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Abstract

In the present manuscript, an effort has been made to develop the curcumin ZnO nanocomposites(CZNCs) for their self-
cleaning applications. Presence of ZnO and Ag/ZnO nanoparticles in curcumin matrix get confirmed by X-ray diffraction
(XRD) and fourier transform infrared spectrometer (FTIR) techniques. Optimum transparency with tuned refractive index
has achieved in Ag/ZnO-curcumin nanocomposite as compared to pure curcumin (Cur). CZNCs show minimum weight loss
as compared to Cur sample. Core—shell formation has been further confirmed by selected area electron diffraction (SAED)
and high-resolution transmission electron microscopy (HRTEM) studies. The major transition in water contact angle (WCA)
to 15.25° for Ag/ZnO-Cur NC (Cur_ZnAg2) from Cur’s WCA =40.55° has been observed. Conclusively, optically active,
thermally stable, hydrophilic features based CZNCs can be utilized in self-cleaning applications.
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1 Introduction

Turmeric consists of curcumin(Cur),
demethoxycurcumin(DMC) and bidemethoxycurcumin
(BMC) polyphenolic compounds [1, 2], collectively
referred as curcuminoids. Out of them, Cur widely used
from “kitchen to clinic” by the people because of its unique
properties which have many health benefits [3]. Cur also
certified as generally recognised as safe (GRAS) by United
state food and drug adminstration (USFDA) [2]. Routinely,
Cur (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione) [4] used as a food additive for spice and coloring
effects (textiles, food & cosmetics) [5]. Upto 10 g/day [6] of
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Cur can be very well tolerated by humans in nontoxic limits.
It is not only used as colouring and spice agent but also used
in ayurvedic medical science for more than 4000 years. It
is widely accepted and proven fact that Indian old age peo-
ple between 70 to 79 years who eat curry dishes daily have
4.4 times less vulnerablity towards ‘Alzheimer disease’ as
compared to Americans of same age group [7]. Tradition-
ally, Indians intake Cur in food in various forms strengthen
their immune system and develop anticarcinogenic abilities.
Moreover, the Cur is also known for its antioxidants [8—10],
anti-inflamatory [11] and anticarcinogenic [12] properties,
which are quite to treat such stated diseases. Inspite of the
therapeutic properties of Cur, its applications are limited
due to its poor bioavailability, pharmacokinetics profile &
limited solubility in water. To address the stated issues &
to enhance the applicability of Cur-based formulations, dif-
ferent systems have been developed with polymer, metals,
lipids and inorganic components [13]. Few current studies
have been summarized below which were focussed on devel-
opment of Cur as a hybrid nanocomposite [14—18]. Specifi-
cally, to achieve the multifunctional properties of Cur NCs
viz. optical, thermal and surface wetting, an attempt has
been made to develop Cur based NCs.

In recent time, wide bandgap ZnO nanoparticles (NPs)
have drawn more attention as a mixing entity with Cur due
to low toxicity on human, plants and animals [19, 20]. These
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properties can be utilized against different microorganism,
anticancer activities and industrial device fabrications
[21-23]. Limited research work has been performed on the
functionalization of ZnO NPs via organic and inorganic enti-
ties [24] for their use in optical, surface wetting & antibacte-
rial applications. Furthermore, Ag has inherent wound heal-
ing properties and charge transport abilities due to which it
has been used as a dopant in ZnO [25-28]. Originally, ZnO
surface equipped with charged trapped states which can be
minimized by adsorption or coating of organic compounds
on NPs’ surfaces [29-32], consequently leads to enhance-
ment of surface plasmon resonance (SPR) [33], photosen-
setization [34] behaviour.

The limited applications of Cur-based materials in their
device fabrications may be due to low thermal stability
behavior (maximum decomposition at~400 °C) [17, 35].
In addition to traditional uses, Cur NCs can be developed
as multifunctional material by incorporation of ZnO & Ag/
ZnO NPs in Cur matrix. Apart from this, the use of Cur with
ZnO NPs brings the composite to least toxicity level and
restricts the generation/growth of hydroxyl radical, singlet
oxygen, lipid peroxidation etc. entities [36, 37]. Due to the
above-stated features of Cur NCs, it can be used in different
food packaging applications [38].

Coating surfaces become very popular & get utilized in
different applications to protect the materials’ surface tex-
ture, window glasses and different open-air devices from
external natural or man-made deteriorating factors such
as dirt, dyes & other contaminants. Deposited impurities
can be removed with hydrophilic or hydrophobic behavior
[39] irrespective to the structural & chemical properties of
the studied material. Hydrophilic behavior can be achieved
through the presence of hydroxyl, carboxyl, sulphonic group
etc., whereas the presence of nonpolar groups on sample sur-
faces bring hydrophobic nature [39], towards self-cleaning
behavior of synthesized material surfaces.

In literature, different nanocomposites (NCs) have
been studied with semiconductor as one of the component
[39-45] with reference to surface wetting behavior. In addi-
tion to the properties of base material i.e. Cur (environmen-
tal friendly [3-6]), features and concentration of nanofillers
have equally dominated the desired hydrophilic behavior.
Current reported results w.r.t. hydrophilic nature of CZNCs,
are found in the same trend as already reported by research-
ers [40, 41, 45].

In the current manuscript, the idea to work with curcumin
ZnO nanocomposites (NCs) was based to develop CZNCs
having hybrid properties with enhancement in its thermal
stability [17, 35], so that we can use reported NCs in sur-
face cleaning applications. Furthermore, desired hydrophilic
properties of NCs can be achieved with optimum refractive
index(n), roughness and uniform dispersion of ZnO NPs in
Cur matrix. Moreover, the above-desired properties can be
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achieved by appropriate synthesis method, proper homog-
enization of mixing entities together. Overall, the effect of
ZnO, Ag/Zn0O with variable content of Cur and Ag/ZnO for
different CZNCs have been studied in the current manuscript
for self cleaning applications.

2 Experimental section
2.1 Material and methods

Purified form of curcumin (batch no. NCE/292,014) has
been received from Sunpure Extracts Pvt. Ltd, New Delhi.
Zinc nitrate hexahydrate (99.0%), Silver nitrate (AgNO5)
and sodium hydroxide (98.56%) have been used in the syn-
thesis of ZnO, Ag and Ag/ZnO NPs. Neem extract of fresh
leaves from Panjab University Chandigarh campus (India)
has been used as a reducing agent for the preparation of
NPs. Triple distilled water has been used in the different
synthesis process.

2.2 Synthesis
2.2.1 Preparation of neem extract

Neem fresh leaves (10 g) extract has been prepared through
proper washing of neem leaves with distilled water and
drying them in shades. Furthermore, the dried leaves were
grinded to coarse powder followed by extraction with 100 ml
triple distilled water prior to their evaporation to get crude
extract at 80 °C (Step 1).

2.2.2 Preparation of silver (Ag) nanoparticles (NPs)

0.005 M of AgNOj; has been dissolved in triple distilled
water (50 ml) at appropriate stirring speed. 2 ml volume of
neem extract synthesized in step 1, has been added dropwise
to AgNO; solution. Complete reaction set up shifted to a
water bath at 80 °C temperature for 2 h. Finally, the solu-
tion’s colour changes to dark brown from pale yellow which
confirmed silver precursor reduction into Ag NPs (Step 2).

2.2.3 Preparation of Ag-doped ZnO(Ag/Zn0O) NPs

0.02 M amount of Zn(NO;)«6H,0 has been dissolved in
triple distilled water (50 ml) at appropriate stirring speed.
30 ml of Ag NPs solution (prepared at step 2) added drop-
wise with proper stirring. Moreover, 10 ml of neem extract
(prepared at step 1) has been also added dropwise to the last
solution. To ensure complete precipitation of zinc precursor,
50 ml of 1 M NaOH solution added dropwise to the above
solution. Whole reaction set up has been shifted to a water
bath at 80 °C temperature for 2 h. Finally, the solution’s
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colour changes to deep yellow paste, which indicates the
formation of ZnO NPs (Step 3). Similar steps have been
followed for pure ZnO NPs synthesis with absence of Ag
NPs (Step 4). Pure ZnO and Ag-doped ZnO (Ag/ZnO) NPs
have been annealed at 400 °C for 2 h. The pH of NCs sam-
ples including pure curcumin dissolved in dimethylsulfoxide
(DMSO) was observed of value i.e. 9.50 (basic nature).

2.2.4 Preparation of Cur(Zn)O & Cur(Ag/Zn)O
nanocomposite

CZNCs have been synthesized by mixing of Cur, ZnO and
Ag/ZnO NPs in different proportions. Already dissolved
250 mg of curcumin in 50 ml distilled water follows with
the addition of the same amount of ZnO NPs (synthesized
in step 4) through vigorous stirring for 4 h at 60 °C. Final

solution was dried at~45 °C for 24 h, followed with vac-
uum drying for 24 h. In the next samples, ZnO NPs have
been replaced with Ag/ZnO NPs (Step 3) into Cur.

To study the effect of Cur and Ag/ZnO in their NCs,
the contents of Cur and Ag/ZnO NPs have been incorpo-
rated in vice versa manner. The pure Cur, ZnO & Ag/ZnO
based Cur NCs were named as Cur, Cur_Zn & Cur_ZnAg
respectively. Two more samples have been synthesized
with variation in the ratio of Cur & Ag/ZnO NPs, which
were coded as Cur_ZnAg1 (curcumin is 333 mg + 167 mg
of Ag/Zn0O), Cur_ZnAg2 (curcumin is 167 mg+ 333 mg
of Ag/ZnO) respectively. To study the different properties
of CZNCs, samples were deposited on ~2 X 2cm? glass
substrate by dip-coating method. Figure 1 proposed the
reaction mechanism depicting the formation of CZNCs
with probable interaction sites between reacting species.
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Fig. 1 Proposed reaction mechanism of CZNCs
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2.2.5 Characterization techniques

The crystal structure of CZNCs was studied with the help
of X-pert pro diffractometer (Panalytical) at A=1.54 A.
Fourier transform infrared spectrophotometer (FTIR) has
been employed to investigate the chemical structure of syn-
thesized samples in mid-infrared range (400—4000 cm™Y).
Ultra-Violet—Visible spectrophotometer (UV—-Vis) (Perkin
Elmer lamda 750) technique has been used to explore the
transmittance, refractive index behavior of prepared thin
films from wavelength 200 to 800 nm. Thermogravimetric
analysis (TGA) study has been performed to analyze the
thermal behavior of synthesized NCs. Field emission scan-
ning electron microscopy (FESEM) (Hitachi SU8010) with
energy dispersive spectroscopy (EDS) X-flash Japan has
been used to study the surface morphology and elemental
distribution of CZNCs thin films. Transmission electron
microscopy (TEM) Hitachi’s H7500 and High-Resolution
TEM (HRTEM) Joel 2100 Plus have been used to explore
ultra-structural information of synthesized NCs. Surface
roughness of different synthesized thin films has been ana-
lyzed using NT-MDT atomic force microscope (AFM).
The water contact angle (WCA) measurements of differ-
ent CZNCs with water droplet of 10 pl were studied using
DSA100 (Kruss make) system.

2.2.6 X-ray diffraction (XRD) measurement

The ZnO and Ag/ZnO NPs have been synthesized by green
synthesis approach. In figure supplimentary(S) file S1(a),
shows ZnO NPs diffraction peaks at 31.73(100), 34.44(002),
36.31(101), 47.51(102), 56.50(110), 62.94(103), 66.50(112),
68.02(201) & 69.22(202) respectively. Presence of these
peaks confirms the hexagonal wurtzite structure of ZnO [46,
47]. No diffraction peaks of silver metal have been observed
in ZnO diffraction pattern in Ag/ZnO sample. Absense of

Ag peak in Ag/ZnO diffraction pattern confirms the com-
plete replacement of Ag* (ionic radii =0.126 nm) with Zn*?
(ionic radii =0.074 nm) ions in ZnO matrix. Incorporation
of Ag into ZnO matrix brings a slight increase in the dif-
fraction intensity for (101) peak [48]. Incorporation of sil-
ver metal into ZnO crystal structure brings a decrease in
crystallite size (for 101 peak) to 24.93 nm from 30.09 nm
(ZnO) respectively. Furthermore, the effect of ZnO, Ag/ZnO
& curcumin concentration on the crystal structure of CZNCs
also has been investigated in Fig. 2.

In Fig. 2(i), diffractogram (a) confirms the amorphous
nature of curcumin as no sharp peak has been observed.
Furthermore, the Cur_Zn sample (Fig. 2-ib) shows the pres-
ence of ZnO diffraction peaks prominently for (100), (002)
& (101) (hkl) planes. In Cur_Zn NC, the ratio of curcumin
and ZnO was 1:1, which may be the probable reason of low-
intensity diffraction peaks of ZnO reflections. In Cur_ZnAg
sample, ZnO has been replaced with Ag/ZnO. Small crys-
tallite size of Ag/ZnO NPs i.e. 24.93 nm as compared to
ZnO size 30.09 nm, may be the possible reason to bring
agglomeration of Ag/ZnO NPs in Cur matrix which shows
the low intensity of (101) reflection peaks in Cur_ZnAg?2 as
compared to Cur_ZnAg]1 (Fig. 2i-b).

2.3 FTIR study

FTIR spectroscopy has been used to study ZnO, Ag/ZnO
NPs’ interaction with Cur which is shown in Fig. 3i-v. Fig-
ure 3(i) shows the detailed spectrums from 400 to 4000 cm™!
for pure ZnO(a), Ag/ZnO(b), Cur(c), Cur_Zn(d), Cur_
ZnAg(e), Cur_ZnAgl(f) & Cur_ZnAg2(g) samples respec-
tively. Zn—O absorption band of pure ZnO & Ag/ZnO found
to be shifted to lower frequency from 476 cm™! (ZnO & Ag/
ZnO) [49] to 447 cm™! (Cur_Zn), 465 cm™!(Cur_ZnAg),
459 cm™! (Cur_ZnAgl) & 458 cm™! (Cur_ZnAg2) respec-
tively. The shifting of Zn—O vibration to lower wavenumber

(i) (i-a) e —Cur ZnAg2(e). [101 (i-b)
' ] ——Cur_ZnAgl(d)
: —nd " W —uzity
= Cur_Zn(b)
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Fig.2 i Shows the diffraction pattern of Cur, Cu_Zn, Cur_ZnAg, Cur_ZnAgl, Cur_ZnAg?2, i-a diffraction pattern from 20=31° to 42°, i-b

Gaussian fit of corresponding (101) peak respectively
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Fig.3 FTIR spectra of i different synthesized NCs, ii frequency range from 350 to 700 cm™! iii from 1360 to 1420 cm™, iv from 1720 to 1840

cm™! v from 1000 to 1800 cm™! respectively

in CZNCs confirms the effective chemical interaction
between Cur and ZnO, Ag/ZnO respectively. In Fig. 3(iii &
iv), band vibrations at 1384 cm~', 1787 cm™! represent the
presence of C=0 stretching vibration of carboxylic group
[50]. The presence of the above two bands shows the abun-
dance of phenolic acid, terpenoids and protein on ZnO and
Ag/ZnO surface, which surely released from A. indica leaf
extract. Furthermore, after the interaction of NPs with Cur,
the intensity and width of the corresponding peaks have been
drastically changed (Fig. 3iii, iv).

In addition, the FTIR spectrum of Cur has been inves-
tigated in detail by Fig. 3i, v. Figure 3i spectrum (c-g), the
phenolic —OH peak stretching shifted to higher frequency
from 3380 cm™' to 3414 cm™', 3403 cm™, 3392 cm™,
3403 cm~! for Cur, Cur_Zn, Cur_ZnAg, Cur_ZnAgl, Cur_
ZnAg? respectively. Apart from shifting of phenolic —-OH
band vibration, a prominent change has been observed in the
intensities of corresponding bands’ vibration, which predicts
the alteration in the chemical structure of Cur. The presence
of phenolic —OH group in Cur structure induces hydropho-
bic character of the composite and further modification in

CZNC:s structure brings effectiveness in properties like ther-
mal stability, solubility etc. [51].

In Fig. 3v, the frequency region from 1000 to 1800 cm™!
depicts, the frequency band vibration for aromatic C—O
stretching (1282 cm™), olefinic C—H bending vibration
(1429 cm™!), C-0, C—C band vibration (1511 cm™") and
benzene vibration band (1604 cm™") [52]. With incorpo-
ration of ZnO and Ag/ZnO NPs into Cur, the above fre-
quency vibration for aromatic C-O stretching vibration &
olefinic C—H vibration get diminished to minimum level.
Furthermore, the 1511 cm™! (Cur) band vibration shifted
to 1506 cm™! (Cur_ZnAg), 1506 cm™' (Cu_ZnAgl) &
1509 cm™! (Cur_ZnAg2), respectively. Similarily, the
benzene vibration band position also shifted to lower fre-
quency band i.e. from 1604 cm™! (Cur) to 1601 cem™! (Cur_
Zn), 1600 cm™! (Cu_ZnAg), 1597 cm™! (Cur_ZnAgl) &
1593 cm™! (Cur_ZnAg4) respectively as shown in Fig. 3v.
Overall, the shifting and modification in Cur and NPs
vibration bands after mixing with ZnO & Ag/ZnO NPs
(Fig. 3ii—v) confirms their chemical interaction in respec-
tive NCs.
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2.4 UV-Vis spectroscopy

The synthesized NCs thin films have been studied for their
transmittance, refractive index (n) & optical band gap (Ep)
behavior as shown in Figs. 4 and S2. Figures 44i, ii, show
the transmittance and refractive index of synthesized thin
films. The % transmittance values change from 71.32 for
Cur to 19.17, 17.54, 39.06, 24.06 for Cur_Zn, Cur_ZnAg,
Cur_ZnAgl, Cur_ZnAg2 respectively. Similarily the refrac-
tive values(n) and optical band gap(E,,) values for corre-
sponding samples have been tuned from 2.01 to 2.40, 3.08,
1.98,2.70 and 2.38 eV 10 2.80 eV, 2.72 eV, 2.88 eV, 3.04 eV
respectively.

The incorporation of ZnO NPs into Cur i.e.( Cur_Zn
sample, curve 4-ib) brings a decrease in the transmittance
from 71.32% (Cur) to 19.17% (Cur_Zn) at 550 nm(Fig. 4ii).
The drastic change has been observed in Cur_Zn thin-film
transmittance behavior as compared to Cur sample, which is
probably due to the effective chemical interaction between
Cur and ZnO NPs [53]. In Cur_ZnAg sample, the presence
of Ag/ZnO NPs in Cur has brought down the transmittance
to 17.54%. Furthermore in Cur_ZnAgl, the content of Cur
is double as compared to Ag/ZnO NPs which increased the
transmittance to 39.06%. Moreover in Cur_ZnAg?2 sample,
the content of Ag/ZnO is reversed with Cur as compared to
Cur_ZnAg]1, which decreased the transmittance to 24.06%.
This probably may be due to the presence of more absorp-
tion sites(Ag/ZnO) in Cur matrix.

The transmittance (T) for synthesized thin films was cal-
culated from Eq. 1 [54]:

T = Aexp(—ad) (D

where T, d are the transmittance, thickness and A is constant.

100
90_' = Cur(a) (1) \‘-.
{ e Cur Zn(b) a
80-. 4 Cur_ZnAg(c)
704 v Cur ZnAgl(d)
3 Cur ZnAg2(c) ®
560 = 3 d
550-. :
8401 5
E— | }
<30
209
104,
{2a
0. )

——TT—T—T—T—T—7
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Refractive index(n)

Refractive index of synthesized thin films has been evalu-
ated with the help of Eq. (2) [55]:

1+R 4R 291/2
n= +[ — k7]
1-R  (1-R? @)

where R, k are reflectance, extinction coefficient,
respectively.

The optical band gap (E,) of synthesized thin films was
calculated from Eq. (3) [56]:

ahv = D(hv — Eg)" 3)

where hv, E,, D are photon energy, optical band gap and
constant respectively. For ZnO nanomaterial (direct band
gap) n=1/2 gives the best linear curve in band edge region
[51].

A detail tauc plot for different studied thin films has been
summarized in figure S2.

Incorporation of ZnO NPs into Cur matrix leads to
reorganization of valance band (VB) and conduction band
(CB) of studied samples, which brings modification in cor-
responding band gaps (E,). The blue shift in band gap has
been observed from Cur to Cur_ZnAg?2 (2.38 eV to 3.04 eV)
except Cur_ZnAg (2.72 eV). This may be due to small crys-
tallite size of Ag/ZnO NPs in comparison to ZnO NPs as
observed in XRD study (Fig. 2) [57]. Figure 5 have dia-
gramatically illustrated the physical appearance of synthe-
sized thin films w.r.t. transparency behavior. Furthermore,
figure S3 depicted the cross-sectional view of synthesized
thin films by FESEM technique. Deposited thickness of
Cur, Cur_Zn, Cur_ZnAg, Cur_ZnAgl, Cur_ZnAg?2 thin
films have value viz. 640 nm, 1065 nm, 1060 nm, 1114 nm,
1192 nm, respectively.
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1 [} Cur_Zn(b) 1.\':,".,’:“.‘;‘.LL';L"L."J.’L‘,‘:‘,,‘;‘;’I/' - “C‘ 1
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2.8 Cur_ZnAg2(e)
2.6 b
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Fig.4 UV-Visible study shows i % transmittance of different thin film samples, ii their refractive index (n) behavior respectively
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Fig.5 Schematic representation of light interaction with CZNCs

2.5 Thermal studies

TGA analysis for Cur, Cur/ZnO & Cur-Ag/ZnO NCs has
been studied in Fig. 6(i, ii and iii). Figure 6i depicted the
thermal degradation behavior of Cur, Cur_Zn, Cur_ZnAg,
Cur_ZnAgl & Cur_ZnAg2 NCs from 30 to 950 °C. Ini-
tially degradation at 200 °C, weight loss viz. 6%, 15%,

16%, 15% & 10% has been observed for Cur, Cur_Zn,
Cur_ZnAg, Cur_ZnAgl & Cur_ZnAg?2 respectively as
shown in Fig. 6ii. Initial loss in weight for Cur sample
may be due to Cur’s dihydroxylation -OH group which
additionally get enhanced in NC samples. This may be due
to increased -OH group from ZnO surface [58]. Also the
hydrophobic nature of Cur [59] may be one more reason

100
1004 ae
9] (i1) (iii)
804 604
70+ 904
O S $
EDSO %‘1)80 EMO- £ gur(ig "
D 404 ) o + Cur_Zn
2 30 - Cur(a) 4 + Cur(a) 2 « Cur_ZnAg(c)
+ Cur_Zn(b) 704 + Cur_Zn(b) + Cur_ZnAgl(d)
209 . Cur_ZnAg(c) + Cur_ZnAg(c) _ Cur ZnAgX(c)
104 + Cur_ZnAgl(d) v Cur_ZnAgl(d) 20+
o2 Cur_ZnAg2(e) Cur_ZnAg2(e)
100 200 300 400 500 600 700 800 900 9'[) 1;;0 2;0 500 600 ; 700 800
Temperature("C) Temperature("C) Temperature(°C)

Fig.6 TGA behavior of i Cur(a), Cur_Zn(b), Cur_ ZnAg(c), Cur_ZnAgl

(d),Cur_ZnAg2(e) ii zoomed x-axis in temperature range from 30 to

280 °C for initial thermal degradation, iii zoomed x-axis in temperature range from 450 to 800 °C for thermal degradation respectively
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for delayed —OH group related weight loss of Cur sample
as compared to CZNCs [60].

Furthermore, at 400 °C, a sharp weight loss of Cur sam-
ple has stimulated the slow degradation behavior of different
CZNCs. This may be due to interaction between Cur, ZnO
and Ag/ZnO NPs as previously confirmed by FTIR study in
Fig. 3. In Fig. 6iii, at 800 °C temperature, 82%, 60%, 43%,
65% & 47% weight loss has been observed for Cur, Cur_Zn,
Cur_ZnAg, Cur_ZnAgl & Cur_ZnAg?2 respectively. The
second highest weight loss (65%) in Cur_ZnAgl sample
has been observed after Cur sample, which may be due to
the presence of high content of Cur. The presence of crystal-
line ZnO & Ag/ZnO NPs in Cur matrix may be the possible
reason for delayed thermal degradation of studied NCs [35].

2.6 FESEM study

Morphological investigation of synthesized ZnO, Ag & Ag/
ZnO NPs has been demonstrated in Fig. 7a—c by FESEM
technique. Nearly spherical particles of ZnO have been
observed in Fig. 7a. The incorporation of spherical shape
Ag NPs (Fig. 7b) into zinc precursor has brought no major
modification in the morphology of ZnO (Fig. 7c).

The ultrastructural morphology of synthesized ZnO, Ag
& Ag/ZnO NPs has been analysed by TEM study as shown
in Fig. 8a—c. Average particle size value viz. 34.65 nm,
21.77 nm & 28.65 nm have been observed for pure ZnO,
silver(Ag) & Ag/ZnO NPs respectively. Above observed
trend of decrease in particle size with the addition of Ag
into ZnO matches with crystallite size values of XRD study
(Figure S1).

The morphological investigation, elemental presence
with distribution behavior of different CZNCs have been
summarized in Figs. 9a—e, Fig. 10a—e & Fig. 11a—e respec-
tively. No specific morphology of Cur thin film has been
observed in Fig. 9a. Nearly spherical shape transformation
in Cur_Zn NC takes place (Fig. 9b) with the incorporation of
ZnO NPs in Cur matrix. Similar behavior has been observed
in Cur_ZnAg with the incorporation of Ag/ZnO NPs in Cur
(Fig. 9¢). Cur_ZnAgl NC shows uniform distribution of
spherical entities which may be due to homogenous disper-
sion of Ag/ZnO NPs in Cur matrix.

In continuation, Cur_ZnAg2 sample in Fig. 9e shows non
uniformity of NPs in its NC, may be due to aggregation of
Ag/ZnO NPs. Same hypothesis has been confirmed in XRD
study as Cur_ZnAg]1 shows higher crystallinity behavior
(Fig. 2), lowest refractive index (1.98) and optimum trans-
parency (39.08%) in Fig. 4i, ii. Homogenous dispersion of
mixing species (Cur & NPs) together may be the reason
behind higher crystalline, optimum refractive index and
transparency nature of Cur_ZnAgl NC.

Detail values of wt% of different elements in studied
NCs have been summarized in Fig. 10a—e and Table 1.

@ Springer

Fig.7 FESEM images of (a) ZnO (b) Ag NPs (c) Ag doped ZnO NPs respectively
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Fig.9 FESEM images of Cur(a), Cur_Zn(b), Cur_ ZnAg(c),Cur_ZnAgl (d),Cur_ZnAg2(e) respectively

Incorporation of ZnO and Ag/ZnO NPs in Cur has brought
a drastic decrease in the content of carbon and oxygen.

As curcumin is a organic molecule having carbon, hydro-
gen and oxygen-based structure, ratio between carbon to
oxygen has been calculated. Major decrease in C/O ratio
observed (0.76 to 0.22) in Cur_Zn (Fig. 10b) as compared
to pure Cur (Fig. 10a). It predicts chemical bondage between
Cur and ZnO, which has been already confirmed in FTIR
study (Fig. 3ii). The Cur_ZnAg2 NC (Fig. 10(e)) shows the
lowest C/O ratio (0.17) may be due to maximum content of
Ag/ZnO.

Furthermore, the dispersion of ZnO and Ag/ZnO in Cur
matrix has been demonstrated in Fig. 11(a-i). Figure 11(a-
c¢) depict the mapped area of carbon and oxygen element
in curcumin whereas Cur_Zn confirms the mapped posi-
tion of carbon, oxygen elements (Fig. 11e, f) in addition to
Zinc (Fig. 11g) respectively. With the enhancement in the
amount of Ag/ZnO NPs in Cur matrix in comparison to pure
curcumin sample bring a drastic decrease in the mapped
area of carbon (Fig. 11(i)) as compared to other elements
(Fig. 11j-1) respectively. This will also predict the chemical
bondage between incorporated NPs with Cur matrix.
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Fig. 10 EDS spectrum of Cur(a), Cur_Zn(b),Cur_ ZnAg(c),Cur_ZnAg1 (d),Cur_ZnAg2(e) respectively

The physical presence of curcumin, ZnO and Ag/ZnO
in NCs has been confirmed by TEM images as shown in
Fig. 12a—d. Pure curcumin shows low-density spherical
entities having average diameter 137.43 nm. Average size
of 40.38 nm has been observed in Cur_Zn as shown in
Fig. 12b. Figure 12(b), shows ZnO NPs have a~ 6 nm coat-
ing of Cur (~34.65 nm). Furthermore, the Ag/ZnO NPs in
Cur (Cur_ZnAg4) (Fig. 12c¢), depicts higher contrast in the
core of NC as compared to Cur_Zn sample, which predicts
the presence of some high-density material which is silver.
The width of curcumin coating on Ag/ZnO based NC has
been observed ~5 nm as shown in Fig. 12c.

To authenticate, the core—shell theory of Ag/ZnO-
Cur NCs, high resolution(HR)TEM imaging of Cur_
ZnAg2(Fig. 12 c¢) has been conducted in Fig. 12(d,d1,d2,d3)
respectively. Figure 12d reveals the HR image of NC, which
resolves the sharp crystalline behavior with the atomic
d-spacing value of d=0.242 nm of core material(ZnO)(Inset
in Fig. 12(d2)). The observed d-spacing value is close to
d-value (0.243 nm) of < 101 > peak observed in XRD study
for Ag/ZnO NPs. In addition, the FFT image of the scanned
area also shows six spots in Fig. 12d1, which further con-
firms the hexagonal structure of ZnO which is located in the

@ Springer

core of NC. This will surely confirm the core—shell hypoth-
esis of ZnO-Curcumin NCs formulation.

Furthermore, to be more precise in the statement of Cur
and Ag/ZnO effective bondage, corresponding diffraction
patterns have been studied in Fig. 12(d3). There is clear
observation of < 101 >,< 110> and <201 > <hkl > plan
es diffraction patterns on the basis of their corresponding
d-spacing value from XRD study of Ag/ZnO (figure S1).

2.7 Water contact angle (WCA) measurement

To study the self-cleaning properties of CZNCs, the corre-
sponding surface wettability behavior has been studied by
WCA measurements and detail is demonstrated in Fig. 13.
To analyze the wetting behavior of NCs surfaces, their
roughness behavior also have been investigated as depicted
in Fig. 14. Normally, two types of WCA behavior exist based
on the attraction and repulsion between the liquid droplet
and sample surface i.e. WCAs <90° or > 90°. Depending on
the WCA values, corresponding surfaces were classified as
hydrophilic and hydrophobic nature [61]. Ideally, Youngs
equation [62] demonstrates well-known formula for the rigid
and perfectly smooth surface as shown in Eq. 4:
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Fig. 11 FESEM mapping images of Cur sample for a mixed mapped
area b mapped area of carbon ¢ oxygen area; d mixed mapped area
of Cur_Zn sample, e mapped area of carbon f oxygen area, g zinc

mapped area; h mixed mapped area of Cur_ZnAg2 sample, i mapped
area of carbon j oxygen area, k zinc mapped area, (i) silver(Ag)
respectively

Table 1 Depicts the wt %

Name of sample ~ Carbon (wt%) Oxygen (Wt%)  Zinc (wt%) Silver (wt%)  C/ O ratio (wt%)
of Carbon (C), Oxygen (O),
Zinc(Zn), Silver(Ag), ratio of Cur 43.11 56.89 _ _ 0.76
C/O for Cur, Cur_Zn, Cur_
ZnAg, Cur ZnAgl. Cur ZnAg2 W70 547 25.10 27.59 - 0.22
respectively Cur_ZnAg 16.80 33.54 48.80 0.15 0.50
Cur_ ZnAgl 8.03 24.33 32.19 0.30 0.33
Cur_ZnAg2 3.16 18.81 22.49 0.13 0.17
Voo —7i5) whereas in Cassie model, decrease in WCA value observed
Cos(0) = —— €]

lv

where y,,, v;,, v;, are interfacial tension between surface/
vapor, liquid/solid, liquid/vapor respectively.

To demonstrate the ideal wetting behavior of any surface,
the perfect flat surface must be synthesized. Surface wetting
behavior of synthesized thin films can be explained via WCA
measurement based on two model viz. (1) Wenzel (2) Cassie.

Basically, the roughness is the ratio of actual to projected
area. In this case, the above Eq. 4, gets transformed into Eq. 5:

Cos(grough ) = rCOS(elme) (5)

In Wenzel model, higher WCA has been observed as liq-
uid have low contact area on the rough sample surface [63]

due to trapping of air packet on sample surface [64].

Entire WCA measurements on CZNCs surface have been
tuned from Cur=40.55° to 26.95°, 16.00°, 20.60°, 15.25°
for Cur_Zn, Cur_ZnAg, Cur_ZnAgl, Cur_ZnAg2 respec-
tively. Corresponding surface roughness (Rq) (nm) of studied
samples get tuned from 114.20 nm to 94.38 nm, 32.74 nm,
110.90 nm, 41.01 nm (Fig. 14a—e) respectively. To expound
the wetting behavior of studied thin film surfaces, the rough-
ness will play a very crucial role. Highest WCA 1i.e. 40.55°
(Fig. 13a) has been observed for Cur which may be due to its
water repellent nature [65] with maximum roughness value
(114.20 nm). Higher WCA of Cur sample can be explained
as per Wenzel model explanation where buffers region at
interface constructs the balancing of a water droplet with
low contact area behavior. With the incorporation of ZnO
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Fig. 12 TEM images of Cur(a), Cur_Zn(b),(c) Cur_ZnAg2, (d) high resolution image with its FFT representation (d1) & observed d-spacing in
Cur_ZnAg2, (d3) with corresponding diffraction pattern respectively
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Fig. 13 WCA measurement of Cur(a), Cur_Zn(b),Cur_ ZnAg(c),Cur_ZnAgl (d),Cur_ZnAg2(e) respectively with 10 pl of water droplet

in Cur i.e. Cur_Zn, WCA dwindle to 26.95° (Fig. 13b). The
decrease in WCA can be explained for Cur_Zn sample on
the basis of Cassie model with decrease in roughness to

94.38 nm. In Cur_ZnAg sample, the additional presence
of Ag metal in ZnO, bring contact angle (CA) to 16.00°
with a decrease in surface roughness to 32.74 nm (Fig. 13c.

@ Springer
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Fig. 14 AFM 2D images with their roughness profile for Cur(a & al), Cur_Zn(b & bl), Cur_ ZnAg(c & cl), Cur_ZnAgl (d & dl), Cur_

ZnAg2(e & el) respectively

Moreover, in Cur_ZnAg1 sample, with a higher content of
Cur as compared to Ag/ZnO NPs, CA again increases to
20.60° (Fig. 13d) with 110.90 nm roughness (as per Wenzel
model) [39]. Cur_ZnAg?2 sample, due to vice versa content
of Cur and Ag/ZnO as compared to Cur_ZnAg1 NC, brings
a decrease in CA to 15.25° (Fig. 13e). This can be explained
on the basis of Cassie model. Enhanced hydrophilic nature
of Cur_ZnAg?2 sample may be due to the maximum content
of Ag/Zn0O, which brings a decrease in the oxygen pack-
ets on the sample surface with low roughness value i.e.
41.01 nm (as depicted in Fig. 10 and Table 1) [66].

Furthermore, the self-cleaning features of synthesized
CZNCs can be explained with hydrophilic nature. In our
case, WCA =15.25° for Cur_ZnAg2 NC brings chemisorp-
tions of water molecules on the sample surface as com-
pared to Cur sample (WCA =40.55°) have been observed.
The presence of water on the sample surface adsorbs the
additional water molecules through hydrogen bonding and
vanderwaal forces. The adsorbed impurities on sample sur-
face get removed by the water contact behavior through
self-cleaning behavior of surface [67].
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Fig. 15 Depict the water droplet
behavior with a Cur b Cur-Ag/
ZnO thin film respectively

a . Air buffers b

Curcumin

‘ Air buffers

@ Curcumin/Ag-ZnO

Deposited sample
>

2.8 Reasons for variable WCA in studied NCs
towards self-cleaning mechansim

Figure 15 illustrates the schematic representation of WCA
behavior with studied CZNC samples. Figure 15a, have a
higher contact angle for pure curcumin(Cur) sample may
be due to high roughness sites where maximum water get
imbibe. This will creates buffer region between solid(sample
surface)-liquid(water) interface. Observed buffer region at
solid-liquid interface on sample surface will balance the
water droplet. The incorporation of ZnO and Ag/ZnO NPs
into Cur matrix brings the presence of air packets with a
decrease in their roughness [68]. The hydroplilic behavior
of CZNCs can also be explained with an increase in the
amount of nanomaterial(Ag/Zn0O) in Cur leads to a decrease
in interfacial energy via phase inversion mechansim [43]. All
these factors lead to increase in the contact area between the
sample surface and water droplet which lowers the contact
angle for Cur_ZnAg2 NC [40-45].

The maximum spreading of water droplet under
hydroplilic behavior on CZNCs surface brought maximum
interaction between droplet and sample surface. We have
proposed through the current WCA behavior of CZNCs for
self-cleaning process which leads towards effective removal/
auto washing of deposited contaminents on the CZNCs
surfaces.

3 Conclusions

A successful attempt has been made to exploit the CZNCs
features of curcumin, ZnO and Ag/ZnO for self-cleaning
application. Reported CZNCs tuned to core—shell formula-
tion with optimum transmittance & lowest refractive index
values i.e. 39.06%, 1.98. At 800 °C temperature, 47% weight
loss has been observed for Cur_ZnAg2 as compared to pure
curcumin’s 82% loss, confirms the CZNCs thermal stabil-
ity feature. Controlled surface roughness i.e. 41.01 nm of
Cur_ZnAg2 NC bring WCA to 15.25° as compared to Cur
WCA =40.55° predicts structural level tuning of NCs. This

@ Springer

Sample surface

Deposited sample

may be due to exploitation of appropriate synthesis method,
mixing components, homogenization steps, and critical eval-
uation of properties (structural, chemical, surface proper-
ties etc.) for surface wetting behavior. Conclusively optically
active, thermally stable CZNCs having hydrophilic behavior
can be utilized in self-cleaning applications.
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