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A B S T R A C T

Structural defects of wide band gap semiconductors play important role in their functionality. Defect
mediated recombination of photoinduced electron-hole pair in the semiconductors for their photo-
catalytic activities, is detrimental. In the case of ZnO nanostructures, radiative recombination upon band-
gap photo-excitation (3.37 eV) originated from different surface defects (mainly Oxygen vacancies at
2.50 eV (V+) and 2.25 eV (V++) with respect to valance and conduction bands respectively) of crystal
lattice, acquires immense interest for both fundamental scientific point of view and for the betterment of
their manifold applications. The present work indicates that for transition metal semiconducting oxides,
use of anionic attachment like Cl� as surface defect healer proves to be more useful for photocatalytic
application than bulk doping using cationic dopant like Mn. ZnO NPs of different sizes (5 nm and 30 nm)
are synthesized via precipitation method and allowed to interact with chloride ions in aqueous solution.
A variety of electron microscopy and picosecond resolved spectroscopic techniques have been employed
to study the role of chloride ions for the enhanced photoinduced charge separation in the aqueous
environments. Our first principles density-functional calculations for ZnO nanoclusters with surface
oxygen vacancy indicate introduction of trap states within the band gap of the nanoclusters. These states
effectively confine the photoinduced electrons and thus essentially reduce the photocatalytic yield with
respect to pristine ZnO. However, upon Cl� attachment to the defect states, the energy of the trap states
were found to be healed, recovering the efficacy of reactive oxygen species (ROS) generation in the
aqueous solution. We have also impregnated Mn2+ ions to the ZnO lattice using precipitation method in
solution phase. The DFT calculation on the Mn2+ ion impregnated ZnO lattice reveals more defect states
compare to that of pristine lattice. The rate of electron recombination is found to be much faster through
non-radiative pathway (ground state recovery), leading to a decrease in photocatalytic activity in the case
of Mn-doped ZnO. Attachment of Cl� to the Mn-doped ZnO partially recovers the ROS generation, which
is consistent with healing of deep trap states. The present work is anticipated to provide a new insight
into the surface defect modulation of ZnO in potential photocatalysis application.
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1. Introduction

With increasing concern over the depletion in the quality of
drinking water, contaminants from industrial waste as hazardous
pollutants, is one of the greatest issues that humanity will be facing
in upcoming years [1,2]. The conventional waste water treating
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techniques as chlorination, ozonation etc. are less suitable in view
of large scale applications due to high cost and many other
speculative side effects [3]. In this aspect, heterogeneous photo-
catalysis based on nanostructured semiconductors is an environ-
ment-friendly alternative approach [4,5]. Degradation of the
organic pollutants by electron-hole pair, generated due to
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photo-excitation of the semiconductor catalyst, is the key point
towards the development of effective low-cost materials for waste
water management [4]. More than 44 years after the pioneering
work of Fujishima and Honda [6], the search for suitable
semiconductors to be employed for dissociation of organic
pollutants into less toxic products is still an open challenge [7].

Out of many different photocatalysts, ZnO and TiO2 have been
extensively studied [8] because of their strong oxidizing abilities
for the decomposition of organic pollutants [9], chemical stability,
non-toxicity, abundance in nature, environmental friendliness and
low-cost [10,11]. In fact ZnO and TiO2 exhibit similar band-gap
energy and anticipated to show nearly same photocatalytic
activities [12]. However, presence of several bulk and surface
defects in ZnO limits its use for various applications over TiO2. So
the modulation of defect state can be used as a tool to tune up the
photocatalysis and other applications of ZnO over TiO2. For ZnO
nanostructures, a rich variety of defect chemistry is known to be
present, viz. zinc vacancy (VZn), oxygen vacancy (VO), zinc
interstitial (Zni), oxygen interstitial (Oi), or antisite oxygen (OZn)
[13]. Whereas, selective native defects with controlled defect
density are beneficial for photocatalytic activity of ZnO nano-
structures, higher defect densities are known to reveal inverse
effects [14]. Common defects like VO existing in the ZnO crystal
generally worsen the photocatalytic activity of ZnO. It is therefore
significantly important to find an effective method to heal these
defects [15]. The defect state modulation of ZnO by cationic
dopants like Mn (II), Co (II), Fe (II) etc., anionic dopants like N2 or
attachment of ad-atoms shows significant structural perturbation
leading to different catalytic properties [16,17]. Sometime struc-
turally modified ZnO demonstrate an improved photocatalysis
even compared to commercialized TiO2 nanostructures [18].

In the present study, we have synthesized ZnO nanoparticles
(NPs) of various sizes in the pristine form and with cationic dopant
and anionic healer like Mn2+ and chloride ions respectively. These
systems are structurally characterized using high resolution
electron microcopy (HRTEM, FEG-SEM), EDAX and X-ray diffrac-
tion techniques. A detailed UV–vis and fluorescence spectroscopy
followed by picosecond resolved time correlated single photon
counting (TCSPC) have been utilized to characterize the absorption
and emission properties of the defect states and their healing
mechanism upon introduction of chloride ions in aqueous solution.
The manifestation of the modulation of the defect states in the NPs
for their photocatalytic activity through ROS generation has also
been explored. First principles theoretical calculations are
performed on similarly constructed nanostructures to understand
the appearance and absence of defect modulated energy levels.
Our studies imply that modulation of the defect states is very
crucial for the application of the NPs in photocatalysis.

2. Experimental section

2.1. Reagents

Sodium carbonate (Na2CO3) Potassium Chloride (KCl) and
sodium hydroxide (NaOH) from Merck, Zinc acetate dehydrate
((CH3COO)2Zn, 2H2O) from Sigma Aldrich, Polyethylene glycol PEG
(Mw= 1000) from Fluka, Manganese (II) Chloride tetrahydrate
(MnCl2, 4H2O) from Loba Chemie are used for synthesis. All
chemicals employed were of analytical grade and used without
further purification.

2.2. Synthesis of ZnO-NPs

ZnO NPs of size �5 nm was prepared in ethanolic medium
following method as described in reference [19]. 20 mL 4 mM zinc
acetate dihydrate, (CH3COO)2Zn, 2H2O was heated at 60 �C around
30 min. 20 mL 4 mM sodium hydroxide solution in ethanol was
added with it. The mixture was vigorously stirred for 2 h at 60

�
C.

The resulting solution was cooled at room temperature and stored
at 4 �C until further use. ZnO NPs of size �30 nm was synthesized
by the precipitation method [20]. Firstly, PEG (10% V/V) was taken
in a three naked flask. Next, 0.05 M zinc acetate and 0.1 M Na2CO3

was added simultaneously into the PEG solution. The system was
stirred vigorously for 2 h. Then the precipitate was washed with
double distilled water, ammonia solution (pH = 9) and ethanol. It
was dried at room temperature. The precipitate was calcined in
muffle furnace at 450 �C for 3 h. Finally ZnO NP of size � 25–30 nm
were prepared.

2.3. Preparation of chloride attached ZnO and Mn-doped ZnO

5 mg ZnO NP (size �30 nm) was taken in 10 mL distilled water.
1 mL 0.1 M KCl solution was mixed in the solution at room
temperature and magnetically stirred for 12 h to obtain chloride
attached ZnO NP. It is then dried and dispersed in water for further
studies. For Mn-doped ZnO, 5 mM MnCl2 solution was added to the
reaction mixture containing zinc acetate following the same
procedure of synthesis as 30 nm NP.

2.4. Characterization methods

Surface morphology of the NPs was confirmed using Field
Emission Scanning Electron Microscopy (FESEM, QUANTA FEG
250). The grids for TEM analysis were prepared by applying a drop
of diluted solution of the sample on the top of carbon coated TEM
grid [21]. The particle size of the samples were determined from
micrograph recorded of magnification 100000� using and FEI
(Technai S-Twin). X-Ray Diffraction (XRD) pattern were carried out
with a PANalytical XPERTPRO diffractometer to characterize the
crystal phase. For steady state and time resolved optical study, we
have followed the methodology as described in reference [22].
Absorption and emission were monitored using the Shimadzu
UV-2430 and Jubin Yvon Fluorolog respectively. Picosecond
resolved spectroscopic studies were done using a commercial
time correlated single photon counting (TCSPC) setup from
Edinburgh Instruments with instrument response function
(IRF = 80 ps) upon excitation at 375 nm.

For photocatalysis studies, 1 mg photocatalyst was taken in
2 mL deionized water (DI).Methyl Orange (MO) in DI was used as
the test contaminant [23]. The initial concentration of MO was
taken 1 mM for all the experiments. Around 500 mL of 1 mM MO
solution was added to 2 mL solution to make the initial O.D. 0.6 a.u.
@ 461 nm. A homemade UV source (of intensity 300W and
wavelength l � 365 nm) has been used as light source. The mixture
of photocatalyst and contaminant was irradiated with UV
irradiation and absorbance data were collected with an interval
of 10 min. The percentage of degradation (% DE) was determined by
the equation �

%DE ¼ I0 � I
I0

� 100 ð1Þ

where I0 is the initial absorption intensity of MO at lmax = 461 nm
and I is the absorption intensity after UV irradiation.

3. Computational details

First-principles spin-polarized density functional calculations
are performed using Projector augmented wave (PAW) method on
a Zn50O50 cluster in a cubical box of side �23 Å. Before structural
relaxation, the average size of the cluster was �1 nm, so as to
resemble the order of experimental particle-size.
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The exchange-correlation interactions are treated by the
generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) exchange functionals using Vienna Ab-initio
Simulation package (VASP) [24]. An energy cut-off of 500 eV
was used for the plane-wave expansion of PAWs. Keeping in mind
the large box-size and the corresponding tiny Brillouin zone, we
Fig. 1. (a) XRD pattern of ZnO (black) and Mn-doped ZnO (red). (b) FESEM image of 30 nm
Mn-doped ZnO 30 nm NP. The inset shows the SEM image of the region where EDAX has b
(blue), O (red) and Mn (green). High Resolution TEM of (e) ZnO (5 nm NP), (f) Mn-do
interpretation of the references to color in this figure legend, the reader is referred to 
have employed only single k-point (Γ- point) for complete
geometry optimization and electronic structure calculations.
Van der Waal’s interactions are incorporated in this calculation
by using DFT-D2 method of Grimme [25], as implemented in VASP
[24]. The complete cluster assembly is structurally optimized after
permitting relaxation of both lattice parameters and ionic
 ZnO NP. Inset shows SEM image of 30 nm Mn-doped ZnO NP, (c) EDAX spectrum of
een scanned. (d) Elemental mapping images of Mn-doped ZnO NP are shown for Zn
ped ZnO (5 nm NP), (g) ZnO (30 nm NP) and (h) Mn-doped ZnO (30 nm NP). (For
the web version of this article.)



Fig. 2. (a) Absorption spectra of ZnO (black), Mn-doped ZnO (red). Inset shows the
absorption spectra of chloride attached ZnO. (b) Emission spectra of ZnO and
Mn-doped ZnO (red) indicate a significant decrease in intensity after doping. Inset
shows band gap emission spectra of the same samples. The excitation wavelength is
336 nm. (c) Depicts the change in emission spectra of ZnO by addition of increasing
concentration of KCl. The excitation wavelength is 336 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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positions following conjugate gradient algorithm [24] until the
Hellmann-Feynman forces acting on each atom are less than
0.01 eV/ Å.

4. Results and discussion

4.1. Structural characterization

In order to investigate the effect of defect state modulation of
ZnO by interaction of different types of ions, we have synthesized
bare, cation doped and anion-attached ZnO NP samples. Fig. 1a
shows XRD patterns of native ZnO (black) and Mn-ZnO (red). XRD
patterns of Mn-doped ZnO are similar to that of native ZnO and
consistent with the diffraction pattern of pristine bulk ZnO
wurtzite structure as available in the literature [26]. Fig. 1b depicts
the morphology of the as-synthesized ZnO and Mn-doped ZnO
(inset) obtained from FESEM, which indicates no significant
change in grain size. The chemical composition of the Mn-doped
ZnO was confirmed by EDAX analysis as shown in Fig. 1c.From the
EDAX measurement, it is observed that 2.3 wt% of Mn2+ is doped
into the ZnO crystal lattice. Elemental mapping further confirms
the elemental homogeneity of Zn, O and Mn atoms in the Mn-
doped ZnO system as evident from Fig. 1d. The high resolution
transmission electron microscope images of synthesized ZnO and
Mn-doped ZnO sample confirmed the crystallinity of lattice. Fig. 1e
and 1f shows the HRTEM image of ZnO and Mn-doped ZnO (5 nm),
whereas Fig. 1g and 1h shows the same for 30 nm NPs. The fringe
width for 5 nm ZnO and Mn-doped ZnO NPs are 0.264 and
0.262 nm respectively, which corresponds to the spacing between
(002) planes [27,28]. The fringe width for 30 nm ZnO and
Mn-doped ZnO NPs are 0.278 and 0.286 nm respectively,
corresponding to the spacing between (100) planes [28].

4.2. Optical characterization

To explore the optical properties, the steady state absorption
and emission spectra of the ZnO, Mn-doped ZnO and Cl-attached
ZnO (5 nm NPs) were obtained. Fig. 2a shows the UV–vis
absorption spectra of ZnO (black) indicating peaks at 336 nm,
which get shifted to 326 nm for Mn-doped system (red in color).
There is no clear peak shift in case of Cl-attached ZnO (inset).The
shift of absorption edge towards blue end of spectra by Mn doping
suggests an increment in the band gap due to increased population
of all the states close to conduction band as a result of doping
[29,30]. The significant change in absorption spectra suggests a
substitutional doping of Mn2+ in crystal lattice [31] while chloride
ions are expected to get attached at the surface.

The room temperature PL spectrum of ZnO NP is comprised of
two emission bands upon excitation above the band-edge
(lex = 336 nm) as shown in Fig. 2b. The narrow UV band centered
at 377 nm in the emission spectra of ZnO NPs is due to the band gap
emission. The broad emission near the blue green region with a
peak at 530 nm is due to defect centers located near the surface.
The broad emission is composed of two bands: one arises from the
doubly charged vacancy center V0

++ located at 555 nm (P2) and the
other arises from the singly charged vacancy center V0

+ located at
500 nm (P1) [32,33].The emission intensity of Mn-doped ZnO NPs
decreases considerably than ZnO as presence of dopant Mn2+ ion
increases defect states. These may provide competitive pathway
for electron-hole recombination [34]. As supported by our first
principles calculation for ZnO nanocluster, there is a significant
increase in oxygen-vacancy formation energy in presence of Mn
dopant. Inset of Fig. 2b shows band-gap emission after Mn-doping.
Cl-attached ZnO NPs shows lesser green luminescence as shown in
Fig. 2c. The intensity of the green luminescence is decreased with
the increment of Cl concentration in the aqueous solution. As seen
in theoretical calculations, surface attachment of chloride ions
reduce the oxygen vacancy states, which was also experimentally
observed in reference [35]. In addition, introduction of some new
non-radiative relaxation pathways can reduce visible lumines-
cence [36]. The fluorescence decay profile of the ZnO NPs in the
presence and absence of dopant ion was obtained upon excitation
with 375 nm laser and monitored at 530 nm (Fig. 3a). The excited
state lifetime of the ZnO NPs quenches for both the cases of Mn2+

doping or chloride ion attachment. The details of the spectroscopic
parameters and the fitting parameters of the fluorescence decays
are tabulated in Table 1. The decrease in average life time of Mn-
doped ZnO NPs and Cl-attached ZnO NPs can be attributed to a
significant electronic interaction [34] between ZnO and the
corresponding attached ions. Presence of an additional faster
component of 0.3 ns for both Cl-attached ZnO and Mn-doped ZnO
contributes nearly 50% of their decay profiles. It indicates that
there is a significant charge transfer process involved between ZnO
and those ions. The electronic cross-talking indeed proves the



Fig. 3. (a) The picosecond-resolved fluorescence transients of ZnO (black), chloride
attached ZnO (pink) Mn-doped ZnO (red). The excitation wavelength is 375 nm and
the decay profile was collected at 530 nm. (b) Photocatalytic degradation of MO in
the presence of ZnO (black), Mn-doped ZnO (red) Cl attached ZnO (pink) and Cl
attached Mn-doped ZnO (dark red) under UV light irradiation. (c) Photocatalytic
degradation of MO by ZnO (black) and in presence of sodium azide (cyan), ethanol
(fade red) and H2O2 (green) under UV light irradiation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Excited state lifetimes of ZnO, Cl attached ZnO and Mn-doped ZnO.

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

ZnO – 3.4(3%) 5.3(97%) 5.3
Cl-attached ZnO 0.3 (41%) 1.9 (36%) 14.2 (23%) 4.1
Mn-doped ZnO 0.3 (53%) 3.4 (42%) 15.0 (5%) 2.4

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.

Scheme 1. Schematic representation of various electron shuttling pathways in
structurally modulated ZnO nanostructure leading to dissimilar photocatalytic
activity.
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successful interaction of ZnO either with dopant Mn2+ ions or with
the surface attached chloride ions (Scheme 1).

4.3. Application in photocatalysis

In order to investigate the manifestation of the interfacial
charge transfer dynamics in structurally modulated ZnO NPs, the
photocatalytic activity has been studied using methyl orange (MO)
as a model pollutant. Photocatalysis involves charge carrier
generation from oxide based semiconductor nanomaterials and
recognized as a green technology for the purification of water. 5 nm
ZnO NP is not stable in water so we did the photocatalytic
experiment in 30 nm ZnO NP. The photocatalytic activity of the
Cl-attached ZnO NPs and Mn-doped ZnO NPs (of 30 nm NP) for
degradation of MO under UV–vis was compared with ZnO NPs.
Fig. 3b demonstrates the efficient photocatalytic activity of
Cl-attached ZnO (�70%) in comparison to control ZnO (�55%)
under 120 min UV–vis light irradiation (l � 365 nm). However,
Mn-ZnO NPs were used as a positive control to create more defects
in the system. It is found that it exhibits much lower �30% MO
degradation in comparison to ZnO under similar illumination
conditions. Upon attachment of chloride ion on Mn-doped ZnO the
catalytic activity increased to �45%. These observations suggest
that due to efficient charge separation at the interface between
Mn2+ and ZnO, the dopant impurities can generate large capture
cross section for excitons, acting as trap states [37,38]. After
attachment of the chloride ion, the trap states are partially healed
resulting higher photocatalytic activity. However, during photo-
catalytic reaction, photoinduced electrons and holes escape
recombination when it consist of large amount of chloride ions
at the surface which consequently generates (in the presence of
oxygen and water) highly oxidative radicals ROS, that can degrade
the organic pollutants. A large number of reactive species including
h+, OH. are involved in the photocatalytic oxidation process. Hence,
the effects of ROS scavengers and initiator on the degradation of
MO were examined to elucidate the reaction mechanism. The
effects of a scavenger (sodium azide) and initiator (H2O2) on the
degradation efficiency of MO are shown in Fig. 3c. The degradation
efficiency of ZnO for MO is reduced to 35% after adding sodium
azide, whereas it increased to 80% in presence of H2O2. These
observations clearly suggest that the photocatalytic degradation
proceed via ROS mechanism [39].

4.4. First principles computational investigation

4.4.1. ZnO nanocluster
To obtain an insight of catalytic activities of ZnO under

Mn-doping and chloride assisted surface modification, we have
investigated the electronic structure of ZnO-cluster under various
experimentally probable situations. The atom (APDOS) and orbital
projected (OPDOS) density of states for the optimized Zn50O50

cluster in pristine form and in presence of different types for
oxygen vacancies are plotted in Fig. 4(a), (b) and (c), where we have
investigated the impact of surface and core oxygen vacancies. For
bulk ZnO, where Zn2+ with valence configuration 3d104s0 is in
tetrahedral coordination with O2� ligands (2s22p6), there is a band-



Fig. 4. Atom (APDOS) and orbital projected (OPDOS) density of states of (a) ZnO
Nanocluster, (b) ZnO Nanocluster with oxygen vacancy on surface (OVS) and (c) ZnO
Nanocluster with oxygen vacancy in core (OVC). Mn-doped ZnO (d) both of the Mn
is on surface (MnSS), (e) both of the Mn is on surface with a nearest neighbour
oxygen vacancy on surface (MnSS + OVS), (f) one Mn is on surface and another one is
in core (MnSC) and (g) one Mn is on surface and another one is in core with a nearest
neighbour oxygen vacancy on surface (MnSC + OVS). (h) Cl-attached ZnO
Nanocluster, (i) ZnO Nanocluster with oxygen vacancy on surface and a nearby
Cl-adatom and (j) ZnO Nanocluster with oxygen vacancy on surface and a nearby Cl-
ion. The DOS is plotted for all Zn-3d and all O-2p levels.
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gap of � 3.3 eV. For Zn50O50 cluster, due to change of coordination
near surface and surface reconstruction, there are shallow surface
states near Fermi level (EF), constituting of partially unfilled Zn-3d
and O-2p levels of surface Zn and O atoms. There is a gap of � 0.8 eV
in Fig. 4(a), which is well-known to be underestimated for density
functional calculations. Nevertheless, a scaling of the theoretical
value of band-gap to the experimentally obtained value (3.3 eV)
may provide an approximate quantitative estimate of position of
various orbital states. Additionally, qualitative comparison with all
possible experimental situations also enables us to predict the
presence of shallow levels and deep trap states in the system.
In Fig. 4(b) and (c), total and partial DOS are plotted for the same
cluster in presence of single Oxygen vacancy at the surface (OVS)
and at the core (OVC) respectively. In both of these cases, there is a
shift of Fermi-level (EF) towards conduction band, indicating an
n-type doping. In addition, there are defect-induced deep trap
states within band-gap, as can be seen from comparison of
Fig. 4(a)–(c). In nano-sized systems, experimental probability of
occurrence for OVS is much more than OVC. It may also be noted
that the trap state generated in the case of OVS (Fig. 4b) are about
2.63 eV (considering scaling factor as described above) away from
the valance band and very much consistent with the experimen-
tally observed P1 (2.5 eV from valance band) state in the NPs [33].

Fig. 5(a),(b) depict the charge density distribution of the
pristine cluster and OVS cases. Surface charge redistribution in
presence of OVS is evident from Fig. 5(b). The formation energies of
oxygen vacancies for OVS and OVC are calculated to be 4.2 and
5.6 eV respectively, indicating the presence of OVS to be more
energetically favourable.

4.4.2. Mn-doped ZnO
Next, the effects of Mn-doping in Zn50O50 cluster was

investigated for four such experimentally probable situations,
viz. (1) Two Mn (Mn1 and Mn2), substituting two nearest
neighbour (nn) surface Zn atoms (MnSS); (2) MnSS with nearest
neighbour surface oxygen vacancy (MnSS + OVS); (3) Two Mn
substituting one Zn at core and one at surface (MnSC) and (4) MnSC
with nearest neighbour surface oxygen vacancy (MnSC + OVS).
Formation of MnSS system is energetically more favourable than
the MnSC case both with and without OVS. For all these four cases,
ferromagnetically aligned spin of the two Mn ions are lower in
energy compared to antiferromagnetic alignment. The corre-
sponding AP and OPDOS for ferromagnetic alignment are plotted in
Fig. 4(d)–(g). The formation energies of a nearest neighbour OVS
for all these four cases are � 14–15 eV, with the formation
probability being more for MnSS case. However, comparison of
formation energies for pristine system indicates that formation of
OVS is less favourable for Mn-doped cluster.

The magnetic moments acquired by Mn1 and Mn2 are also
higher for surface Mn atoms because of high surface reconstruc-
tion due to surface charge redistribution. Practically, the Mn-doped
experimental system will be a combination of all the above four
combinations. For MnSS cases, relative shift of EF is towards
conduction band, indicating an n-type charge transfer from Mn1
and Mn2 �3d levels to the nn surface Zn-3d and O-2p empty states.
This charge transfer is evident from the highly hybridized Mn1 and
Mn2-3d, Zn-3d and O-2p states in Fig. 4(d) and (e) and also from
the corresponding charge-density plot in Fig. 5(c) and (d). On the
contrary, there is a p-type doping and a reverse charge transfer
from core Zn-3d filled states to the nn core Mn-3d levels for MnSC
cases, as can be seen from Fig. 4(f) and (g). An important outcome
of Mn-doping within Zn50O50 cluster is the appearance of many
deep defect-induced trap-states within the band-gap for all the
four cases (MnSS, MnSS + OVS, MnSC, MnSC + OVS), as can be seen
from Fig. 4(d)–(g). These deep trap states capture the carriers and
act as a recombination generation centers, rendering a reduction of
photocatalytic activities, which has also been observed experi-
mentally. The number and position of trap states are tabulated in
Table 2. To simulate the carrier trapping, we have carried out a total
energy comparison for MnSS and MnSC cases, after increasing the
total number of electrons within the system. Increase in the
number of electrons is observed to induce an increase in the total
energy of the system, implying a loss of stability of the system with
increased number of carriers. We may also mention in passing that
in the current study, we are more interested to focus on the
photocatalytic activities of Mn-doped systems and therefore have



Fig. 5. Charge density plot of (a) ZnO Nanocluster, (b) ZnO Nanocluster with Oxygen
vacancy on surface (c) MnSS (d) MnSS + OVS (e) ZnO Nanocluster with oxygen
vacancy on surface and a nearby Cl-adatom and (f) ZnO Nanocluster with oxygen
vacancy on surface and a nearby Cl-ion. Magenta and red indicate Zinc and Oxygen
respectively. Yellow and green indicate Mn atoms and Cl atom respectively. Red star
symbol stands for oxygen vacancy state at surface. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Number of trap state, position of trap state and nature of trap state of several
configurations of ZnO, Mn-doped ZnO and chloride attached ZnO.

System No of Trap State Position of Trap state
(eV)

Nature of trap state

ZnO pristine – Nil Nil
ZnO + OVS 1 0.63 Surface Defect
ZnO + OVC 1 0.24 Surface Defect
MnSS 1 0.37 Deep
MnSS + OVS 1 0.41 Deep
MnSC 4 0.12, 0.16, 0.36, 0.72 Deep
MnSC + OVS 2 0.15, 0.35 Deep
Cl-attached 1 0.93 Deep
Cl-ad atom 0 Nil Shallow acceptor
Cl-ion 0 Nil Shallow acceptor
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avoided the introduction of electron correlation explicitly (in terms
of Hubbard U) for the narrow Mn-3d levels at EF.

4.4.3. Chloride attached ZnO
To understand the increased photocatalytic activities for

chloride attached systems, we have considered three situations,
viz., (1) Cl-atom substituting an O-atom on the surface of
Zn50O50cluster, (2) Cl-ad atom near an OVS on the same cluster,
(3) Cl-ion near an OVS on the same cluster. All these three cases
are seen to have introduced a p-type doping, where the EF is
shifting towards valence band. The corresponding AP and OPDOS
are plotted in Fig. 4(h)-(j). The extent of p-type doping is highest
for the third case. For case (1), there is very little charge transfer
from surface Zn-3d and O-2p to Cl-3p, as can be seen from
Fig. 4(h), which introduces very little magnetic moment (0.3 mB)
within the system by partially filling the unfilled surface states
of the pristine cluster due to surface reconstruction after
geometrical optimization. For case (2) and (3), in presence of
an OVS, both the Cl ad atom and Cl� ion settle at the OVS place
and gets chemically bonded with the two nn Zn atoms. This
implies that surface oxygen vacancies may be the favourable
Cl-doping sites within the cluster. In these two cases, shallow Cl-
3p induced acceptor levels are generated very near to the
valence band (within �0.1 eV). These acceptor levels are also
highly hybridized with Zn-3d and O-2p levels, indicating a
partial charge transfer from those levels to Cl-3p. Surface charge
redistribution will be also evident from the charge-density plots
as presented in Fig. 5(e) and (f) for cases (2) and (3) respectively.
Due to higher amount of charge transfer, for case (3), the
attached cluster has acquired a higher total magnetic moment
(0.8 mB) than case (2) (0.5 mB). Among these three situations, the
third one is also the lowest in total energy. Presence of shallow
acceptor levels and absence of deep trap-states for Cl-attached
systems may be the root cause behind the halide assisted
increase of photocatalysis. All these three cases, in contrary to
the Mn-doped system, acquire better stability with increase of
the total number of electrons within the system.

5. Conclusion

In the present work, it is shown that defect state modulation of
wide band-gap semiconductor ZnO using halide atom namely
chloride ion can modify its photocatalytic activity significantly.
ZnO NPs, chloride attached ZnO NPs and Mn-doped ZnO NPs (of
size around 5 nm and 25–30 nm) have successfully synthesized
and structurally characterized using SEM, TEM and XRD. The
optical absorption shows a clear indication of Mn2+ doping within
bulk, while Cl� is attached to the surface states. The photocatalytic
activity of structurally modulated ZnO NPs, has been studied using
methyl orange (MO) as a model pollutant. For Cl-attached ZnO,
chloride ion at the surface of ZnO can shuttle the photo-excited
electrons to the surface, resulting in an increased ROS generation
and higher photocatalytic activity. On the contrary, dopant atom
Mn2+ can act as a trapping site for the excitons and consequently
reduce the activity. Upon addition of chloride ion, trap states of
Mn-doped ZnO can also be healed resulting in higher photo-
catalytic activity. The results suggested that tuning of defect states
in semiconductor nanostructures can be extremely beneficial for
diverse photocatalytic activities.
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