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Introduction
Colloidal nanocrystals are mesoscopic materials filling up
the region between the atomistic and the macroscopic
worlds. The unique electronic, optical, and catalytic
properties of metal and semiconductor nanoparticles (NPs),
along with the different methods available for their
preparation of controlled shape and size, offer exciting
building blocks for nanoscale assemblies, structures and
devices [1,2]. In recent years, there have been tremendous
developments in the synthetic control of nanocrystal size,
shape and composition, thus allowing the tailoring of their
properties [3]. Several routes have been developed for the
synthesis of semiconductor NPs with different shapes
and sizes using different methods such as colloidal,
sol-gel, co-precipitation, hydrothermal, micro-emulsion,
sonochemical and template-based synthesis [4-6]. The most
widely used synthetic technique for NPs is a colloidal
technique, which gives uniform, monodisperse NPs with
immense control over size, shape and composition of NPs.
Despite that, a template acts as a scaffold. It controls the
nucleation and growth of the stable particles, leading to the
formation of nanostructure with control size, unique surface
chemistry within it and with a morphology complementary
to that of the template. Some hard templates include a
porous membrane, polymer matrix, thin-film etc. [7,8].
Apart from these hard templates, soft templates have also
been used in the synthesis of NPs. Metal NPs with
controllable size, shape and distribution have advanced by
small organic ligands, DNA, protein, peptide, dendritic
architectures, organic molecular cages or polymers as

templates [9-12]. In-situ nucleation and growth of NPs can
be achieved by using these soft templates. Besides, chicken
eggshell membrane (ESM) has also emerged as a costeffective bio-template for the synthesis of metal NPs [1315]. ESM has a three dimensional-entangled structure of
highly cross-linked fibres and porous site. The
superabundant, economically benign character and unique
features make ESM superior to other naturally available
proteins like bovine serum albumin, human serum albumin
etc. The ESM mainly consists of glycoproteins like
collagen and several other amino acids glycine, cysteine,
uronic acid etc. [16-18]. On the other hand, the presence of
amino acids makes ESM a suitable platform to form stable
metal NPs immobilized ESM. Over the last few years, ESM
has been used as a soft template for the synthesis of Au, Ag
and AuAg clusters in a cost-effective manner [19-21].
Besides, Su et al. (2011) prepared hierarchical ZnO single
crystals by introducing ESM, which could grow at three
dimensions into polyhedral single crystals through a
surface sol-gel process followed by a calcination treatment
[22].
Among II-VI, chalcogenides, CdS is an essential
semiconductor with a direct bandgap of 2.42 eV [18,23].
CdS excels as a most promising photocatalyst with better
properties like bandgap, good optical transmittance, and
appropriate band potentials under different thermodynamic
conditions for photocatalytic redox reactions. Generally,
the synthesis of CdS employed through precipitation,
hydrothermal, solid-state, chemical bath deposition,
mechanical alloying, and pyrolysis of single-source
precursor, which required high temperature with the use of

toxic and highly sensitive compounds. Therefore, it is of
great significance to introduce effective synthesis pathways
at low temperature, low cost, fast with well-controlled size
and shape for desired applications [24,25]. CdS exists in
three phases, including the wurtzite structure with a direct
bandgap of ~2.4 eV, the zinc-blende structure with a
bandgap of 2.55 eV and a high-pressure rocksalt structure
with an indirect bandgap of ~1.5 eV. To maintain excellent
optoelectronic properties, CdS must remain in the wurtzite
structure for practical applications [26]. Therefore, the
structural phase transformation in CdS crystals becomes an
important issue, and it has attracted many theoretical and
experimental studies.
Manganese (Mn) is one of the vital poisonous
hazardous substances from water, causing significant
environmental challenges. The excessive use of Mn
containing products, mine waters, steel manufacturing
industries discharged to nearby environment inevitably and
led to environmental pollution. The oxidation state of Mn
appears to be a key determinant of its distribution,
accumulation and excretion. Manganese can exist in eleven
oxidation states, which commonly occurring oxidation
states are MnII, MnIV and MnVII. These states are noxious,
which generates a massive impact on the environment when
it exceeds the permissible limits, moreover anthropogenic
activities are the significant responsible role for the
manganese contamination in our water resources [27-29].
Deficiency of manganese results in a wide variety of
structural and physiological defects, including reduced
growth rate, skeletal abnormalities, impaired reproduction,
and unacceptable intake of manganese leads to severe
health complications as well. There are different treatment
methods available for degradation of heptavalent
manganese, which are precipitation methods, oxidation,
filtration,
ion
exchange,
coagulation/flocculation,
membrane filtration, electrochemical methods, biological
treatment and adsorption [30-32]. Photocatalytic
degradation technique has been considered as a promising
technology for heavy metal removal compared to other
methods, in this process it utilizes sunlight or indoor
illumination lights; furthermore, photocatalysis is the most
economical method and high-efficiency environmental
protection method even though it has some limitations
[33, 34]. The aim of this study lies in the synthesis of CdS
NPs using ESM applying UVA light irradiation method
and further application as an emerging redox catalyst for
toxic MnVII ion removal from aqueous solution. This
approach can pave the way for the purification of acid
manganese mine for the development of cleaner
environment aspect.

Experimental
Materials
Cadmium acetate dihydrate (Sigma Aldrich), acetic acid
(Merck) and potassium permanganate (Merck) are used
without further purification for the experiment. Material
characterization is illustrated in the Supplementary
Information (SI).

Synthesis of ESM assisted CdS
The cleaned eggshells (ESs) were treated with dilute acetic
acid (50% diluted with water) to extract the membrane
(ESM) from the ES by soaking them for 8 hours. Once the
calcium carbonate shell gets dissolved, the membranes
were carefully collected and thoroughly washed with
deionized water and then dried in air at room temperature.
An ES consists of two significant parts such as the hard
shell, which is made mainly of calcium carbonate; and the
thin membrane that lines the inside of the hard shell. The
membrane is made of protein fibres that contain a
considerable amount of sulphur and carbon. Thus, this kind
of bio-waste can be implied as a potential source of sulphur
to synthesize CdS for this case. At the same time, ESM
provides as a bio-inspired templating approach based on the
control of nucleation and gestation of CdS formation. The
extracted dried white ESM (0.2 gm) was added to an
aqueous solution of 10 ml of cadmium acetate in the
presence of an 8W UV (ultraviolet) lamp (UVLS-28 EL
Series) having an average light intensity of 0.6 mW.cm -2,
excited at 365 nm (3.39 eV) for 2 hours inside a UVchamber. The white ESM changes its colour to orangishyellow, which indicates the formation of the CdS that
immobilized on the surface of ESM. Finally, an orangishyellow part from the ESM has been collected through rapid
washing with ethanol and water, respectively. The collected
product then further calcined at 300oC for 1 hour, to
eliminate any hydroxyl, carbonaceous materials and
considered for further study. The overall synthesis process
perceives a “greener” synthesis approach to develop
nanomaterial synthesis [35,36]. By the soakage technique,
the cadmium precursor ions were impregnated to the ESM
fibres to form Cd-ESM hybrids. These Cd-ESM hybrids
accordingly react with the labile sulphur ions associated
with the ESM protein under a constant UV light irradiation
to form CdS. In the interfacial soaking process, the large
anionic groups (carboxylic, hydroxy, and amino residues)
in the protein mantle of the ESM fibres influentially adsorb
Cd2+ cations from the precursor medium by electrostatic
interactions. The amorphous Cd-ESM networks are
therefore formed, and comparatively higher labile groups
such as hydroxide, sulphide ions are triggered to undergo
for the chemical reaction with the Cd-ESM fibre matrix.
The ion migration and interaction process further
compelled by the high energy UV light irradiation. The
obtained NP subsequently ripen into well-defined nanocrystallites during the calcination treatment, which
frequently causes enlargement and remove any hydroxyl
group or carbonaceous materials involvement during the
reaction.
Interestingly, the NPs do not undergo agglomeration
even after calcination. This is probably due to the ESM
acts here as a structure-directing or templating agent,
that can restrict the hierarchical growth of the morphology
and thus eliminated agglomeration. The overall
synthesis process has been schematically represented in
Fig. S1, SI.

Results and discussion
Structural and optical analysis of ESM assisted CdS
The crystallite phase of CdS determines its optoelectronic
properties. Therefore, in order to understand the phase
purity of the CdS, the sample obtained after annealing was
characterized by XRD study, as shown in Fig. 1. All the
peaks have been well indexed and matched with the
hexagonal phase of CdS corresponding to the JCPDS card
number 02-0549 [37]. The broadness, as well as the intense
peak of the XRD, indicates the finer particle size of the
CdS. The mean size of the crystallites has been calculated
to be ~5 nm using the Scherrer equation.

where, α, υ, h corresponds to the absorption coefficient,
frequency and Planck’s constant, respectively and
considering allowed direct transition for synthesized CdS.
The emission spectra of CdS NPs has been monitored
at room temperature by varying the excitation wavelengths
from 340 to 390 nm, as shown in Fig. 2(b). A sharp, distinct
emission peak at ~470 nm (blue emission) along with other
weak peak associated at ~453, 484, 496 and 543 nm were
observed against all the excitation wavelengths. The
maximum intensity of the emission band was at the
excitation wavelength of 380 nm.

Fig. 2. (a) UV-Vis absorption spectrum and (b) excitation wavelengthdependent photoluminescence spectra of 300oC calcined CdS dispersion
in water, respectively (inset shows a photograph of the CdS dispersion in
water, illuminated under UV light).

Fig. 1. XRD pattern of the ESM derived CdS powder.

The natural ESM was amorphous to X-rays, whereas
the synthesized CdS exhibits high crystallinity, as evident
from the XRD patterns shown in Fig. S2, SI. Ostwald
ripening, in the presence of constant UV irradiation can
explain this phenomenon. It has been observed that after 2
hours, many small crystals formed initially slowly
disappear, except for a few that grow larger, at the expense
of the small crystals, where the smaller crystals act as fuel
for the growth of bigger crystals [38]. Further UV
irradiation (> 2 hours), the CdS formation only resulted in
enhanced crystallinity but along with the emergence of
many other unidentified phases (Fig. S2, SI). Therefore,
due to consideration of phase purity, 2 hours irradiation has
been optimized to form the hexagonal CdS, and selected for
further studies.
The UV-Vis absorption spectrum of CdS NPs
exhibited an absorption edge (λe) at ~490 nm (Fig. 2(a)),
which further depicted an average particle size of 5.29 nm
as derived from the Henglein’s empirical formula as
mentioned in equation (1),[15]

𝑅(𝐶𝑑𝑆) =

0.1
(0.1338−0.0002345.λe)

(1)

where, R and λe denote for the diameter of the CdS particle
and absorption edge (nm) recorded from UV-Vis
absorption spectroscopy. The corresponding optical band
gap (Eg) was calculated ~2.5 eV by using Tauc plot as
shown in equation (2), [39]
αhυ = A (hυ - Eg)1/2

(2)

The synthesized CdS sample exhibits multiple
emission peaks generates from variable trap states
associated with the CdS band structure. It is anticipated that
the band-edge emission originated from the direct
recombination of the electrons and holes from the
conduction and valence band when the excitation energy is
greater than the bandgap energy. In case of, defect mediated
crystal structure or crystal surface existence resulted from
multiple trap states between the bandgap and the emission
due to the recombination of trapped electrons and holes has
been exhibited in multiple emission peak generation. The
ESM exhibits the emission of bright fluorescent light in the
blue region of the visible spectrum. The surface
compositions of ESM have been permuted with the
associated S2- ion and precursor Cd2+ ion in the presence of
UV light irradiation, which results in the emission to the
greenish-blue region as shown in inset of Fig. 2(b). The
broadness and massive Stokes shift of the emission from
Cd2+-rich CdS NPs was due to the surface trap state
emission [40]. It has been considered that the
recombination of shallow trapped electrons and shallow
trapped holes is the primary source of the surface trap state
emission in the CdS NPs. The higher content of surface
Cd2+ dangling bonds triggers in more shallow trapped
electrons and shallow trapped holes, and hence the more
effective surface trap state emission is associated with the
band edge emission [41].
Microstructural investigation
synthesized CdS Nanoparticles

of

ESM

assisted

Fig. 3(a) and Fig. 3(b) displays the interwoven networks of
ESM fibres, which are composed of a calcified extracellular
matrix and a multi-layered collagen-based membrane

consisting of organic interwoven fibre and the CdS NPs are
embedded on the membrane matrix. The membrane fibres
have a width ranging from nanoscale to micrometre scale
and coalesce at three dimensions. As shown in Fig. 3(b),
the CdS are assigned particle-like morphology, which is
interconnected meshwork made up of fibres ranging from
0.2 to 2 µm in diameter. The EDX spectrum indicates about
the homogeneous distribution with distinct colour contrast
of elements as Cd and S from the elemental mapping
diagram, as shown in Fig. 3(c).

to the doublet of S 2p3/2 and S 2p1/2, respectively, indicating
that the valence state of element S is -2. The characteristic
peaks attributed to the binding energy for Cd 3d 5/2 and
Cd 3d3/2 were also observed at ∼405.4 and 411.7 eV,
respectively, as shown in Fig. 5(c) [42]. The result further
confirms the successful formation of CdS from the ESM
mediated method.

Fig. 5. (a) XPS survey spectrum, core level spectrum of (b) S-2p and (c)
Cd-3d for the CdS nanoparticle, respectively.

Fig. 3. (a), (b) SEM microstructural images of CdS nanoparticles
embedded on the surface of ESM at different magnification, respectively
and (c) corresponding EDX elemental analysis.

It is evident from the TEM images that the synthesized
CdS formed as polycrystalline NPs and appeared as a
spherical. Due to consist of three dimensional-entangled
structure of highly cross-linked fibres and porous nature of
ESM further influences the formation and growth of CdS.
The TEM bright-field image of CdS indicates well
separated distinct NP formation, as shown in Fig. 4(a).
Further, the average particle size was calculated of 5.2 nm,
as plotted in the histogram, as shown in Fig. 4(b). The
obtained particle size is the quite resemblance to the
calculated crystallite size from Scherer equation, and
Henglein’s empirical formula. The crystalline nature of the
CdS NPs can be easily observed from the HRTEM image,
as shown in Fig. 4(c). The lattice fringes observed to each
other with distances of 0.336 and 0.335 nm can be readily
observed indexing to the lattice spacing of the (002) and
(100) crystalline planes of hexagonal CdS crystal structure,
respectively.

Zeta potential and Fourier-transform infrared
spectroscopy analysis of ESM assisted synthesized CdS
Nanoparticles
Zeta potential (ζ) measurements were also carried out to
verify the stability of the CdS NPs in water. A zeta potential
value of -22.5 mV. The FTIR spectra of the CdS NPs
immobilized ESM in comparison to bare ESM is shown in
Fig. S3, SI. The infrared absorption peaks at ~3,310, 1,645,
1,432, 870, and 715 cm-1, which correspond to C=O, CONH-, C-N, N-H, and C-C vibrations, respectively. This
indicates the presence of peptide bonds in the ESM [43].
On the other hand, the strong bands appeared in between
550-630 cm-1 corresponds to the Cd-S stretching mode.
Moreover, the bands assigned at ~1112 (medium) and
~1626 (strong) cm-1 are attributed to the C-S, S-H and C-O
stretching modes, corresponding to the moisture adsorbed
CdS NPs [18]. Medium-strong band positions ~1565 cm-1
and are possibly due to stretching vibrations of sulphate
group. Traces of S-O peak centered at ~1076 cm-1 occurred
in strong absorption bands. A large hump of the absorption
band is observed at ~3567.66 cm-1 indicates labile -OH
stretching due to surface adsorbed water. This hump might
be due to the presence of moisture in the sample. This
observation further indicates about the successful formation
of CdS NPs on the surface of ESM, without disturbing its
original structure.
MnVII ion removal using ESM assisted synthesized CdS
Nanoparticles

Fig. 4. TEM (a) bright-field image (scale: 20 nm), (b) corresponding
histogram plot for particle size analysis and (c) high-resolution TEM
image (scale: 5 nm) of the ESM assisted synthesized CdS nanoparticle,
respectively.

X-ray photoelectron spectroscopy studies of ESM
assisted synthesized CdS Nanoparticles
XPS was performed to reveal further the chemical
compositions of the ESM mediated CdS NPs, as shown in
Fig. 5. The survey spectrum of the CdS NPs is shown in
Fig. 5(a). First, two characteristic peaks at ∼161.3 and
162.4 eV (Fig. 5(b)) in the bare CdS sample were attributed

The synthesized CdS NPs have been studied for catalytic
decomposition of KMnO4 solution as an example. In
details, an aqueous solution of 0.1 mM KMnO4 has been
selected where the CdS NPs have been introduced as a
catalyst for its decomposition to MnO2 and the progress of
entire catalytic decomposition process has been monitored
through UV-Vis spectrophotometer. The resultant analysis
was also compared in the absence catalyst. In details, 12 mg
of synthesized CdS NPs powder was introduced in 10 ml of
0.1 mM aqueous KMnO4 solution, shake it well by hand,
and keep it at room temperature. The successive absorption
spectra of KMnO4 decomposition were monitored

concerning time, and the results are presented in Fig. 6(a).
It was to be noted here that the MnO4-solution has given
their multi characteristic absorption peaks at 505, 524, 546
and 565 nm respectively, due to metal to ligand charge
transfer (MLCT) transition (O4-MnVII transition) [44].
Nevertheless, after treated with CdS NPs into the KMnO4
solution, the intensity of the initial absorption peaks was
started to decrease and finally, all the distinct peaks were
diminished, and a new absorption peak at ~352 nm has
appeared which is indicated the characteristic peak of
MnO2 [45]. MnO2 NP as a degraded product, which could
help to decompose other organic and inorganic pollutants
in water for further study. It is due to the decomposition of
MnVII (purple) to MnII (brownish yellow), and the
decomposition process was completed within 50 min,
which is comparatively faster than previously reported.

Fig. 6. UV-Vis absorption spectra evolutions for the catalytic
decomposition of KMnO4 (a) in the presence and (b) in the absence of CdS
nanoparticles, respectively, (c) shows the plot of ln Abs 524 nm vs time
(min) for the above reaction and (d) the digital image of the KMnO 4
decomposition reaction at various time interval towards its completion.

In case of without addition of CdS, the decomposition
rate of KMnO4 solution has become less significant as
shown in Fig. 6(b). In this case, there was a slight
decrement of higher wavelength region (501-573 nm)
intensity. In contrast, there is a slight increment also of the
lower wavelength peak at 310 nm, due to its autodecomposition of a minute amount of MnO4- to MnO42ions. Thus, the catalytic adsorption nature of the
synthesized CdS has shown its significant contribution
towards the completion of the reaction. Also, there is a
significant blue shifting of the absorption maxima as the
obtained MnO2 was observed up to 50 min of the reaction
in comparison to bulk MnO2 due to generation of the
smaller size of MnO2. The characteristic purple colour of
the KMnO4 solution has been faded to brownish-yellow
colour, and the overall reaction was completed by 50 min.
Fig. 6(c) indicates a linear plot of ln Abs(546nm)vs time (min)
plot for the decomposition reaction follows pseudo-firstorder reaction and found the rate constant (k) value form the
slope 1.9 × 10-2 min-1, which is comparable to the
previously published reports [44,46]. The wavelength 565

nm was selected for Fig. 6(c) because this is one of the
maxima of the reactant, where the contribution of the
product’s absorption is minimum. As the reaction proceeds,
yellow turbidity slowly develops, and on prolonged
standing, the solution turns to colourless with a brown
colloidal precipitate, MnIVO2. The failure to detect MnV,
absence of an absorption maximum ~700 nm, may be
interpreted by its extreme short lifetime and undergoing a
rapid disproportionation. Fig. 6(d) shows the digital image
of the aqueous solution of the MnVII (violet) solution, which
turns almost pale MnIV (brownish yellow) followed by the
degraded product MnO2 at the bottom of the vial as
observed after 50 min. Further, the catalytic degradation
efficiency of KMnO4 solution was determined using the
formula as mentioned in the SI, and the corresponding plot
has been given in Fig. S4, SI. The overall reaction exhibits
~93% catalytic efficiency in terms of degradation of MnO4absorption peak by considering maximum absorption at
565 nm. On the other hand, ~88% of MnO2 produces, as the
converted product, calculated from the maximum
absorption at 352 nm. Moreover, the representative TEM
image of the CdS NPs after five successive cycles towards
the decomposition of KMnO4 as shown inset of Fig. S4, SI,
elucidates that the microstructure gets more agglomerated
as seen after the fifth redox catalytic test. This may
accountable for lesser catalytic efficiency of CdS NPs. In
this study, the work function of CdS NPs is found at 2.5 eV.
On the other hand, the reduction potential of MnO 4- to
MnO2 in a neutral solution is +0.595 V versus the standard
hydrogen electrode (SHE). Therefore, it is expected that
CdS NPs form a redox pair with the MnO4-, allowing the
spontaneous electron transfer from CdS NPs to Mn VII ions,
and further may impede the MLCT process of KMnO4 to
form MnO2 [47].
Besides, the distilled water itself is likely to contain
reducing organic matter, which may tend to reduce KMnO4
to MnO2, and the latter catalyzes the auto-decomposition of
MnO4- ion [equation (3)]:
4MnO4- (aq.) + 2H2O = 4MnO2 (s) + 3O2+ 4OH-

(3)

It was supposed to be expected that the initial pH
should be increased towards more alkaline pH as OH - is
generated. Although, it was found that pH lies ~6.0 ± 0.2.
It was due to the Lewis acidic CdS (pH 4.18) having
negatively charged surface sites, as observed from the zeta
potential measurement, which sustains acidic medium,
which favours a more suitable condition of this
decomposition reaction [45,48]. MnO2 is generally
insoluble in acids but does react with hot concentrated
hydrochloric acid to release chlorine gas. In acid solution,
H2O2 becomes a reducing agent, and the MnO2 will dissolve
as like,
MnO2 (s) + H2O2 + 2H+ = Mn2+ (aq.) + O2 + 2H2O

(4)

The reduction of KMnO4 was used to synthesized
α-MnO2 nanorods, one of the visible light response
semiconductor photocatalysts [49]. Wang et. al., (2018)
reported a successful synthesis of MnO2 NP through the

ESM template route [50]. The obtained MnO2 NPs
were further applied to tetracycline hydrochloride
decontamination, in which nanomaterials could be
separated easily by simply taking out of solutions. It has
been noticed that KMnO4 modification with MnO2 (MnOx)
shell can be comprising passages for the slow release of
MnO4- in aquatic systems [51]. The MnO2 NPs can
simultaneously help in decomposing other water pollutants
like H2O2, organic dyes, phenol, acetic acid, sulfosalicylic
acid and so on [52-54]. However, the exact mechanism
associated with the effect of metal ion catalysts for
permanganate degradation is still under debated. However,
there have been many reports, which interpreted specific
effects of metal cations in terms of bridging that facilitates
electron transfer in redox systems or formation of a
complex [55,56].
Most notably, the synthesized CdS can be separated
easily from the ESM by complete natural drying it out,
which avoided complex operation like centrifugation or
filtration, making it an advantage in nanomaterial-based
wastewater decontamination. The overall synthesis of ESM
assisted CdS NPs along with its plausible redox coupling
mechanism for MnO4- degradation has been schematically
depicted in Fig. 7.

formation of CdS NP by this “greener” method. The
potentiality of the obtained NP as a catalyst has been further
studied for the catalytic decomposition of aqueous KMnO 4
solution as an example. The NPs exhibit an excellent
catalytic activity in the reduction of toxic Mn VII ion to nontoxic MnIV ion in aqueous medium at room temperature.
Besides, it can generate MnO2 as the degraded product,
which could help to decompose other organic and inorganic
pollutants in water for its further application. The ESM
assisted light-soakage synthesis technique envisages as an
effective and low-cost fabrication process for sulphur based
nanostructured materials. In addition, experimental results
develop a cost-effective and straightforward synthesis
process, which can implement as a promising tool for
wastewater treatment developments for futuristic
application (waste for the waste treatment).
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Graphical abstract
An effort to synthesize CdS nanoparticles (NPs) through a domestic
waste, eggshell membrane (ESM) on UV light irradiation; this is a
unique synthesis approach compared to others traditional synthesis
methods. In addition, to study the effectivity of CdS NPs as an excellent
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reports.

