 mixed in 4 different
porcelain crucibles through grinding. One out of 4 was treated as pure
and in other 3 the calculated amount of Cu(NO3)2 as 1.0, 2.5 and 5.0 wt
% was mixed as a source of Cu through proper grinding. The materials
crucibles were inserted inside a highly stable furnace which has been
operated at 550 °C for 3 h duration. The furnace was switched off for

cooling in a natural way over whole night. All prepared powders were
collected from crucibles and noticed that the colour of Cu@ZnO pow-
ders was dark compare to pure, which indicates the Cu doping. No
further grinding of the final products was needed for any measurement
as theses were like foam materials.

2.2. Characterization tools

Structural analysis of Cu@ZnO samples was investigated by X-ray
diffractometer (PXRD) (Shimadzu X-600, Japan) scanned recorded at
20–70° at CuK radiation (λ = 1.54056 Å). FT-Raman spectrometer
(Thermo Scientific DXR; λ = 532 nm; power 5 mw) with resolution
5.1–8.3 cm−1 was used to determine vibrational spectra of as-prepared
samples.

Surface morphology of particles of pure and Cu@ZnO NPs was ex-
amined with a FE-SEM (JSM 7600F, JEOL, Japan) and the energy dis-
persive spectrometer (EDS) (JEOL, Japan) was used to investigate the
chemical elements the samples. The particle size and shape with se-
lected area electron diffraction (SAED) pattern of Cu@ZnO NPs were
examined by transmission electron microscopy (TEM) (Model: JEOL/
JEM 2100, Resolution: 0.23 nm, Lattice: 0.14 nm). The SAED pattern
was employed to determine the microstructure features of all samples.

Photoluminescence (PL) spectra of samples were recorded with
excitation wavelength (325 nm) at room temperature by spectro-
fluorometer (Fluoromax-4, Horiba).

To recognize the photocatalysis performance of Cu@ZnO samples
methylene green (MG) dye degradation was studied under visible light
(425–460 nm, 18 W, Phillips) illumination. The filtration of residues
was carried out for all samples through Millipore size membranes after
taken out the samples from the reaction chamber on an equal interval of
time. In last, the dye decolourization was visible from solution colours
which were investigated by UV–Vis spectrophotometer (shown in Fig. 1
below) to know the exact degraded dye content. The diffused re-
flectance (DR) spectra were used to obtain the optical band gap Cu@
ZnO samples using a Shimadzu UV–visible spectrophotometer.

3. Results and discussion

3.1. Structural investigation

XRD patterns of Cu@ZnO NPs are exhibited in Fig. 2(A). Higher
intensity peak is attributed to (101) along with other intensity peaks at
(100), (002), (102), (110), (103), (200), (112) and (201) for all
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Fig. 1. UV–vis spectra of methylene green dye during the decolourization re-
action catalyzed by Cu@ZnO.
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samples. All indexed peaks of XRD spectra of all Cu@ZnO sample cor-
respond to hexagonal wurtzite structure of ZnO of with P63mc (186)
space group (JCPDS #75-0576). The indexed peaks at (100) and (002)
of XRD pattern of Cu@ZnO sample are attributed to a and c the axis of a
hexagonal crystal structure. The intensity of XRD pattern of Cu@ZnO is
not noticeably changed with increasing Cu contents, and it designates
that crystallinity of sample is reserved. XRD pattern of Cu@ZnO is fitted
with Gaussian function, and the diffraction angle corresponds to (100),
(002) and (101) peaks are tabulated in Table 1. The most intense peak
(101) of undoped ZnO is observed at the diffraction angle 2θ = 36.36°
from XRD pattern. The index peaks of XRD spectra of Cu@ZnO is
shifted to higher angle side of 2θ with increasing the concentration of
Zn compared to undoped XRD pattern of ZnO. The shifting of diffrac-
tion angle on the higher angle side with increasing concentration of Cu
was also reported in the literature [39,50,51] (Fig. 2(B)). It might be
owing to Cu substitution with Zn since the ionic radii of Cu2+ (0.73 Å)
are compatible with ionic radii Zn2+ (0.74 Å). The electronegativity of
metals Cu and Zn plays an important role to decide the reactivity of Cu
in ZnO crystal. It is well known that the reactivity of an element de-
creases with increasing their electronegativity. The electronegativity of
Zn2+ (1.65, Pauling) is less that of Cu2+ (1.9, Pauling) which revealed
that Zn is more chemically reactive element than Cu. The small value of
electronegativity of Zn atom means that it has low value of ionization
energy, resulting easily loosing of electrons and becoming more re-
active. The inter-planar spacing (d-spacing) is slightly decreased with
Cu content in host ZnO lattice (Table 1). Since, the Zn is replaced by the
Cu in host lattice structure with increasing Cu content, the Cu gets
segregated and formed CuO at 5 wt%. The minor peaks corresponding
to CuO and Cu was observed at 5 wt% doped ZnO from Fig. 2A(d). A
peak at 2θ = 38.39° corresponds to CuO and considered as secondary
phase [45,52]. The formation of CuO is due to an unreacted Cu2+ ions
present in the solution. The absence of secondary phase of CuO and Cu
are observed from the XRD pattern below the 5.0 wt% of Cu. The
presence of Cu as secondary phase (segregated phase) with ZnO lattice

at 5.0 wt% doping of Cu was also reported by Muthukumaran et al. and
Lian et al. [45,53]. Hence, the doping concentration of Cu is limited up
to 5 wt%.

The average crystallite size of Cu@ZnO NPs was calculated from the
Scherrer relation D101 ==0.9λ/β101cosθ for intensity (101) where β101
is FWHM of the highest intensity peak (101) and reported in Table 1.
The average crystallite size was slightly enhanced at 1.0 wt% of Cu and
reduced on further addition of Cu in ZnO. It might be owing to sec-
ondary phase formation (Cu, CuO) at 2.5 and 5.0 wt%. The possibility
of formation of Cu (segregated phase) at 2.5 wt% cannot be ruled out.
The absence of such a very small intensity peak in XRD pattern for
2.5 wt% Cu is due to instrument limitations. The formation of sec-
ondary phase (Cu) during the synthesis process of samples reduces the
nucleation and growth rate, thereby reduction in crystallite size was
observed in the case of 2.5 and 5.0 wt% of Cu (Table 1). The reverse
trend was observed where FWHM rises with increasing Cu content. The
smaller crystallite size (26.4 nm) with wider FWHM (0.316°) at 5.0 wt%
of Cu and larger crystallite size (28.9 nm) with narrow FWHM (0.289°)
at 1.0 wt% of Cu are attributed to collective consequence of Cu2+ in-
corporation with Zn2+ site in ZnO host lattice with CuO phase estab-
lishment. The segregation of Cu and formation of CuO at higher con-
centration is more effective. The similar concentration (5.0 wt%) of Cu
in ZnO structure was reported in the literature [54,55].

The residual microstrain ε produced during the synthesis of Cu@
ZnO sample, which is estimated by the relation [56,57]: ε = β101cotθ/4
and reported in Table 1. This intrinsic microstrain is found to be in-
creased with increasing the concentration of Cu in host ZnO. The large
value of microstrain is observed at 5.0 wt% of Cu, which indicates the
smaller crystallite size (26.4 nm) of that sample. This indicates the more
grain boundaries presents in 5.0 wt% of Cu@ ZnO sample compared to
other samples. The more grain boundaries mean crystal disorder with
defects, interstitials and void. The grain boundaries developed the
larger potential barrier to prevent the migration of charge carriers and
the diffusion of Zn2+ from one grain to others, which restrict the

Fig. 2. (A) X-ray diffraction pattern of (a) undoped, (b) 1.0 wt%, (c) 2.5 wt%, and (d) 5.0 wt% Cu@ZnO samples and (B) XRD pattern of as-prepared samples in the
scanning range of 30–38° to investigate the shifting of diffracting angle towards right hand side on increasing Cu contents in ZnO lattice.

Table 1
Structural parameter of undoped and Cu doped ZnO samples.

Sample 2θ1
(°) at 100

2θ2
(°) at 002

a
(Å) at 100

c
(Å) at 002

c/a Δc/co
×10−3

d(100)
(Å)

d(002)
(Å)

d
(Å)

2θ
(°) at 101

β101
(°)

D101

(nm)
ε

×10−3

ZnO 31.87 34.54 3.239 5.190 1.602 −0.77 2.805 2.595 2.468 36.36 0.290 28.81 3.854
Cu:1.0 wt% 31.89 34.55 3.238 5.187 1.601 −1.34 2.804 2.593 2.467 36.37 0.289 28.90 3.841
Cu:2.5 wt% 31.99 34.65 3.228 5.173 1.602 −4.04 2.796 2.586 2.460 36.48 0.304 27.43 4.036
Cu:5.0 wt% 31.97 34.64 3.229 5.175 1.602 −3.65 2.797 2.587 2.461 36.46 0.316 26.43 4.191
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nucleation and growth of new nuclei and hence, the smaller crystallite
size was observed in case of 5.0 wt% of Cu@ ZnO NPs.

Using the Braggs law of diffraction (λ = 2d sinθ), the lattice para-
meters a and c along (100) and (002) plane of crystal structure are
estimated for Cu@ZnO by the relations =a λ θ/( 3 sin )1 and c = λ/
sinθ2 where, θ1 and θ2 are the diffraction angle corresponds to a peak at
(100) and (002) respectively.

= ⎡
⎣⎢

+ + + ⎛
⎝

⎞
⎠

⎤
⎦⎥

sin θ λ
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h hk k a
c

l
4
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( )2
1

2

2
2 2

2
2

(1)

= ⎡
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⎝
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⎤
⎦⎥

sin θ λ
a

h hk k a
c

l
4

4
3

( )2
2

2

2
2 2

2
2

(2)

It is observed from Table 1 that no systematic change in lattice
parameter a and c. But, the d-spacing and a and c are slightly decreased
at 5.0 wt% as compared to 1.0 wt% of Cu@ZnO sample. However, the
ratio c/a about 1.60 was maintained in all samples. The slightly change
in lattice parameters is due to the substituted Cu2+ (0.73 Å) which has
compatible ionic radii with Zn2+ (0.74 Å). The ratio of change in lattice
parameter Δc to lattice parameter co of bulk ZnO were evaluated by the
relation Δc/co = (c − co)/co from the XRD analysis and reported in
Table 1, resulting negative sign indicates it is compressive strain in all
samples. Moreover, the corresponding inter-planar spacing (d-spacing)
for (100), (002) and its resultant inter-planar spacing along (101) plane
were evaluated for Cu@ ZnO samples using the following Eqs. (3) and
(4) respectively and reported in Table 1.
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⎣⎢
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2 2
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3.2. Raman analysis

The vibrational spectra of Cu doped ZnO nanostructures at room
temperature are exhibited in Fig. 3(A). The Raman mode is represented
by T = A1(z) + 2B1 + E1(x,y) +2E2 where, x, y and z are directions of
polarization. The polar modes in the Raman scattering is represented by
the A1 and E1. These polar mode splits into the TO and LO modes due to
electric field associated with LO phonon [58]. Raman active and in-
active modes are represented by E2 and B1 respectively. The non-polar
active mode E2 is divided into two parts namely E2(H) and E2(L). The
mode E2(H) is allied with O atoms and is the characteristic of the
wurtzite phase, while E2(L) is attributed to the vibrational of Zn atoms

in sub-lattice of ZnO crystal structure [58].
A sharp peak at band 99–97 cm−1 in all samples is attributed to the

phonon mode E2(L). Raman shift is occurred at high intensity peak
around ~437 cm−1 corresponds to E2(H) mode for undoped ZnO and
becomes weaker and broader with the doping of Cu into ZnO, which
indicate the wurtzite phase of ZnO crystal structure is weakened by Cu
doping [59]. The mode E2(H) is observed at ~434, 428 and 427 cm−1

for 1.0, 2.5 and 5.0 wt% of Cu@ZnO NPs respectively (Fig. 3(B)). This is
due to formation of complex defects such as substitution of Zn by Cu
and/or interstitial Cu in ZnO host structure. The large broadening with
shifting towards lower wavenumber of a peak observed at 428 and
427 cm−1 for 2.5 and 5.0 wt% Cu respectively compared to the un-
doped ZnO and 1.0 wt% of Cu suggest the lattice distortion due to the
doping element.

The shift in the vibrational frequency of Raman spectra of Cu@ZnO
NPs was interpreted by alloy potential fluctuation (APF) through spatial
correlation model according to Samanta et al. [60]. High intensity peak
~437 cm−1 for undoped ZnO corresponds to asymmetry line towards
low frequencies (Fig. 3(B)) and it is observed in the literature reported
by Cuscó et al. [61]. Raman spectra of Cu@ZnO NPs exhibits the
phonon band at 331–323 cm−1 is associated with E2(H) − E2(L) sym-
metry with multi scattering of phonon (2LO) [30]. The peaks at
375 cm−1 and 410 cm−1 are assigned to A1(TO) and E1(TO) symmetry
in the Raman spectra of the sample. The phonon band 574–567 cm−1 is
observed in Raman of Cu@ZnO samples belong to A1(LO) symmetry. A
phonon mode observed at 584 cm−1 in undoped ZnO sample corre-
sponds to E1(LO) which suggest the migration of atoms from a to c sides
of hexagonal wurtzite phase [30]. A broad peak is observed at the
phonon band 659–635 cm−1 (2LO) is attributed to E2(L) + B1(H)
symmetry in Cu@ZnO NPs called as second order multi phonon
sprinkling [60]. Finally, a broad peak at 1153–1108 cm−1 is exhibited
in Raman spectra of sample belong to (2LO) mode [30] and the pro-
minent peak at band around 203–197 cm−1 in the Raman spectra of
Cu@ZnO was assigned to 2E2(L) [62,63].

3.3. FESEM with EDS analysis

Fig. 4(A) shows random shape of the particles of Cu@ZnO NPs. The
agglomerated images with non-uniform distribution of random shape/
size of Cu@ZnO particles are exhibited in Fig. 4(a–d) respectively. The
particle size of pure and Cu doped with 1.0, 2.5 and 5.0 wt% contents in
ZnO are obtained using the lognormal distribution function and showed
in the Fig. 3(B) respectively. Fig. 4(B) exhibits the particle sizes dis-
tribution range 90–270 nm, 50–150 nm, 90–230 nm and 110–290 nm
for pure and 1.0, 2.5, and 5.0 wt% of Cu respectively. The average

Fig. 3. (A) Combined FT-Raman spectra for pure and Cu@ZnO NPs and (B) individual FT-Raman spectra of (a) undoped, (b) 1.0 wt% Cu, (c) 2.5 wt% Cu, and (d)
5.0 wt% Cu@ZnO NPs.
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particle sizes 170 ± 1.6 nm, 109 ± 0.2 nm, 127 ± 3.3 nm and
185 ± 3 nm are obtained for pure, 1.0, 2.5, and 5.0 wt% of Cu doped
ZnO NPs respectively.

The small size particles have the high surface area (high surface to
volume ratio). Therefore, a greater number of atoms available on the
surface of the particle compared to inner atoms. These surface atoms
have free valence or more dandling bonds which make them to more
active for adsorption of other species or interacting with other neigh-
boring surface atoms resulting in formation of cluster of particles. The
particle size of Cu@ZnO sample was reduced as increase in Cu (1.0 wt
%) into ZnO lattice. It might be due to the segregation of secondary
particles (Cu) through formation of agglomeration of primary particles.

The lessening in size of 1.0 wt% Cu doped ZnO NPs compared to
undoped ZnO NPs is due to doping of Cu that creates the defects in ZnO
host lattice, which prevents the nucleation and reduce subsequent
growth of the particles. Therefore, the particle size of 1.0 wt% doped
ZnO NPs gets decreased related to undoped ZnO sample. Further, in-
creasing the doping of Cu (Cu > 1.0 wt%) into ZnO lattice, the particle
size was increased with increasing the Cu contents. As the doping of
Cu> 1.0 wt% into the ZnO lattice, a distortion produced around the
doping element Cu due to the lattice-mismatched among Zn and Cu
even the ionic radii of Cu (0.73 Å) is compatible with the Zn (0.74 Å).
The created distortion (microstrain) is low for 1.0 wt% of Cu@ZnO
sample. But the distortion was increased on further increasing the
doping concentration. The presence of interstitials and vacancies on
loading of Cu into the ZnO lattice increases the volume of lattice. Thus,
the average size of Cu@ZnO was increased with Cu contents.

The energy dispersive spectra of pure and 5.0 wt% Cu@ZnO sample
are exhibited in Fig. 5(A) and (B) respectively in which the chemical
composition with stoichiometry of chemical elements present in the
pure and doped sample. The energy dispersive spectrum of Fig. 4(A)
approved the presence of Zn and O in the pure ZnO sample, while the
Cu, Zn and O elements are present in the 5.0 wt% doped ZnO sample as
publicized in Fig. 5(B). Moreover, it confirmed Cu incorporation into
ZnO host lattice.

3.4. TEM analysis

The transmission electron microscopy (TEM) images of 1 wt.% and
5.0 wt% of Cu are exhibited in Figs. 6 and 7, respectively. The particle
size distribution of 1.0 wt% Cu@ZnO and 5.0 wt% Cu@ZnO sample are

obtained using the lognormal distribution function and are matched
with the particle size distribution obtained from FESEM images which
showed in Fig.4(B). The size of Cu@ZnO particles is increased with
increasing the Cu concentration. The selected area diffraction pattern of
1.0 and 5.0 wt% of Cu@ZnO sample are exhibited in Figs. 6 and 7
respectively. The spotty pattern of SAED spectra of sample indicates the
crystallinity of sample. The random orientation of spots corresponds to
the diffraction pattern of the crystal structure. The symmetry of the
diffracted spots pattern is related to the symmetry of the arrangement
of atoms in crystal structure. The absence of symmetry of host ZnO
crystal structure was observed due to the doping of Cu contents which
creates the distortion in host lattice. Therefore, the absence of con-
tinuous ring and getting only the distorted ring of spotty pattern of
SAED in 5.0 wt% of Cu is due to distortion produced by dopant Cu in
ZnO lattice. The spotty pattern of SAED indicates the bigger crystal
which is also observed from the FESEM analysis. The inter-planar
spacing (d-spacing) is obtained from the SAED pattern of 1.0 wt% Cu@
ZnO sample indicates the development of undoped ZnO sample where
(103) plane belongs to JCPDS (75-0576) of ZnO (Fig. 6(d)). But in case
of 5.0 wt% Cu doped ZnO sample, the d-spacing corresponds to CuO
phase where (510) plane corresponds to JCPDS (01-1117) along with
the (103) and (112) plane of ZnO structure (Fig. 7(d)).

3.5. Diffuse reflectance spectra

The diffuse reflectance of Cu@ZnO NPs sample is shown in Fig. 8(a)
and their optical band gaps spectra is exhibited in Fig. 8(c) using the
Tauc's relation. The optical energy gap Eg of Cu@ZnO NPs reduces with
growing Cu contents. The optical band gaps Eg are evaluated using the
values of direct reflectance of Cu@ZnO NPs from Kubelka-Munk func-
tion [32,64–69]:

= = −F R α
s

R
R

( ) (1 )
2

2

(5)

Absorption coefficient α and the optical band gap Eg are correlated
by Tauc's relation [70–72].

= −αhν A hν E( )g
1/2 (6)

= −F R hν A hν E[ ( ) ] ( )g
2 (7)

Here, s is the scattering factor and is independent of wavelength, A
is a constant of proportionality. The Eg of 3.225, 3.150, 3.100 and

Fig. 4. (A) Field emission SEM images and (B) particle size distribution of (a) undoped (b) 1.0 wt% Cu, (c) 2.5 wt% Cu and (d) 5.0 wt% Cu@ZnO sample.
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2.995 eV are evaluated from the above Eq. (7) for Cu@ ZnO sample by
extrapolating the straight line up to [F(R)hν]2 → 0.

The optical band gap of Cu@ZnO nanoparticles is estimated by the
Vegard's Law CuxZn(1−x)O = xCuO + (1 − x)ZnO where, x is varies
from 0.0 to 5.0 wt% and the optical band gap of CuO and ZnO are about
1.2 eV and 3.37 eV correspondingly [8]. The optical band gaps of the
sample are found to be 3.370, 3.348, 3.315, 3.261 eV using the Ve-
gards's for 0.0, 1.0, 2.5 and 5.0 wt% of Cu in ZnO host lattice.

Experimentally and theoretically calculated optical gap shrinks with
growing Cu content.

The lessening of Eg with Cu concentration is owing to occurrence of
red shift (longer wavelength) in absorption spectra of Cu@ZnO NPs
(Fig. 8b). The broad peaks slightly shifted to longer wavelength in ab-
sorption edge spectra of Cu@ZnO samples is showed in Fig. 8(b). The
red shift confirms an incorporation of Cu in ZnO host lattice. The red
shift in wavelength is mainly due to the microstrain in the ZnO crystal

Fig. 5. Energy dispersive spectrum of (A) undoped and (B) 5.0 wt% Cu@ZnO sample.

Fig. 6. Transmission electron microscopy images of (a–c) with different magnifications of 1.0 wt% Cu@ZnO sample and (d) selected area diffraction (SAED) pattern
with (103) plane belongs to ZnO.
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structure to decease the optical band of the sample. Here, the strain is
gradually enhanced as increase in Cu contents (Table 1). Hence, the
band gap is decreased with increasing Cu contents. The smaller particle
has higher surface to volume ratio with larger optical band gap, but the
inverse trend was observed in Cu@ZnO NPs. The decrease in Eg of Cu@
ZnO from 1.0 to 5.0 wt% is accredited to p-d spin-exchange interactions
among the band electron and localized 3d electron of Cu metal [73,74].
The reduction in Eg is due to amalgamation of an impurity level into CB
and the strong p-d exchange communication among the oxygen and Cu
ions. The many-body effects on CB and VB are accountable to decrease
the optical band gap of Cu@ZnO NPs that originated from the electron
interaction and impurity scattering [75]. Bylsma et al. discussed the s-d
and p-d exchange interactions mechanism of through second pertur-
bation theory that is based on shrinkage of Eg [76]. The reduction in the
optical band of Cu@ZnO NPs was also detected by Elilarassi et al. and
Ferhat et al. [77,78]. The red shift in the optical band approves in-
corporation of Cu into ZnO host uniformly. The prepared pure and Cu@
ZnO NPs exhibits 3.25 and 3.08 eV which indicates the rad shift in band

gap respectively according to Elilarassi et al. [77].
Muthukumaran et al. [45] synthesized the Cu:ZnO NPs by co-pre-

cipitation route. The obtained band gap found to be increased from 3.47
to 3.49 eV initially with increasing Cu concentration from 0 to 2 wt%
and then decreased from 3.49 to 3.43 eV on further increased in Cu
contents varies from 2 to 6 wt% in ZnO lattice. Manish Mittal et al. [46]
prepared the pure and Cu (1.0–5.0 wt%) doped ZnO NPs at pH 8 by co-
precipitation route. The obtained Eg values was in the range of
3.24–2.73 eV. Moreover, the optical band gap 3.24 eV and 3.31 eV are
obtained for Cu: ZnO NPs synthesized at pH 10.0 and 12.0 respectively.
Reddy et al. [49] exhibits the optical band gaps 3.28 eV and 3.04 eV for
undoped and Cu doped ZnO nanoparticles respectively.

According to Sajjad et al. [79], illustrated the band gap of 3.13 eV
for undoped ZnO NPs and it decreased in the range of 3.01–2.94 eV
with increasing Cu contents from 1 wt% to 7 wt%. Matei et al. [80]
synthesized the undoped and 1% and 10% of Cu doped ZnO NPs by wet
chemical route in aqueous solvent. The pure, 1% and 10% of Cu doped
ZnO NPs reveals the band gap of 3.27 eV, 3.21 eV and 3.24 eV

Fig. 7. Transmission electron microscopy images of (a–c) with different magnifications of 5.0 wt% Cu@ZnO sample and (d) selected area diffraction (SAED) pattern
with (103) and (112) belongs to ZnO and (510) plane corresponds to CuO phase.

Fig. 8. (a) Diffuse reflectance spectra, (b) Absorbance spectra and (c) Kubelka-Munk plot for pure and Cu doped ZnO NPs respectively.
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respectively.

3.6. Photoluminescence analysis

PL spectra of Cu@ZnO samples are exhibited in Fig. 9. It shows a
major peak around 407–411 nm in UV range which specifies the NBE of
ZnO. This is due to exciton-related transitions from localized levels
below the CB to VB [81,82] or it might be due to electrons transition to
shallow donor level (VZn) from CB, according to electronic energy
diagram [83,84]. It indicates the red shift (longer wavelength) is oc-
curred on increasing the Cu content in ZnO. It is due to change in
electronic structure and band gap. The red shift appears because the
impurity levels developed below the condition band on loading of Cu
into ZnO which reduces the optical band of the sample. On increasing
the Cu contents into ZnO lattice, it produces the defects in the visible
region. The impurity atom (Cu) generates the localized energy levels
and intrinsic defects related to VZn, Zni, Vo, Oi and OZn in visible region
of PL spectra of the samples [85,86]. The shifting of a broad peak is
observed at 565–572 cm−1 with increasing Cu contents corresponds to
green emission in ZnO nanostructures and green emission band might
be owing to VO and intrinsic defects [86,87]. It is singly ionized oxygen
vacancies in ZnO crystal structure which are responsible for green
emission [88]. A transition among the singly ionized oxygen vacancies
and photogenerated hole creates the green emission according to
Vanheusden et al. [89]. The red shift in near band edge around
407–411 nm and green emission band (565–572 nm) confirmed the
incorporation of Cu into host ZnO structure.

3.7. Photocatalytic activity and degradation mechanism

The photocatalytic activity of Cu@ZnO NPs was evaluated in de-
colourizing process of methylene green (MG) dye in aqueous solution
below visible light (λ > 425 nm) illumination. The comparison be-
tween the photocatalytic activity of neat and Cu@ZnO is presented in
Fig. 10(A–D). For Cu@ZnO samples the decolourization of MG dye
reached 75–80% of the initial colour intensity, while only 33% of the
colour was discharged in the case of neat ZnO (Fig. 10(A)). The pseudo
fist order kinetic law was proposed by Fujishima et al. [90] to describe
the decomposition of dye on the surface of the sample.

=ln Co C K t( / ) (8)

here, Co and C are initial and final concentration of reactant respec-
tively and K is the pseudo-first-order constant [90]. A linear relation-
ship is obtained between the ln(Co/C) and the irradiation time (t) and

slope of the straight line provides the value of K. The higher slope
means higher value of K provides the highest the photoactivity per-
formance. As seen from Fig. 10(B), the degradation profiles were fit
perfectly with the pseudo first order reaction model. The values of the
rate constant (K) was slightly increased with Cu loading, however, in
general, the K values for the Cu@ZnO samples are much higher (~ 3.5
times) than neat ZnO. This reflects the role of Cu doping in the im-
provement of photocatalytic action of ZnO below illumination of visible
light.

The sample with 1 wt% Cu was chosen for the further evaluation of
reusability. The sample was used to catalyze four consecutive runs
without treatment. The obtained rate constant for the four runs are
placed in Fig. 10(D). it was found the rate constant was decreasing
gradually with the applied run. This can be explained by the slight
instability of ZnO in aqueous solution which was proposed earlier by
Sakthivel et al. [91].

Mittal et al. [46] synthesized the pristine and different concentra-
tion of Cu doped ZnO by co-precipitation route at different pH levels in
order to study photocatalytic properties. According to Fu et al. [43] the
prepared samples exhibits the degradation efficiency about 63% and
88% in 4 h for pristine and Cu@ZnO NPs respectively. Kanade et al.
[94] synthesized Cu doped ZnO NPs in aqueous and organic solvents by
self-assembly method, in which Cu@ZnO NPs in organic solvent ex-
hibits the better photocatalytic activity than aqueous solvent. The de-
gradation efficiency about 75% was reported for 10 wt% Cu doped ZnO
NPs according Uhm et al. [95] for photocatalytic application.

To explain the improvement in the photocatalytic activity of ZnO
after doping with Cu which tends to form CuO as a separate phase a
possible mechanism is proposed in Fig. 11. After exposing the CuO/ZnO
with visible light, a limited excitation is taking place in ZnO crystals to
form small amount of electron/hole pairs. Excited electrons most likely
recombined with photogenerated holes. However, in the case of each to
reach the surface, a possible chemical reaction will take place to form
the very active radicals OH• and O2

-•. The formed radicals will attack
the dye molecules to decolourize them. This step will be slow due to the
limited number of the formed radicals. However, in case of Cu@ZnO,
CuO crystals will be excited as well and form electron/hole pairs, here,
the electrons can be moved the lower energy CB of ZnO crystal seeking
for more stabilization, while the holes formed in the VB of ZnO crystals
can relaxed to the VB of CuO crystals. Therefore, the presence of CuO
can minimize the recombination of the photogenerated electrons/holes
and indeed increases the number of formed active radicals which in-
crease the rate of the dye decolourization. A similar mechanism was
proposed earlier by Prabhu et al. [92] and Pawar et al. [93].

4. Conclusion

The Cu doped ZnO nanostructures of different morphology are
synthesized by the auto combustion method. X-ray diffraction pattern
of Cu@ZnO NPs inveterate the formation of ZnO and Cu doped ZnO
crystal structure. The crystallite sizes of Cu doped ZnO NPs are de-
creased from 28.91 to 26.43 nm with increasing Cu contents from 1 to
5 wt% in ZnO lattice. The reduced crystallite size, increased microstrain
and shifting of XRD peak on increasing Cu contents into the ZnO lattice
confirmed the incorporation of Cu with ZnO crystal structure. The in-
corporation of Cu atoms with Zn is confirmed at the Cu (5.0 wt%)
concentration into ZnO lattice, causing the two phase ZnO along with
CuO phase. This secondary phase (CuO) is segregated at the 5.0 wt%
which produces the distortion in the ZnO host lattice. Therefore, the
large micro-strain is developed 5.0 wt% of Cu. The random shape and
variable particle size with non- uniform distribution is obtained from
FESEM. The grain size of Cu@ZnO NPs are increased from 109 to
185 nm for Cu contents varies from 1 to 5 wt% in ZnO crystal lattice
respectively. The particle size of Cu@ZnO sample is increased with
increasing the Cu concentration. The red shift is observed in UV-range
of Cu@ZnO indicates the lessening in Eg with Cu contents. PL spectra at

Fig. 9. Photoluminescence (PL) spectra of pure and Cu doped ZnO NPs.
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room temperature of Cu@ZnO sample exhibits the violet and green
emission corresponding to NBE emission and oxygen interstitials re-
spectively. The photocatalytic activity of pure ZnO sample is highly
improved in existence of Cu. Cu doped ZnO exhibited at least 3.5 times
higher activity than neat ZnO. Moreover, it is found that photocatalytic
activity gradually increased with the concentration of Cu from 1.0 to
5.0 wt%. The photocatalytic performance of Cu@ZnO samples suggest
that these can be used for water treatment in environmental applica-
tions.
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Abstract 
 
 
 
 
 
 
 
 
 
 
 
 
 
Poster 

  
The word “mangrove” is consider to be a combination of the Portuguese word “Mangue” or 
the Spanish word “Mangle” which is combined with English word “grove”. The dictionary 
meaning would be “grove made up of mangue/ mangle” (Vanuacci 1989). Mangroves are 
salt – tolerant plants. These are highly productive but extremely sensitive and fragile. 
Mangroves are breeding, feeding and nursery grounds for many estuarine and marine 
organisms. Mangroves contain approximately 70 vegetation species in 40 genera. A study 
on the diversity composition, distribution pattern and quantitative analysis of mangroves 
vegetation. Raigad district has five estuaries supporting mangrove vegetation namely 
Bankot, Shriwardhan, Roha, Murud-Janjira, Alibag. In the Raigad mangrove vegetation 
B.gymnorrhiza and B.cylindrica are disappearing. A.marina dwarf are the dominant 
species. S.alba is restricted in a Raigad district. L.racemosa and S.apetala are found in 
Raigad district. Thus the present study reflects that mangroves present in this area are 
under high level of disturbance and needs priority for conservation measures. 
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ABSTRACT

Two-step sequential spin coating deposition technique provides a cost-effective

and high performance route for the synthesis of the organometallic lead halide

perovskite materials. In this method, initially the metal halide film is coated,

over which the MAI with a particular concentration is again spin-coated.

However, it is difficult to obtain complete conversion of PbI2 in CH3NH3PbI3
perovskite. In this work, we show that good quality perovskite films can be

coated by a three-step method to obtain improved conversion to perovskite and

with improved materials properties. We have coated the perovskite films by

two-step as well as three-step methods and presented a comparison of obtained

film properties. Our results show that at lower concentration of MAI, complete

conversion of PbI2 does not take place. With increase in MAI concentration, in

addition to the perovskite phase an intercalated MAI into PbI2 phase is formed.

In three-step coating, good phase of perovskite and improved morphology is

obtained at comparatively lower MAI concentration. At higher concentrations of

MAI in three-step method, leads to removal of already existing perovskite

material and therefore leads to lower absorption.

1 Introduction

Due to ever increasing population, there is a

tremendous hike in global energy demands. This has

resulted in enhanced global energy dependence on

fossil fuels, such as coal and petroleum. However,

fossil fuels are not the permanent energy solution,

and also it produces harmful effect on our

environment due to toxic emissions [1–3]. Therefore,

the scientific community is looking towards a suit-

able renewable energy source as a solution to future

global energy needs. Among the renewable energy

sources photovoltaic devices are one of the most

promising alternatives. Due to high cost and energy

intensive processes involved, well studied silicon

technology is not being used widely [4]. Organic-
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inorganic metal halide perovskite materials are the

front runners in the search for low cost, solution

processable and efficient photovoltaic devices. This

comparatively new class of materials possesses

excellent electrical and optical properties [5]. These

are solution processable, flexible in terms of compo-

sition and can be deposited on the flexible substrates

[6]. They combine the best properties of both inor-

ganic as well as of organic materials [7].

Starting with 3.8% power conversion efficiency

(PCE) in 2008, the perovskite solar cell performance

has skyrocketed since then [8]. After a decade it has

attained * 24% PCE in recent years [9]. They also

have applications in light emitting devices (LEDs)

[10], field effect transistors (FETs) [11], lasers [12],

photo-detectors [13], etc. Two-step sequential depo-

sition techniques provide cost-effective and high

performance route for the synthesis of these materi-

als. In this method, metal halide film is initially spin-

coated. Over this, methyl ammonium iodide (MAI) is

either spin-coated or dip-coated [14]. However, it is

difficult to obtain complete conversion of PbI2 in

CH3NH3PbI3 perovskite [15]. Also there is uncon-

trolled crystal growth and surface morphology [16].

Spin coating method has a significant role in the

development of perovskite solar cells in a span of just

a decade. Also commercialization by this method

cannot be ruled out completely. In this account, we

show that good quality perovskite films can also be

coated by a three-step method to obtain improved

materials properties. We have coated the perovskite

films by two-step as well as three-step methods and

presented a comparison of obtained film properties.

Our results show that at lower concentration of MAI,

complete conversion of PbI2 does not take place. With

increase in MAI concentration however intercalated

MAI into PbI2 phase is formed in two-step method. In

three-step coating, good phase of perovskite and

improved morphology is obtained at comparatively

lower MAI concentration. At higher concentrations of

MAI in three-step method leads to removal of already

formed perovskite after the second step and therefore

leads to lower absorption. The concentration of MAI

solution is therefore critical in the final film proper-

ties of the film.

2 Experimental methods

MAI synthesis was performed by drop-wise addition

of 10 ml of hydro-iodic acid (HI) (57 wt% in water,

sigma Aldrich) in 24 ml of methyl amine (33 wt% in

absolute ethanol, sigma Aldrich) [17]. Reaction was

allowed at 0�C for 2 h. Precipitate was collected by

drying the solution in rotary evaporator at 50�C.
After collection of raw CH3NH3I, purification was

performed by re-dissolving in 80 ml ethanol and

again precipitated with the addition of 300 ml diethyl

ether. The purification process was repeated twice

and final CH3NH3I was collected after drying in

vacuum oven at 60�C for 24 h. Perovskite synthesis

was performed using two-step and three-step

sequential deposition spin coating methods. In two-

step method, initially PbI2 (461 mg/ml in DMF) layer

was coated on glass substrate followed by thermal

annealing at 100�C for 5 min. After cooling down the

PbI2-coated substrates, MAI layer was spin-coated at

1000 rpm on it, followed by annealing at 100�C for

5 min. The concentration of MAI was varied as 10, 20,

30 and 40 mg/ml, while other parameters were kept

constant. In three-step, we followed same methodol-

ogy as in two-step, only an additional MAI layer

deposition was performed followed by annealing at

100�C for 5 min. Schematic diagram of the two pro-

cesses is shown Fig. 1.

To record the UV-Visible absorption spectra,

spectrophotometer (UV 1600) from Shimadzu was

used. Morphology of the films were studied using

scanning electron microscope (S-4800) from Hitachi.

X-ray diffractometer (D8 advance Bruker) with inci-

dent source wavelength k = 1.54 Å in coupling mode

was used to record the x-ray diffraction (XRD) spec-

tra for identification of the material phase and crys-

tallinity. Raman spectra were recorded using

(RenishawInVia microscope Raman, Resolution

1 cm- 1, excitation source 633 nm line of He-Ne

laser). Thickness and roughness measurements were

performed using Dektak-150 Profilometer.

3 Results and discussion

PbI2 films were coated using the method described

above. The UV-Visible absorption spectra, scanning

electron microscopy image, XRD and the Raman

spectra of the film is shown in Fig. 2. The UV-Visible

absorption spectroscopy results of the perovskite film
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coated by two- and three-step methods with different

concentrations of MAI are shown in Fig. 3. Pho-

tographs of the corresponding films are also shown.

The results show absorption onset at 520 nm for the

PbI2 film and * 780 nm for all perovskite samples.

Insets show the corresponding plot with energy on

the x-axis. The optical bandgap was calculated using

the relation.

Eg ¼ hc=kab;

where h is the planks constant, c is the speed of light

in vaccum and kab is the absorption onset. The cal-

culated value of optical bandgap is *2.38 eV for the

PbI2 film and *1.58 eV for all the perovskite samples

prepared by two- and three-step methods. The

absorption onset and the calculated optical bandgap

values matches with the reported values of per-

ovskite CH3NH3PbI3, which confirms the formation

of perovskite phase by both two-step and three-step

methods [18]. Few reported values of bandgap have

been compared with the values obtained in the pre-

sent study in Table 1.

In case of two-step method, absorption spectra

show rise in absorption coefficient with decreasing

wavelength below the absorption edge. At 10 mg/ml

concentration, in addition to the perovskite absorp-

tion onset a distinct absorption kink at 520 nm was

observed. Peak at 520 nm belongs to PbI2 absorption.

This indicates that there may be presence of some

amount of PbI2 in the film, along with the formed

perovskite material. With 20 mg/ml and higher

concentrations of MAI, the distinct clear kink at

520 nm was not observed, indicating better conver-

sion of PbI2 into perovskite phase. However,

absorption below 520 nm still increases and reaches

maximum at 440 nm similar to that of PbI2 which

indicates the presence of PbI2 phase. In case of three-

step method, absorption spectra show rise in

absorption coefficient with decreasing wavelength

beyond the absorption edge, but no distinct kink at

520 nm was observed for concentrations above

10 mg/ml. This indicates better perovskite phase

formation from PbI2 at lower concentrations of MAI.

For 30 mg/ml and 40 mg/ml films, however, a dis-

tinctive kink at 580 nm was observed. Absorption

feature at 580 nm is attributed to the intercalation

state of MAI and PbI2. It is considered a red-shifted

and broadened PbI2-like absorption [22].

The XRD patterns for two-step-coated films with

varying concentrations of MAI over PbI2 layer are

shown in Fig. 4a. The sample coated with 10 mg/ml

concentration of MAI shows the formation of per-

ovskite phase (prominent diffraction peaks at 14.2

and 28.6 values of 2h) [15, 23, 24]. In addition, peaks

(at 12.7, 25.5, 38.8 values of 2h) corresponding to PbI2

Fig. 1 Schematic diagram

showing the perovskite film

deposition process by two and

three-step methods
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Fig. 2 a Absorption spectrum, b XRD spectrum, c SEM image and d Raman spectrum of spin-coated PbI2 film

Fig. 3 Absorption spectra of the films coated by a two-step and b three-step methods. Inset contains the respective plot in eV on x-axis.

Photographs of the corresponding films are also shown
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are also seen [23–25]. This shows that complete con-

version of PbI2 into perovskite phase has not taken

place in the film. As the concentration of MAI is

increased to 20 mg/ml, the peak intensity at 12.7

value of 2h decreases, indicating a better conversion

of PbI2 phase. For 30 mg/ml concentration of MAI,

intensity of peak at 12.7 reduces further as compared

to that at 14.2. This shows further reduction in PbI2
phase compared to the perovskite phase. Along with

the above trend, a new peak at 11.6 degree appears

for the film with 20 mg/ml concentration of MAI, the

intensity of which enhances with increase in MAI

concentration. This peak is attributed to the interca-

lation of MAI into PbI2 [26]. For 40 mg/ml concen-

tration of MAI, the peak at 12.7 degree corresponding

to PbI2 phases vanishes nearly completely but with

enhanced intensity of the peak at 11.6 degree. Sig-

nificant change in the intensity of peak at 14.2 value

of 2h was not observed. This shows that with

increasing MAI concentration, no enhancement in

perovskite phase formation was obtained. The

increased MAI in the film leads to the formation of

intercalated methyl ammonium into the lead iodide.

XRD spectra of the films coated with three-step

method are shown in Fig. 4b. With 10 mg/ml con-

centration of MAI, the perovskite film shows features

similar to that of film coated using 10 mg/ml with

two-step method. The high intensity at 12.7 degree

compared to 14.2 degree shows the dominance of

PbI2 phase over the perovskite phase. With 20 mg/ml

concentration of MAI, the peak corresponding to PbI2
is much reduced as compared to the perovskite peak

at 14.2 degree, indicating the better conversion of PbI2
into perovskite. This is better perovskite formation as

compared to the film coated with the same concen-

tration using two-step coating method. With 30 mg/

ml concentration of MAI, further reduction of PbI2
phase was observed but with enhanced intensity of

peak at 11.6 degree. As the concentration of MAI was

increased to 40 mg/ml, the intensity of peak at 14.2

degree corresponding to perovskite reduces indicat-

ing reduced perovskite phase available for X-ray

diffraction.

Table 1 Reported values of optical bandgap have been compared with the values obtained in the present study

Material Bandgap values reported

in the literature (eV)

Bandgap values obtained

in the present study (eV)

PbI2 2.36 [19] 2.38

CH3NH3PbI3 deposited by spin coating 1.55 [20] 1.58

CH3NH3PbI3 deposited by vacuum method 1.58 [21] –

Fig. 4 XRD spectra of the films coated by a two-step and b three-step methods
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In order to study the morphology of film coated

through two-step and three-step methods, scanning

electron microscopic (SEM) images were recorded

(Fig. 5). The morphology of the perovskite thin film

obtained via sequential deposition methods was

greatly influence by concentration MAI solution. In

Two-step 10 mg/ml MAI concentration film, mor-

phology shows hexagonal-shaped particles having

diameter of 0.2–0.3 micrometer. These particles are in

agglomerated form or are partially connected with

each other. Along with these few particles with flake-

like structure of length over one micrometer are also

Fig. 5 Scanning electron

microscope images of the

perovskite films deposited by

two-step and three-step

methods. a, b, c and d are

films coated with two-step

with 10 mg/ml, 20 mg/ml,

30 mg/ml and 40 mg/ml

concentrations, respectively. e,

f, g and h are films coated

with three-step with 10 mg/ml,

20 mg/ml, 30 mg/ml and

40 mg/ml concentrations,

respectively

J Mater Sci: Mater Electron



seen. When the MAI concentration was increased to

20 mg/ml, density of the bigger flake-like structures

increases in the film. With 30 mg/ml concentration of

MAI, a compact film morphology is obtained with

irregular shaped particles. In 40 mg/ml concentra-

tion, again compact films are obtained compared but

with occasional porous spots and with bigger grain

size. Films with three-step coating method are in

general more compact and with less pores as com-

pared to the two-step-coated films with same MAI

concentration. With 10 mg/ml MAI concentration,

better interconnected films are obtained compared to

two-step film. With 20 mg/ml concentration, good

quality film with less voids were obtained. With

higher MAI concentrations the morphology was

nearly same.

Raman spectroscopic measurements were per-

formed for probing the effect of the MAI concentra-

tion on the organic-inorganic perovskite films. The

excitation wavelength used in the present study is

633 nm, which is near resonance for Raman mea-

surement of lead halide perovskite. As shown in

Fig. 2, most intense peak corresponding to PbI2 is at

113 cm- 1[27, 28]. The Raman spectra of formed

perovskite films are shown in Fig. 6. For perovskite

coated by two-step method the peaks are found at 74,

111, 138, 275 and at 355 cm- 1. Raman bands at 74

and 111 can be attributed to the stretching mode of

Pb-I cage of perovskite CH3NH3PbI3 [27, 29]. We

attribute the band at 138 cm- 1 to libration mode of

MA? cation and those at 275 cm- 1 and 355 cm- 1

can be assigned to the MA cation torsional mode of

perovskite [29]. In 10 mg/ml MAI concentration film

the intensity at 138 cm- 1 is much lower. This is in

accordance with the XRD results, which shows

incomplete transformation of PbI2 into perovskite.

The intensity however increases with MAI concen-

tration and is maximum for 30 mg/ml MAI concen-

tration film. In the films coated by three-step method

with 20 mg/ml concentration the band intensity at

138 cm- 1 is maximum, which indicates better per-

ovskite phase formation as compared to the film

formed by using two-step method. XRD results also

show minimum intensity at 12.7 and 11.6 values of 2h
for film coated by three-step method with 20 mg/ml

concentration. Upon increasing the MAI concentra-

tion further, the intensity corresponding to libration

mode of MA? cation of perovskite decreases. This

indicates that, in the third step the already formed

perovskite (after the second step) is being washed

away. This effect is more for the 40 mg/ml MAI

concentration film. This is in accordance to the

absorption spectra which shows a reduction in

absorption. This also matches with the XRD studies,

which show slight reduction in perovskite peak

intensity.

The thickness and roughness values of the per-

ovskite films have been shown in Table 2. It shows

that for both two-step as well as three-step methods

thickness of the film increases with MAI

Fig. 6 Raman spectra of the

different perovskite films

deposited by two- and three-

step methods. a two-step

method and b three-step

method
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concentration. Thicknesses of films formed by three-

step method are consistently greater than those

formed with two-step method with same concentra-

tion. However, absorption coefficient of three-step

films is not more than that of two-step films. This

indicates that during the third step, some of the

already formed perovskite is washed away and

leaves some MAI in the film. Therefore, the thickness

values obtained by profilometer are higher due to the

excess MAI in the film especially for 30 mg/ml and

40 mg/ml films. Absorption as well as XRD studies

have shown the presence of intercalated state of PbI2
and MAI. The average roughness values also

increases with increasing MAI concentration due to

the formation of bigger crystals as shown earlier in

the SEM images. Roughness values for the two-step

and three-step films are nearly same at 10 mg/ml

MAI concentration. At higher MAI concentration, the

three-step film roughness values are lower as com-

pared to the two-step films. This may be due to the

presence of excess MAI in three-step films. Above

discussion indicates better perovskite phase forma-

tion for 20 mg/ml MAI concentration using three-

step method.

4 Conclusions

In conclusion, we have presented a comparative

study of perovskite film properties formed by two-

step and three-step sequential spin coating deposi-

tion techniques. Results show that at lower concen-

tration of MAI, complete conversion of PbI2 does not

take place in two-step method. With increase in MAI

concentration, however intercalated MAI into PbI2
phase is formed. In three-step coating, good phase of

perovskite and improved morphology is obtained at

comparatively lower MAI concentration of 20 mg/

ml. A higher concentration of MAI in three-step

method leads to the removal of already formed

perovskite material in the second step and leads to

the formation of intercalated MAI and PbI2. We show

that the MAI concentration is very important factor in

complete conversion of PbI2 into the perovskite

phase.
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Investigating the effect of solvent vapours on
crystallinity, phase, and optical, morphological and
structural properties of organolead halide
perovskite films†
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A comprehensive study regarding the effect of different solvent vapours on organolead halide perovskite

properties is lacking. In the present work, the impact of exposing CH3NH3PbI3 films to the vapours of

commonly available solvents has been studied. The interaction with perovskite has been correlated to

solvent properties like dielectric constant, molecular dipole moment, Gutmann donor number and

boiling point. Changes in the crystallinity, phase, optical absorption, morphologies at both nanometer

and micrometer scale, functional groups and structures were studied using X-ray diffraction, UV-visible

absorption, FE-SEM, FTIR and Raman spectroscopies. Among the aprotic solvents DMSO and DMF

vapours deteriorate the crystallinity, phase, and optical, morphological and structural properties of the

perovskite films in a very short time, but due to the difference in solvent property values acetone affects

the perovskite properties differently. Polar protic 2-propanol and water vapours moderately affect the

perovskite properties. However 2-propanol can solvate the organic cation CH3NH3
+ more efficiently as

compared to water and a considerable difference was found in the film properties especially the

morphology at the nanoscale. Nonpolar chlorobenzene vapour minutely affects the perovskite

morphology but toluene was found to enhance perovskite crystallinity. Solvent properties can be

effectively used to interpret the coordination ability of a solvent. The present study can be immensely

useful in understanding the effects of different solvent vapours and also their use for post-deposition

processing (like solvent vapour annealing) to improve their properties.

Introduction

Organolead halide perovskites with the general formula ABX3

(where A is an organic cation, B a divalent metal ion, and X
a halide) have potential applications in many elds such as
photovoltaics,1–3 eld-effect transistors (FETs),4,5 light-emitting
devices (LEDs),6,7 lasers,8 and photodetectors.9,10 This class of
materials has several advantages like solution processability,
low-temperature processing requirements, exibility in terms of
composition, and it can be deposited on exible substrates.11–13

Organolead halide perovskites combine the properties of inor-
ganic materials (such as high carrier mobility and a wide band
gap range from �1.1 to �4 eV) and those of organic materials

(such as structural diversity, high-efficiency luminescence, and
plastic mechanical properties).14–16 Improved device perfor-
mances can be achieved by obtaining enhanced optoelectronic
properties of the perovskite materials through various methods
and by understanding their properties in a better way. The only
aspect of organic–inorganic perovskites which hinders the
journey to the commercial market is their instability.17 Both
intrinsic and extrinsic factors may be responsible for the
instability. Prominent among the intrinsic factors are thermal,
photochemical, and degradation due to ion migration. Various
groups have studied the effect of using different solvents
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), g-
butyrolactone, dimethylacetamide, (N-methyl-2-pyrrolidone),
and their mixtures for perovskite lm formation.18,19 It is re-
ported that the perovskite lms are formed through complex
intermediates from the precursor solution of DMF, DMSO, and
other solvents. Radicchi et al. have investigated the chemistry of
typical precursor solutions employed for lead halide perovskite
synthesis by a combined experimental and computational
approach.20 Many groups have studied the effect of humidity
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and oxygen on the perovskites.20–22 Hao Xiong et al. have studied
solvent vapour annealing of oriented PbI2 lms for improved
crystallization of perovskite lms in the air.23 Jun Luo et al.
studied the mechanism and effect of g-butyrolactone solvent
vapour post-annealing on the perovskite of a mesoporous solar
cell structure.24 However, a complete study regarding the impact
of solvent vapours of different classes on the organolead halide
perovskite properties is not present in literature.

Different types of solvents are commonly available in the
laboratory, and while synthesizing and fabricating the devices,
solvent vapours can be available in the surroundings. Therefore,
it is important to know the effect of these commonly available
solvents of different classes on the organolead halide proper-
ties. Also understanding the use of solvent vapours for post-
deposition processing (like solvent vapour annealing) to
improve perovskite properties. To the best of our knowledge,
there is no comprehensive report where the effect of vapours of
commonly available solvents from different classes viz. polar
protic, polar aprotic and non-polar which can have varied
effects and also to different levels on perovskite properties has
been studied. In the present work, we have studied the impact
of exposing vapours of various solvents like dimethylformamide
(DMF), dimethylsulfoxide (DMSO), acetone, water, 2-propanol,
chlorobenzene and toluene on the perovskite material for
relatively short time up to 30 minutes. We have studied the
effect of solvents on absorption, crystallinity, phase,
morphology both at the nanometre and micrometre scale and
the structure of perovskite. Our results show that vapours of
polar protic solvents like DMF and DMSO affect the optical
properties, morphology, and crystalline structure of perovskite
drastically in a short time. Acetone and the polar protic water
and 2-propanol affect some aspects of the perovskites. Vapours
of non-polar solvents like chlorobenzene and toluene have
a minimal effect on the perovskite properties. Toluene vapour
was found to improve the perovskite crystallinity without much
affecting the nanoscale morphology. We also propose the use of
mixed solvents to obtain tailor-made properties of solvents for
obtaining desired properties by vapour exposure.

Materials and methods

All the chemicals and solvents were purchased from Sigma
Aldrich. CH3NH3I (MAI) was synthesized in the laboratory, and
the synthetic details are provided in the ESI.†

CH3NH3PbI3 lm deposition

CH3NH3PbI3 lm was deposited using a single step spin coating
method. A mixture of precursors MAI (3 M) and PbCl2 (1 M) was
prepared in DMF. The solutions were stirred at 40 �C for 2
hours, and aer that, spin coated on a glass substrate at
3000 rpm for 1 minute. The spun lms were then heated at
100 �C for 45 minutes.

Pristine PbI2 lm deposition

PbI2 lm was deposited using spin coating. A PbI2 solution
(461 mg mL�1) was prepared in DMF, and this solution was

stirred at 70 �C for 2 h. Then, this solution was spin-coated on
pre-cleaned glass substrates at 3000 rpm for 1 minute.

Solvent vapour exposure

The glass substrates coated with perovskite lms were placed in
Petri-dish on thicker platforms made by staking of 5 glass
slides. 10 mL of required solvents were then poured in each
Petri-dish (90 mm diameter). Precautions were taken so that the
solvent does not touch the lm directly. The Petri-dish was then
covered with another glass plate. A schematic diagram showing
the lm formation and vapour exposure procedure is given in
the Fig. 1.

Characterizations

UV-visible absorption spectrophotometer (UV 1600, Shimadzu)
was used to measure the absorption spectra of the samples.
Field Emission Scanning Electron Microscope (FE-SEM Hitachi-
4800) was used to study the surface morphological changes of
the samples by applying an accelerating voltage of 20 kV. D8
advance Bruker X-ray diffractometer with incident source
wavelength l ¼ 1.54 Å in coupling mode was used for the
identication of material phase and study the effect on crys-
talline properties. Fourier transformed infrared (FTIR) spec-
trometer (PerkinElmer) was used to examine the molecular
nature of the sample constituents. Raman spectra were recor-
ded by using (Renishaw inVia microscope Raman, resolution
1 cm�1, excitation source 632.8 nm line of He–Ne laser). Weight
of the amount of solvent settled on the exposed lm was
measured using Shimadzu balance AUW220D with readability
0.01 mg.

Results

The following equations govern the reaction between PbCl2 and
CH3NH3I in the solution and thereaer during the perovskite
phase formation due to thermal annealing aer spin coating.

PbCl2 þ 3CH3NH3I
�

��������!solvent DMF
PbI2 þ CH3NH3I

þ2CH3NH3Cl ðprecursor solutionÞ

PbI2 þ CH3NH3Iþ 2CH3NH3Cl
�

��������!Annealing
CH3NH3PbI3

þ2CH3NH3Cl[ ðevaporationÞ

Fig. 1 Schematic diagram showing the perovskite film formation and
exposing to the solvent vapours.
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In the precursor complex, PbI2 is formed due to an ion exchange
between PbCl2 and CH3NH3I. Aer thermal annealing, it is
converted into the CH3NH3PbI3 phase. There are numerous
reports which show that CH3NH3Cl evaporates during thermal
annealing process.25 Several studies have suggested that the
presence of CH3NH3Cl slow down the lm formation process
during thermal annealing which therefore results in more
crystalline and stable perovskite.26 Due to this reason PbCl2 was
preferred in place of PbI2 for perovskite lm formation in the
present study.

X-ray diffraction study

X-ray diffraction (XRD) pattern of the annealed perovskite lm
and of those aer exposing to different solvent vapours for 30
minutes were recorded (Fig. 2). It shows that, good phase of
CH3NH3PbI3 is formed aer thermal annealing the spin coated
lm. Standard diffraction peaks at 14.2�, 28.5� and 43.3� values
of 2q are attributed to (1 1 0), (2 2 0), and (3 0 0) planes
respectively.27,28 No signatures of other phases containing
chlorine were detected. On exposing the lms to different
solvent vapour many changes are introduced in the XRD
pattern. Few details are given in Table 1. On exposing to DMSO
vapour the standard peaks corresponding to perovskite were
completely missing. However, many low intensity peaks were
observed, prominent among them were at 6.6�, 7.3� and 9.3�

values of 2q. These peaks were attributed to intercalation of
DMSO or a mixture of DMSO and the organic part into PbI2
phase. To conrm whether this is due to the intercalation of
only DMSO or DMSO plus organic part into the PbI2 phase, we
exposed pristine PbI2 lm with DMSO vapour. In addition to
standard PbI2 peak at 12.7� a new peak at 10.16� value of 2q was
observed (Fig. 2b). Therefore it is expected that the other peaks
at 6.6�, 7.3� and 9.3� values of 2q in the DMSO vapour exposed
perovskite lm are due to the intercalation of DMSO and
organic component of the perovskite into the PbI2 lattice. This
is in accordance with previously reported literature.29 This
shows that PbI2 and organic component are formed due to the
exposure of DMSO vapour. The quality of this PbI2 is however

different from that of pure PbI2 lm. This is in accordance with
the absorption studies shown in the next sub-section. The
perovskite lm exposed to DMF vapour shows less intense
standard perovskite peaks. Additionally peaks at 6.6�, 8.13� and
9.5� values of 2q were observed. The PbI2 lm shows additional
peaks at 8.9� and 9.5� aer exposing with DMF vapour. There-
fore the peaks at 6.6� and 8.13� are attributed to the intercala-
tion of DMF and organic part into PbI2. For acetone exposed
perovskite lm, additional peaks were observed at 6.6�, 7.3�,
9.3� and 10.6�. Acetone vapour exposed PbI2 lm does not show
any peak at lower 2q values. Thus all the peaks at lower 2q values
in the perovskite lm are due to the intercalation of acetone and
organic part into PbI2. Above results indicate that the polar
aprotic solvent vapour exposure leads to the formation of
intercalation state or complex between solvent, PbI2, and the
organic part.

Water vapour exposure for 30 minutes on perovskite lm
shows a new peak at 12.7�. This peak is attributed to PbI2 (0 0 1)
phase.25 This shows that upon exposing to water vapour the
beginning of PbI2 formation takes place in 30minutes time. The
standard perovskite peaks were also seen which indicates that
complete conversion of perovskite into PbI2 does not take place
in this time scale. The perovskite lm exposed to 2-propanol
vapour showed very low intensity peaks in the lower 2q values.
In analogy with studies on DMF and DMSO vapours these are

Fig. 2 X-ray diffraction pattern of (a) perovskite film before and after exposure to different solvent vapours, (b) PbI2 films before and after
exposure to different solvent vapours.

Table 1 Additional XRD peaks observed in the perovskite films upon
exposing to different solvent vapours are shown

Solvent vapour
2q (degree) values of additional
peaks observed upon solvent vapour exposure

DMSO 6.6, 7.3, 9.3 and 11.9
DMF 6.6, 8.1 and 9.6
Acetone 6.6, 7.3, 9.3 and 10.6
Water 12.7
2-Propanol 6.6, 7.3, 9.3
Chlorobenzene No additional peaks
Toluene No additional peaks

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 39995–40004 | 39997
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also attributed to the intercalation of solvent and organic
component into the PbI2 phase. Upon exposure with chloro-
benzene, no prominent changes in the XRD pattern were
observed. However by exposing with non-polar toluene solvent
the intensity of main peak improves. This shows enhancement
in grain size of perovskite upon exposing with toluene vapour.
The crystallite size ‘d’ was calculated using the following
Scherer formula:

d ¼ 0.9l/b cos q,

where b is the full width at half maximum.
For the as prepared lm crystallite size calculated was

28.8 nm while aer exposing to toluene it improved to 32.1 nm.

UV-visible absorption spectroscopy

Fig. 3a shows the UV-visible absorption spectra of the annealed
perovskite and PbI2 lm. Optical bandgap was calculated by
using the following relation:

Eg ¼ hc

l

Where h is the planks constant, c is the speed of light in vaccum
and l is the absorption edge.

Tabulated values of absorption edge and corresponding
calculated optical bandgap are shown in Table 2. It shows the
absorption edge at around�788 nm for CH3NH3PbI3, while that
for PbI2 is at �523 nm corresponding to optical bandgap of
1.57 eV and 2.37 eV respectively. The absorption spectrum
matches with those given in the literature.30 Fig. 3b shows the
absorption spectra of CH3NH3PbI3 lms aer exposing to
different solvent vapours for 30 minutes. The absorption edge
remains same for lms exposed to 2-propanol, toluene, and
chlorobenzene vapours. It decreases slightly to 780 nm when
exposed to water vapour. This indicates an increase in optical
bandgap due to the partial conversion to PbI2, which is indi-
cated in XRD result also. Minimum changes in lms exposed to
toluene and chlorobenzene vapours were observed. This shows
that there are nearly no changes in the absorption properties of
the lms upon exposing to these vapours. For the lms exposed
to DMF, DMSO, and acetone vapours, the absorption spectra
change remarkably. DMF vapour exposed lm shows blue

shied absorption spectra compared to that of exposed PbI2
lm exposed to the same vapour. Fig. 3c shows the absorption
spectra of PbI2 lm exposed to different vapours. This signies
that by exposing to DMF vapour, perovskite breaks down
partially into PbI2 and the organic components giving rise to
blue shi. This is again conrmed by the change in colour of
perovskite lm from black to faint yellow and thereaer trans-
parent aer exposure to DMF vapour. The colour of PbI2 lm
exposed to DMF vapour also turns transparent from initially
yellow colour. Film exposed to DMSO vapour also shows blue
shied absorption spectrum compared to that of exposed PbI2
lm. Also the colour of lm becomes faint yellow initially and
then transparent. It can be therefore said that by exposing to
DMSO vapour also perovskite breaks down to PbI2 and organic
components. The perovskite lm which is exposed to acetone
vapour shows absorption property completely different from the
pure perovskite lm. A closer look at the spectrum reveals that it
is similar to pristine PbI2 lm with small peaks having reduced
absorption at 515 nm, 455 nm and 415 nm. This shows that by
exposing the perovskite lm to acetone vapour also PbI2 and
organic components are formed. The decrease in absorption is
assigned to the partial dissolution of formed PbI2 in acetone. No
changes were observed in the pristine PbI2 absorption spectrum
aer exposing to acetone. This shows that PbI2 becomes soluble
in acetone due to the presence of organic component in
perovskite. This is due to strong interaction of I� with PbI2.

Fig. 3 UV-visible absorption spectra of (a) annealed perovskite film and PbI2 film (b) perovskite films after exposure to different solvent vapours
(c) PbI2 films after exposure to different solvent vapours.

Table 2 Absorption onset and calculated bandgap has been tabulated

Solvent vapour

Absorption edge (nm)/calculated bandgap (eV)

Perovskite PbI2

Unexposed 788/1.57 523/2.37
DMSO 444//2.79 Broad edge 488/2.54
DMF 429/2.89 471/2.63
Acetone Clear edge not seen 523/2.37
Water 780/1.59 523/2.37
2-Propanol 788/1.57 523/2.37
Chlorobenzene 788/1.57 523/2.37
Toluene 788/1.57 523/2.37
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The absorption coefficient reduces (2.4 � 104 cm�1 for
perovskite to 1.4 � 104 cm�1 for 2-propanol and 0.2 � 104 cm�1

for water vapour exposed samples around the absorption edge)
for perovskite lm exposed to water vapour and to a lesser
extent in lm exposed to 2-propanol vapour. This reduction in
absorption coefficient by exposing to water vapour may be due
to the conversion of perovskite to hydrated forms. It has been
reported previously that perovskite can form (CH3NH3)4-
PbI6$2H2O due to water vapour exposure.31 The changes in
absorption spectra of the lm exposed to 2-propanol vapour
also shows that the perovskite properties changes.

Raman spectroscopy

The above discussion was further supported by Raman spec-
troscopic studies. The excitation wavelength used in the present
study is 632.8 nm which is near resonance for Raman
measurement of lead halide perovskite. We found assortment
in literature in assigning the Raman bands for CH3NH3PbI3

material. The Raman spectrum for pure PbI2 (2H-polytype) is
shown in Fig. 4. The most dominating peak corresponding to
PbI2 is at 113 cm�1. For the lms unexposed to any vapour,
Raman bands obtained at 71, 110 cm�1 were attributed to the
Pb–I cage in CH3NH3PbI3 (Fig. 4). The band at 138 cm�1 is
attributed to the libration motion of methyl ammonium (MA)
cation. The bands at 260 and 350 cm�1 can be assigned to the
MA cation torsional mode of CH3NH3PbI3. Raman bands ob-
tained in the present study, their assignment and comparison
with literature is given in Table 3.

The Raman spectrum for each perovskite thin lm aer
exposing to different vapours for 30 minutes are also shown in
the Fig. 4. Film exposed to DMF vapour shows only two bands at
71 and 110 cm�1. In addition the band at 110 cm�1 was with
much reduced intensity than that in the unexposed lm. The
bands at higher wavenumbers were completely absent aer
exposing the lm to DMF vapour. If the light source intensity
and the wavelength of the source are kept same the Raman peak
intensity is mainly affected by concentration of the sample or
number of molecules and the scattering properties of the
sample.35,36 Absence of the peaks at 138, 260 and 350 cm�1

which are corresponding to the modes of organic part of the
perovskite, indicates that the concentration of number of scat-
tering molecules and their scattering property is reduced. This
indicates towards the dissolution of organic part of CH3NH3-
PbI3 due to the solubility in DMF. The presence of the peak at
110 cm�1 indicates to the conversion to the PbI2 phase. The
reduced intensity of this peak points to the dissolution of the
PbI2 phase also in the solvent. A small shi of 3 cm�1 of this
peak towards lower wave-number compared to 113 cm�1 of the
pure PbI2 phase indicates the increase in bond length and
hence the weakening of the bond. The quality of PbI2 is not
same to the pure PbI2 lm due to the intercalation of organic
matter and solvent. This is in agreement with the XRD results
shown. These results show the ability of DMF to dissolve both
the organic and inorganic counterparts of CH3NH3PbI3. Similar
results were obtained by exposing the lms to DMSO vapour.
The band at 110 cm�1 was broader than the DMF vapour
exposed lm implying a highly disordered structure of PbI2
formed.

In case of acetone vapour exposure, all the bands for the
perovskite were observed, but with slightly different intensities.
Small broadening of the peaks corresponding to Pb–I cage at
110 cm�1, and that of peak corresponding to MA libration mode
at 138 cm�1 suggests the partial and selective weakening of the
bonds corresponding to these modes. In case of 2-propanol
vapour exposure, we observed very small changes in the band
intensity. Exposing the lm to chlorobenzene vapour, no
changes in the Raman spectra were observed. Toluene vapour
exposed lm shows peak shi from 138 cm�1 to 142 cm�1. This
shi towards higher wavenumber indicates shortening of the
bond length. Bond length is inversely proportional to the bond
strength.37 This shi therefore indicates strengthening of the
bond corresponding to the libration mode of the MA cation. A
lot of research has been done on the degradation of perovskite
by water/humidity.38,39 We found that aer 30 minutes of
exposure perovskite shows a very small decrease in intensity

Fig. 4 Raman spectra of the PbI2 and perovskite films before and after
exposing to different solvent vapours.

Table 3 Different peaks in the Raman spectra found in the present
study and that given in literature are tabulated and assigned

Sr. no.

Observed peak
position for
CH3NH3PbI3
in cm�1

Peak positions
given in
literature31–34 for
CH3NH3PbI3 in cm�1 Assignment

1 71 69, 71 Pb–I stretching
2 110 110 Pb–I stretching
3 138 138 Libration of

organic cation
4 260 250 MA torsion mode
5 350 348 MA torsion mode

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 39995–40004 | 39999
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corresponding to Pb–I cage and broadening of CH3NH3PbI3
cage bands.

Scanning electron microscopy

Fig. 5 shows the scanning electron microscope images of
perovskite lm and that by exposing to different solvent vapours
for 30 minutes each. Drastic changes were found in morphology
aer exposure to DMSO and DMF. Broom like structures are
seen in the lms in the micrometre scale. Widths of the struc-
tures being much smaller in the DMSO vapour exposure lm.
Similar trend was observed at the nanometre scale images.
Acetone vapour exposed lm also shows drastic changes in the
lm morphology. The effect of water vapour shows changes in
the shape of the islands found in the lm. At the nanometre
scale features disappeared in the lm which were visible in the
as deposited lm. 2-Propanol vapour shows changes in the size
of islands and voids were found in each individual island
increasing the porosity of the lm. Minimum effect was found
by exposing the lms to chlorobenzene and toluene both at the
nanoscale as well as micrometre scale. However, as per the
results of previous sections it is found that toluene exposure
improves the crystallite size. This may be due to very small
solubility which is just sufficient to minutely dissolve the small
boundaries and thereby fusing them.

Fourier transform infrared spectroscopy

FTIR spectra in the range between 4000 cm�1 to 400 cm�1 were
recorded which belongs to the absorption of organic mate-
rials.40 Therefore the effect of solvent vapour on the organic part
of the perovskite can be explained by using FTIR spectroscopy.
Fig. 6 shows the FTIR spectra of CH3NH3PbI3 before and aer
exposure to various solvent vapours. The main vibrational lines
in the spectra can be assigned to fundamental modes of the
CH3NH3 cation and anharmonic combinations thereof. Three
characteristics are commonly examined in the FTIR spectra:
peak position, integrated peak intensity, and peak width. The

peak positions provide a ngerprint that can be used to identify
chemical groups. The integrated intensity is proportional to the
concentration of absorbing bonds.40 The peak width is a func-
tion of the homogeneity of the chemical bonding. Table 4 shows
the characteristic vibrational bands of CH3NH3PbI3 obtained in
the present study and that of reported in the literature. All NH3

related peaks are stronger than the CH3 vibrations, mainly due
to the positive charge located on the ammonium group. Aer
exposing the lms to toluene and chlorobenzene vapour no
changes in the vibrational band structures like shi in peak
position, integrated peak intensity and peak width were
observed. This shows that the vibrational modes, their
concentration and the homogeneity remain intact by exposing
with these vapours. Since the peak width remains same it
implies that defects and bond strains are not introduced in the
functional groups. Upon exposing with water vapour no change
in the FTIR spectrum was observed. However there are reports
where changes in the FTIR spectrum have been reported.42

These are however for long time exposure to water vapour. It can
therefore be concluded that water vapour exposure for this time
scale is not sufficient to bring major changes in the methyl
ammonium part of the material.

Upon exposing with 2-propanol and acetone vapour the
symmetric and asymmetric NH3 stretch integrated peak inten-
sity decreases. This indicates that the concentration of these
absorbing bonds reduces upon these solvent vapour exposures.
The intensity corresponding to CH3–NH3

+ rocking, symmetric
and asymmetric NH3

+ bend and C–N stretching vibrational
modes also reduces which indicates that the concentration of
these groups also reduces upon solvent vapour exposure. This is
an indication of the dissolution of organic counterpart of the
material. Upon acetone vapour exposure a peak at 1645 cm�1

appears, the intensity of which increases with exposure time.
Acetone having the carbonyl (C]O) functional group shows an
intense peak at 1715 cm�1 wavenumber.40 The shi in this peak
is therefore due to change in chemical environment

Fig. 5 Scanning electron microscope images in both the nanoscale and microscopic scale of the unexposed and solvent vapour exposed
perovskite films.
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corresponding to this functional group due to the interaction
with perovskite.

When the perovskite samples were exposed to DMF vapour,
we see changes in the vibrational band within very short period
of time (ESI†). The symmetric and asymmetric CH3 and NH3

stretch peaks becomes broad. This suggests that the homoge-
neity of these chemical bonds is disturbed due to defects and
bond strain. Small shi in bond strengths cause small shis in
peak positions. The net result is broadening of the absorption
band. Aer 30 minutes exposure the peaks disappears. In the
nger print region many new peaks appears in the spectrum
corresponding to DMF. Similar results were observed for the
DMSO vapour exposed lm also.

Discussion

CH3NH3PbI3 is an ionic crystal in which the organic part
CH3NH3

+ is the cation with +1 oxidation state, the metal ion
Pb2+ has +2 oxidation state while the halogen I is the anion with
�1 oxidation state.43 Crystals of this perovskite are held together
by ionic interactions between the organic and inorganic
portions as well as hydrogen-bonding interactions between the
hydrogens in NH3

+ head and the iodine atoms. The hydrogen

bonding interactions between the organic cation and halide
ions of the perovskite lattice provide structural stability. The
effect of particular solvent vapour on the perovskite properties
can be explained by considering the solvent properties like
dielectric constant, molecular dipole moment, Gutmann donor
number, boiling point etc. Few properties of the solvents used in
the present study have been given in Table 5 below. Aprotic
polar solvents lack O–H or N–H bonds and so do not have
hydrogen bonding.44 However, due to the presence of carbonyl
or sulfoxide groups they can act as hydrogen bond acceptors.
The Pb2+ and CH3NH3

+ cations in CH3NH3PbI3 will have the
ability to readily bond with the partially negative oxygen,
nitrogen or sulphur atoms in aprotic solvents. This bonding
enables dissociation of the PbI6 octahedral frame that forms the
skeleton of the organic–inorganic perovskite material, thereby
resulting in high solubility of the perovskite material in polar
aprotic solvents. Therefore, the aprotic solvents have the ability
to form PbI2-solvent compounds.

Inspite of the fact that DMSO, DMF and acetone are polar
aprotic solvents there is a difference in the effects their solvent
vapours have on the perovskite lm properties. In general,
higher solvent polarity enables better solubility of ionic
compounds. DMSO has the largest value of dipole moment and
dielectric constant followed by DMF and then acetone. It is
therefore perovskite lms exposed to DMSO vapour shows no
XRD peaks corresponding to CH3NH3PbI3. The combined study
of UV-visible absorption, XRD and Raman spectroscopy sug-
gested the formation of solvent and organic component inter-
calated PbI2 in the DMSO vapour exposed lms. Also the bands
corresponding to organic component were completely missing
in FTIR and Raman spectra. The effect of acetone vapour was
minimal due to its low polarity among the polar aprotic
solvents. In addition DMSO has the higher value of Gutmann
donor number compared to DMF and therefore coordinating
ability of DMSO is greater. The Gutmann donor number is
a quantitative measure of Lewis basicity and gives the ability of
a solvent to solvate cations and Lewis acids.45,47 It is dened as
the negative enthalpy value for the 1 : 1 adduct formation
between a Lewis base and the standard Lewis acid antimony
pentachloride, in dilute solution in the non-coordinating
solvent 1,2-dichloroethane with a zero donor number. The
donor number of acetone is much smaller than that of DMSO

Fig. 6 FTIR spectra of the perovskite films before and after exposing to
different solvent vapours.

Table 4 Various vibrational bands observed in the present FTIR study
and in reported literature and their assignment has been tabulated

Vibrational bands
observed

Vibrational
bands reported40,41

Assignment for
CH3NH3PbI3

908 911 CH3NH3
+ rocking

960 960 C–N stretching
1421 1425 AsymCH3 bend
1469 1469 SymNH3

+ bend
1577 1577 AsymNH3

+ bend
3000 3005 C–H stretch
3100 3105 N–H stretch (sym)
3130 3132 SymNH3

+ stretch
3170 3179 AsymNH3

+ stretch

Table 5 Solvent properties are tabulated45,46

Solvent
Dielectric
constant

Dipole
moment
(D)

Gutmann
donor
number44

(kcal mol�1)

Boiling
point
(�C)

DMSO 47.2 3.96 29.8 189
DMF 36.7 3.82 26.6 153
Acetone 20.7 2.88 17 56
2-Propanol 10.9 1.58 21.1 82.5
Water 80.1 1.85 18 100
Chlorobenzene 5.62 1.69 3.3 132
Toluene 2.38 0.37 0.1 110.6

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 39995–40004 | 40001
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and DMF. This is an indication of the reduced ability of acetone
to solvate the Pb2+ and CH3NH3

+ cation as compared to the
other two polar aprotic solvents. Our experiments have shown
that acetone is not a good solvent for PbI2. However, when
CH3NH3I is added, PbI2 becomes readily soluble in acetone. It
suggests that as CH3NH3PbI3 comes in contact of acetone
vapours, it dissolves the organic part and results in intercalation
of acetone and organic component in PbI2. Several new XRD
peaks in the perovskite lm aer exposing to acetone vapour
conrms this. FTIR study conrms the fact that acetone easily
affects the organic part in CH3NH3PbI3. The above discussion
indicates that DMSO has the strongest coordination capability
with the Pb2+ and CH3NH3

+ cations in CH3NH3PbI3. This
coordination ability can be as a monodentate ligand by
donating a pair of electrons to the cations through atom of the
S–O bond and also by hydrogen bonding.48 Therefore DMF
seems to be a weaker eld ligand compared to DMSO but
stronger than acetone. For the aprotic solvents therefore, the
solvent coordination ability follows the same trend as its Gut-
mann donor number.

In addition to the solubility factor, acetone have compara-
tively low boiling point compared to DMF and DMSO. It is
therefore, once deposited, DMF and DMSO does not evaporate
easily from the perovskite surface. This results in more effective
dissolution of perovskite and therefore reduction in standard
perovskite peak intensity. This effect is most prominent in the
case of DMSO which has the highest boiling point of 189 �C as
compared to 153 �C for DMF. To conrm this, the exact amount
of solvent settled on the exposed lm was measured by weigh-
ing the coated lm before and aer exposing with the specic
solvent vapours. Results are given in Table 6. It clearly shows
that solvents with high boiling point stick more readily to the
lm aer settling on the surface. In the process of dissolution,
solute separates into ions or molecules, and molecules of
solvent surround each ion or molecule. More the number of
molecules, more the dissolution expected.

2-Propanol and water used in the present study are polar
protic solvents that possess O–H bonds, and so they can
participate in hydrogen bonding. These solvents can also serve
as acids (sources of protons) and weak nucleophiles (forming
bonds with strong electrophiles). Due to the H bonding present
in these solvents, anion I� can be solvated. The solubility of PbI2

is very low in these solvents. This is conrmed by the fact that
no changes were observed in the absorption and XRD pattern of
PbI2 lm exposed to these solvent vapours. However, consid-
erable changes were observed in the CH3NH3PbI3 lms due to
these solvent vapours. Even though both these solvents are
polar protic, the degradation mechanism upon exposure to
their solvent vapour seems to be different. Negligible or no
changes were observed in the FTIR spectra of lm exposed to
water vapour for 30 min. This shows no changes take place in
the methylammonium ion. Raman spectroscopy results show
a slight decrease in peak intensity corresponding to Pb–I
stretching and libration mode of organic cation, which indi-
cates the decrease in the number of moieties corresponding to
these modes. It also shows a decrease in CH3NH3

+–I� hydrogen
bond and Pb2

+–I� bonds. Water is a polar solvent with high
dielectric constant and strong hydrogen bonding. Water vapour
can, therefore, weaken the above hydrogen bonds in CH3NH3-
PbI3, leading to the formation of a small amount of PbI2 (As
shown in the XRD result) by liberating some CH3NH3

+ and I�. X-
ray diffraction pattern of 2-propanol vapour exposed perovskite
lms show new very low-intensity peaks in lower 2q values. We
attribute this to the intercalation of the organic component of
perovskite into the PbI2 lattice. This effect is similar but small in
magnitude as compared to that of aprotic solvents. This effect
was not observed for perovskite lm exposed to water vapours.
This is due to the ability of 2-propanol to solvate the organic
component (as shown in the FTIR spectra). 2-Propanol has
a lower polarity compared to water but a higher Gutmann donor
number. This is an indication of higher coordination ability of
organic cation by 2-propanol as compared to water, inspite of
more number of water vapour molecules settled on the lm as
shown in Table 6.

Both chlorobenzene and toluene have lower values of dipole
moment and very low values of Gutmann donor numbers;
toluene has lower numbers than chlorobenzene. This shows
a very weak ability of toluene to affect the ionic perovskite
molecule. Crystallinity changes indicate that toluene has at
least some ability to dissolve CH3NH3PbI3. This weak ability is
helpful by weakly dissolving the perovskite and thereby healing
the interface between grain boundaries at the nanoscale and
enhancing the crystallinity. The increased XRD peak intensity
indicates this in the lm exposed to toluene vapour. It is
observed that the coordination ability of different solvents with
the cations of CH3NH3PbI3 follows the same trend as the Gut-
mann donor number. Thus donor number is an important
parameter and can be used to interpret the coordination ability
of a solvent, with perovskite materials.

Conclusions

We have therefore produced a comprehensive study of the effect
of various solvent vapours of different classes on the perovskite
properties. CH3NH3PbI3 is ionic and can interact with different
solvents, the magnitude of which depends on the solvent
properties. We showed that aprotic solvents like DMSO and
DMF considerably deteriorates the perovskite properties in
a very short time due to their high molecular polarity, Gutmann

Table 6 Amount of solvent deposited on the exposed film after 30
minutes is given

Solvent/molecular weight

Weight of solvent aer
exposing to solvent vapours (mg)/
number of moles of solvent

DMSO/78.13 0.90/1.15 � 10�5

DMF/73.09 0.66/9.03 � 10�6

Acetone/58.08 0.07/1.20 � 10�6

Water/18.01 0.63/3.50 � 10�5

2-Propanol/60.10 0.15/2.47 � 10�6

Chlorobenzene/112.56 0.85/7.55 � 10�6

Toluene/92.14 0.17/1.84 � 10�6
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donor number and high boiling point. Acetone also being an
aprotic solvent deteriorates the perovskite properties but
moderately, due to its limited ability to solvate the cation and
interaction with the polar solute. Water and 2-propanol are both
polar protic solvents but interacts differently with perovskite.
Due to the higher Gutmann donor number of 2-propanol, it can
solvate the organic cation CH3NH3

+ more efficiently as
compared to water. Having very low values of molecular dipole
moment and Gutmann donor numbers, chlorobenzene and
toluene are not able to affect perovskite much. The extremely
weak ability of toluene vapour to interact with perovskite was
helpful in fusing the neighbouring grains and heals the perov-
skite defects at the nanometre scale to improve the crystallinity.
The effect of different solvent has been correlated to the solvent
properties like dielectric constant, molecular dipole moment,
Gutmann donor number, and boiling point. We show that
donor number is an important parameter and can be used to
interpret the coordination ability of a solvent with perovskite
materials. The present study can be useful in understanding the
negative effect of different solvent vapours and also the use of
solvent vapours for post-deposition processing (like solvent
vapour annealing) to improve their properties. We propose the
use of mixed solvents to obtain tailor-made properties of
solvents tomodify the perovskite properties by vapour exposure.
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डॉडॉडॉडॉ. . . . बाबासाहबे आबंडेकर यानंीबाबासाहबे आबंडेकर यानंीबाबासाहबे आबंडेकर यानंीबाबासाहबे आबंडेकर यानंी    रा यघटने या मा यमातनू दशे बौ मय रा यघटने या मा यमातनू दशे बौ मय रा यघटने या मा यमातनू दशे बौ मय रा यघटने या मा यमातनू दशे बौ मय 
कसा केलाकसा केलाकसा केलाकसा केला.... 

ा. डॉ. संजय उ म ब  े 
वसंतराव नाईक महािव ालय, हसळा ता. हसळा िज. रायगड. िपन  ४०२ १०५                                                                                                                              

                                                                                                                 

थावना थावना थावना थावना ;;;; 
अखंडिव ाला शांतीचा संदशे दणेारे तथागत भगवान गौतम बु  यांनी िव ाम ये एकता आिण 

अखंडीता िनमाण कर यासाठी जे ये  केले होते व यातून िव ात जी ि थरता िनमाण झाली होती. 
तशीच ि थरता भारताला वतं  िमळा या नंतर या दशेात नांदावी हणून डॉ. बाबासाहबे आंबेडकरानी 
या वेळी भारतीय रा यघटना बनवावयास घेतली यावेळी या दशेातील िवषमता न  क न एकता 

िनमाण हावी, येथील जातीयता संपावी व भेदाभेदीला मूठमाती ावी या उदा  हतूेने डॉ. बाबासाहबेांनी 
रा यघटना बनव यास सु वात केली व ती करत असताना डो यापुढे गौतमबु ा या वेळचा भारत यांनी 
समोर ठेवला. या साठी यांना २ वष ११ मिहने व १८ दवस क  उपसावे लागले व यातून एक सुंदर 
असे भारतीय संिवधान बनले गेले. या सुंदर संिवधानातून यांनी दशे बौ मय कसा केला याचा आढावा 
घेऊया. 
बाबासाहबे पवू काळ बाबासाहबे पवू काळ बाबासाहबे पवू काळ बाबासाहबे पवू काळ ::::----        

बाबासाहबेांनी घटना बनवली व ती लागू क न तमाम भारतीयांम ये एकोपा थािपत 
कर याचा, धा मकता व जातीयता दरू कर याचा य  केला. परंतु भारतीय घटना अि थ वात ये या या 
आगोदर बाबासाहबेांचे बालपण ते यांचा पुवाितहास पािह यास आपणास असे दसून येते क  या काळात 
मो ा माणात धा मक गुंतागुंत, पुरोहीतांचे ाब य, िविवध कारचे य , जातीभेद, वणभेद, भाषाभेद, 
बुि भेद, अंध ा, आि तकता, कमकांड, ाणीह या,दवेदवेता, भोगिवलाशी जीवन इ यादी अनेक अवगुण 
समाजाला िचकटून रािहले होते, आिण झळ बाबासाहबेांना झाली होती. हणून बाबासाहबेांना या 
जोखडातून वता:ला व आप या समाजालाही बाहरे काढावे हणून यांनी िश ण घेत असतानाच काय 
उपाय योजना करता येयील याचा ते सात याने िवचार करीत होते. 
बाबासाहबे बौ  ध माकड ेआक षत बाबासाहबे बौ  ध माकड ेआक षत बाबासाहबे बौ  ध माकड ेआक षत बाबासाहबे बौ  ध माकड ेआक षत ::::----        

बाबासाहबेांना हद ूधमातील वरील सव सम यांची सोडवणूक क न तमाम ब जनां या जीवनात 
काश आण यासाठी बाबासाहबेांनी अनेक धमाचा सारासार िवचार क न जो ध म मानवाला 

मानवा माणे वागवतो, मानवतेचे आचरण करतो अशा ध माकड े हणजेच बौ द ध माकड े बाबासाहबे 
आकृ ट झाले व या ध मातील अनेक बारीक सारीक गो ीचा िवचार क न आप या सम येला वाचा 
फोडणारा व आप याला अिभ ेत असणारा ध म बाबासाहबेांना दसला. आप याला मानव हणून मु  
वातावरणात जगू दणेारा हाच ध म आह े हणूनच बाबासाहबेांनी नािशक िज ातील येवला येथील 
प रषदते एक भीम गजना केली क , ‘मी हद ू हणून ज माला आलो तरी हद ू हणून मारणार नाही’. आिण 
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ही गजना बाबासाहबेांनी खरी क न दाखवली. यांनी नागपूर मु ामी १४ ऑ टोबर १९५६ ला बौ द 
ध माची द ा घेतली व ते बौ  झाले. 
बाबासाहबे रा यघटना बनवतात बाबासाहबे रा यघटना बनवतात बाबासाहबे रा यघटना बनवतात बाबासाहबे रा यघटना बनवतात ::::----        

ऑग ट १९४७म ये भारतीय घटना सिमतीनेएक मसुदा सिमती िनमाण केली व ितचे अ य  
बाबासाहबे होते.घटनेतील मसुदा हाच मह वाचा असतो यातील मह वाचे मु ेच पुढे रा यघटनेत 
समािव  कर यात येत होते. अशा रीतीने बाबासाहबेांनी २ वष ११ मिहने व १८ दवस मेहनत घेऊन २६ 
जानेवारी १९५० म ये रा पत या वा रीने घटना संपूण दशेात लागू कर यात आली. या घटनेत ३९५ 
कलमे व ८ परीशी  ेसामावली आहते व ती सव िलिखत व पात आहते. आपली रा यघटना जगातील 
सवात मोठी रा यघटना आह.े 
घटनेत बौ  ध म घटनेत बौ  ध म घटनेत बौ  ध म घटनेत बौ  ध म ::::----     
1) घटनाघटनाघटनाघटना    ::::----    बाबासाहबेांनी रा यघटने या सरना यात अितशय मोज या पण अचूक व प रणामकारक 

रा यघटनेची उ द  े प  केली आहते. यात याय, वतं , समता व बंधुता यांचा वीकार केला. 
2) बौ द ध म बौ द ध म बौ द ध म बौ द ध म ::::---- बाबासाहबेांनी वरील उ द  े ही बौ द ध मातून घेतली आहते. तथागत हणतात क  

मानवाने पंचशीलाचे पालन करावे सवाशी यायाने वागावे,सवाना समानतेने वागवावे आपण सव 
मानवजातीने भावा या ना याने कृ य करावे. हणजेच बाबासाहबेांनी वातं ,समता व बंधुता ही त वे 
बौ  ध मातून घेतली होती असे दसून येते. 

3) घटना घटना घटना घटना ::::----     
सावभौमसावभौमसावभौमसावभौम, , , , समाजवादीसमाजवादीसमाजवादीसमाजवादी, , , , धमातीतधमातीतधमातीतधमातीत, , , , लोकशाही जास ाकलोकशाही जास ाकलोकशाही जास ाकलोकशाही जास ाक    

बाबासाहबेांनी घटने या सरना यात भारत ह ेसावभौम, समाजवादी, धमातीत, लोकशाही अस याचे 
घोिषत कर यात आले आह.े येथील जा ही सावभौम असून तीच यांची श  आह ेतसेच सव धमाला 
समान लेखून यांना समान वागणूक दे यात येईल कोणावरही अ याय व अ याचार होणार नाही अशी 
त वे बाबासाहबेांनी घटनेत समािव  केली आहते.  

4) बौ  ध म बौ  ध म बौ  ध म बौ  ध म ::::----     तथागथानी आप याला एक येक वचनाम ये मानवतेचा वीकार के याचे आप याला 
दसून येते. समाजात व धमातील उ  नीचतेची उतरंड उतरव याची व सव  या समान व 

येकाला आपाप या आचार िवचाराने जगता येते असे बोल बौ  ध मात आहते. हीच खरी लोकशाही 
आह.े ध मात दसुया या क याणाचा िवचार केला आह.े हणजेच समाजवादी िवचार आहते. तीच त वे 
बाबासाहबेांनी घटने या मा यमातून सव भारतभर लोकांम ये काय ा या चौकटीत रा न पाळ यास 
सांिगतली. 

5) घटनाघटनाघटनाघटना:-        अनु छेद १५ व  अनु छेद १६ म ये बाबासाहबेांनी धम, वंश, जात, लग, कुळ, ज म थान 
आिण िनवास या कारणामुळे आप या सोबत भेदभाव होणार नाही ह ेनमूद केले आह.े  

6) बौ  ध म बौ  ध म बौ  ध म बौ  ध म ::::----    तथागथान या काळात कोणताही पंथ व सं दया हा अि थ वात न हता. पण तथागथां या 
िनवाणानंतर फ  हीनयान व महायान ह ेदोन पंथ िनमाण झाले पण यांनी जातीयता, पंथ, ांत, जात 
यांना दरूच ठेवले होते. बौ  ध मात दया, शांती, अप र ह ही त वे सांिगतली आहते. हद ू धमात 

ा ण, वै य, ेि य व शु  असे चार वण सांिगतले आहते पण या चारी वणात वर या पे ा खालचा 
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शु  आह ेपण बौ  ध मात वरील सवाना समानतेने वागव याची पु ी केली आह.े कोणीही ज मामुळे 
नीच होत नाही तर याचे कम मह वाचे आह.ेबौ  ध मात सांिगतले आह ेक , माणूस कमानेच शु  
होतो तसेच कमानेच तो ा ण होतो. केवळ या वणात ज माला हणून तो ा ण होत नाही. ा ण 
कमानेच होतो. हणूनच बाबासाहबेांनी रा यघटने या वरील कलमा ारे सवाना समानतेने वागवावे 
हणून ही कलमे या म ये समािव  केली आहते. हणून तर आज दकुाने, सावजिनक हॉटेल, 

िसनेमाहॉल, तलाव, िवहीर, र ते, आंघोळीचे घाट अथवा सावजिनक वापरावया या जागा येथे, जात-
धम- लग-कुळ या व न रोखले जाणार नाही.  

7) घटना घटना घटना घटना ::::----    अनु छेद १२ ते ३५ पयत बाबासाहबेांनी मुलभूत ह ांची चचा कर यात आली आह.े िश ण 
घे याचा अिधकार, धा मक वतं , मालम ा िमळव या या अिधकार, अ यायािव  
दादमाग या या अिधकार, कोठेही वा ये  कर याचे वतं , आप या सं कृती माणे वाग याचा 
अिधकार. 

8) बौ  ध मातबौ  ध मातबौ  ध मातबौ  ध मात :-    बौ  ध मात िनसगाने िनमाण केले या येक व तूवर मानवाचा समान अिधकार आह.े 
या सव व तंूचा उपभोग घे याचा सवाना अिधकार अस याचे ितपादन केले आह.े हणजेच 
तथागतांनी सामातावादी िवचार मांडले आहते. धमावर ाहामनांचे वच  अस याने व य  आ ती 
य बळी, सोमरस या बाबी ख चक हो या पण तथागतांनी या धा मक िविधना िवरोध केला व 

येकाला आप या िवचार साम याने जग या या अिधकार अस याचे ितपादन क न धा मक वतं  
दले. हणूनच बाबासाहबेांनी रा यघटनेत धा मक बाबतीत वातं  दले धम बदल याचा, धा मक 
था न पाळ या या कलमे घातली आहते. 

9) घटना घटना घटना घटना ::::----                ितरं या झ ात अशोक च  ितरं या झ ात अशोक च  ितरं या झ ात अशोक च  ितरं या झ ात अशोक च       
२२ जुलै १९४७ रोजी घटना सिमतीची बैठक पार पडली. या बैठक त ितरंगा वज भारताचा अिधकृत 
रा  वज हणून वीकृत कर यात आला. व या वजाम ये अशोक च  ह ेिन या रंगात बसव यात 
आले, व याची बाबासाहबेांनी अंमलबजावणी केली. 

10) बौ  ध म बौ  ध म बौ  ध म बौ  ध म ::::----    स ाट अशोकाने ज हा बौ  ध म वीकारला त हा पासून यांनी आपले आचरण बदलले 
होते. ते ज हा पिह यांदा सारनाथ येथे आले होते. त हा यांनी २४ आरे असणारे च  िशलालेखावर 
कोरवून घेतले.या ध मच ाचा अथ भगवान गौतम बु ाने अिव ा पासून द:ुखापयत १२  अव था व 
द:ुखापासून िनवाणापयत १२ अशा एकून २४ आव थांचे िच ण केले आह.े 

11) घटना घटना घटना घटना ::::----                भारताची राजमु ा राजिच ह व स यमवे जयत ेभारताची राजमु ा राजिच ह व स यमवे जयत ेभारताची राजमु ा राजिच ह व स यमवे जयत ेभारताची राजमु ा राजिच ह व स यमवे जयत े 
२६ जानेवारी १९५० रोजी हणजेच रा यघटने या पिह याच वष  भारतीय घटना सिमतीने 

जास ाक दना दवशी चार सह असलेली व सारनाथ ि थतः ही मु ा भारताची राजमु ा हणून 
वीकारली आह.े 

12) बौ  ध म बौ  ध म बौ  ध म बौ  ध म ::::----    बौ  ध माम ये अशोकाने िनमाणकेले या चार सह व खाली अशोक च  व यावर 
िलिहलेले “ स यमेव जयते “ ह े तीक आह.ेव या काळात भारतीय हा बौ  ध म जागितक पातळीवर 
जो पोहचला गेला याचे ह े तीक पूण िव भर सा रत झाले गेले. जागितक पातळीवर चीन, भूतान, 
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नेपाल, बाली, बो नयो, इंडोिनया, जावा, सुमा ा, येथेही बौ  ध म पोहचला गेला. पण बौ  ध माचे 
तीक सव  मा यता पावले. 

13) घटनाघटनाघटनाघटना:-     २ जानेवारी , १९५४ पासून घटनेत नमूद के या नुसार भारताचा सव य नागरी पुर कार “ 
भारतरभारतरभारतरभारतर  “    िन मती  

14) भारताचा हा सव य नागारी पुर काराचे नाव बौ  ध माशी संबंिधत आह.े बौ  ध मात सव े  
ना ‘ रररर  ‘या नावाने पदवी दली जाते.अनेक बु  िभ कंुची नवे ‘ र  ‘ नावाशी संबंिधत आहते.  

उदाउदाउदाउदा.   .   .   .           १ ) भ ते योतीर   
          २) भ ते संघर   
          ३) भ ते शांतीर   
          ४) भ ते जोतीर   
भारतर  हा पुर कार पपळा या पानावर ( याचा आकार ) दला जातो. या या एका बाजूला 

सोनेरी अ रात तो घेणायाचे नाव तर दसुया बाजूला चार सह असलेली राजमु ा व ध मच  कोरलेले 
आढळून येते.  
15151515))))घटनाघटनाघटनाघटना    ::::----     घटनेत रा ीय फुल हणून ‘ कमळ ‘ या फुलाचा वीकार केला गेला. 
16)बौ  ध म बौ  ध म बौ  ध म बौ  ध म ::::----    बौ  ध माम ये मै ी, ेम व क न यांचे तीक हणून कमळा या फुलाला सव य थान 
आह.े थाईलंड, ीलंका, यानमार या बौ  रा iत तसेच तथागत गौतम बु ा या चरणावर कमळाचे फुल 
सम पत केले जाते. 
सदंभ साधन ेसदंभ साधन ेसदंभ साधन ेसदंभ साधन े::::---- 

१) शेरे नीलकंठ  आंबेडकर वाद, सुिव ा काशन पुण,े थम आवृ ी २००९  
२) गायकवाड  जयदेव  संिवधान—सभेत डॉ. आंबेडकर प गंधा काशन पुण,े थम आवृ ी,२०००  
३) काशप िव ास  महामानव – मी बु ी  फ डेशन मंुबई, थम आवृ ी २०१७  

४) कर धनंजयं  डॉ. बाबासाहबे आंबेडकर योपुलर काशन मंुबई, दसुरी आवृ ी, १९९०  
५) सोनावणे िवनयकुमार  मुलाखत,   दनांक २५/०५ /२०२१.  
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