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ABSTRACT: Herein, we report the development of a ZnO-
based visible-light-driven photocatalyst by interfacial charge
transfer process for the inactivation of pathogens under visible-
light illumination. Surface modification by a cocatalyst on ZnO,
prepared by flame spray pyrolysis process is carried out to induce
the visible-light absorption in ZnO. Optical studies showed that
surface modification of Cu®" induces the visible-light absorption
in ZnO by interfacial charge transfer between ZnO and surface
Cu** ions upon light irradiation. The photocatalytic efficiency of
pure and modified ZnO is evaluated for the inactivation of
pathogens and the decomposition of methylene blue under
visible-light illumination. The antibacterial activity of Cu**-ZnO is
several orders higher than pure ZnO and commercial Degussa-
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P25 and comparable with Cu?*-TiO,. Cu*>*-ZnO nanorods show better photocatalytic activity than Cu**-ZnO nanosphere, which
is attributed to high surface area to volume ratio of former than later. The holes generated in the valence band and the Cu'*
species generated during the interfacial charge transfer process may attribute for the inactivation of bacteria, whereas the strong
oxidation power of hole is responsible for the decomposition of methylene blue. Besides the advantage of Cu**-modified ZnO for
visible-light-assisted photocatalytic applications, the method (FSP) used for the synthesis of ZnO in the present study is attractive
for commercial application because the process has potential for the production of large quantities (2—3 kg/h) of

semiconductors.
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1. INTRODUCTION

Currently, the development of visible-light-active materials is in
high demand for indoor applications including self-cleaning, air-
purification, antipathogen, and water splitting application as
these materials can be active either in indoor light or solar light
illumination. Particularly, it is essential to develop materials for
the removal of infectious pathogens, existing in an indoor air
environment, which can cause adverse effects on human
health.! Though traditional methods such as chlorination,”
ozone,> UV radiation,* and advanced filtration processes are
available to remove pathogens, they are carcinogenic, expensive
and are not eco-friendly. Alternative to these processes,
photocatalysis is regarded as a promising approach for
environmental remediation including the removal of volatile
organic compounds (VOC)®™'® and pathogens."”'® In general,
wide-band gap semiconductors such as TiO,, ZnO, and SrTiO;
are considered as efficient photocatalysts because of their high
redox potential of photocharge carriers. Particularly, zinc oxide
chosen for this study is attractive because it is a low-cost wide-
band gap semiconductor (~3.37 €V), alternative to TiO,, and
its photocatalytic activity was better than TiO, in some of the
reports.'”~>' Though UV assisted semiconductor photo-
catalytic oxidation is extensively studied for the removal of
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pathogens, the development of materials which can function
under indoor light sources which do not emit UV light is very
important for indoor air purification, particularly for the
removal of pathogens. Hence, numerous efforts such as doping
of cations®® and anions**7>® into wide-band gap semi-
conductors have been studied to extend the light absorption
of semiconductors from UV to visible-light region. Though
these attempts are successful partly to induce visible-light
absorption in semiconductors, they fail to constitute an efficient
visible-light photocatalyst, because the reactivity of photo-
generated charge carriers in doped levels or narrowed bands are
much less than those in valence band (VB) and conduction
band (CB). Very recently, surface modified semiconductors® "'
have been developed, and they exhibit better visible-light
photocatalytic activity due to an eflicient interfacial charge
transfer (IFCT)*’ ' of VB electrons upon visible-light
illumination and multielectron reduction reactions of oxy-
gen®*” during which the excited electrons are consumed. For
example, doped TiO, or ZnO'7'® that was inactive under
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visible-light became an efficient material after Cu**-modifica-
tion because of the charge transfer between photogenerated
electrons from doped levels to the surface Cu**-ions. Our
novelty in the present study is the development of efficient
ZnO based materials through IFCT process for antipathogenic
applications under visible-light illumination. Previous studies
indicated that UV-assisted semiconductors, the surfaces of
semiconductors modified with functional materials including
silver and inorganic adsorbents, were being extensively used for
antibacterial properties under UV light irradiation.*® Recently,
Miyauchi et al.** investigated the antipathogenic activity of
hybrid Cu,O/TiO, nanocomposites and concluded that
nanometer sized Cu,O clusters on TiO, acts as an excellent
risk-reduction material under indoor environment. To the best
of our knowledge, the antibacterial properties of surface
modified ZnO photocatalysts by IFCT has not been reported
so far, though the photocatalytic effects have been investigated
for the decomposition of volatile organic compounds (VOCs).
In the present study, we have used large scale process
synthesized ZnO for surface modification, as the scalable
process is very important to extend the use of nanomaterials for
commercial applications. Moreover, large quantities of material
are prerequisite to overcome market price of nanomaterial and
make technology viable for real applications. Previously, ZnO
nanoparticles were synthesized by various methods including
wet chemical precipitation,* sol—gel,36 solvothermal/hydro-
thermal,®” spray pyrolysis,”® RF plasma,® and flame spray
pyrolysis.*> However, each method had its own problems and
limitations. Particularly, most of the wet chemical methods have
issues like difficulties in controlling the size and morphology,
small quantities of yield, longer synthesis time, need for
additional catalysts/surfactants, and further these methods
required post synthetic heat treatment to acquire crystallinity of
the material. In contrast, flame spray pyrolysis (FSP), found to
be a suitable process for the synthesis of large-scale nanoma-
terial as it is an eco-friendly, low-cost, single-step process, and it
does not require a post synthetic heat treatment.*® Most
importantly, this method can produce large quantities of
nanomaterials that will be attractive for commercial applica-
tions. Further, in this method the size and morphology of the
nanomaterials can be easily controlled by varying the solvent
and synthesis conditions. The interesting characteristics of the
material developed in the present study are (i) the antibacterial
activity by IFCT process; (ii) the nontoxic, inexpensive, and
abundant nature of elements (Cu** and Zn?*); (iii) formation
of nanosphere and nanorod ZnO with excellent textural
parameters; (iv) the stability of Cu**-ZnO under dark as well
as light illumination; and (v) the production of a large quantity
of ZnO nanoparticles. The photocatalytic activity of pure and
modified ZnO is evaluated for the inactivation of pathogens and
the decomposition of methylene blue under visible-light
illumination. The influence of nanostructures for the removal
of pathogens and the stability of material during photocatalysis
are discussed in the manuscript.

2. EXPERIMENTAL SECTION

2.1. Preparation of Visible-Light-Active ZnO Photocatalysts.
First, the synthesis of ZnO nanostructures (rod and spherical)
powders were carried out by custom-made FSP* (Friedli AG,
Switzerland) instrument. In a typical process, zinc nitrate hexahydrate
(98%, Sigma-Aldrich) was used as a precursor that was dissolved in
methanol/ethanol (99.95%, Standard Reagent Pvt. Ltd, India) to
prepare the solutions in which the Zn?* concentration was 0.94 mol

L™'. Methanol was used as a solvent for synthesis of ZnO
nanospherical (ZNS) powders where as ethanol was used as a solvent
for the synthesis of ZnO nanorod (ZNR). The precursor solution was
delivered at the rate of 8 1/h through the 0.8 mm inner diameter
capillary of a commercial two phase atomizer (Series 970, Diisen-
Schlick, Germany) with the well arrangement of microgear pump
(HNP Microsystem, Germany) and the precursor solution dispersed
with 80 1/min of oxygen at the 2—3 bar pressure drop. The sprayed
precursor was ignited and form the particles with the pilot flame,
surrounded the nozzle with feed rate of S 1/min of methane (inner
annulus) and 10 1/min of oxygen (outer annulus). The nanoparticles
synthesized by FSP were later used for cocatalyst modification. Co-
catalyst (Cu®*) modification on ZnO nanoparticles was done by
impregnation method® using CuCl,. 2H,0 (Alfa Aesar) as the source
for Cu**. In a detailed synthesis, one gram of ZnO was dispersed in 10
g of distilled water. CuCl,-2H,0 was weighed so that the weight
fraction of Cu relative to ZnO was 1 X 107> (i.e., 1.57 X 107> mol of
Cu). The weighed CuCl,-2H,O was then added to the aqueous
suspension containing ZnO heated at 90 °C for 1 h. The resulting
suspension was filtered twice with 300 mL water each using a
membrane filters (0.025 ym, Millipore) and dried at 60 °C overnight.
Finally the samples were grinded using agate mortar and pestle to get
fine powder of Cu®*-modified ZnO photocatalyst. The various
concentration of Cu**-ions (0.05, 0.1, and 0.3 wt %) was used for
cocatalyst modification to find out the optimum Cu?* for better
pathogenic activity. Nanorod and nanosphere ZnO particles were used
for cocatalyst modification and named as Cu**-ZNR and Cu**-ZNS,
respectively.

2.2. Characterization. X-ray Diffraction (XRD) measurement was
conducted with Bruker AXS D8 advance system using Cu K radiation
(1 = 1.5406 A) over the range of 20 between 10 and 80 degree at
room temperature. The grain size of the photocatalysts was calculated
using Scherrer’s equation:*! D, =091/ (B1/2 cos 0), where D, is the
average grain size in A, /3, the full width of the peak at half-maximum,
and @ is the diffraction angle. The specific surface area, pore volume,
and pore diameter of the materials (BET) were performed by surface
area and porosity analyzer (Micromeritics ASAP 2020, V3.00 H). The
optical properties of the ZnO materials were analyzed by a
spectrophotometer (Varian Carry 5000, UV—vis NIR), in which
BaSO, was used for background subtraction. The band gap energy was
calculated by the following equation42 (ahv) = A(hv — Eg)l/ 2 where a
is the absorption coefficient, hv is the photon energy, A is constant,
and E_ is the band gap energy for direct transitions. The morphology
of the samples was measured by field emission scanning electron
microscope (FE-SEM, S-4300-SE/N microscope, Hitachi, Japan) and
high-resolution transmission electron microscope (HR-TEM, TEC-
NAI-200 kV, FEI Netherlands). Before FE-SEM analysis, the materials
were coated with a thin gold layer by sputtering process to make them
conducting. X-ray photoelectron spectroscopy (XPS) analysis was
acquired to analyze the surface chemistry (oxidation states and the
elemental compositions) of the materials using ESCA -Omicron XPS
system with Mg—K a as the excitation source.

2.3. Photocatalytic Activity. Escherichia coli (E. coli, strain
No.2251, MTCC, Chandigarh, India) was used as a test pathogen to
assess the photocatalytic efficiency of the photocatalysts. A bacterial
suspension of E. coli was prepared by cultivating the bacteria for
overnight. Initially, S0 mL of phosphate buffer solution was added to
50 mg of either pure ZnO or modified ZnO. The resulting suspension
was sonicated for 1 h for complete disintegration. Then, the
suspension was transferred to the sterilized Petri dish in which 0.5
mL of cultivated E. coli was added. The resulting suspension was
illuminated for 1 h under blue-LED, which emits the light of
wavelengths in the range between 400 and S00 nm with A, at 456
nm. The light intensity measured by spectro-radiometer (Instrument
systems) was ~15 mW/cm® The suspension was under magnetic
stirring continuously to avoid the sedimentation of suspended
particles. At different interval (0, 0.5, and 1 h), the samples were
withdrawn from the Petri dish and were diluted. The diluted
suspension was placed in a Petri dish to cultivate the bacteria for 24
h at 37 °C, later the bacteria grown on Petri dish was monitored. The
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Figure 1. (A) XRD patterns of (a) standard ZnO, (b) pure ZNR, and (c—e) 0.05, 0.1, and 0.3 at % of Cu*"-modified ZNR; HR-TEM images of (B)
Cu’*-modified ZNR, and (C) ZNS; and (D) selective area diffraction pattern for Cu**-modified ZNR.

percentage of surviving bacteria was quantified to determine the
efficiency of pure and Cu®*-ZNR/ZNS. The photocatalytic efficiency
of ZNR and Cu**-modified ZNR sample was further investigated by
the degradation of MB under the visible-light illumination. Fifty
milliliters of aqueous MB solution with the concentration of 0.01 mM
was added to 50 mg of either pure or modified ZNR and the
suspension was kept in dark for 30 min to reach adsorption—
desorption equilibrium before illumination. The natural solar light
with/without UV-cutoff filter was used as a visible-light/UV light
source, respectively, for photocatalytic experiment. The suspension
was illuminated under solar light with continuous magnetic stirring. At
a certain time interval during the experiment, the absorbance values of
MB solution were measured by a spectrophotometer (model
PerkinElmer, Lambda-650 UV /vis). Before each absorbance measure-
ment, the material with MB suspensions were stored in the dark for 2
h to reconvert the reduced methylene blue of the leuco form (LMB)
into its initial state.**~*” With this procedure, changes in absorbance
values can be ascribed to the level of MB decomposition from the
oxidation reaction. The peak absorbance value of MB appeared at 664
nm, and the change of absorbance was measured at peak value on a
spectrophotometer. The concentration of MB was monitored by UV—
vis spectrophotometer (model PerkinElmer, Lambda-650 UV/vis) in
the wavelength range of 400—800 nm. To check the stability of ZnO
or Cu**-ZnO, XRD analysis was carried out for materials before and
after photocatalytic reaction. After photocatalytic reaction, the aqueous
suspension of pure or surface modified ZnO was collected by filtration.
Then it was washed with water, dried at 80 °C, and the resultant
material structure was studied by XRD analysis. To analyze the
leaching of Cu’*-ion, 50 mg of Cu®*-ZnO was added into a beaker
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containing S0 mL of water kept at neutral condition. We carried out
the leaching test at neutral pH, because all of the photocatalytic
experiments in the present study was carried out at neutral conditions.
The resulting mixture was continuously stirred 3 days under dark as
well as under visible-light illumination, and the sample was collected
from the mixtures after 3 days. The collected samples were
centrifuged, and filtered by cellulose acetate syringe filter. Then S
mL of filtered solution was used for the elemental analysis. The
concentration of Cu in the above solution was analyzed by using high
sensitive radio frequency inductive coupled plasma (rf-ICP Optical
Emission Spectrometer, Varian 720-ES). The quantification limit of rf-
ICP instrument for Cu element is about 0.01 ppm. Cu (1000 ppm,
ICP Multielement Standard Solution IV, Merck) solution was used as
standard and diluted to 0.01, 0.02, 0.04, 0.1, and 0.5 ppm solution for
tf-ICP analysis.

3. RESULTS AND DISCUSSION

The XRD patterns and HR-TEM images of ZNR and Cu*'-
ZNR are shown in panels A and B in Figure 1, respectively. The
diffraction pattern of pure ZNR (b in Figure 1A) is good
agreement with the patterns of standard ZnO (ICDD 04—
007—1614, a in Figure 1A). The peaks at 26 = 31.71, 34.40,
36.19, 47.45, 56.51, 62.78, 65.77, 67.86, and 68.96° are assigned
to 100, 002, 101, 102, 110, 103, 200, 112, and 201 plane of
wurtzite phase of ZnO. The XRD patterns (c—e in Figure 1A)
of ZNR with different concentrations of Cu** (0.05, 0.1, and
0.3 at %) also reveal the presence of wurtzite structure with
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Table 1. Physico-chemical Characteristics of ZNR and Cu**-ZNR

lattice parameters

material a c d-spacing (A)
ZNR 3.2529 5.2098 2.478020
0.05% Cu**-ZNR 3.2529 5.2098 2.478020
0.1% Cu **-ZNR 3.2530 5.2130 2.478420
0.3% Cu?**-ZNR 3.25224 5.209 S5 2.477600

crystal size (nm) phase band gap energy” (eV)
93.20 wurtzite 32
93.20 wurtzite 32
93.45 wurtzite 32
92.94 wurtzite 3.2

“D, = 0.94/P,, cos 6; 4, X-ray source wavelength; B, 5, full width half-maximum; 6, angle. bBand-gap values calculated by plotting photon energy

(eV) versus square of absorption co-efficient (ahv)>

Figure 2. FE-SEM images of (a) Cu**-modified ZNS and (b) ZNR.

hexagonal phase. These results show that ZNR exhibit single
phase hexagonal wurtzite structure without any impurities
before and after Cu**-modification. The XRD patterns of ZNS
and Cu’*-ZNS also exhibit the diffraction pattern similar to
standard ZnO (see Figure S1 in the Supporting Information).
The lattice parameters and d-spacing of ZNR/ZNS and Cu*'-
ZNR/ZNS are shown in Table 1, and Table S1 in the
Supporting Information, and the values are consistent with
standard ZnO. The crystal sizes calculated from Debye—
Scherrer’s equation are 93.2 and 46.3 nm for ZNR and ZNS,
respectively. HR-TEM images of Cu**-ZNR (Figure 1B) shows
rodlike structures with diameter and length of ~15—50 nm and
50—130 nm, respectively. For comparison, we also measured
HR-TEM analysis for Cu**-ZNS and the results are shown in
Figure 1C. ZNS image demonstrates the presence of spherical
like particles with the diameter of ~30—100 nm. The HR-TEM
images of ZNR and ZNS are shown in the Supporting
Information (Figure S2), revealing that the morphologies and
sizes of ZNS and ZNR are similar to Cu**-ZNS and Cu**-ZNR.
A selected area diffraction pattern (Figure 1D) shows (1 0 0),
(002),(101),(102),(110),(103),(200),(112),and
(2 0 1) reflections of ZnO, indicating the presence of well-
crystallized ZnO in Cu®*-ZNR. FE-SEM images of Cu**-ZnO
are shown in Figure 2. Spherical and distorted spherical-like
morphology with particle diameter in the range of 40—80 nm
(Figure 2a) is obtained for Cu**-ZNS, whereas rodlike structure
with particle diameter between 40 and 60 nm is obtained for
Cu”*-ZNR (Figure 2b). The synthesis mechanism of ZNR and
ZNS is explained as follows: When Zn>* precursor solution is
introduced into FSP setup, Zn** solution is atomized into a
flame reactor; the liquid precursor then evaporates and
undergoes chemical reactions to form cluster-embryos. Then
ZnO nanosphere (ZNS) formation takes place by collision-
sintering and/or surface growth.48 On the other hand, the
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synthesis mechanism of nanorod (ZNR) is different from
nanosphere, and it is explained as follows: When ZnO particles
encounter maximum flame temperatures of 2400—3000 K,
which is higher than the melting point of ZnO (2248 K), ZnO
re-evaporates and dissociates into Zn vapor and O,. As the
temperature drops below the ZnO dissociation temperature at
the top of the flame because of entrainment of ambient air, the
reoxidation of Zn and nucleation in supersaturated flame
regions occur. The resulting nuclei now act as seed for surface
growth by vapor condensation reaction. Followed by this
particle growth by coagulation and sintering takes place to
obtain ZNR particles. In the present study, two solvents,
namely, ethanol and methanol, have been used for the synthesis
of ZnO. The standard heat of combustion of ethanol (used for
the synthesis of ZNR) is ~90% higher than that of methanol
(used for the synthesis of ZNS). Hence the low flame
temperature and short residence time can be expected in the
methanol-based system, which led to the formation of ZNS. In
contrast, high flame temperature and long residence time in the
ethanol system led to the formation of ZNR. The XPS results
are shown in Figure 3. The XPS survey spectrum of Cu**-ZNR
shown in Figure 3a reveals that the material comprises zinc and
oxygen. The peak at 284.6 eV corresponds with adventitious
elemental hydrocarbon from the XPS instrument itself. We
tried to measure the Cu(Il) clusters on the surface of ZnO by
XPS and HR-TEM analysis. Since the concentration of Cu*'-
ion is not in the detectable limit of XPS instrument, we could
not detect the Cu (II) clusters. However, EELS analysis clearly
reveals the presence of Cu ions in ZnO. Previously Irie et al.®
investigated the oxidation state of Cu(II) ion in Cu**-TiO, by
Cu K-edge X-ray absorption fine structure (XAFS) analysis, and
concluded that Cu species exist in the 2+ state and Cu(II) is
incorporated in a distorted amorphous CuO structure having a
five coordinated square pyramidal form. Because we followed
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ACS Applied Materials & Interfaces

Research Article

7000 T L a1 L L 8000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
i - 1(b g Zn2p [
1@ ,, Survey L 1(b) 2 Pt
6000 - 1P - 7097 S X
- = —
— . L ﬂ T B
Liooo - - e 50007 C
g q r =N o L
] L =
o) _ L 5000 — ~ -~
4000 1 i o] < L
~—
4 L > - L
23000 - [ o0 -
e - D] [
2000 [ B ] K
e ots S ] .
1000 4 L 2000 -
- Ci1s r : :
o b i 1000 | I B I R B SN S S R . S R S S —
UL L L LI 1010 1020 1030 1040 1050 1060
1200 1000 800 600 400 200 0 B . d . ( V)
AT INnding ener: e
Binding energy (eV) g 9y
1800 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1
1(c) Ots [
1600 — ~
—~ T B
je A L
C1400 : :
S ] L
S1200 - -
N - b
> b -
™=1000 -
wn - -
[ i n
D 500 R
[ b L
600 — -
400 T T T T T T T T T T T T T T T
526 528 530 532 534
Binding energy (eV)
Figure 3. XPS spectrum of Cu**-modified ZNR; survey spectrum of (a) ZNR, (b) Zn 2p, and (c) O 1s.
120 1 1 1 1 1 1 1 1 1 1 1 1 1 1 180 1 1 1 1 1 1 1 1 1 1 1 1 1
~ @ L "m) :
~ . r "o 140 -
ﬁ§»100: : ) ] C
= J ‘T,E\oous L g 120 + 1 tdes r~
o 80+ 5 9—a - ~ < g,, 1204 -
o 4 “Eoom /N = 8 100 T8 10 Pl C
[ 1l s / ¥ L o = /A
Kol T / \ T = soes \ r
O 604 = ¢ \ L Q s & g % C
= 9 00 / \ o 4 g 6oes / -
(@] T S / Q B N 4 Z Q / \ -
[72] i =4 ad N L oS 604 E‘ 40e5 g \ .
C owd & o N _ L c 4% I b C
@ 40 9 0,000 ~o < 20e5 o4 N
) - g 3 () —7 :
£ - € C
= = 73) L
o i C
> . = C

0.6
Relative pressure (p/po)

04 .
Relative pressure (p/po)

0.6 0.8

N
o

Figure 4. Nitrogen adsorption/desorption isotherm of (a) ZNR and (b) ZNS (inset shows pore size distribution of ZNR and ZNS).

the Cu**-modification procedure similar to Irie et al,, we expect
that the Cu**-ions in this system also should form a distorted

CuO like structure with a five-coordinated square pyramidal
form. However, the presence of Cu(Il) is clearly seen in UV—
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Changes in absorbance spectrum of MB as a function of illumination time using Cu**-modified ZnO is given in the figure.

vis. absorption spectrum of Cu**-ZnO as shown in Figure S.
Wide scan spectrum of Zn 2p and O 1s shown in Figure 3b and
3c exhibit binding energy peaks of Zn 2p;,, at 1021.65 €V; Zn
2py/, at 1044.8 €V, and of O 1s at 530.1S eV respectively. The
broad peak of O 1s is due to the surface-adsorbed OH™ ions on
the surface of ZnO. The binding energy peak values of Zn 2p
and O 1s of Cu**-ZNR are in good agreement with the values
reported previously.*”>* Wide scan spectral analysis was also
carried out for pure ZNR and the results are displayed in the
Supporting Information (a—c in Figure S3). The binding
energy peaks of Zn 2p3/2 at 1021.25 €V, Zn 2pl/2 at 1044.7
eV, and O Is at 530.05 eV are consistent with the results of
Cu**-ZNR, revealing that the binding energy characteristics of
all materials are similar to standard ZnO. The nitrogen
adsorption—desorption isotherms of ZNR and ZNS, shown
in Figure 4. ZNR and ZNS exhibit adsorption isotherms similar
to Type IL°' which is often observed when multilayer
adsorption occurs on non porous solid. The surface area of
ZNR is ~20.3 m*> g~!, whereas ZNS exhibit a surface area of
17.3 m’g"". The small difference in the surface area between
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ZNS and ZNR is due to the presence of well-crystalline large
particles in the former compared to the latter. The pore size
distribution of ZNR and ZNS are shown in insets of panels a
and b in Figure 4, respectively. The average pore diameter and
pore volume ZNR and ZNS are 2.73 nm, 0.043269 cm’® g_l,
and 2.7 nm, 0.035341 cm® g 'respectively. The large pore of
ZnO allows an easy diffusion of pathogens in and around the
semiconductor, thus it will enhance the adsorption of
pathogens and it is intermediate on the surface of the
photocatalysts.

The UV—vis diffuse reflectance spectra of pure ZnO (ZNR,
ZNS) and Cu**-ZnO (ZNR, ZNS) are shown in panels a and b
in Figure S. ZNR and ZNS show an absorption onset at ~380
nm that reveals the typical band-to-band transition character-
istics of pure ZnO. When different concentrations of Cu**-ions
are modified onto the surface of ZNR and ZNS, two additional
absorption bands appear beside interband transition. The small
absorption ranging from 400 to 500 nm corresponds with
interfacial charge transfer (IFCT)> "*77*2 from the excitation
of electrons from the valence band (VB) of ZnO to Cu®" ions.
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Figure 7. Percentage survival of E. coli pathogens vs illumination time for the inactivation of pathogens using (a) ZNS & Cu**-modified ZNS, (b)
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included in the figure.

The stron§ absorption at ~700—800 nm belongs with d—d
transition®” of Cu®* ions. The band gap energies of ZnO before
and after Cu*"-modification were calculated and the band gap
diagrams and values are shown in Figure S4 and Table S1 in the
Supporting Information and Table 1. All ZnO (ZNR, ZNS)
and Cu**-ZnO (ZNR, ZNS) exhibit the band gap energy of
~3.2 eV, which is in good agreement with the band gap energy
value of standard ZnO. This also reveals that there is no change
in the band gap of ZnO as Cu** addition into ZnO is purely a
surface modification. It is interesting to note that the absorption
spectrum of Cu**-ZnO in the wavelength region ~400—500
nm matches well with the spectrum of LED lamp, whereas the
absorption spectrum of d-d transition does not cover the
wavelength range of LED lamp. Hence it is expected that only
the absorption at ~400—500 nm (IFCT) may contribute for
the visible-light activity of Cu**-ZnO rather than ~ the
absorption at 700—800 nm (d—d transition).

Initially, we evaluated the photocatalytic decomposition of
our materials for the degradation of organic pollutants under
visible-light illumination. Figure 6 shows the results for the
degradation of MB using ZNR/ZNS and Cu**-modified ZNR/
ZNS with different content of Cu**-ions under visible-light
illumination. The direct decomposition of methylene blue
without materials was not detected under light illumination in a
control experiment. Pure ZnO photocatalysts showed negligible
visible-light photocatalytic activity (Figure 6a), which is due to
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the large band gap of ZnO and the lack of absorption in the
visible region. In contrast, the Cu**-modified ZNR samples
exhibited higher photocatalytic activities than pure ZNR
photocatalyst as shown Figure 6a. The Cu**-modified ZNR
exhibited visible-light photocatalytic activity because of IFCT.
Cu*(0.05 to 0.3%)-modified ZNS also show high photo-
catalytic activity (Figure 6b) in comparison with pure ZNS,
which is consistent with the trend observed for pure ZNR or
Cu’*-modified ZNR. For comparsion, we also evaluated the
efficiency under UV-light illumination and the results
demonstrated that Cu**-modified ZNR/ZNS exhibit excellent
photocatalytic activity than pure ZNR/ZNS. The results
(Figure SS) and the respective discussion can be seen in the
Supporting Information.

E. coli was chosen as test pathogen to assess the efficiency of
ZnO and modified ZnO under visible-light (blue LED)
illumination. The aqueous suspension containing E. coli, ZnO,
and phosphate buffer solution is placed in a Petri dish and the
resulting suspension was irradiated by blue LED lamp. The
number of surviving bacteria in terms of colony forming units
(CFU) was quantified at different time intervals for each
material. The percentage survival of E. coli pathogens after
photocatalytic experiment as a function of illumination time has
been calculated and the results are shown in Figure 7. To know
the effect of photolysis (blue LED alone) over bacterial growth
of E. coli, the experiment was also done only by light
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illumination without adding material into the E. coli containing
suspension and the results are also included in Figure 7. The
results of photolysis (without material) show the same number
of E. coli pathogens before and after LED illumination,
revealing that LED illumination alone does not affect the
bacterial growth even after S h. ZNR and ZNS show negligible
bactericidal activity as ZnO is large band gap semiconductor. In
contrast to ZnO and photolysis, the survival of E. coli pathogens
decrease rapidly even at 0.5 h of illumination for Cu**-ZNR and
Cu’-ZNS. The percentage survival of E. coli pathogens of
Cu**-ZNR and Cu’*-ZNS shows several orders higher than
pure ZnO after 1 h illumination. At the end of 1 h illumination
the pathogens are completely inactivated and hence negligible
growth of pathogens is observed. For comparison, we have also
carried out the antibacterial experiment using Cu**-ZnO
(ZNS/ZNR) under dark condition as a control experiment
and the results are shown in Figure 7. As can be seen in panels a
and b in Figure 7, Cu?*-ZnO showed a negligible bacterial
inactivation in the dark, whereas significant inactivation of E.
coli obtained under visible-light illumination as a result of an
interfacial charge transfer (IFCT) process. It was reported>*
that Cu-ion in 2+, and 0 oxidation state showed negligible
bactericidal activity in dark in comgarison with Cu-ion in Cu'*
oxidation state. It is also reported> that Cu**-ion is active in
the dark only in the presence of hydrogen peroxide. On the
basis of these results, it is concluded that Cu**-ZnO is active
only for the inactivation of E. coli under visible-light
illumination. Moreover, it is interesting to note that the
photocatalytic activity of Cu**-ZNR is slightly higher than
Cu**-ZNS, showing that high surface to volume ratio of ZNR
than ZNS is the reason for high photocatalytic activity. The
surface areas and average pore diameters of ZNR and ZNS are
20.3 and 17.3 m® g”' and 2.73 and 2.7 nm, respectively. The
small nanorod particles and large pore of ZnO allows an easy
diffusion of pathogens in and around the semiconductor, thus
enhancing the adsorption of pathogens on the surface of ZnO,
which later effectively decomposed by hole or hydroxyl radical,
generated during photocatalytic reaction. For comparison, the
bacterial inactivation of E. coli was carried out using Degussa-
P25, and Cu®*-TiO, under similar experimental conditions. The
antibacterial activity of Cu**-ZnO is several orders higher than
pure ZnO and commercial Degussa-P25 and comparable with
Cu?*-TiO,. The photocatalytic activities of the materials are in
the following order: Cu**-TiO, > Cu®>*-ZNR > Cu**-ZNS >
ZNR/ZNS/Degussa P-25. The reason for the enhancement in
the photocatalytic activity of Cu**-modified ZnO over ZnO is
schematically illustrated in Figure 8. ZnO consists of O 2p

orbital of valence band (VB) and Zn 4s orbital of conduction
band (CB). The distance between the VB (O 2p) and the CB
(Zn 4s) of pure ZnO is ~3.2 eV, and hence it can absorb major
part of UV light. Pure ZNR and ZNS are inactive due to lack of
absorption in visible-light region. When ZNR/ZNS modify
with Cu*-ions, it induces visible-light absorption in ZnO by
IFCT and also acts as a cocatalyst to reduce the oxygen
molecules efficiently. In general, it has been expected that the
mechanism of the antibacterial activity of metal oxide is due to
interaction with highly reactive oxygen species (ROS), which
causes oxidative damage of the cell membrane or inside the
cells.’**> These ROS contains hydroxyl groups, superoxide
anions (0,*”) and hydrogen peroxide H,0,.> It was reported
that antioxidant enzymes can protect the mitochondria against
damage from ROS. However, when excess ROS is produced
during reaction, the natural antioxidant defenses may be
overwhelmed,®” which causes several subcellular injuries such as
protein denaturation, membrane, and DNA damage. In the
present study, when visible-light illuminates on Cu**-ZnO, the
electron in the valence band of ZnO are excited to Cu*'-ions in
nanoclusters through an IFCT process. The excited electrons
reduce Cu** into Cu'' and thereby reduce the oxygen
molecules through multielectron reduction, whereas holes in
the valence band decompose organic pollutants because of their
high oxidation power."*" It was reported®* that upon visible-
light illumination in Cu,O/TiO, system, holes generated in the
valence band of TiO, in combination with Cu'* -ions can
damage outer membrane of viruses and bacteria. On the basis
of these results it is presumed that strong oxidation power of
holes generated in the valence band responsible for the
decomposition of methylene blue, whereas holes in combina-
tion with Cu'*ions responsible for the inactivation of pathogens
under visible-light illumination. One of the most important
findings of the present study is that this is the first discovery of
the development of efficient ZnO-based materials through
IFCT for antipathogenic applications under visible-light
illumination.

Considering the importance of the stability of a photocatalyst
in practical applications, the photocatalytic stability of the ZNR
and ZNS before and after photocatalytic reaction was
investigated by structural (XRD) analysis. The results reveal
that XRD patterns of ZnO (ZNR and ZNS) and Cu**-modified
ZnO (ZNR and ZNS) (Figure 9 and Figure S6 in the
Supporting Information) after photocatalytic reaction is similar
to the one before photocatalytic reaction. The XRD patterns of
ZNR and Cu**-modified ZNR before and after photocatalytic
reaction are consistent with the pattern of standard ZnO
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Figure 9. XRD patterns of ZNR and Cu**-modified ZNR (a, b) before
and (c, d) after antibacterial experiment, respectively.

(ICDD 04—007—1614). These results reveal that there was no
change in the structure of ZnO and Cu**-modified ZnO,
indicating that ZnO behaves as stable visible-light semi-
conductor. Recently, Anandan et al."*™'® reported that Zn>*
ions in ZnO photocatalysts were not dissolved in water at
neutral conditions during exposure of visible-light (blue LED)
and dark for short- as well as long-term. Because we followed
identical experimental conditions, we presume that ZnO used
in the present study is also stable under visible-light
{llumination. Moreover, Irie et al.® investigated the role of
Cu®* cocatalyst by X-ray absorption fine structure (XAFS)
analysis. In situ XAFS measurements were performed under
visible-light in the presence of 2-propanol and absence of
oxygen. Under these conditions, Cu'* was generated. However,
it later converted back to Cu®* when it was exposed to oxygen,
indicating the oxygen reduction activity of Cu'*. These results
clearly show that the electrons in Cu'* ions can cause the
reduction reaction of absorbed oxygen molecules. Very
importantly, the Cu®*-ions were not changed in air condition,
even after the photocatalytic oxidative reaction, and the
turnover numbers of this reaction is more than 4. It means
that the Cu’*-ion is a very stable cocatalyst during photo-
catalytic reaction. rf-ICP analysis revealed that Cu®* ions on
ZnO photocatalyst was not dissolved in water during the
exposure of visible-light as well in dark even after 3 days,
because the Cu(Il) is incorporated on ZnO as distorted
amorphous CuO-like structure, having a five coordinated
square pyramidal form. Since these distorted CuO clusters
are strongly attached to the ZnO surface, the Cu**-ions are not
leaching from ZnO during photocatalytic reaction. The present
result indicates that Cu**-ZnO act as a stable visible-light-driven
photocatalyst under visible-light illumination at neutral
condition.

4. CONCLUSION

In summary, we have prepared an eflicient ZnO-based visible-
light-driven photocatalyst by adopting interfacial charge transfer
process for the inactivation of E. coli under visible-light
illumination. ZnO nanoparticles, synthesized by a large-scale
flame spray pyrolysis process was used for surface (Cu’")
modification. Optical studies show that Cu®* ions induce
visible-light absorption in ZnO, while pure ZnO exhibits typical

band to band transition. Characterization studies reveal the
presence of spherical and rod like wurtzite phase ZNS and ZNR
respectively. ZNR/ZNS shows less photocatalytic activity,
whereas Cu?* addition onto ZNR/ZNS drastically increases
their efficiency. The antibacterial activity of Cu**-ZnO is several
orders higher than pure ZnO and commercial Degussa-P25 and
comparable with Cu**-TiO,. The Cu®>*-ZnO nanorod shows
better photocatalytic activity than the Cu**-ZnO nanosphere,
which is attributed to the high surface area to volume ratio of
the former than later. The holes generated in the valence band
and the Cu'" species generated during the IFCT process may
attribute for the inactivation of bacteria, whereas the strong
oxidation power of hole is responsible for the decomposition of
methylene blue. The stability analysis confirms that the Cu*'-
ZnO is stable in aqueous solution under dark as well as visible-
light illumination at neutral conditions. In summary, the
developed visible-light photocatalyst may be promising for
pathogenic application in indoor environment like hospitals,
airports, schools, and railway stations.
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