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The present work reports on tuning the antimicrobial efficacy of nano-Ca(OH)2
against E. coli by appropriately tuning the molarity of the reactants. Thus, the
phase pure nano-Ca(OH)2 powders are developed by an inexpensive chemical
precipitation technique using equimolar concentrations (e.g., 0.4, 0.6, 0.8, and
1 M) of [Ca(NO3)24H2O] and NaOH solutions. The characterizations by the
XRD, FESEM, TEM, FTIR, DTA, TGA, UV–Vis spectroscopy, and agar plate well
diffusion methods show that the higher the molarity of reactants, the higher the
nanocrystallite size, the lower the optical band gap energy and the higher the
(%) increase in inhibition zone diameters (Diz) for exposure periods in the range
of 6–48 h. These results are discussed in terms of relative variations in the
microstructure, lattice strain, thermal stability, optical band gap energy, defect
structure, and the amount of (OH-) ions. Further, the possible mechanisms of
antimicrobial behavior are suggested. Finally, the implications of these results in
terms of microstructurally tuned nano-Ca(OH)2 materials development for
prospective futuristic applications are highlighted.
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Introduction
Calcium hydroxide [Ca(OH)2] is an age-old material
[1]. However, it is also an ever-evolving material
[1–19]. It possesses a myriad of excellent properties. It
is biocompatible. It also has antibacterial,

antimicrobial, and antifungal properties as well as
controllable chemical reactivity. It can also store
thermal energy due to high enthalpy. It has reasonable mechanical properties to act as good filler
material. Therefore, these properties attract many
researchers for various applications of it. The
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following discussion, therefore, tries to give an
overview of the correlation between different applications of Ca(OH)2 with the relevant properties.
Because of its intrinsic antibacterial properties, a
major application area of calcium hydroxide is in
dentistry and endodontics. The particle size of
Ca(OH)2 is about 80–500 nm for commercial material
used in endodontic applications [1]. On the other
hand, calcium hydroxide is also being applied in
conjunction with photo-bio-modulation to study the
apexogenesis of immature permanent teeth in dog
model [2], thereby highlighting its huge biocompatibility and diverse applicability. In recent work,
Ca(OH)2 and photo-assisted oral disinfection have
been applied in the indirect pulp treatment of young
permanent molars and found to be equally effective
[3] that further highlights the importance of Ca(OH)2
in antibacterial activity. Thus, it is not surprising at
all to note that very recent work focuses on the
comparison of the antibacterial efficacy of Tea tree oil,
Nisin, and Ca(OH)2 of unknown particle size against
Enterococcus faecalis, a well-known bacterium [4].
Unfortunately, however, the particle size is not
always mentioned [2–4]. Similar work on the
antibacterial efficacy of Ag/Ca(OH)2 nanoparticles of
30 nm size has been reported by other researchers [5].
Similar philosophy identifies an innovative use of
calcium hydroxide for live-stock sanitization purposes [6]. Here, however, the particle size of Ca(OH)2
is about 1–3 mm [6]. Thus, along with dental applications, both biocompatibility, and antibacterial
characteristics promote the application of Ca(OH)2 in
emerging areas such as advanced bone restoration
[7]. Here again, the particle size is not specifically
mentioned. A combination of reasonable mechanical
properties and biocompatibility promotes its recent
application in food packaging film [8] where it also
acts as an adsorbent of CO2. In this case, the particle
size is about 10 lm.
Because of its high enthalpy, another important
area of application for calcium hydroxide emerges as
thermochemical energy storage [9]. Here, the particle
size is about 5–30 lm. A novel composite of CaO/
Ca(OH)2 on a SiC/Si ceramic honeycomb support has
been very recently employed to enhance the efficacy
of thermochemical energy storage [10]. This research
involves 20–200 nm particle size of Ca(OH)2.
As a material, Ca(OH)2 is also very important for
the cement industry. Therefore, recent research also
emphasizes how the presence of calcium hydroxide

modifies the alkali-silica reaction of alkali-activated
slag mortars activated by sodium hydroxide [11]. A
larger particle size of 1–50 lm is involved in this
work. Considering its importance in the cement
industry, a lot of current focus is directed on the
study of the mechanical and fracture properties in a
calcium silicate hydrate and calcium hydroxide
composite using reactive molecular dynamics simulation [12]. It is also being utilized for portland
cement production and hardening [13, 14]. It involves
about 83 nm particle size of Ca(OH)2 [13].
A major emerging application area of Ca(OH)2 is in
the domain of cultural heritage restoration. It happens because it can easily react with nitrates, sulfates,
phosphates, etc. It is thus used in stone conservation
[15], for consolidation of dolostone in historical
buildings [16], and cultural heritage conservation
[17], The ability of Ca(OH)2 to react with phosphates
has been very recently utilized for the removal of
phosphates from fertilizers used in the soil [18]. The
stone conservation involves Ca(OH)2 particle size of
about 90–100 nm [15]. In dolostone consolidation,
however, the particle size is much larger, e.g.,
0.5–3 lm [16]. A very recent effort involves the usage
of Ca(OH)2 and Se-Ca(OH)2 nanocomposites for
enhancing the seed priming effect in Vigna radiata
mung bean grams [19]. The aforesaid discussion of
literature information confirms that different applications of Ca(OH)2 and/or Ca(OH)2 based composites involve drastically different particle size with a
range of as wide as, e.g., 20 nm–3 mm [1–19]. There is
no doubt that nanometer size particle will have large
surface area and hence high chemical reactivity on
the surface which is so much needed for antibacterial
applications. This is where the scope emerges for the
present study. Despite such a huge variety of application possibilities, the systematic studies on how a
change of molarity of chemical reactants in the
chemical precipitation process affects the physical
and especially, the antimicrobial efficacy of calcium
hydroxide are far from well studied, if at all [1–19].
This is where the focused scope of the present study
becomes concentrated as an objective.
On the other hand, only a handful of related
studies reported for a wide variety of materials, per
se, indicate that microstructural parameters and
hence, the physical as well as antimicrobial properties may be affected [20–22] due to changes in
molarity. This lack of knowledge base in the case of
calcium hydroxide frames the further definitive scope
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of the present work. Thus, the objective of the present
work is to tune the antimicrobial efficacy of nanoCa(OH)2 against a Gram-negative Escherichia coli
(E. coli) bacteria by simultaneous molarity change of
calcium nitrate tetrahydrate [Ca(NO3)24H2O] and
sodium hydroxide (NaOH). The details of material
synthesis, characterization, and antimicrobial efficacy
study techniques are already reported by us elsewhere [23, 24] and hence will be only briefly described here.

Experimental details
Materials and methods
In the present work, calcium hydroxide [Ca(OH)2]
powders S1, S2, S3, and S4 were synthesized by the
well-known chemical precipitation method using
equimolar aqueous (e.g., 0.4, 0.6, 0.8, and 1.0 M) calcium nitrate tetrahydrate [Ca(NO3)24H2O)] (AR
grade, 99.99% pure, Merck, Bengaluru, India) and
sodium hydroxide (NaOH) (AR grade, 99.99% pure,
Bengaluru, India) solutions. As mentioned earlier,
further details are given elsewhere [23, 24]. The
structural phase analysis, crystallite size estimation,
and strain evaluation for all the samples were done
by using the XRD technique (X’pert pro MPD
diffractometer, PANalytical, Almelo, Netherlands;
40 kV and 30 mA, CuKa monochromatic radiation of
k - 1.5406 Å) following the well-known Debye–
Scherrer and Williamson–Hall plot techniques
[25, 26]. The microstructural analysis of all the samples was done by using the conventional field emission scanning electron microscopy (FESEM, Nova.
SEM450, FEI, USA), transmission electron microscopy (TEM, JEM-2100, JEOL, Japan, 300 kV), and
high-resolution transmission electron microscopy
(HRTEM) techniques. A conventional FTIR spectrometer (JASCO FT IR 460 ? Spectrophotometer,
Easton, MD, USA; resolution 4 cm-1, range
500–4000 cm-1) was used to identify the presence of
the various chemical bonds and functional groups
present in the surfaces of the samples. The studies on
thermally induced phase changes and associated
dissociation processes were conducted by the differential thermal analysis (DTA), and thermo-gravimetric analysis (TGA) of the samples using a
conventional simultaneous thermal analyzer (Shimadzu DTH 60H, Japan; room temperature to 800 °C

in the air; heating rate—10 °C/min, cooling rate—
10 °C/min) was used. The optical characterizations
of the samples were done by the well-known ultraviolate–visible (UV–Vis) spectroscopy (Shimadzu,
UV-NIR 2600, Japan; wavelength range of
190–800 nm) technique by using the Tauc plots for
direct band gap (Eg). The antimicrobial efficacies of
the samples S1, S2, S3, and S4 were studied against a
Gram-negative bacteria, e.g., Escherichia coli (E. coli,
Microbial type culture collection, CSIR-IMTECH,
Chandigarh, India) by the conventional agar plate
well diffusion method with Ca(OH)2 concentrations
of CN0, CN1, CN2, and CN3 (e.g., 1, 10, 50 and
100 mg.ml-1, respectively). However, out of these
concentrations as the results presented later will
show that at the concentration of CN0, there was no
appreciable efficacy at any of the experimental conditions studied in the present work. Therefore,
experimental data were collected for the other
remaining three concentrations of, e.g., CN1, CN2,
and CN3. After 6 h, the diameter of the first zone of
inhibition was measured with a ruler. Thus, the
diameters (Diz) of the zones of inhibitions were
measured as a function of various equal and unequal
exposure periods, e.g., 6, 18, 22, 42, and 48 h [13, 24].
All antimicrobial efficacy testing experiments were
repeated three times, and the average data were
taken. Wherever relevant, the scatters in these data
are represented in the relevant plots as ± 1 standard
deviation.

Results and discussion
XRD analysis
The XRD spectra of samples S1, S2, S3, and S4 are
shown in Fig. 1. The peaks in Fig. 1 exhibit the
hexagonal Ca(OH)2 as the major phase (Space group
p-3 m1, Space Group No: 164, PDF Card No. 00–0040733) and the rhombohedral calcite (CaCO3) phase
(Space group R-3C, Space Group No: 167, PDF Card
No. 00–005-0586) as the minor phase in all the samples [23, 24]. The data on the analysis of the XRD for
various planes of the different Ca(OH)2 powders by
the conventional Scherrer’s method are shown in
Table 1. Here, (t) represents the crystallite size and
(d) represents the interplanar spacing. Averaged
across the planes, the crystallite sizes (t) are about
32.8, 29.7, 29.9, and 31 nm in the samples S1, S2, S3,
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Figure 1 XRD patterns of the
samples S1, S2, S3, and S4.

and S4, respectively. Similarly, the average interplanar spacings (d) are about 0.212, 0.211, 0.212, and
0.211 nm, respectively. The (d) values are not significantly sensitive to the variation in molarity of the
samples S1, S2, S3, and S4 because all of them represent phase pure Ca(OH)2 powders only (Fig. 1).
The dislocation density (q) of samples S1, S2, S3, and
S4 is evaluated as * 0.7539 9 1015, 0.5862 9 1015,
0.4423 9 1015, and 0.3717 9 1015 lines m-2, respectively. Thus, the dislocation density data corroborate
well with the crystallite size data obtained from the
XRD spectra [25]. The smaller crystallite size provides accommodation of more dislocations per unit
area. Therefore, it is expected that dislocation density
decreases with a simultaneous increase in molarities
of both precursor and precipitator solutions.
According to the W-H plots (Fig. 2a, b, c, and d), the
crystallite sizes are about 36, 41, 48, and 52 nm for the
samples S1, S2, S3, and S4, respectively [26]. The W-H
analysis data and dislocation density of all samples
are given in Table 2. From the data plotted in Figs. 1,
and 2 and presented in Tables 1 and 2, it is concluded
that synthesized powders are generally nanocrystalline in nature and the crystallite sizes enhance with
a simultaneous increase in the molarity of both precursor and precipitator solutions [25]. However, akin
to the dislocation density, the dimensionless lattice
strain values estimated as, e.g., 6.4 9 10–4,
5.875 9 10–4, 5.725 9 10–4, and 5.45 9 10–4 [25, 26], in
turn for the samples S1, S2, S3, and S4 (Fig. 3) reduce
with a simultaneous increase in the molarity of both
precursor and precipitator solutions, as expected. The
probability of having more reactions per unit time

increases with an increase in equimolar concentrations of the reactants. As a result, the possibility of
having more calcium hydroxide formation per unit of
time increases with an increase in the equimolar
concentration of the reactants. Thus, to accommodate
this physical process the crystallite size of calcium
hydroxide increases with an increase in the equimolar concentration of the reactants (Fig. 3). Since dislocation density is inversely proportional to
crystallite size, it follows that dislocation density
should decrease with an increase in molar concentration of the reactants (Fig. 3). Also, an increase in
crystallite size implies a smaller surface-to-volume
ratio. The smaller is the surface-to-volume ratio the
lesser is the presence of dislocation network in the
crystallites. Further, the lattice strain is inversely
proportional to crystallite size [24–26]. Hence, it is
expected that lattice strain decreases with an increase
in equimolar concentrations of the reactants, as is also
confirmed from the experimental data (Fig. 3). It is
also a fact that the lesser is the presence of a dislocation network, the more relaxed is the local
microstructure. The more relaxed the local
microstructure is, the smaller is the average strain.
However, the nature of lattice strain remains all
through positive, i.e., tensile (Fig. 3) as the crystallite
size increases monotonically. This physical process
also suggests that the comparatively larger crystallites continuously try to accommodate themselves
within the fixed lattice volume of calcium hydroxide.
So, the lattice strain remains tensile with the increase
in the equimolar concentration of the reactants.
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Table 1 XRD data analysis of the various Ca(OH)2 powders by Scherrer’s method
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The FESEM photomicrographs shown in Fig. 4a, b, c,
and d depict, respectively, the typical granular
microstructures of the samples S1, S2, S3, and S4. The
grain size of all the samples is determined using
ImageJ software to study the size distribution, and
the histogram of the same between particle size and
counts of particle is shown in the inset of Fig. 4. The
minimum feature size is lesser than or equal to about
40 nm (e.g., Fig. 4a), while the maximum feature size
is greater than or equal to about 500 nm (e.g.,
Fig. 4d). The smaller the crystallite size the smaller is
the feature size due to the presence of large tensile
lattice strain (Fig. 4a) and vice versa (Fig. 4b, c, and
d). There is a surface charge on the nanocrystalline
powders (Figs. 3, and 4). So, the agglomeration occurs
due to the Van der Walls interaction at the level of
local microstructure. Hence, the granules most likely
form from localized agglomerates of nanocrystalline
powders. The granule size enhances with an increase
in molarity (Fig. 4b). Further, these clusters tend to
pose in a layered structure as is expected for the
hexagonal Ca(OH)2 phase (Fig. 4c). Furthermore, the
decrease in localized strain helps the proximity of the
individual layers to be possible (Figs. 3 and 4c). The
crystallite size (Fig. 3) and the granule size (Fig. 4d)
are the highest in sample S4 which exhibits large
numbers of hexagonal structure formations in multiple layers that are very close to each other as they
experience the least amount of local tensile strain.
Thus, the observations made from the FESEM photomicrographs (Fig. 4) corroborate well with the XRD
data (Figs. 1, 2, and 3).
TEM study
As a typical illustrative example, the TEM and
HRTEM photomicrographs obtained for the samples
S1 and S3 are shown in Fig. 5a, b, c, d, e, and f,
respectively. As expected, the structure is hexagonal
(Fig. 5a, d) with a feature size of * 40 B S B 500 nm,
akin to the FESEM observations (Fig. 4a, c).
Undoubtedly, the major phase is hexagonal Ca(OH)2
as confirmed by the corresponding polycrystalline
SAED pattern of S1 (Fig. 5b) which corroborates well
with the XRD data (Fig. 1). The presence of (101) and
(202) planes with respective d values of * 0.278
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Figure 2 Williamson–Hall plots of the samples S1, S2, S3, and S4.
Table 2 Analysis of XRD data of the various Ca(OH)2 powders by W-H plots
Sample Molarity Lattice strain (*10–4) a (nm)

C (nm)

Crystallite size by W-H plot (nm) Dislocation density (*1015 lines/m2)

S1
S2
S3
S4

0.48388
0.48454
0.48464
0.48282

36.4208
41.30295
47.54938
51.87205

0.4
0.6
0.8
1.0

6.4
5.875
5.725
5.45

0.37059
0.37117
0.37125
0.36969

and * 0.130 nm is evident in the SAED pattern
(Fig. 5b). The HRTEM fringe patterns (Fig. 5c) exhibit
(101) and (100) planes with respective (d) values
of * 0.254 nm and * 0.311 nm which are those
of * 0.262 nm and 0.320 nm obtained from the XRD
data (Fig. 1) in correspondence. Similar statements
are true for the SAED pattern (Fig. 5e) and HRTEM
fringe pattern (Fig. 5f) of the sample S3.

0.75388
0.58619
0.44229
0.37165

FTIR study
The FTIR spectra for the samples S1, S2, S3, and S4
are shown in Fig. 6a, b, c, and d. The characteristic
bands at * 3630 cm-1 correspond to the sharp OH
group stretching mode [16, 17]. The minor absorption
bands at around 2330 cm-1 occur due to stretching
vibrations of atmospheric CO2 adsorption on the
powders [18] while the minor absorption bands
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Figure 3 The variations of
lattice strain, crystallite size,
and dislocation density as a
function of molarity of the
precursor and precipitator
solutions.

at * 1694 cm-1 occur due to C = O stretching
vibrations in the samples S1, S2, S3, and S4 [19].
Further, the absorption bands at * 1450 to
1520 cm-1 occur due to the characteristic m3 asymmetric stretching of the surface adsorbed CO3 group
[16–19] while the bands at * 850 to 875 cm-1 occur
due to the characteristic m2 symmetric deformation of
the surface adsorbed CO3 group [16–19]. The
absorption bands present at about 460 cm-1 occur
due to the stretching vibration of the Ca-O bond [16].
The recent observations match well with literature
reports [16–20]. The FTIR spectra of all the samples
show the characteristics of both hydroxide and carbonate groups of calcium, as expected.
Thermal behavior
The DTA-TGA plots for the samples S1, S2, S3, and S4
are shown, respectively, in Fig. 7a, b, c, and d. A
comparison of the results plotted in Fig. 7a, b, c, and
d shows that the initiation temperature for structural
water loss decreases from, e.g., * 420 °C in the
sample S1 to 414 °C in the sample S2 to 393 °C in the
sample S3 to 378 °C in the sample S4. Similarly, the
completion temperature for structural water loss
decreases from, e.g., * 481 °C in the sample S1 to
456 °C in the sample S2 to 456 °C in the sample S3 to
451 °C in the sample S4.
This decrease occurs in tandem with the decrease
in the corresponding DTA-based phase transformation initiation temperature of hexagonal Ca(OH)2 to
cubic CaO phases, e.g., * 415 °C in the sample S1 to
411 °C in the sample S2 to 379 °C in the sample S3 to

377 °C in the sample S4. Further, this decrease is also
in tandem with the decrease in the corresponding
DTA-based phase transformation completion temperature of hexagonal Ca(OH)2 to cubic CaO phases,
e.g., * 460 °C in the sample S1 to 457 °C in the
sample S2 to 442 °C in the sample S3 to 439 °C in the
sample S4. Here it is worth recalling that the
nanocrystallite sizes are, e.g., * 36, 41, 48, and 52 nm
for the samples S1, S2, S3, and S4. Thus, according to
both the TGA and the DTA data (Fig. 7a, b, c, and d),
the phase transformation temperature decreases with
the increase in the nanocrystallite size. Further, it is
seen from the data plotted in Fig. 8 that the relative
degree of crystallinity drops from about 100% in the
sample S1 to 86% in the sample S2 to 83% in the
sample S3 to about 80% in the sample S4 (Fig. 1, [24])
as the nanocrystallite size increases. In a similar
fashion, as mentioned earlier, the DTA-based phase
transition initiation temperature decreases with an
increase in nanocrystallite size of the various
Ca(OH)2 powders. Therefore, the higher the relative
degree of crystallinity in a given Ca(OH)2 sample, the
higher the phase transformation initiation temperature and vice versa. The relatively higher degree of
crystallinity of sample S1 is reflected in the absence of
microstructural defects in FESEM (Fig. 8 inset, a) and
TEM (Fig. 8 inset, c) photomicrographs, while the
relatively lower degree of crystallinity of sample S3 is
reflected in the presence of microstructural defects in
FESEM (Fig. 8 inset, b) and TEM (Fig. 8 inset, d)
photomicrographs. Indeed, other researchers [24]
also note that the Ca(OH)2 sample with a relatively
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Figure 4 FESEM photomicrographs of samples S1, S2, S3, and S4.

higher degree of crystallinity shows the phase
transformation start, peak, and end temperatures of,
e.g., 299, 454, and 501 °C, respectively. This proposition holds good not only for Ca(OH)2 [24] but also
for CaCO3 [25] as well as a truly wide variety of clay
and other minerals [26].
Optical behavior
From the UV–Vis spectra (Supplementary Fig. S1a, b,
c, and d) and the corresponding Tauc plots (Supplementary Fig. S2a, b, c, and d), the direct optical band
gap energy (Eg) values of the samples S1, S2, S3, and
S4 are evaluated as * 5.74, 5.90, 5.73, and 5.25 eV in
turn. Therefore, the optical band gap generally
decreases with an increase in molarity because the
nanocrystallite size increases (Fig. 9), as expected.

These data (Fig. 9) are comparable to * 5.81 eV
reported [20] for Ca(OH)2 nanopowders. It also
compares well with theoretical predictions of 7.3 to
7.6 eV [27]. As the particle size decreases the gap
between the valence and conduction bands increases.
Therefore, the band gap energy value increases
(Fig. 9). Similar prediction is made also by a host of
very detailed theoretical considerations [28–30]. It is
worth recalling here that the degree of crystallinity
decreases, i.e., defect increases as the nanocrystallite
size increases (Figs. 8, and 9). Thus, the current data
also confirm that the presence of defects decreases the
bandgap in various nanomaterials [31–34]. These
results are also consistent with structural (Figs. 1, 2,
and 3), microstructural (Figs. 4 and 5), surface functional (Fig. 6), thermal (Figs. 7 and 8), and optical
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Figure 5 Microstructural analysis of the synthesized Ca(OH)2: for sample S1 a bright-ﬁeld TEM micrograph, b SAED pattern, c HRTEM
image; and for sample S3 d bright-ﬁeld TEM micrograph, e SAED pattern, f HRTEM image.

(Fig. 9) characteristics of the present nano-Ca(OH)2
powders, as discussed above.
Antimicrobial activity of nano-calcium hydroxide
materials
The inhibition zone diameters (Diz) of the samples S1,
S2, S3, and S4 as a function of concentration (e.g.,
CN1, CN2, and CN3) are shown, respectively, in
Supplementary Fig. S3a, b, c, and d with parametric
variations in exposure times, i.e., 6, 18, 22, 42, and
48 h. The corresponding insets show the corresponding optical photomicrographs. These optical
photomicrographs are all taken at the same magnification as indicated by the corresponding scale pictures given in the insets. The samples exhibit
different antimicrobial behavior in terms of (Diz),
(Supplementary Fig. S3a, b, c, and d). This behavior is
expected from the differences in nanocrystallite sizes
(Fig. 3), differences in microstructures (Figs. 4, and 5),
relative differences in the presence of surface-OH
groups (Fig. 6), differences in the degree of crystallinity (Fig. 8), defect structure (Fig. 8), and band
gap energy values (Supplementary Figs. S1, S2 and
Fig. 9). This expectation is also consistent with the

antimicrobial behavior of different nano-oxides and
hydroxides reported by various researchers [35–38].
In the case of sample S1, the maximum bacterial
growth inhibition occurs after 6 h (Supplementary
Fig. S3a). But this bactericidal activity reduces by
* 7% after 18 h followed by a further decrease of
* 6.5% up to 22 h of exposure. However, the variations in (Diz) remain bacteriostatic thereafter up to
48 h of exposure. The variations in (Diz) become
bacteriostatic after 18 h of exposure for all the three
concentrations (Supplementary Fig. S3a). The minimum magnitude of (Diz) * 5.5 ± 0.21 mm occurs
after 22-h exposure for the concentration CN1 while
the maximum magnitude of (Diz) * 11.5 ± 0.70 mm
occurs after 6-h exposure for the concentration CN3
(Supplementary Fig. S3a).
In the case of the sample S2 after 6 h, there occurs
an abrupt increase of 18% in the bactericidal activity
at 18 h at the concentration CN1 (Supplementary
Fig. S3b). This activity remains stable till 22 h of
exposure. Thereafter, it decreases by 45% after 42 h of
exposure. The minimum magnitude of (Diz)* 3 ± 0.42 mm in CN1 occurs after 42-h exposure,
and its magnitude does not change even after an
exposure period of 48 h (Supplementary Fig. S3b). At
concentrations of CN2 and CN3, profound analogous
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Figure 6 The FTIR spectra of the samples S1, S2, S3, and S4.

antimicrobial activities are noted although relative
numerical magnitudes are different in correspondence. This activity enhances with the increase in
concentration from CN2 to CN3. On the other hand,
the maximum magnitude of (Diz) * 12 ± 0.42 mm
occurs right after 6-h exposure for the concentration
CN3 and it does not change even after an exposure
period of 48 h (Supplementary Fig. S3b).
In the case of sample S3, there is bactericidal
activity after 6 h of exposure at concentration CN1
(Supplementary Fig. S3c). In addition, (Diz) increases
further by 8.3% due to the bactericidal activity after
18 h of exposure and the behavior remains bacteriostatic thereafter up to 48 h of exposure time. The
pattern remains similar for the concentration of CN2
and CN3, although the relative magnitudes of (Diz)
are obviously different (Supplementary Fig. S3c). The

minimum magnitude of (Diz) * 5.5 ± 0.70 mm
occurs after 6 h of exposure at concentration CN1. On
the other hand, the maximum magnitude of (Diz)
* 15 ± 0.28 mm occurs right after 18 h of exposure
at concentration CN3 and it does not change even
after an exposure period of 48 h (Supplementary
Fig. S3c).
In the case of sample S4, bacterial growth inhibition
occurs after 6 h of treatment at concentration CN1
(Supplementary Fig. S3d) and the magnitude of (Diz)
does not change further for exposure up to 18 h.
Thereafter, due to enhanced bactericidal activity (Diz)
increases by 11% at 22 h of exposure followed by a
bacteriostatic behavior up to 48 h of further exposure.
For a constant exposure period of 6 h, the bactericidal
activity becomes comparatively pronounced at concentration CN2 by 60% and by 66% at concentration
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Figure 7 TGA-DTA plots of the samples S1, S2, S3, and S4.

Figure 8 Relative degree of crystallinity and DTA transition
temperature variation with respect to nanocrystallite sizes of the
samples S1, S2, S3, and S4 samples. Inset: FESEM
photomicrograph of sample a S1, b S3 and HRTEM images of
samples c S1 and, d S3.

C3 in comparison with the 6-h exposure at CN1
concentration (Supplementary Fig. S3a, b, c, and d).

Figure 9 Optical band gap energy (Eg) variation with respect to
the nanocrystallite size of Ca(OH)2.

Further, the variations in (Diz) become bacteriostatic
after 42 h of exposure at concentrations of CN2 and
CN3, although their magnitudes are obviously different (Supplementary Fig. S3a, b, c, and d). Thus, the
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different samples have relatively different antimicrobial behavior.
The different antimicrobial behaviors of the different samples may be rationalized in terms of the
variations in two factors. The first is the differences in
their relative abilities to generate reactive oxygen
species (ROS) [20, 35–38]. The second one is the
variations in their relative exposures of crystal edges
to E. coli. This is obviously dependent in a complex
fashion on several other factors. These factors
include, for instance, the variations in the electronic
band structure and hence, the band gap energy values, the microstructures, the nanocrystallite sizes, the
propensity of localized defects in the microstructure,
and the ease of availability of hydroxyl ions at the
surface of the different samples (Figs. 1, 2, 3, 4, 5, 6, 7,
8, and 9 [35–38]). Furthermore, the hexagonal structure has an advantage over other types of surfaces.
Since the hexagonal structure has sharp edges and
more charges tend to accumulate on these sharp

edges that help in enhancing the interaction with the
microbe surface that resulting in better antimicrobial
activities of the materials. Similar observations have
been reported [39–41] by several authors for hexagonal structure. These aspects shall be discussed in
further detail later in the present work.
Influence of variations in nanocrystallite size on antimicrobial efficacy For a change in concentration from
CN1 to CN2 for an exposure period of 6 h, the (%)
increase in (Diz) increases from about 62% in S1 to
120% in S2 to 100% in S3 to 150% in S4 (Fig. 10a, b, c,
and d). Thus, the (%) increase in (Diz) increases
generally with the increase in nanocrystallite size
(Fig. 10a, b, c, and d). For the same change in concentration after 18 h of exposure, the (%) increase in
(Diz) increases from about 58% in S1 to 80% in S2 to
100% in S3 to 110% in S4. Under the same condition
of concentration change for 22 h of exposure, the (%)
increase in (Diz) increases from about 64% in S1 to

Figure 10 Increase in inhibition zone diameter with respect to concentration changes for the samples S1, S2, S3, and S4.
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100% in S2 to 100% in S3 to 145% in S4 (Fig. 10a, b, c,
and d). Further, under the same condition of concentration change for 42 h of exposure the (%)
increase in (Diz) increases from about 64% in S1 to
233% in S2 to 100% in S3. Therefore, the trend of data
remains similar to those obtained after 6 h of exposure concerning the increase in nanocrystallite sizes.
Similar observations are also reported by other
researchers in the case of nano-Mg(OH)2 [37]. For a
change in concentration from CN1 to CN3 for an
exposure period of 6 h, the (%) increase in (Diz)
increases from about 77% in S1 to 167% in S2 to 146%
in S3 to 200% in S4 (Fig. 10a, b, c, and d). For the same
change in concentration after 18 h of exposure, the
(%) increase in (Diz) increases from about 75% in S1 to
120% in S2 to 150% in S3 to 160% in S4. Further, for
the same change in concentration after 22 h of exposure, the (%) increase in (Diz) increases from about
82% in S1 to 140% in S2 to 150% in S3 to 190% in S4
(Fig. 10a, b, c, and d). Furthermore, for the same
change in concentration after 42 h of exposure, the
(%) increase in (Diz) increases from about 82% in S1 to
300% in S2 to 150% in S3. Thus, here also the (%)
increase in (Diz) enhances generally with the increase
in nanocrystallite sizes as also reported by other
researchers in the case of nano-Mg(OH)2 [37]. To
compare the effect of antimicrobial efficacy of nanosize particles and micro/larger particles, a sample
using 3 M concentration of the Ca(NO)3.4H2O solution and NaOH solution was synthesized. This is
termed as 3 M sample in subsequent discussions. All
of the samples (0.4 M, 0.6 M, 0.8 M, 1.0 M, and
3.0 M) were tested at the same concentration of
100 mg/ml. Supplementary Fig. S4 depicts the inhibition zone diameter of all samples as a function of
time, while Supplementary Fig. S5a, b depicts the
inhibition zone diameter (Diz) and % change in (Diz)
with respect to molarity change, respectively. The
diameter of the inhibition zone illustrates that
antibacterial efficiency improves up to a point with
increasing molarity. However, in case of further
increase in molarity, i.e., 3 M sample which has a
larger crystallite size, the antibacterial efficiency
decreases which can be clearly seen from Supplementary Figs. S4 and S5. Supplementary Fig. S6a
depicts the XRD pattern of 3 M calcium hydroxide
sample, whereas Supplementary Fig. S6b depicts the
W-H plot of the same sample. The crystallite size and
lattice strain of the synthesized 3 M sample calculated from the W-H plot were found to be 75 nm and

0.00149, respectively. The FESEM picture and size
distribution curve of the sample is also shown in
Supplementary Fig. S6c. This FESEM photomicrograph confirms the bigger crystallite size of the
sample as the molarity is raised.
Influence of Variations in Exposure Time on Antimicrobial
Efficacy It is interesting to note that out of the four
samples three samples show a general trend of the
initial increase in (Diz) values, i.e., an enhancement in
antimicrobial efficacy with an increase in exposure
time prior to stabilization (Supplementary Figs. S3a,
b, c, d and Fig. 10a, b, c, and d). These results may be
rationalized based on the fact that more exposure
time provides higher contact times for the nanoCa(OH)2 powder samples with the E. coli. The saturation occurs possibly because all the available
interaction sites are consumed up, thereby leading to
a bacteriostatic situation. However, sample S1 shows
slightly different behavior in comparison with those
of S2, S3, and S4 reported above. It also possesses the
smallest nanocrystallite size (Fig. 3), the highest
degree of crystallinity (Fig. 8), and the highest magnitude of optical band gap energy (Fig. 9). In this case
for all the concentrations, the magnitude of (Diz) is
highest after 6 h of exposure and then it reduces
slightly after 18 h of exposure prior to having saturation at a slightly more reduced magnitude at higher
exposure periods of, e.g., 22, 42, and 48 h (Supplementary Fig. S3a, b, c, and d). Thus, the antimicrobial
efficacy of S1 reduces very slightly by about (e.g., 8%,
5%, and 4% for CN1, CN2, and CN3 in turn) with an
increase in exposure time up to 18 h prior to
achieving bacteriostatic nature at exposure periods of
22 h and above. It also possesses the smallest
nanocrystallite size. Other researchers also report the
lowest antimicrobial efficacy for the nano-Mg(OH)2
powders with the smallest particle size [37].
Effect of change of concentration on antimicrobial efficacy Generally, for a given sample (e.g., S1, S2, S3,
and S4), and given exposure time (T), the (Diz) value
increases with an increase in concentration (e.g.,
CN3 [ CN2 [ CN1) (Supplementary Fig. S3a, b, c,
and d and Fig. 10). This is taken in the current work
as a representative factor for a relative measure of
antimicrobial efficacy. For instance, in the case of
sample S1 for an exposure period of 6 h the (Diz)
value increases by about 62 and 77% as the concentration increases from CN1 to CN2, and from CN1 to
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CN3. Depending on sample type, e.g., S2, S3, and S4,
and the exposure period, e.g., 18, 22, 42, and 48 h, the
relative percentage efficacies of course vary, but the
overall trend remains valid (Supplementary Fig. S3a,
b, c, and d and Fig. 10). Particularly, the data plotted
in Fig. 10 confirm beyond any doubt that generally
for a given exposure time (T) indeed the (Diz) value
increases with an increase in concentration (e.g.,
CN3 [ CN2 [ CN1). This happens because as the
concentration increases; more number of nanoCa(OH)2 particles per unit area becomes available for
antimicrobial activity exhibited by a given sample for
a given exposure time (T). However, the efficacies
slightly drop when the concentration change from
CN2 to CN3 is considered. For instance, in the case of
sample S1 for an exposure period of 6 h the (Diz)
value increases by only about 9.52% as the concentration increases from CN2 to CN3 (Supplementary
Fig. S3a, b, c, and d and Fig. 10). As the exposure time
increases to 18 h, the (Diz) value increases only
merely by about 10.5%. However, for exposure periods of, e.g., 22, 42, and 48 h, the increases in the (Diz)
value remain bacteriostatic at about 11.11% as the
concentrations increase from CN2 to CN3 (Supplementary Fig. S3a and Fig. 10). Similar statements
hold for all the other three samples (e.g., S2, S3, and
S4) although the relative magnitudes of efficacies
vary.
Rate of change of antimicrobial efficacy with respect to
variations in concentration with parametric variation in
exposure times Based on the experimental data presented in Supplementary Fig. S3a, b. c, and d, the rate
of change of antimicrobial efficacy with respect to
variations in concentration with parametric variation
in exposure times can be calculated as [d(Diz)/
dCNX]T where CN represents concentration and Diz
represents the inhibition zone diameters. Further,
X = 1, 2, and 3, i.e., CN1 is 10, CN2 is 50, and CN3 is
100 mg.ml-1, respectively. Furthermore, the exposure times T are, e.g., 6, 18, 22, 42, and 48 h as mentioned earlier. The rate of change in antimicrobial
efficacy as a function of concentration change is
plotted in Fig. 11a, b, c, and d for the samples S1, S2,
S3, and S4.
Thus, in the case of the sample S1 exposed for 6-h
exposure the rate of change in antimicrobial efficacy
is given by, e.g., (100 lm/mg ml-1) as the concentration increases from CN1 to CN2. The rate of
change drops to, e.g., (87.5 lm/mg ml-1) for an

exposure period of 18 h under the same concentration enhancement and remains the same, i.e.,
(87.5 lm/mg ml-1) for the exposure periods of 22,
42, and 48 h; Fig. 11a. These data again suggest the
prevalence of the bacteriostatic nature of the antimicrobial activities (Supplementary Fig. S3a). For
increase of concentration from CN2 to CN3, the rate
of change in antimicrobial efficacy of the sample S1
drops to, e.g., 20 lm/mg ml-1 and remains stationary there for the exposure periods of 6, 18, 22, 42, and
48 h. These data are plotted in Fig. 11a for sample S1.
These data again suggest the prevalence of a bacteriostatic nature. Similar statements hold for all the
other three samples (e.g., S2, S3, and S4) although the
relative magnitudes of the rate of change in efficacies
as a function of concentration change vary as depicted in turn in Fig. 11b, c, and d.
Mechanisms of antimicrobial activity
The major consensus from the literature [20, 35–63] is
that the antimicrobial activity is triggered by reactive
oxygen species (ROS) formation by most metal oxides
and hydroxides. Based on these views only a qualitative, schematic picture of the antimicrobial activity
mechanism is provided in Fig. 12a–n. Thus, a brief
qualitative discussion only may follow. It is well
known that atomic oxygen has two unpaired electrons. Now, these electrons stay in two different
orbits. These orbits are in the outer electron shells of
the atomic oxygen. In the perspective of nanoCa(OH)2 powders of the current work, the sequential
reduction of oxygen through the addition of electrons
can happen. These reductions provide the genesis of
the various reactive oxygen species (ROS). If and
when it happens, it can produce ROS like the
superoxide (O2.-), the singlet oxygen (1O2), the
hydrogen peroxide, the hydroxyl radical (.OH) as
well as the hydroxyl ion (OH-), etc. [20, 53]. In the
cases of Gram-positive, e.g., Staphylococcus aureus
(S. aureus) and Gram-negative e.g., Pseudomonas
putida (P. putida) bacteria it is opined [20] that both
hydroxyl radical (.OH) and singlet oxygen (1O2) may
provide major contributions to the antimicrobial
activity of nano-Ca(OH)2 powders while minor contribution may also come from the superoxide (O2-)
species. In an aqueous solution, the hexagonal
Ca(OH)2 nanoparticles (Fig. 12a) dissociate into one
Ca2? ion and 2 ions of OH- with a solution pH in the
range of 12.5 to 12.8 (Fig. 12b), as mentioned above.
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Figure 11 Rate of change of antimicrobial efﬁcacy with respect to concentration changes for the samples S1, S2, S3, and S4.

The Ca2? ions are positively charged. Hence, they can
easily adhere to the negatively charged cell wall of
E. coli. Simple calculations suggest that a reasonably
large number of Ca2? ions (e.g., 2.81 9 107) can
assemble on the single E. coli cell wall and may easily
hamper the structural compactness of the E. coli cell
wall by their shear large presence in numbers
(Fig. 12c). If the structural compactness of the cell is
compromised, it becomes permeable to the external
atmosphere and hence may suffer death by
irreparable damage process (Fig. 12d). Similar
mechanisms are suggested in the case of antimicrobial mechanisms of the Mg(OH)2 nanoparticles
[37, 49–51]. As a result, the bacteriostatic effect can
happen. Such a picturization matches with the
experimentally measured data scenario (Supplementary Fig. S3, Figs.10 and 11).
However, the relative number of Ca2? ions available per unit reaction area will be dependent on their

original formation process. In other words, it will be
dependent on the molarities of the corresponding
reactants. Therefore, functional variation in the
antimicrobial performance of the samples is expected. The same is also indeed observed from the
experimental data (Supplementary Figs. S3, Figs.10
and 11). The continuance and/or partial or full
stoppage of the reaction process will also depend on
the actual number of Ca2? ions still available for
further adsorption onto the E. coli cell walls and the
number of unaffected cell walls available. Hence, a
time-dependent relative variation in functional
antimicrobial performance of the samples is also
expected. The same is also reflected in the experimental data (Supplementary Figs. S3, Figs.10 and 11).
Based on literature reports [38, 42–49], it emerges
as a general consensus that the hydroxyl ions (OH-)
play the most major role in the antimicrobial activity
of Ca(OH)2 nanoparticles against E. coli. One of the

J Mater Sci

Figure 12 Schematic mechanism of the role of Ca2? in
antimicrobial
performance:
a
Ca(OH)2
nanoparticles;
b dissociation into Ca2? and OH- ions; c accumulation of Ca2?
cations on the E. coli cell wall; d hamper of structural compactness
of the E. coli cell by cations; Schematic mechanism of the role of
the hydroxyl radical (OH) in antimicrobial efﬁcacies: a formation
of hydroxyl radicals, b hydroxyl radicals damage the E. coli cell
wall, c DNA structures disruption; schematic mechanism of the

effect of the hydroxyl ions (OH-) on the cytoplasmic membrane,
e OH- ion leads to peroxidation in the E.coli cell, f generation of
lipid peroxide radical, g damage of cell membrane, h cytoplasmic
component dysfunction, i peptide structure preserved by ionic
bond, j local breakdown of the ionic bonds leads to spatial
disruption of peptide structure, k failure of enzyme activities,
l DNA structure in E.coli cell surrounded by OH-, m stretching of
DNA strands, and n gene mutation damaged in DNA structure.

major reasons for the antimicrobial activity is of
course the very high pH, e.g., 12.5 to 12.8 of the
aqueous solution of Ca(OH)2. Such highly alkaline
pH creates a condition that makes it difficult for
E. coli as well as other microbial agents to completely
survive through [38, 42–45].
The pH of control, i.e., nutrient broth (N.B.) ? E.coli and nutrient broth (N.B.) ? E.coli ? calcium
hydroxide, was measured as a function of time, and
the data are given in Supplementary Table S1. These
data confirm that with an increase in molarity, the pH
value increases (Table S1). The pH increase with the
increase in molarity has also been reported for basic
compounds [50] and is well corroborated with the
present study.
It is reported further that with the increase and
decrease of pH value from the neutral value of pH 7,

the antibacterial properties enhance [51, 52]. In the
present study also, the antibacterial activity was
found to be improved with increase in molarity due
to an increase in pH as shown in Supplementary
Table S1 and the respective antibacterial data shown
in Fig. S3. Furthermore, the reduction in pH when
N.B. is introduced to E. coli (Table S1) is well corroborated with the literature [53, 54]. The decrease in
pH value of control (N.B. ? E. coli) is due to the
absorption of glucose by E. coli. As mentioned earlier
in aqueous solution, Ca(OH)2 dissociates into one
Ca2? ion and two OH- ions. Obviously, the (OH-)
ions contribute to the high pH values as mentioned
above.
Also, it needs to be recognized that per one single
(Ca2?) ion, there will be two (OH-) ions. So, it is
obvious that the number of the OH- ions per unit
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area of the interaction front with the E. coli cells will
be twice as high as the number of (Ca2?) ions.
Therefore, the maximum efficacy is expected to come
from the roles of the (OH-) ions as far as the antimicrobial efficacy of the present nano-Ca(OH)2 particles against the E. coli cells is concerned. It is also the
general consensus view from literature reports
[35, 36, 38–63] that the (OH-) ions present in the
nano-/micro-Ca(OH)2 materials help to provide the
maximum antimicrobial efficacies.
The hydroxyl ions have an effective radius of about
153 pm. Thus, there can be approximately 6.41 9 107
number of the (OH-) ions on the effective surface of a
single E. coli cell. This is nearly 2.3 times the number
of the Ca2? ions that could be available for interaction
with a single E. coli cell, as discussed earlier. Therefore, it is obvious that among all the four possible
contributors including the (OH-) ions as discussed
above, the (OH-) ions will provide the maximum
contribution to develop antimicrobial efficacy against
the E. coli cell.
These hydroxyl ions are present a plenty but in
different amounts, as shown by the FTIR spectra
(Fig. 6) of the present samples S1, S2, S3, and S4. This
difference in the relative amounts of the (OH)- ions
also justifies why they exhibit relative differences in
their antimicrobial performances against the E. coli
cells (Supplementary Fig. S3a–d). These OH- ions are
basically free radicals. As a result, they can exhibit
very high but indiscriminate reactivity to several
materials including biomolecules [20, 35–63]. Thus,
there can be three possible ways in which the presence of the OH- ions can particularly enhance the
antimicrobial activities of the Ca(OH)2 nanoparticles
developed in the present work.
For instance, these OH- ions can cause huge
damage to the cytoplasmic membrane that protects
the E. coli cell as shown schematically in Fig. 12e, f, g,
and h [38]. Further, these (OH-) ions can damage the
proteins present in the E. coli cell [38, 42] as depicted
schematically in Fig. 12i, j, and k. Furthermore, it can
cause damage to the DNA present in the cell structure as illustrated schematically in Fig. 12l, m, and n
[38, 42–48]. Furthermore, the hydroxyl radicals produced as ROS [20] have enough capacity to damage
the E. coli cell wall [56]. It can also partially or totally
disrupt the DNA structures present in the E. coli
genome. In addition, the singlet oxygen (1O2) species
produced as ROS [20] have enough capacity to cause
partial or total disruption of the DNA structures

present in the E. coli genome [37, 38] and to damage
the E. coli cell wall by oxidative stress generation
[56–63].
Design implications
Especially during the last two decades [1–20], the
major new application domains of micro/nanoCa(OH)2 are opening up tremendously. To widen it
further, there must be means to tune its functional
application related properties, e.g., anti-microbial,
anti-biofilm-formation, anti-fouling, and heritage
conservation, etc. In this context, to the best of the
knowledge of the current authors, the total amount of
work reported for both synthesis and antimicrobial
application of nano-Ca(OH)2 against a standard
bacterium, e.g., E. coli, is far from significant [20].
However, the present work possibly for the first time
demonstrates that it is possible to tune the
microstructure, thermal stability, optical band gap
energy, defect structure, and hence the antimicrobial
functionality of the nano-Ca(OH)2 powders over a
reasonably wide range.
The design implications of these new findings may
result in the development of microstructurally tuned
(MT) nano-Ca(OH)2 for anti-microbial applications
against a given bacterium. In other words, the
application domains of MT nano-Ca(OH)2 materials
may be further extended to other bacteria and viruses
to examine their efficacies. If this stage is successfully
achieved, the same materials may be doped with
appropriate anti-microbial/anti-viral agents to
extend the application zones further against both
bacteria and viruses. In other words, the present
results highlight the possibilities of being able to tune
the functional properties of a given nano-Ca(OH)2 by
varying the synthesis conditions suitably. Such MT
nano-Ca(OH)2 materials may find wide varieties of
applications in cosmetics, skin care, and drug
industries as well as in various facets of biotechnology-oriented industries.

Conclusions
The present work demonstrates possibly for the very
first time that it is possible to tune over a reasonably
wide range the microstructure, nanocrystallite size,
lattice strain, thermal stability, optical band gap
energy, defect structure, and hence, the antimicrobial
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functionality of the phase pure nano-Ca(OH)2 powders against the E. coli cells. The microstructurally
tuned (MT) phase pure nano-Ca(OH)2 powders are
developed by an inexpensive chemical precipitation
technique through the simultaneous variations in
molarities of equimolar concentrations (e.g., 0.4, 0.6,
0.8, and 1 M) of both the reactants, e.g., calcium
nitrate tetrahydrate (Ca(NO3)24H2O) as the precursor and NaOH as the precipitant. The MT Ca(OH)2
materials are characterized by the conventional
techniques, e.g., XRD, FESEM, TEM, FTIR, DTA,
TGA, UV–Vis spectroscopy, and agar plate well diffusion method. The results obtained from each
characterization technique generally correlate nicely
with the results obtained from the other characterization techniques. The possible mechanisms of
antimicrobial efficacies and relative variations of the
same are schematically presented as well as discussed in terms of the relative variations in the
amounts of different ROS species, relative variations
in their specific activities and relative variations in
the number of cations and OH- ions in the various
MT nano-Ca(OH)2 powders synthesized by appropriate simultaneous variations of molarities of both
the precursor and the precipitator solutions. The
design implications of the current results in terms of
probable futuristic industrial applications are also
pointed out. Finally, a hint on possible areas worth of
further, dedicated, systematic investigations in the
future is provided.
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