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Abstract

This study reports on a novel synthesis of pure zinc oxide and both Cu and Ag doped ZnO
nanoplates using a simple and low-cost hydrothermal method. The structural and optical properties
of the nanoplates were quantified and the materials were tested for antibacterial activity. X-ray
diffraction revealed the formation of the wurtzite phase of ZnO and scanning and transmission
electron microscopy showed the formation of randomly oriented ZnO nanoplates, having thickness
less than 80 nm and diameter less than 350 nm. The elemental analyses of both the pure and doped
samples were evaluated by energy dispersive X-ray spectrometry. The FTIR spectra of ZnO
nanomaterials showed the predictable bands at 3385 cm™ (O-H stretching), 1637 cm™ (stretching
vibration of H,0), 400 cm™ to 570 cm™ (M-O stretching). The as synthesized samples showed a
strong absorption peak in the UV region (~376 nm) and a near band edge emission at 392 nm with
some defect peaks in the visible region. Escherichia coli, Staphylococcus aureus and Salmonella
typhi bacteria were used to evaluate the antibacterial activity of undoped and doped ZnO. Although
all the materials showed some antibacterial characteristics, the Ag doped ZnO exhibited remarkable
destruction of bacteria with low minimum inhibitory concentration (MIC) values of 40 pg/ml for
E.coli and S.aureus and only 20 pg/ml (S.typhi), which are comparable to commercial antibiotics
without optimization. Further, these chemically modified nanoparticles will be applicable for various
industrial or medicinal applications such as the deposition of antimicrobial coatings and food
packaging applications.

Keywords: nanostructures; oxides; chemical synthesis; electron microscopy

I. Introduction

Zinc oxide (ZnO) has attracted much attention in the scientific community as future
material, which has been under study since 1935 [1]. As ZnO has a wide band gap (3.37 eV at room
temperature) and large exciton binding energy (60 meV) [2] it has a variety of applications such as:
transparent conducting oxides (TCOs) for solar photovoltaic (PV) devices [3,4], sophisticated back
reflectors for PV [5], materials in plasmonic enhanced PV [6] and dye-sensitized PV [7-9], light
emitting diodes [10,11], quantum dots [12], blue-UV optoelectronics and semiconductor spintronics
[13,14]. The morphology, crystal structure, crystalline size and density of ZnO depends on the
synthesis methods and dopants. ZnO is transparent to visible light and can be made highly
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conductive by doping [15]. Many wet chemical methods are available for the synthesis of ZnO nano
materials such as spray pyrolysis [16], hydrothermal [17-19], solvothermal [20], sol-gel [21],
precipitation [22] and co precipitation [23]. The hydrothermal method is widely used as it avoids
toxic and expensive solvents for the preparation of crystalline oxide materials [24]. For the
preparation of oxide nanoparticles, normally three methods are involved, such as hydrolysis,
oxidation and thermolysis; all performed under hydrothermal conditions [25]. The hydrothermal
method is a promising method for the synthesis of high-purity materials with control over the
homogeneous composition without any need for high temperature calcination processes and
crushing, thus saving both energy and cost. It is relatively easy to control the purity, composition,
size and the crystal shape of the powder and hence makes it possible to tailor the material for
specific applications viz. disease control.

With the outbreak of infectious diseases by different
pathogenic bacteria’s the researchers are on a look out for new
antibacterial agents. Development of new drugs is one method to combat infectious disease and
nanotechnology has a greater scope in the future [26]. With the ever-increasing ineffectiveness of
traditional antibiotics and developing resistance in disease organisms, a crisis is underway [27].
Nanoparticles have been receiving a warm welcome for their potential antimicrobial effects and
applications [28]. The Food and Drug Administration (FDA) of the United States recognizes ZnO as
one of the safest materials [29]. ZnO materials possess unique physico-chemical, optical and
biological properties and it has a broad antimicrobial activity against bacteria [30], fungus [31] and
virus [32]. It was reported in a previous work that ZnO particles prepared by chemical method had
antibacterial properties [33]. The antibacterial mechanism of ZnO has been usually attributed to the
destruction of the outer membrane of bacteria by the generation of anion radicals as a reactive
element [34]. They are used in a variety of biological applications such as baby powders, barrier and
calamine lotions, anti-dandruff shampoos and antiseptic creams [35]. Thus whilst ZnO already has a
wide application base and antibacterial; property, it sure has the potential to be nana-engineered for a
more effective disease fighter [33]. The bioactive metals such as silver, copper and zinc are
becoming an alternate for the development of advanced biomaterials with antimicrobial properties.
[36]

To evaluate the potential of ZnO for the above said application, Cu and Ag doped ZnO
powders (Cu:ZnO and Ag:ZnO) were synthesized using low-cost simple hydrothermal method in
this study. The effect of doping Cu and Ag on ZnO were studied with structural and optical
characterization techniques and typical human bacterial pathogens such as E. coli, S. typhi and S.
aureus were used to evaluate the antibacterial activity of the synthesized nanoplates. The results of
the synthesized nanoplates and their impact on the ZnO ability to kill the bacteria at low
concentrations are discussed below.

II. Experimental Methods
Materials

Double distilled water was used as the solvent medium in the reaction scheme, which was
purchased from Borosil. Zinc acetate dihydrate, sodium hydroxide, silver nitrate and copper (II)
acetate monohydrate were purchased from Merck with 98%, 97%, 99% and 98% purity respectively.
All the chemicals and reagents were used without further refining.
Hydrothermal Synthesis

In the hydrothermal synthesis, 3 g of the precursor [zinc acetate dihydrate (Zn (CH;COO),.
2H,0)] was dissolved in 75 ml of double distilled water and stirred for 15 minutes using a magnetic
stirrer. Simultaneously, 2.4 g of NaOH was dissolved in 75 ml of double distilled water and stirred
for 15 minutes. This NaOH solution was added drop wise into the aqueous zinc acetate solution
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under vigorous stirring for 30 minutes at room temperature to produce a white, gelatinous
precipitate.

Zn(CH;C0O0),.2H,0 + 2NaOH Zn(OH),+ 2CH;COONa + 2H,0 (1)

It was sealed in an autoclave and placed inside the muffle furnace at a temperature of 160°C
for 5 hours. A precipitate was formed at the bottom of the autoclave and it was allowed to cool to
room temperature naturally. The obtained precipitate was centrifuged and thoroughly rinsed with
distilled water and ethanol three times to remove the residual sodium salt CH;COONa.

Zn(OH), + 2H,0 Zn(OH),* + 2H* 2)
Zn(OH),>* ZnO + H,0 + 20H" 3

Finally, the product was dried at 120°C for 1 hour using a hot plate to obtain ZnO
nanopowder. A similar procedure was followed for the synthesis of Ag and Cu doped ZnO
nanopowder as well, with the dopants added in the proportion of 5%. The process is summarized in
Figure 1.

Methods of Characterization
A. X-ray Diffraction (XRD) Measurements

XRD was investigated for the crystalline purity of ZnO with a Bruker X-ray diffractometer
(Model AXS D8 Advance using Cu Wavelength 1.5406 nm).

B. Morphological Characterizations
(i) Field Emission Scanning Electron Microscopy (FESEM)
The morphological features were recorded by FESEM (Hitachi S-4700) with an accelerating
voltage of ~50kV and an elemental composition was obtained using an energy-dispersive X-ray
spectrometer (FEI Philips XL).
(ii) High Resolution Transmission Electron Microscopy (HRTEM)
The morphology of the samples was examined by a Tecnai G2-TF 20 (FEI) transmission
electron microscope operated at 200 kV. Samples were dispersed in ethanol and placed on the
carbon coated copper grid.
The thickness and diameter of the nanoplates by FESEM and HRTEM were measured using
Imagel] software (freeware available from website http://rsb.info.nih.gov/ij).
C. Spectroscopic Measurements
(i) Fourier transmission infrared (FT-IR) spectra
The FT-IR spectra of the samples was recorded on a Thermo Nicolet 6700 instrument using the
KBr pellet technique in the range of 4000 cm™ to 400 cm™.
(ii) UV- Vis Spectroscopic Measurements
The absorption spectrum of ZnO was obtained by dispersing ZnO powder in distilled water and
using distilled water as the reference [37] with an Agilent 8453 UV-Visible spectrophotometer
from 200-800 nm.
(iii) Room Temperature Photoluminescence (PL) Spectroscopy
The PL emission spectrum was obtained with Agilent spectrofluorometer carry eclipse under
325 nm excitation wavelength.
D. Antibacterial activity determination
In this experiment, the test human pathogenic bacterial cultures such as Escherichia coli,
Staphylococcus aureus and Salmonella typhi were obtained from the Department of Microbial
Technology, School of Biological Sciences, Madurai Kamaraj University, Madurai, Tamil Nadu,
India and the antimicrobial activity of synthesized nanoparticles was performed by well diffusion
method [38]. The human bacterial pathogens such as Escherichia coli IMTTC443) Staphylococcus
aureus (MTCC3160) and Salmonella typhi (MTCC3216) were maintained on nutrient agar (NA):
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beef extract 1.0 (g/L); yeast extract 2.0 (g/L); peptone 5.0 (g/L); NaCl 5.0 (g/L); agar 15.0 (g/L);
distilled H,O 1 L; pH 7.2 in slants or petri plates at room temperature (28 + 2°C).

The compounds ZnO, Cu:ZnO and Ag:ZnO synthesized by hydrothermal method and it was
tested for antibacterial activity by well diffusion method on Muller - Hinton Agar (MHA) medium.
The effect of  different nanoparticles on the growth of human pathogens and their minimal
inhibitory concentration (MIC) was performed [39]. The nanoparticles with different concentration
at 5 — 120 mg/ml in 10 % dimethyl sulfoxide (DMSO) was used. Tetracycline and DMSO acts as
positive and negative control, respectively. The MIC value is the lowest concentration of compound
that inhibited bacterial growth after incubation at 37°C for 24 h. The experiments were performed in
triplicates.

IIT Results and Discussion
A. X- Ray Diffraction
Figure 2 shows the XRD spectra for pure ZnO, Cu and Ag doped ZnO nanoparticles synthesized
using hydrothermal method. The observed diffraction peaks were in good agreement with standard
data (JCPDS-89-0510); hexagonal wurtzite structure of ZnO with the space group P63mc (No.186).
All samples were highly oriented along the (101) reflection plane with polycrystalline nature. The
additional diffraction peak shown at 38.02° could be ascribed for face centered cubic structure of
metallic Ag (*) with the space group Fm3m (No.225) (JCPDS - 04-0783) for Ag doped ZnO
nanoparticles. The intensity of the Cu and Ag doped ZnO diffractions lines were decreased and a
minor shift was also observed due to the substitution of Cu and Ag atoms in ZnO hexagonal lattices
[40]. The crystallite size of the pure and doped samples were calculated from the Scherrer’s formula
[41],

_ Ki

B Cos# )

Where D is the grain size, A is the wavelength of Cu Ka (1.5406 A), [ is the full width at half
maximum (FWHM) and 0 is peak position. The average crystallite sizes of the pure and doped ZnO
nanoparticles were listed in the Table 1. The particle size is decreased by the foreign impurities,
which can shrink the nucleation and reduce the growth rate of ZnO nanoparticles [42]. The results
showed a decrease of the doped ZnO nanoparticles size from 35 nm (pure ZnO) to 28 nm for
Cu:ZnO and 31 nm for Ag: ZnO samples, respectively. The FWHM of the Cu and Ag doped
samples were increased, compared to the pure ZnO. Zeferino et al. proposed that the intensity of Ag
doped ZnO diffraction lines were decreased and the FWHM increases with the incorporation Ag in
the ZnO lattices [43]. From the diffraction results, the observed lattice parameters are in good
agreement with the reported values and small changes in lattice constants were caused by the
occupation of Cu and Ag atoms in the ZnO lattice with the formation of complex defects [44]. The
difference in ionic radius may influence the lattice parameters of the doped ZnO nanoparticles. The
volume of the unit cell was estimated using the formula and listed in Table 1. The values for Cu and
Ag doped ZnO nanoparticles were greater when compared to the pure ZnO. According to the
Vegard’s law, the unit cell volume has increased with the higher doping levels [45]. The Ag doped
ZnO nanoparticles have attained the highest volume (48.01 A%) due to the ionic radius of Ag>* (1.22
A) and Zn > (0.74 A).

B. Morphological Investigation
(i) Field Emission Scanning Electron Microscopy

The morphological features of ZnO along with doped samples such as Cu:ZnO and Ag:ZnO
are shown in Figure 3(a-c) respectively. In general, the surface morphology is greatly influenced by
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sample preparation and addition of external impurities. The images for all three materials reveal the
morphology as nanoplates. Although the size of the nanoplates was inhomogeneous, they distributed
with a definite form and grain boundary, apparently with no porosity. They are determined to be
densely packed, randomly oriented. The thickness of nanoplates ranges from 60 nm to 80 nm and
diameters from 250 nm to 350 nm [46]. Here the surface morphology has not changed by dopants. A
careful observation of the SEM images shows that for pure ZnO samples the nanoplates were
uniformly distributed, but in the case of doped samples, there was a slight change in the distribution.
In the pure ZnO, all the plates were almost in the same size, but for the Ag and Cu doped ZnO a
greater diversity of size with some small and some larger plates are present. Because of this it
appears as if the distribution is loosely or densely packed.

EDX-Elemental composition: The elemental composition of the samples such as Zn, Cu, Ag and O
were examined using EDX and the spectra of pure ZnO, Cu:ZnO and Ag:ZnO are shown in Figure
4(a-c). The estimation of the quantitative weight and atomic percentage of the as synthesized
samples was presented in inset of Figure 4. The presence of carbon is due to the carbon grid. EDX
confirms the presence of Cu and Ag in ZnO. The absence of any other peak except those due to the
components in the samples is the evidence for the quality of samples without any elemental
impurities. For doped samples a reduction in crystalline quality of ZnO particles has been observed
in XRD, which is due to the decrease in zinc concentration [Pure ZnO (78.45%) > Ag:ZnO (68.47%)
>Cu:Zn0 (66.70%)]. In case of oxygen concentration Cu:ZnO has the highest weight % as 27.52%
than pure ZnO (20.18%) and Ag:ZnO (23.66%). The optimal wt.% of zinc and oxygen plays a
substantial part in the destruction of cell walls.

(ii) High Resolution Transmission Electron Microscopy

Figure 5 shows the HRTEM images of ZnO (a, d), Cu:ZnO (b, e) and Ag:ZnO (c, f) and inset shows
the SAED patterns (g, h & 1) respectively. As seen, the images confirms the formation of nanoplates.
The diameter and thickness of all the samples were around 250-350 nm and 60-80 nm. It is consis-
tent with SEM results. The lattice fringes with an interplanar spacing (d) of ~0.25 nm corresponds to
the (101) crystal plane of ZnO nanoplates. Electron diffraction (ED) performed on a selected area
(Inset of Figure 5 (g, h, 1)) confirms the presence of planes such as {(101), (002), (101), (102)},
which corresponds to the hexagonal (wurtzite ZnO) P63mc structure. These planes and the d
spacing measured from HRTEM were consistent with the XRD analysis.

Spectroscopic Analysis
(i) FT-IR Spectra

Infrared spectroscopic analysis is used to analyze the vibration bands due to Zn-O bound,
the changes due to Cu and Ag substitution and hydrogen bonding. Typical infrared transmittance
spectra of pure and doped ZnO samples synthesized by hydrothermal method are displayed in Figure
6. The peaks appearing between 400 cm™ to 550 cm™ were assigned to the meta-oxygen (M-O)
stretching mode [47 48, 49]. At the same time a broad absorption band at 3438 cm™' can be observed
that corresponds to the O—H stretching vibration of water molecule adsorbed on the surface [50]. The
band at 1638 cm™ can be associated with the stretching vibration of H,O molecules [51]. The band
appearing at 880 cm™ was due to the presence of stretching and bending vibrations of C-O species
[52].
The FT-IR spectra of Ag and Cu doped ZnO shows the presence of new peaks at 1379 and 1427 cm™
when compared to pure ZnO [53, 54]. This may be due to the symmetric and asymmetric stretching
bands of acetate species from precursors [55, 56]. As the size of nanoparticles increases, there will
be decreased carboxylate COO- and hydroxyl group —OH [57]. The source of these peaks remains
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the same as explained above, due to similar reaction environment for all the undoped and doped
samples.

(ii) UV-Vis Spectral Analysis

The UV-visible absorption spectra of the as-synthesized pure ZnO and Cu, Ag doped ZnO
samples are depicted in Figure 7. All the samples have a strong absorption maximum below 400 nm.
The strong absorption in the UV region reveals that the absorption band of ZnO nanoparticles was
ascribed to the intrinsic transition between the valence band (VB) and the conduction band (CB)
[58]. The result shows that the UV absorption peak for undoped ZnO was observed around 377 nm.
For Cu: ZnO, absorption at 375 nm confirms that the spectrum was slightly blue shifted due to the
quantum confinement effect and Ag: ZnO was slightly red shifted(~380)with a decreased band gap
that was evidenced by shifting of the absorption peak towards higher wavelength [59]. The red
shifted absorption edge for the Ag:ZnO suggests that more absorption states or defect energy bands
exist in the sample, which may be related to the specific hydrothermal condition in the synthesis of
ZnO.

(iii) Photoluminescence Spectroscopy

Figure 8 shows the room temperature PL spectra of the pure and Cu, Ag doped ZnO
nanoparticles as-synthesized by hydrothermal method. All the samples have similar emission peaks
centered at 392, 403, 419, 444, 460, 486, 496 and 520 nm. In general, the PL spectra of ZnO
nanoparticles usually have two emission bands. One is in the UV region, which is attributed to the
near-band-edge emission through exciton—exciton collision processes. The other is in the visible
region, due to electron—hole recombination caused by intrinsic point defects and surface defects
(e.g., oxygen vacancies, zinc interstitials, and the incorporation of hydroxyl groups) in the crystal
lattice during solution growth [60]. The peak at 392 nm in as-synthesized pure ZnO may be
attributed to near band edge emission [61] and the peak after 403 nm was originated due to defect
states. The emission at 419 nm was associated with an electron transition from a shallow donor level
of neutral zinc interstitial to the top level of the valence band. The emission at 444 and 486 nm is
ascribed to surface defects of ZnO. The green emission at 520 nm may be assigned to oxygen
vacancies [62].The peaks centered at 392 nm, 419 nm (violet emission) and 496 nm were Donor
Level (DL) sub peaks and the peaks centered at 460 nm (blue emission), 522 nm (green emission)
were Acceptor Level (AL sub peaks) [63]. The asymmetric spectra are due to the native defect states
of ZnO [64]. The probability of the contribution of these defects states with luminescence increases
when ZnO was sized in nano dimension. Therefore, size, morphology, surface roughness and
external doping to ZnO [65] can control these defect emissions. Thus, the defects due to native
oxygen vacancies were responsible for the visible emissions in ZnO samples. However, some
controversy in assigning the defect emissions in ZnO [66].

D. Antimicrobial Assays

The hydrothermally synthesized pure and doped ZnO samples exhibited antibacterial activ-
ity against tested human pathogenic bacteria at different concentrations. Dose dependent activity was
observed on the synthesized nanoparticle and it was found to be significant even at lowest concentra-
tion. The difference between gram positive and gram-negative bacteria are normally reported in the
literature [67]. The difference in activity against these two types of bacteria can be explained by the
different structures and chemical compositions of the cell wall. The cell wall of gram-negative bacte -
ria was different from that of the gram-positive bacteria by having an outer lipopolysaccharide (LPS)
membrane that covers the peptidoglycan layer [68]. It also helps the bacteria to survive in situations
where the presence of external substances that can harm it. There are two possibilities for the de-
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struction of bacterial cell. The obtained reactive oxygen species such as *OH and *O* can induce
oxidative degradation of lipids in membranes that leads to DNA damage [69]. Another mechanism is
the inhibition of bacterial cells by interaction between positively charged ZnO with the negatively
charged bacterial cell wall.

The results showed that ZnO nanoparticles exhibited bactericidal effects in dark conditions.
After incubation under appropriate condition, the MIC value of the sample was obtained as 20 to 120
pg/ml. The nanoparticle Ag:ZnO showed remarkable antibacterial activity against tested panel of
pathogens namely, E. coli IMTTC443) S. aureus MTCC3160) and S. typhi MTCC3216) compared
to a commercial antibiotic and control (DMSO). Figure 9 shows the MIC values for undoped ZnO,
Cu:ZnO and Ag:ZnO against E. coli, S. aureus and S. typhi. Tetracycline has the lowest concentra-
tion ranging from 10 to 40 pg/ml for all tested three pathogens. Ag:ZnO, Cu:ZnO and ZnO showed
significant antibacterial activity of the above mention bacterial pathogens ranging from 20-40 pg/ml,
50-70 pg/ml and 80-100 pg/ml respectively.

Because of the potent interaction between metallic Ag and the semiconductor ZnO, this syn-
ergistic Ag:ZnO showed enhanced antibacterial activities for both gram-negative and gram-positive
bacteria. This metallic interaction was due to ionic radii mismatch between Ag> (1.22 A) and Zn**
(0.74 A) but the ionic radii of Cu is 0.73 A. Ag: ZnO nanoplates have the smallest crystallite size,
positive surface charge (which results in the nanoparticle being drawn to the negatively charged sur-
face of the bacteria), high surface area ratio and narrowest size distribution, generally enhances a
bactericidal effect [70].

The increasing bacterial resistance to commercial antibiotics leads to the investigation on the
antibacterial activity of silver nanoparticles [70]. From the literature survey it has been demonstrated
that silver is non-toxic to human cells at lower concentration [71, 30]. Silver species release Ag+
ions and they interact with the thiol groups in bacteria proteins, affecting the replication of DNA
[72]. Comparing with pure silver nanoparticles Ag doped ZnO have many advantages such as low
toxicity and cost effective. The inhibitory concentration of the Ag:ZnO nanoparticle was found to be
similar to that of the MIC value of the approved antibiotics [73]. To the best of our knowledge, these
are the lowest MIC value reported for all the samples particularly for silver doped ZnO. The reason
for the appearance of remarkable antimicrobial activities may principally originate from the presence
of both Ag and ZnO nanoparticles. It is also reported that the chemical modifications on a
nanoparticle’s surface alter its interactions with biological systems [74].

It is clearly warranted that the optimization of doped ZnO synthesis method, will lead to
increase the efficacy against multidrug resistant bacteria such as methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant FEnterococcus (VRE) and multi-drug-resistant (MDR)
Mycobacterium tuberculosis (MDR-TB) [75]. These pathogens have mutated in such a way they
cannot be controlled or killed by antibiotics, however, these same mutations are not relevant to
doped ZnO-based bactericides. In future, clinical trials can be carried out using the optimized Ag
doped ZnO to overcome the resistance of MDR bacteria to avoid growing global public health
problems.

IV. Conclusions

To summarize, ZnO nanoplates have been successfully synthesized with a low temperature and
aqueous solution-based method without a calcination process. This method was also found to be
easy and simple approach for the incorporation of Cu and Ag dopants into ZnO. XRD results
confirmed that the synthesized samples were in hexagonal wurtzite structure. From the FESEM
images it is observed that although the morphology does not change with dopants it has increased
antibacterial activity compared to pure ZnO. HRTEM results also confirmed the morphology as
nanoplates. The absence of impurities and the presence of Cu and Ag were evidenced by EDX. The
absorption edge falls under the UV region and the emission peaks were associated with several
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intrinsic defects such as Vo, Vz, O, etc., with the decreased intensity for doped samples. The most
interesting observation was found that the Ag doped ZnO has MIC values against E.coli, S.aureus
and S.typhi comparable to commercial antibiotics, which has the mechanism for bactericide. It
represents a major potential benefit in the battle against anti-biotic resistant pathogens for a large
number of medical and health applications. The results suggest that Ag:ZnO synthesized with this
low-cost industrially-scalable process has significant potential as an antimicrobial agent against both
gram positive and gram negative bacteria. This result is considered as an influential application
forecast and it has marketable significance. Further standardization may be able to enhance the
clinical effects against resistant pathogenic bacteria’s.
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Table Captions:
Table 1: Calculated XRD parameters for the as synthesized pure ZnO, Cu:ZnO and Ag:ZnO.

Table 2: Comparison table for the d spacing from XRD and HRTEM and size parameters calculated
from FESEM and HRTEM

Figure Captions:

Figure 1. Flow Chart for the hydrothermal synthesis of pure ZnO, Cu:ZnO and Ag:ZnO

Figure 2: XRD Patterns of pure ZnO, Cu:ZnO and Ag:ZnO

Figure 3: FESEM images of the as synthesized a) pure ZnO b) Cu:ZnO c) Ag:ZnO

Figure 4: EDS results of a) pure ZnO b) Cu:ZnO c) Ag:ZnO

Figure 5: HRTEM images of the as synthesized a) pure ZnO b) Cu:ZnO c) Ag:ZnO and their

respective fringe patterns (d, e and f). The inset shows the SAED patterns (g, h and i).

Figure 6: FTIR spectra of the pure ZnO, Cu:ZnO and Ag:ZnO

Figure 7: UV-Visible absorption spectra of pure ZnO, Cu:ZnO and Ag:ZnO

Figure 8: Room temperature PL spectra of pure ZnO, Cu:ZnO and Ag:ZnO

Figure 9: MIC values for pure ZnO, Cu:ZnO and Ag:ZnO against E. coli, S. aureus and S. typhi
with tetracycline (positive control) and DMSO (negative control).

12


http://dx.doi.org/10.1016/j.matchemphys.2016.09.039

Preprint: C. Abinaya, M. Marikkannan, M. Manikandan, J. Mayandi, P. Suresh, V. Shanmugaiah, C. Ekstrum, J.M. Pearce, Structural and
optical characterization and efficacy of hydrothermal synthesized Cu and Ag doped zinc oxide nanoplate bactericides. Materials
Chemistry and Physics 184 (2016), pp. 172—182. http://dx.doi.org/10.1016/j.matchemphys.2016.09.039

Sample d Lattice Parameters | c/a ratio Volume Grain Space group
spacing (A) (A% Size
(A) (nm)
a b
Pure ZnO 2.6091 3.2543 5.2183 1.6035 47.85 35 P63mc (No.186)
Cu:ZnO 2.6099 3.2554 5.2199 1.6034 4791 28 P63mc (No.186)
Ag:Zn0O 2.6110 3.2579 5.2220 1.6028 48.01 31 P63mc (No.186)
and Fm3m
(No.225)
Table 1
d spacing (nm) SEM (nm) TEM (nm)
Sample Average Average
XRD TEM Thickness Diameter Thickness Diameter
Pure ZnO 0.260 0.252 70-80 250-300 50-80 100-250
Cu:ZnO 0.260 0.234 80-100 300-350 60-80 250-350
Ag:Zn0O 0.261 0.236 80-90 200-250 70-80 180-220
Table 2
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