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Halide-Modulated Functionality of Wide Band Gap Zinc
Oxide Semiconductor Nanoparticle
Tuhin Kumar Maji,[a] Prasenjit Kar,[a] Harahari Mandal,[b] Chinmoy Bhattacharya,[b]

Debjani Karmakar,[c] and Samir Kumar Pal*[a]

Surface modification of inorganic nanomaterials using different
ions is well-known to induce significant modulation in function-
ality of the nanoparticles (NP), which improves tuning their
relevant properties for suitable applications in the field of
nanotechnology. Here, we report synthesis and surface mod-
ification of a model inorganic wide bandgap semiconductor
ZnO NP by halide ions by simple precipitation method and
demonstrate that proximity of various halide ions to the NP
modifies their electronic properties. It is interesting to note that
such surface modulation has little impact on its morphology,
while significantly influencing their applications in photocata-
lytic activity or magnetism. Indeed, the halide attached ZnO NP
displays a large reduction of defect state emission. Various
microscopic and spectroscopic tools (including picosecond
resolved technique) were used to characterize and understand

the key role of the halide ions to modulate the light induced
charge separation in ZnO NP. Picosecond resolved fluorescence
spectra unveil a significant quenching, implying an electronic
cross-talking between the NP and the attached halide ions.
Magnetic measurements indicate that attachment of a suitable
halide ion introduces room temperature ferromagnetism in this
system. Finally, the photocatalytic activity of the ZnO NP for the
photodegradation of a model pollutant, methyl orange was
evaluated under UV light irradiation. Halide ZnO is anticipated
to be a very promising photocatalytic agent; hence it can be
used to cleanup environmental pollution. First principles
analysis has been performed to understand the modulation of
electronic properties like photocatalysis and magnetism in
halide attached nanosystem. The experimental behavior resem-
bles nicely with theoretical results.

Introduction

Recent research on nanoparticles (NP) and nanohybrids are
greatly fascinating because of the unique properties of nano-
size systems compared to their bulk counterparts.[1] Due to
high surface to volume ratio NP have wide ranges of
applications in various fields. NP have diverse applications in
different fields, such as medicine, textiles, agriculture, optics,
food packaging, cosmetics, automobile, domestic refrigerator,
dye sensitize solar cell, photocatalysis, aerospace and construc-
tion.[2] In fact in many of the applications NP perform better
compared to their microparticle counterparts.[3] They have been
used widely to fabricate biosensor, photocatalytic element,
magnetic storage devices etc. because of their distinct optical,
magnetic and electrical properties from their bulk equivalent.
Nowadays one of the main motives of nanotechnology is to
minimize environmental pollution and human health risk.

Green nanotechnology involves an approach to develop new
technologies using NP to clean environment, promising
replacement of mainstream products by its nano counterpart
which are more environment friendly and less toxic or
pollutant.[4] So green nanotechnology offers environmentally
beneficial, self-reliable, durable low cost products using NP to
clean the world.[4] With the rapid increment of industrialization
in last few decades, the amount of industrial contaminant and
waste water have increased so much that cleaning water is a
biggest challenge nowadays. Heterogeneous photocatalysis is
one of the very promising nanotechnologies for environmental
pollution degradation and water purification.[5]

As the nanoparticle possesses enhanced surface to volume
ratio, by controlling the surface composition of NP, it is possible
to tune its various properties.[6] Therefore, proper surface
functionalization of such NP is an essential prerequisite for
every possible application.[7] The surface interactions between
NP are completely different than sub-micron sized systems. NP
has a huge tendency of agglomeration. The stability of NP in
liquid media is very difficult to control. For biological and
environmental applications, it is very much required to keep
the particles in an aqueous medium. Therefore, it is required to
have some technique so that aggregation of the NP can be
arrested. There are many factors controlling the stability of NP
in aqueous medium. Until now surface modification is one of
the finest techniques to improve the stability of NP in liquid
medium.[8] The surface of magnetic NP can be functionalized by
biocompatible ligand to make a core shell structure, which can
be used a drug delivery agent.[9] In this case the magnetic NP is
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used as core structure, whose surface is coated by few atomic
layer of bioactive molecule, which results in better liquid
stability as well as can be used as drug carrier agent or MRI
contrasting element. Another aspect of surface modification is
that it can tune the doping nature of the NP.[6a,10] Surface
modulation of NP can also affect the photocatalytic activity of
the nanoclusters.[9,11] Semiconductor photocatalysis has been
used as a very useful tool to purify waste water because it is an
inexpensive and nontoxic route to demolish harmful organic
compounds by oxidation.[12] It is possible to recover and reuse
them once again. ZnO is one of the most extensively used NP
as photocatalytic element over the years.[11–12] However pres-
ence of different surface defect in ZnO restricts its photo-
catalytic activity.[13] There are mostly three types of defect state
present in ZnO NP. Oxygen vacancy (VO) is the most common
defect for ZnO NP. Zinc vacancy (VZn) and interstitial Zn or O
constitute two other type plausible defects.[14] Defect like VO

generally gives negative impact in photocatalytic activity. To
achieve better photocatalytic activity, new experimental ap-
proaches have been initiated to get rid of such surface defects.
Several physical and chemical methods are innovated for
modifying the surface of ZnO nanoparticles.[11b] Modification of
NP surface to enhance its chemical and physical activities and
reducing surface defects are the key for successful applications
in catalysis.[13] Surface modification of NP often exhibits multiple
functionality, modulation of surface may also improve the
magnetization properties of NP.[15] Kittisltved et al. reported that
Mn:ZnO NP and thin films shows room temperature ferromag-
netism when capped with molecules that introduce p-type
defects while other capping that introduce n-type defects leads
to no RT ferromagnetism.[16] So it is possible to change the
surface of nanoparticle to tune its magnetic properties. There
are many techniques to modify the surface of ZnO NP, such as
ligand etching, multi-functional hybrid coating, defect state
modulation etc. to achieve enhanced activity.[9,11a,12b,17] Most of
the processes are not easy or one-step process. It is highly
desirable to modify the surface of ZnO NP by some easier one-
step process to control its functionality. As of now very few
people have reported the alteration of surface of ZnO NP by
treating it with halide ion. In this work we have reported a
comparative study of halide ions treatment to the surface of
ZnO NP to modify and get tunable non-toxic, water stable,
environmental friendly photocatalytic and magnetic element.

In our current study we have successfully prepared ZnO NP
and modified its surface by treating it with various halide ions.
We have characterized the pristine and treated system with
high resolution electron microscopy (FEG-SEM and HRTEM) and
X-Ray diffraction technique. To characterize the optical and
fluorescence properties of the systems, UV-Vis and fluorescence
spectroscopy were used. Picosecond resolved time correlated
single photon counting (TCSPC) was used to study the dynamic
emission of the defect state and its healing mechanism. The
photoelectrochemical characterizations of the semiconductor
for water oxidation reaction were evaluated through linear
sweep voltammetry (LSV), photocurrent spectra measurements,
and incident photon to current conversion efficiency (IPCE)
measurements. A complete study of photocatalytic properties

via ROS mechanism by degrading a model textile dye methyl
orange (MO) under light to clean the waste water and
exploring the magnetic properties of ZnO and Halide-ZnO has
been investigated. Ab initio theoretical calculation was per-
formed on similar model NP to understand the underlying
mechanism of photocatalytic and magnetic properties.

Results and Discussion

Nanoparticle Characterization

To investigate the halide ion modulated functionality we have
synthesized the ZnO NP, followed by surface modulation with
halide ions. Figure 1a depicts the XRD image of ZnO NP.[18] No

traces of impurity peaks are observed other than ZnO, confirms
that the growth of the sample is single phase corresponding to
hexagonal wurtzite pattern. The XRD patterns of Halide-ZnO
(Cl, F, I) are also shown in Figure 1a. The diffraction pattern of
each halide modulated ZnO were well matched with the
pristine ZnO NP, which indicates there is no impurity phase

Figure 1. a) XRD image of pristine 30 nm ZnO NP and other halide ZnO-NP,
b)SEM image of ZnO NP, HRTEM images of c)5 nm ZnO NP d)30 nm ZnO NP.
Corresponding FFT images are shown in Figure e) and f) respectively.
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generated after halide ion treatment on ZnO NP. Figure 1b
shows the morphology of as synthesized ZnO NP acquired
from FESEM which indicates that synthesized ZnO NP have
homogeneous spherical shape. The average diameter of the
sample was around 30 nm. The clear crystal lattice of ZnO NP
(of different sizes) as obtained from high resolution trans-
mission electron microscopy confirms good crystallinity of the
NP. Figure 1c and 1d shows typical HRTEM images of ZnO NPs
of size 5 nm and 30 nm respectively, with spherical shape
morphology as expected.

The fringe width for 5 nm and 30 nm ZnO are 0.261 and
0.257 nm respectively, corresponds to (002) plane of ZnO
crystal.[19] Corresponding FFT images of 5 nm and 30 nm ZnO
are shown in Figure 1e and 1 f respectively, obtained from
ImageJ software,[20] which indicates the high crystallinity of the
NP. Energy dispersive analysis of X-rays (EDS) was carried out
over a selected area of the ZnO NP and Halide-ZnO NP to
confirm the presence of halide in the modified systems. The
EDS analysis asserts the presence of halide in the system. 0.87
Atomic % of F is attached to ZnO whereas 0.65 and 0.57 atomic
% of Cl and I respectively, are attached to ZnO NP (shown in
Figure S1 in the supporting information article). From the EDS
mapping (Figure S2 in supporting information article) it is
evident that Halide-ZnO system contains homogeneous distri-
bution of Zn, O and halides in the entire material, which further
justifies the formation the uniformly distributed Halide-ZnO NP.

Optical Absorption and Stability of NPs in water

The optical properties of ZnO NP and Halide-ZnO were
obtained by measuring the UV –Vis spectra of NP. Figure 2a
corresponds to UV-Vis absorbance spectra of 5 nm ZnO NP and
Halide-ZnO NP. The absorption peak of ZnO NP is found around
350 nm[21] corresponding to band gap of 3.5 eV. Absorbance
peaks of Halide-ZnO NP are also found to be around 350 nm. A
modest shift in the absorption band (~2-4 nm), is seen after
halide attachment in the ZnO NP, keeping the overall shape
and intensity of the spectrum to be intact. The shift may be
rationalized in terms of the change of electronic structure of
ZnO upon the interaction with halides on the surface. Upon
halide treatment on ZnO, some newly modified surface states
are generated near Fermi level, which is highly hybridized by
Zn- d orbital with O- p orbital and halide p orbital. These
additional states within the bandgap eventually alter the
optical bandgap of the modified systems. (for details see First
Principles Analysis section.) Figure 2b shows that the absorb-
ance of ZnO NP and Halide-ZnO NP of size 30 nm. The
absorption peak of pure ZnO NP is found to be 376 nm which
corresponds to a band gap of ~3.3 eV[22] which is lesser than
that of ~5 nm NP as expected. Inset shows the enlarged view
of the band gap region which reveals that there is no change
of bandgap for Halide-ZnO NP.

In order to improve various biological and environmental
applications the particle must be soluble in most common
biological friendly solvent water. To study the stability of ZnO
NP after surface modulation via halide ion, the UV-Vis peak
maxima of the ZnO and Halide-ZnO (of size ~30 nm) are

monitored at wavelength 376 nm in kinetic mode for 30 min.
Figure 2c shows the comparative study on the stability of ZnO
and Halide ZnO in aqueous medium. It is found that halide ion
modulated ZnO shows better stability in aqueous medium than
pristine ZnO NP. After 30 min. only 6% F-ZnO and 9% of Cl-
ZnO, precipitates from the water with respect to pure ZnO

Figure 2. a) UV-Vis absorbance of 5 nm ZnO NP and Halide-ZnO NP, b) UV-Vis
absorbance of 30 nm ZnO NP and Halide-ZnO NP, inset shows the enlarge
view of the band-gap zone, c) stability of ZnO and Halide ZnO in aquous
medium measured at 376 nm in water in 30 min time window.
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(54%). From our first principle calculations (described in
theoretical section), we have found that, density of states of
system became spin polarized upon halide attachment. Due to
high polarity of halide, treated ZnO surface became hydrophilic.
Thus grafting of halide ion on the surface of ZnO NP can result
in the repulsive forces among NPs, which prevents modified
ZnO NP from aggregation in water.

Steady state and excited state Fluorescence Study

Figure 3a exhibits the steady state fluorescence spectra of ZnO
NP (of size ~5 nm), upon excitation at band gap. However, it is

well known that ZnO nanoparticle exhibits dual emission in the
UV and visible regions when it is excited at its band gap energy
or higher. Direct band to band emission, occurs due to
recombination of excitonic centers in ZnO, was also observed
in both ZnO NP and Halide-ZnO nanoparticles at around
365 nm. There is a small shift in bandgap emission after halide
attachment on ZnO NP (inset of Figure 3a). Another broad

emission is observed in the blue-green region with a crest at
around 530 nm. This emission is contributed by excitonic
transition arising from the defect state situated at the surface
of ZnO NP. The broad emission can be deconvoluted into two
emission center, predominant one is located at wavelength
~555 nm (E = 2.25 eV), where subsidiary one is located at
wavelength ~495 nm (E = 2.5 eV).[23] The emission centred at
555 nm originated from the defect state located in surface or
near the surface of the NP. The introduction of halogen ions
into ZnO matrix resulted significant fluorescence quenching,
due to the attachment of halide ions in the surface defect
states. After surface modification with halide ions, halide
dopants preferably filled the O related defects (such as oxygen
vacancy or substitution of O2� lattice ions) in the ZnO matrix
which results of a reduction of O related surface defects. As the
green emission is mainly contributed by deep level defect
states,[23b] therefore a significant quenching of the visible
emission is likely to happen when the halides are attached to
the defect states.[24] We found upon attachment of halide ions
the defect state emission has been quenched significantly
which is shown in Figure 3a. This quenching comes not only
from the suppression of surface defect of ZnO, but also due to
deep level of trap state generated in case of I-ZnO. This is
elaborated in the first principles analysis section. The
fluorescence quenching is highest in case of iodide and lowest
in fluoride. The size of the halide ion plays a significant role to
the quenching of the defect state emission. This fluorescence
quenching is dynamic in nature. The time resolved fluorescence
decay profile of ZnO and Halide-ZnO NP (of ~5 nm) were
measured upon excitation with a 375 nm laser and monitored
at a wavelength 530 nm. In case of all Halide-ZnO a new faster
component is generated. The detail of spectroscopic and fitting
parameter of time resolve decay is listed in Table 1. A faster

component of around ~0.2-0.3 ns is generated in all the Halide-
ZnO NP. The decrease in average lifetime of Halide-ZnO
corresponds to charge transfer between NP and halide ions.
Hence, efficient interfacial charge separation takes place
between ZnO NP and halide ion placed at the surface of NP.
The dynamic quenching of Halide-ZnO follows the steady state
quenching trend.

Figure 3. a) Room temperature emission spectra of ZnO NP and halide-ZnO
NP, the excitation wavelength was 375 nm (inset shows band-band emission
of the NPs), b) the picosecond resolved fluorescence transient of ZnO NP and
halide ZnO NP are shown. The excitation wavelength was 375 nm and the
collection wavelength was 530 nm.

Table 1. Excited state lifetimes of ZnO and Halide attached ZnO. PL
emissions were detected at 530 nm upon excitation at 375 nm. The values

in parentheses represent the relative weight percentages of the time
components. PL emissions were detected at 530 nm upon excitation at

375 nm.

System t1 (ns) t2 (ns) t3 (ns) tavg (ns)

ZnO - 3.4 (4) 15.3(96) 5.4
F-ZnO 0.3(32) 1.5(31) 9.3(37) 3.9
Cl-ZnO 0.2 (33) 1.1 (37) 9.2 (30) 3.2
I-ZnO 0.1 (40) 1.2 (35) 7.7 (25) 2.4
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Application in Environment Purification

To establish the manifestation of the charge transfer dynamics
in surface functionalized ZnO NP, the photodegradation activity
of ZnO NP and Halide-ZnO NP have been studied using MO as
a model pollutant. Heterogeneous photocatalysis has been the
subject of a huge amount of studies related to the environment
cleaning and water purification. The development of photo-
catalysis process opens up a new era in environment
remediation, cleaning, energy and many different fields. In
photocatalytic process, the separation efficiency of photo-
induced electron�hole pairs is the key factor to degrade the
model pollutant. This is an environment friendly technique to
obtain clean water. ZnO is a wide bandgap semiconductor
having optical bandgap of ~3.3 eV indicating UV absorption in
room temperature. ZnO NP have gained a lot of attention in
the field of heterogeneous photocatalysis for the past 15 years.
The process can be explained stepwise:[25] at first, organic
pollutant is diffused in the water, and comes into the contact of
ZnO surface. Upon photoexcitation of ZnO using suitable
optical beam of wavelength above its bandgap, phtoinduced
electron-hole pair (e�/h+) is generated at the surface of ZnO.
This extremely reactive e�/h+ pair involves in the redox
reaction to produce hydroxyl (*OH) and superoxide (O2 �*)
radicals respectively. The superoxide radical forms H2O2 which
reacts with superoxide to produce highly reactive oxidizing
agent hydroxyl radical (E0 = + 3.06 V) which degrades the dye
molecules adsorbed at the ZnO surface and yields some
intermediate compound, which finally converted to CO2, H2O
and other harmless products. The mechanism of the dye
degradation reaction via redox reaction has been listed
below.[25a,26]

ZnO þ hu ¼ ZnO ðe� þ hþÞ ðEq:2aÞ

ZnO ðhþÞ þ H2O ! ZnO þ Hþ þ OH� ðEq:2bÞ

ZnO ðhþÞ þ OH� ! ZnO þ OH� ðEq:2cÞ

ZnO ðe�Þ þ O2 ! ZnO þ O2 � � ðEq:2dÞ

O2 � � þ Hþ ! HO2� ðEq:2eÞ

HO2 � þ HO2� ! H2O2 þ O2 ðEq:2fÞ

ZnO ðe�Þ þ H2O2 ! OH � þ OH� ðEq:2gÞ

H2O2 þ O2 � � ! OH � þ OH� þ O2 ðEq:2hÞ

Organic dye þ ROS! Intermediates ! CO2 þ H2O

ðEq:2iÞ

ðROS : OH � , O2 � �, HO2 � , Þ ðEq:2jÞ

To confirm the role of ZnO semiconductor under light
irradiation we have further investigated the photoelectrochem-
ical (PEC) characterizations of the host semiconductor. The PEC
performance of the ZnO NP under periodic chopped UV-visible
illumination was carried out through the electrolytic medium.

Figure 4a depicts the linear sweep voltammetry (LSV) plot for
the semiconductor at a potential bias ranging from �0.4 V to
1 V (versus Ag/AgCl) with periodic light on-off cycles, indicating
significant photo-activity of the semiconductor towards water
oxidation.[27] We observed maximum photocurrent to be
0.4 mA/cm2, appeared at 0.8 V bias which arises due to water
oxidation reaction at the photoanode. Figure 4b represents the
chronoamperometric plot of the ZnO thin film under continu-
ous exposure of light describing fairly stable behaviour of the
materials for PEC water oxidation reaction.[28] The host semi-
conductor ZnO produced 9.3 mmol of oxygen in 10 minute,
which is comparable or higher than previously reported
literature.[29] This type of high yield of the system can be very
much advantageous in practical water cleaning applications.[30]

The schematic of energy band diagram for ZnO has been
presented in Figure 4c, which shows the conduction band (CB)
position at �0.08 V and that of the valence band (VB) at
+ 3.14 V, measured at pH 7 working solution. From the
Pourbaix diagram for water it is found that the redox potential
of the photoexcited electron is not sufficient (H2O ! H2, E0 =-
0.410 V, in pH 7 condition) to commence the photoelectro-
chemical H2 evaluation reaction.[31] On the other hand redox
potential of the photo-generated holes (+ 3.14 V) is sufficient
to ignite the water oxidation reaction (H2O! O2, E0 = + 0.80 V)
in pH 7 condition.

However, main drawback of ZnO as photocatalyst is the
prompt recombination rate of photoexcited electron hole-pair
and defect state electron trapping of the photoexcited
electron, which perturbs the photocatalytic degradation
rate.[25a] To overcome these drawbacks we use halide treatment
on the surface of the ZnO NPs. The halide ion plays similar role
to the semiconductor ZnO, what Au nanoparticle plays for the
wide bandgap semiconductor like ZnO or TiO2.[32] Halides are
attached to the surface of the ZnO NP, shuttles the photo-
excited electrons, and prevents it to be trapped by the surface
defect of the ZnO NPs. Combination of these two results in
reduction of the excited state electron-hole separation process
and availability of excited state electron which increases the
photocatalytic efficiency.

A comparative study of the photocatalytic activity of the F-
ZnO NP, Cl-ZnO NP and I-ZnO NP for degradation of MO with
respect to ZnO NP was carried out. Figure 5a exhibits the
photocatalytic activity of F-ZnO (~70%), Cl-ZnO (~76%) and I-
ZnO (50%) in comparison to control ZnO (~55%) under 2 hr.
irradiation conditions. Upon attachment of halide ion on ZnO
the surface defect state of the ZnO NP are healed resulting
higher photocatalytic activities. The quenching of defect state
emission of Cl-ZnO is higher than F-ZnO which implies Cl-ZnO
has the ability to recover the surface effect of ZnO NP higher
than F-ZnO. As a result Cl-ZnO shows higher catalytic activity
than F-ZnO. However we found I-ZnO shows no increment of
photocatalysis. In other cases halides (Cl, F) took the excited
electrons from ZnO and shuttles it to the medium that enhance
the overall catalytic activity, but in case of I-ZnO the electron is
trapped at the gap state and not able to enter in the aqueous
system to generate reactive oxygen species. Iodine has the
highest ionic radius and lowest electron density among the
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other stable halides. It can take the excited electron from ZnO
and trap it to its surface, and then the electron is recovered to
the valence band of ZnO. In this way, available excitons became
trapped and unused which results no increment in photo-
catalytic activity.[2d]

In order to investigate the catalytic pathway, we further
studied the photocatalytic activity of ZnO in the presence of a
known radical initiator (H2O2) and radical quencher (NaN3)
separately (Figure 5b). In the presence of light illumination,
H2O2 increases generation of OH which eventually increases the
photocatalytic activity of ZnO for degradation of MO. This
demonstrates the role of reactive oxygen species (ROS) in the
degradation of MB. Radical quencher like NaN3 acts as an
efficient electron trap, leading to decrement of photocatalytic
activity. Efficiency of degradation is reduced by 18% to pristine
ZnO after adding NaN3, whereas efficiency is increased to 80%
in presence of H2O2. This result evokes that the mechanistic
pathway of the photocatalytic process follows ROS route.[33]

The overall photocatalytic degradation of ZnO and Cl-ZnO are
shown in Figure 5c and 5d respectively.

To further understand the role of semiconductor and
methyl orange in the photocatalytic reaction we have per-
formed the photocatalytic experiment at different wavelength
keeping other parameter fixed. Figure 6a shows the photo-
catalytic performance of ZnO and the most efficient Halide-ZnO
(namely Cl-ZnO) under different wavelength under 1 hr. light
irradiance. It is clearly seen from the action spectra that the
photocatalysis is predominantly occuring via bandgap excita-
tion (~375 nm) of semiconductor. Upon excitation of lower
energy than the band gap of the semiconductor, the rate of
catalytic activity starts decreasing gradually. Insignificant photo-
catalysis activity at the wavelength of 460 nm (at MO
absorbance maxima) indicates that photocatalysis is not
influenced by the pollutant dye MO.[34] The PEC action spectra
of ZnO (for water oxidation reaction), as calculated from the
photocurrent spectrum at different wavelength (from 250 nm
to 500 nm) is shown in Figure 6b. The wavelength-dependent
photocurrent measurement is informative to ascertain the
onset wavelengths of the photocatalyst for degradation of the
organic compounds. Appearance of photocurrent at ~410 nm

Figure 4. a) Linear sweep voltammetry of ZnO electrode in 0.1 M Na2SO4–PBS buffer (pH 7) solution (for water oxidation) under UV-Vis light (intensity: 100 mW
/cm2).b) Current-time response (chronoamperometry) curve of the ZnO electrode at an applied potential of 0.8 V.c) Schematic representation of the band-
alignment of ZnO nanostructure. This band-alignment allows better water oxidation reaction.
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in the PEC action spectra indicates the photoelectrochemical or
‘true’ band gap of the semiconductor as 3.02 eV. Maximum
value of photocurrent occurs at the bandgap excitation
(360 nm) the semiconductor, which reflects photocatalysis is
predominately occurs due to the bandgap excitation of ZnO
semiconductor.

The classical definition of external quantum efficiency (EQE)
is the ratio between the numbers of molecules degraded by
the number of incident photons involved in the catalysis
process.[35]

The EQE is denoted by the below equation –

EQE ¼ < reaction rateðmol=secÞ >
< photon rateðeinstein=secÞ >� 100% ðEq:3Þ

The external quantum efficiency of the present system is
depicted in the Figure 6c. It is found that the maximum EQE is
found 1.6 3 10�2 mol/E in Cl-ZnO system, which is comparable
or higher to the standard literatures.[35c] EQE of the semi-
conductor is also calculated from the photo-induced current
measurement process. Incident Photon to Charge Carrier
Efficiency (IPCE) was calculated (shown in Figure 6d) by

determining the power of the incidental beam of light at a
specified wavelength, using the following equation –

IPCE ð%Þ ¼ ð1240=lÞ � ðIPh=PinÞ � 100% ðEq:4Þ

Where l the wavelength of the incident light, IPh is the
measured photocurrent of the system (in mA/cm2) and Pin is
the power of the incident beam (in mW cm�2).[36]

We have also simulated the experimental situation and
investigated the insight of the catalytic activity using density
functional theory. We found surface defect state modulation is
not the only key factor to modulate the photocatalytic activity,
the size of halide ion also plays a key role to the catalytic
activity.

First Principles Analysis

To explore the impact of halide-ion assisted surface modifica-
tion on electronic properties of ZnO NP, we have carried out
first principles electronic structure calculation for Zn50O50 cluster
with various halide ions as studied in the previous experimental
section. For ZnO NP, occurrence of surface oxygen vacancy (OV)
during synthesis is a well-known experimental fact. Formation

Figure 5. a) Photocatalytic degradation of MO by ZnO and Halide ZnO under UV light irradiation, b) Photocatalytic degradation ZnO in presence of H2O2 and
NaN3 under UV light irradiation, c) and d) shows the photocatalytic degradation of ZnO and Cl-ZnO respectively.
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energy for a surface OV is much lower than a bulk OV.[37] It is
also seen that the halide ions inserted within the system settles
near a surface OV and after structure optimization forms
bonding states with nearest neighbor (nn) Zn ions. We have
compared the electronic structure of Zn50O50 cluster with a
surface OV with single negatively charged F, Cl and I ions. In
bulk ZnO, Zn2 + with valence configuration 3d104 s0 is in
tetrahedral coordination with O2� ligands (2 s22p6), there is a
band-gap of ~ 3.3 eV. The atom and orbital projected density of
states (DOS) are plotted in Figure 7 for (a) Zn50O49 cluster (with
OV) and with (b) F�, (c) Cl�, (d) I� ions near surface OV. Zn50O49

cluster, due to the change of tetrahedral coordination near
surface due to surface reconstruction, have surface states at
Fermi level (EF), constituting of partially unfilled Zn-3d and O-2p
hybridized levels of surface Zn and O atoms. The obtained gap
~ 0.8 eV is underestimated for ground-state DFT calculations.[38]

Due to 2p–3d hybridization of the Zn2+ ion nn to the OV with
the neighbouring O2� ions, there is a nominal spin-polarization
and a consequential low moment acquired by the nn ions to
the surface OV. When halide ion comes near this OV, it gradually
settles at the place of OV and gets bonded with Zn2 + ions via
charge sharing. Comparison of the positions of EF for all these

four cases reveals that there is an n-type doping of the Zn50O49

cluster system upon incorporation of halide ions. The extent of
n-type doping is the highest for Cl� attached cluster, as the
shift in EF towards conduction band is the most. For F� and Cl�,
strong hybridization of Zn-3d, O-2p and F-2p/Cl-3p states
results into partially filled spin-polarized levels at EF, constitut-
ing of sole contributions from the nn Zn and O ions of halide
ion.

The bond lengths for different halide ions with the nn Zn
ion are F� (2.07 Å), Cl� (2.29 Å) and I� (2.55 Å), bearing the
correct trend of being larger for larger ionic radii. The bond-
lengths for F� and Cl� are close to the Zn�O bond length (1.97
Å). Having a larger ionic size, I� does not settle at the surface
OV place easily. In fact, among these three, I� have the lowest
charge sharing due to its largest bond distance. Thus, presence
of I�, unlike its group counterparts, only have contributions in
the antibonding regime, resulting into deep trap-states. These
trap states are mostly generated due to the defects induced by
the presence of I�, which implies its little role in healing defects.
On addition of I� the quenching is occurring because of these
deep level of trap states. This could result from the introduction
of non-radiative recombination centers generated from the

Figure 6. a) Wavelength dependent phtotocatalytic activity of ZnO and Cl-ZnO b) action spectra of ZnO in 0.1 M Na2SO4–PBS (pH 7) at applied potential 0.8 V
vs. Ag/AgCl reference electrode, c) external quantum efficiency of ZnO and Cl-ZnO and d) % IPCE of ZnO in 0.1 M Na2SO4–PBS (pH 7) at applied potential 0.8 V
vs. Ag/AgCl reference electrode.
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trap state. F�, albeit having the lowest Zn2+-F� bond distance,
have lesser electron affinity than Cl� due to its smaller ionic
radii. In addition, screening effects are also larger for larger
ionic radii. As a result, Cl-3p levels hybridize more asymmetri-
cally with the Zn-3d and O-2p than F-2p, leading to more spin-
polarization and ionic moment for Cl�. Experimentally too, the
ionic moments and photocatalytic activities are more for F�

and Cl� attached systems with largest moment for Cl� systems,
whereas the deep gap states present in I� attached system acts
as carrier-trap leading to less photocatalytic and magnetic
activity.

Application in Magnetism

Intense research has been continued on the occurrence of
long-range ferromagnetic ordering in oxide-based diluted
magnetic semiconductor system for various potential device
applications.

ZnO-based diluted magnetic semiconductors have been
extensively studied for various reasons. Subsequently, in ZnO,
ferromagnetic ordering has been found to exist in both
undoped ZnO NP and also doped with magnetic and non-
magnetic ions. Based on previous results it is found that, ZnO
NP may have very nominal magnetic moment which arises due
to the intrinsic defects like surface OV.[39] As discussed in the
earlier section, the calculated small magnetic moment obtained
for ZnO NP is seen to increase for halide attached NP due to

increased electron affinity of attached halide ions and the
resulting p-d hybridization.[39] Experimentally obtained per ion
magnetic moments matches closely to the theoretical values as
can be seen from Table 2. Figure 8 represents the magnet-

ization versus applied field hysteresis loop behavior at 5 K,
indicating the presence of ferromagnetic (FM) long range order.
However, at room temperature, only Cl� attached sample has
shown a hysteresis behavior, which is depicted at Figure 9.
Experimental magnetic moments were calculated from the
magnetization versus temperature graph in field cooled (FC)
conditions. Mismatch between the zero-field cooled (ZFC) and
FC graph stipulates the magnetic irreversibility and the long-
range order in halide attached systems, as can be seen from
Figure 10.

Figure 7. Orbital projected (OPDOS) and atom projected density of states (APDOS) of the systems a) ZnO OVS b)F-ZnO, c)Cl-ZnO and d) I-ZnO.

Table 2. Magnetic moment of ZnO and Halide-ZnO, a comparison of
theoretical and experimental result is tabulated here.

System
Magnetic Moment (in mB)
Theoretical (per atom) Experimental(mB)

ZnO 1.0 3 10�3 2.3 3 10�3

F-ZnO 4.3 3 10�3 1.2 3 10�3

Cl-ZnO 6.4 3 10�3 1.3 3 10�3

I-ZnO 1.0 3 10�3 2.0 3 10�3
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Effective magnetic moment was calculated using Curie
constant (C) following the equation[40]

meff ¼ ð3kC=NÞ1=2 ¼ ð8CÞ1=2mB ðEq:5Þ

where, k is the Boltzman constant, N is the Avogadro number
and mB is the Bohr magneton.

Conclusions

In summary, halide-induced surface modified ZnO NP is seen to
be a promising candidate to study for its higher photocatalytic
as well as magnetic activities. We have seen that the surface
defect states of ZnO NP can be modulated by treating them
with halide ions which leads also to modify its stability in water,
photocatalytic activity and magnetism.

The photocatalytic system is a novel technique developed
in the last few years which is a very effective tool to tackle and
reduce the threatening of global environmental pollution
created by human being. LSV plot of the host semiconductor
ZnO exhibits that ZnO exhibits excellent photoelectrochemical
oxidation behavior. The photoelectrochemical action spectrum
describes, maximum photocurrent is observed due to the
electron-hole separation from bandgap excitation of semi-
conductor. The photocatalytic activity of Halide-ZnO under UV
light irradiation shows higher degradation rate in case of Cl-
ZnO and F-ZnO with respect to ZnO. The magnetic property of

Figure 8. Mass normalized M�H curves of ZnO NP and Halide-ZnO at 4 K. a) Pure ZnO, b) F-ZnO)Cl-ZnO and d) I-ZnO.

Figure 9. M�H loops with the mass-normalized magnetization value of Cl-
ZnO at room temperature
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Halide-ZnO has been explored. We have shown both exper-
imentally and theoretically, that attachment of certain halide
ions onto ZnO NP affects its electronic structure and give rise
to a ferromagnetic behaviour even in the absence of magnetic
ions. Of them, Cl-ZnO shows significant room temperature
ferromagnetism due to its highest electron affinity among
halide ions. Particular halide ion shows both photcatalytic and
room temperature magnetic activity. These materials can
integrate the advantages of magnetic recovery, thus can be
easily separated from water after photocatalysis. Thus, modu-
lation of surface defects through certain halide ion was shown
to be responsible for improved physical properties of ZnO,
demonstrating its utility for functionalization of ZnO NP.

Supporting Information Summary

The supporting information for this article contains general
experimental process including synthesis details, photo-electro-
chemical measurements, chronoamperometric measurement,
characterization technique and photocatalytic activity measure-
ment process. Energy dispersive X-rays Spectroscopy (EDS) and
Mapping of ZnO and Halide-ZnO NP can also found in the
supporting information.
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