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bstract

Manganese-doped and undoped ZnO photocatalysts were synthesized via wet-chemical techniques. Doping of ZnO with manganese (Mn2+)
as intended to create tail states within the band gap of ZnO. These can subsequently be used as efficient photocatalysts which can effectively
egrade organic contaminants only with visible light irradiation. Photocatalysts prepared with these techniques, which were characterized with
ransmission electron microscopy (TEM), infrared spectroscopy (FTIR), photo-co-relation spectroscopy (PCS) and UV–vis-spectroscopy showed
ignificant difference in the optical absorption of Mn-doped ZnO. Enhancement in optical absorption of Mn-doped ZnO indicates that it can be
sed as an efficient photocatalyst under visible light irradiation. The photo-reduction activities of photocatalysts were evaluated using a basic

niline dye, methylene blue (MB) as organic contaminant irradiated only with visible light from tungsten bulb. It was found that manganese-doped
nO (ZnO:Mn2+) bleaches MB much faster than undoped ZnO upon its exposure to the visible light. The experiment demonstrated that the
hoto-degradation efficiency of ZnO:Mn2+ was significantly higher than that of undoped ZnO and might also be better than the conventional metal
xide semiconductor such as TiO2 using MB as a contaminant.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the decomposition of water into hydrogen and oxy-
en on titanium electrode by Fujishima and Honda in 1972
hotocatalysis has been established as an efficient process for
he mineralization of toxic organic compounds, hazardous inor-
anic constituents [1] and bacteria disinfection [2] owing to the
trong oxidizing agent, i.e., hydroxyl radical (OH•) [3]. Some
etal oxide semiconductors like titanium dioxide (TiO2), zinc

xide (ZnO), tungsten oxide (WO3), strontium titanate (SrTiO3),

nd hematite (�-Fe2O3) are proven to be dynamic photocata-
ysts [4]. Most of these semiconductor photocatalysts have band
ap in the ultraviolet (UV) region, i.e., equivalent to or larger
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han 3.2 ev (λ = 387 nm). Therefore, they promote photocatal-
sis upon illumination with UV radiation. Unfortunately solar
pectrum consists only 5–7% of UV light, while 46% and 47%
f the spectrum has visible light and infrared radiation, respec-
ively [5]. This minimal extent of UV light in the solar spectrum
as particularly ruled out the use of natural source of light for
hotocatalytic decomposition of organic and inorganic contam-
nants and bacteria disinfection from water and air on large
cale. Surface and volumetric charge recombination is an addi-
ional obstacle that hinders heterogeneous photocatalysis to be
n efficient purification method.

Till now anatase form of TiO2 has been extensively investi-
ated in the field of photocatalysis owing to its complementary
hysiochemical properties [6]. In order to shift the optical
bsorption of TiO2 to the visible region of solar spectrum and

ircumvent charge recombination on photocatalysts surface,
arious attempts have been made, such as coupling of TiO2
ith gold and SnO2 with silver [7]. However, this scheme was
nsuccessful to increase photocatalytic activities in the visible
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egion. A number of research groups have since approached this
ssue by doping TiO2 with different transition metal ions in an
ffort to lower the transition energy. Fe(III) doping of TiO2 was
eported to have small effect on the efficiency, while Cr(III) dop-
ng has shown reduced photo-reactivity for water cleavage and

2 reduction. TiO2 was doped with vanadium and utilized for
hoto-oxidation of 4-chlorophenol (4-CP), but the results reflect
hat the quantum efficiency of undoped TiO2 was higher than
hat of the vanadium-doped TiO2 [8]. The reduction in quan-
um efficiency of V-doped TiO2 was reasoned for the phase
ransformation of TiO2 from anatase to rutile at higher tem-
eratures. Chio et al. [9] found that doping of TiO2 with Fe3+,
o5+, Ru3+, Os3+, Re5+, V4+, and Rh3+ leads to increase photo-

eactivity in the liquid-phase photo-degradation of chloroform
CHCl3), whereas doping with Co3+ and Al3+ has inverse effect
n the photo-reactivity of TiO2. In a recent study by Klosek
nd Raftery [10] vanadium-doped TiO2 has been employed for
hoto-oxidation of ethanol that showed better photo-reactivity
ut the by-products were carbon monoxide and formic acid
hich are also hazardous. All these unsuccessful efforts of dop-

ng and coupling of TiO2 to tune its band gap for photocatalysis
nder visible light illumination motivated us to dope ZnO with
etal and transition metals for the reduction of organic com-

ounds under visible light.
ZnO has emerged to be more efficient catalyst as far as water

etoxification is concerned because it generates H2O2 more
fficiently [11], it has high reaction and mineralization rates
12]. Also it has more numbers of active sites with high sur-
ace reactivity [13]. ZnO has been demonstrated as an improved
hotocatalyst as compared to commercialized TiO2 based on the
arger initial rates of activities [14] and its absorption efficacy of
olar radiations [15]. However, ZnO has almost the same band
ap (3.2 ev) as TiO2. Surface area and surface defects play an
mportant role in the photocatalytic activities of metal oxide.
he reason is that, doping of metal oxide with metal and/or

ransition metals increases the surface defects [16]. In addition
t affects the optical and electronic properties [17] and can pre-
umably shifts the optical absorption towards the visible region.
his can subsequently activate these modified metal oxide pho-

ocatalysts upon visible light irradiation. Doping of ZnO with
obalt (Co) has been reported [18] to cause hyperchromic shift
n the optical absorption of ZnO, which is attributable to the
hrinkage of the band gap. These changes in ZnO caused by Co
on were assumed to play an important role in the photocatal-
sis. As reported ZnO is better solar photocatalyst than TiO2
nd other metal oxide on the basis of solar radiation absorp-
ion [15]. In addition enhancement in the optical absorption
wing to increase in surface defects by doping with Pb ion
17] and Ag ion [16] urge us to further investigate undoped
nd doped ZnO nanoparticles and its photocatalytic activities.
o improve the photocatalytic activities we doped ZnO with
anganese ion (Mn2+) and carried out studies on photocatalytic

ctivities of Mn-doped ZnO using only visible light as source

f radiation and methylene blue as test contaminant. The pre-
iminary results presented in this work show much promise and
uggest the need to further explore heterogeneous photocataly-
is.
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. Experimental

.1. Preparation of undoped ZnO and Mn-doped ZnO
ZnO:Mn2+)

Colloidal solution of undoped ZnO was prepared based on the
ethod described by Hossain et al. [19] and the same techniques
ere also used with a little modification for Mn-doped ZnO. In a

ypical synthesis 4 mmol of Zinc acetate were dissolved in 40 ml
f ethanol and heated at 50 ◦C along with vigorous stirring for
alf an hour, thus making precursor solution A. Then 4 mmol of
odium hydroxide were dissolved in 40 ml of ethanol and heated
t 50 ◦C along with vigorous stirring for 1 h, making precur-
or solution B. Further more, 0.02 mmol of manganese acetate
dopant) were dissolved in 20 ml of ethanol at 50 ◦C along with
igorous stirring for half an hour, thus making precursor solution
.

In order to make ZnO-doped/undoped colloids, 20 ml of
recursor solution A was complexed with 20 ml of precursor
olution C/20 ml of pure ethanol (to keep the concentration of
inc acetate identical in both doped and undoped synthesis pro-
ess). Both the solutions were heated at 80 ◦C for another half
n hour. After cooling at room temperature, 20 ml of precursor
olution B was mixed in each of above solutions for hydrolysis
n order to transform zinc hydroxide to ZnO. Both the solutions
ere kept in water bath at 60–65 ◦C for 2 h. It was observed

hat solutions started precipitating after 1 h in water bath. After
ooling to room temperature for 4 h, both the colloidal solu-
ions were centrifuged for 20 min at 4000 rpm. Centrifugation
as performed to remove the large sized agglomerates so that
nly nanoparticles of almost uniform size were suspended in the
olution. The nanoparticles thus synthesized were then used for
urther experimental exploration, i.e., photocatalysis.

.2. Assessment of the photocatalytic activities of undoped
nd Mn-doped ZnO nanoparticles

Methylene blue solution was prepared by dissolving 1 �mol
one micro mole) of methylene blue (C16H18ClN3S) in 20 ml
thanol. This solution was then used as a test contaminant for
nvestigating photocatalytic activities of the synthesized ZnO
nd ZnO:Mn2+ nanoparticles. The evaluation was carried out
oth under ultraviolet light and visible light in order to inves-
igate the efficiency of doped ZnO nanoparticles. To examine
hotocatalytic activity of doped and undoped ZnO nanoparticles
ml of colloidal solution (each doped and undoped) and 2 ml of
ure ethanol were mixed with 200 �l (micro liter) of MB solu-
ion, separately in plastic cuvettes. Three samples, ZnO:Mn2+,
nO and pure ethanol, each mixed with 200 �l MB, were pre-
ared and exposed to visible light. Three similar samples were
xposed to UV irradiation (black light) using quartz cuvettes.
isible light from a 500 W tungsten lamp was incident on the

amples, where a water tank (one foot high and one foot wide)

as placed between the light source and the samples in order

o absorb all the infrared and UV radiation originating from the
ight source. Since light intensity is of immense importance for
hotocatalytic processes, it was kept constant at 18.6 klux (mea-
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Fig. 2. UV–vis absorption of ZnO, ZnO:Mn2+, represents difference in the opti-
cal absorption of Mn-doped and undoped ZnO, which indicate that Mn ion can
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ured with light meter from LUTRON, version YK-2001LX)
hrough out the experimental work from the same source of
ight, i.e., tungsten lamp.

.3. Characterization of manganese-doped ZnO
ZnO:Mn2+) nanoparticles

The optical absorption, crystal structure, and sizes of par-
icles were examined with UV–vis spectrophotometer, TEM,
nd PCS. Optical characteristics of Mn-doped (ZnO:Mn2+)
nd undoped ZnO were determined with double beam UV–vis
pectrophotometer (Model SL 164 from ELICO). Structural
haracterizations were carried out with transmission electron
icroscope (JEOL/JEM-2100F version) operated at 200 kV,
ourier transform infrared spectroscope with System 2000FTIR,
erkin Elmer. We used photo-co-relation spectroscopy (PCS)
achine from MALVERN Instrument Zetasizer Nano Model
S Zen3600 fitted with a red laser (633 nm), as it can measure
article size within a range of 0.6–600 nm. Folded capillary cell
DTS1060) was used for zeta potential measurements, and dis-
osable low volume polystyrene (DST0112) cuvette was used
or size measurement.

. Results and discussions

.1. The size and optical absorption of ZnO:Mn2+

anocrystallites

Synthesis of metal oxide nanoparticles through wet-chemical
nd co-precipitation techniques involve the dissolution of metal
alt, i.e., zinc acetate (in our case) to give zinc ion (Zn2+)
nd acetate ion (CH3CHOO−). Similarly, dissolving manganese
cetate gives the corresponding cations and anions. The syn-
hesis of electrostatically stable ZnO nanoparticles is usually

erformed in alcoholic solution to avoid formation of ZnOH
20]. We therefore made a complex of zinc acetate solution
nd dopant solution in ethanol. Fourier transform infrared spec-
roscopy of the hydrolyzed particles (Fig. 1) show strong peaks

ig. 1. FTIR-spectroscopy of zinc acetate complexed with manganese acetate
n ethanol, peaks at 1404 cm−1 corresponds to ZnO and peaks at 674 cm−1and
15 cm−1 corresponds to Mn–O stretching and bending while peaks at
420 cm−1 arises from water not from ZnOH.
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enerate more active site for reaction at energy level lower than the conduction
and of undoped ZnO and thus absorbs visible light via these defect sites causing
nhancement in the optical absorption of ZnO.

t 1562 cm−1 and at 1404 cm−1. The former peak at 1562 cm−1

ndicates the formation of ZnO [21]. Peaks at 674 cm−1 and
14 cm−1 [22] correspond to Mn–O stretching and bending.
hese peaks confirm integration of manganese (Mn) ion with
inc (Zn) ion. UV–vis-spectroscopy of both the undoped and
n-doped ZnO nanoparticles showed evidence of a signifi-

ant divergence in the absorption intensity at the blue region,
s shown in Fig. 2. This huge difference in the optical absorp-
ion of ZnO and ZnO:Mn2+ demonstrates that manganese-doped
nO (ZnO:Mn2+) absorbs more visible light and therefore can
e used as an efficient photocatalyst under visible light irra-
iation. Copper ion-doped and aluminum ion-doped ZnO were
lso prepared with similar techniques as described for Mn-doped
nO. The UV–vis-spectroscopy of all the samples (figure is not
hown) suggested that Mn-doped ZnO absorbs more visible light
han copper-doped and aluminium-doped ZnO and therefore,
as selected for further experimental exploration. This increase

n the absorption intensity in the blue region can be attributed to
he more pronounced doping of ZnO with manganese ion [23].
t demonstrates that manganese doping in ZnO creates more
efect sites as compared to Cu doping [24]. We assumed that
he enhancement in the optical absorption of ZnO:Mn2+ is due
o the increase of defect sites in the crystal structure of the doped
nO when compared to the undoped ZnO, as illustrated [16,17]

n the case of metal ion-doped ZnO. In our case the optimum
opant (Mn) concentration was found to be 1%. This is because
eduction in the optical absorption was observed upon further
ncrease in the dopant concentration. This may be attributed
o the structural changes of ZnO owing to Mn2+ doping [25].
owever, we assume that at high dopant concentration Mn2+

ay react more readily with oxygen to form MnOx instead of
aking interstitial or substitutional site in ZnO crystal.

Doping of ZnO with Mn2+ adds tail states in the vicinity

f the valence band owing to the defect sites and reduces its
ffective band gap. This decrease in the band gap [26], which
ubsequently causes red shift in the optical absorption of Mn2+-
oped ZnO nano\microfilms [27] and nanoparticles [28] has
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ig. 3. Statistical volume % distribution of ZnO:Mn2+ illustrating average par-
icle size of almost the same as SEM analysis.

een reported for lower dopant concentration. Upon irradiation
ith UV–vis light electron–hole pair is generated within the

ffective band gap, i.e., electron transition takes place from the
efect valence state to the defect conduction state. This transi-
ion within the tail states requires smaller excitation energy as
ompared to the native band gap (3.2 ev) of ZnO depending upon
he particular dopant level within the band gap.

Particle size and surface area have key effects on the pho-
ocatalytic activities of photocatalyst. Thus photo-correlation
pectroscopy was performed to measure the average particle
ize and zeta potential of colloids. The average particle size
o obtained was 73 nm while particle having average size of
7.84 nm has the highest volume % as shown in Fig. 3 that
as also been estimated from TEM micrograph. Photocata-
ysts need to be stable, while ZnO is also relatively stable and
s resistant to electrochemical corrosion when used as photo-
athode [29]. Zeta potential of doped colloids was measured

o be −23.4 mV, which indicates relative stability of the col-
oids. Electrostatic stability of colloidal suspension arises from
he electrical double layer in the vicinity of particle [30]. Thus
nO:Mn2+ nanoparticles have OH− on their surface which make

P
d
o
s

Fig. 4. TEM micrograph of ZnO, ZnO:Mn2+ reveals polycrysta
s Materials 156 (2008) 194–200 197

he surface negatively charged. Thus Na ion (Na+) existing in the
olution makes an other layer around the particle and hence cre-
ting electrical double layer around ZnO:Mn2+. This electrical
ouble layer is responsible for particle stability. TEM analysis
f the ZnO and ZnO:Mn2+ particles was performed after dry-
ng the samples on TEM grid for more than 12 h. The TEM

icrographs showed crystalline size of 3–5 nm, agglomerated
nto polycrystalline structures of different sizes ranging from
1 nm to 73 nm on average as shown in Fig. 4. Crystallographic
lanes (shown in Fig. 5) of ZnO and ZnO:Mn2+ were determined
pplying fast Fourier transform (FFT) and inverse FFT analy-
is to the transmission electron micrograph. The imaged lattice
pacing amounts to 1.6 Å and 1.9 Å corresponding to (1 1 0) and
1 0 2) planes confirming the wurtzite structure of ZnO [31,32]
anocrystallites.

.2. Evaluation of the photocatalytic activities of ZnO and
nO:Mn2+ nanoparticles

The photocatalytic activities of undoped ZnO and ZnO:Mn2+

ere carried out using UV light and visible light. MB was used
s a test contaminant since it has been extensively used as an
ndicator for the photocatalytic activities [16,33] owing to its
bsorption peaks in the visible range. Hence its degradation can
e easily monitored by optical absorption spectroscopy. Further-
ore, a large portion of water-borne pollutants is known to be

rom synthetic textile dye and industrial dyes stuffs. First photo-
egradation of methylene blue (MB) was carried with ZnO and
nO:Mn2+ by irradiating mixture of photocatalyst and MB with
ltraviolet light (UV). It was observed that undoped ZnO decol-
rizes MB faster than doped ZnO. It was also observed that about
0% of MB degraded within 10 min by ZnO while it took 30 min
or ZnO:Mn2+ to bleach the same quantity of MB as used for
ndoped nanoparticles (shown in Figs. 6 and 7, respectively).

hotocatalytic activity of undoped ZnO is attributed both to the
onor states caused by the large number of defect sites such as
xygen vacancies and interstitial zinc atom and to the acceptor
tates which arise from zinc vacancies and interstitial oxy-

lline structure with average crystal size of about 3–5 nm.
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Fig. 5. TEM micrograph of ZnO (A)and ZnO:Mn2+(D) and the corresponding FFT
TEM images and the left top of the images (C, F) are corresponding crystallographic
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Fig. 10).
Fig. 6. Photo-reduction of MB with ZnO and UV light.

en atoms [34]. Oxygen vacancies located at energy positions
.35–2.50 eV is responsible for green luminescence upon illu-
ination with UV light. Here we assume that interfacial electron
ransfer takes place predominantly between these donor states
oxygen vacancies and interstitial Zn atom) and MB instead of
adiative charge recombination which causes green emission in

Fig. 7. Photo-reduction of MB using ZnO:Mn2+ and UV light.

v
v

and inverse FFT. The inset at the right top (B, E) is the processed FFT of the
planes obtained from reverse FFT of inset B and E, respectively.

nO. Being a cationic dye MB acquires electron from excited
onor states and decomposes. Lower photo-degradation of MB
ith UV and doped ZnO (ZnO:Mn2+) may be attributed to the

hange in absorption characteristics caused by Mn2+ doping.
e assume that this lower photo-degradation maybe due to the

aster recombination of electron–hole pair [35]. Degradation of
B was also examined using ZnO and ZnO:Mn2+ without light

rradiation. Samples were kept in dark for more than 6 h but
here was no degradation at all as shown in Fig. 10 (topmost
urve). Only methylene blue dissolved in water shows very
mall degradation (second curve in Fig. 10) when irradiated
ith visible light. This smaller degradation of MB might be
ue to the interaction of MB with OH• radical originated from
ater [36]. We assume that unlike water, irradiation of ethanol
ith visible light may not lead to the generation of hydroxyl

adical, which could subsequently degrade MB. Therefore, no
egradation of MB was observed when mixed with ethanol
nd exposed to visible light (as shown in the topmost curve of
Photo-degradation rate of MB with ZnO:Mn2+ irradiated with
isible light was much faster than with ZnO irradiated with
isible light and ZnO irradiated with UV light as shown in

Fig. 8. Photo-reduction of MB with ZnO and visible light.
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Fig. 11. Percentage photo-reduction of MB using ZnO, ZnO:Mn2+,UV light,
and visible light, where the right most one within each group is the percentage
removal of MB with visible light and ZnO:Mn2+. MB in vis: only methylene
blue irradiated with visible light; DMB in UV: doped ZnO (ZnO:Mn2+) and
methylene blue irradiated with UV light; UMB in UV: undoped and methylene
b
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Fig. 9. Photo-reduction of MB with ZnO:Mn2+ and visible light.

igs. 8 and 9, respectively. It took only 5 min for ZnO:Mn2+ to
ecolorize 50% of MB while for ZnO it took more than 20 min
o decolorize the similar amount of MB. This faster degradation
ate of MB under visible light irradiation using ZnO:Mn2+ is
ttributed to the increase in defect sites caused by Mn2+ dop-
ng, leading to an enhanced optical absorption in the visible
egion. Comparison of the photo-reduction rate of MB with
nO:Mn2+/visible light, ZnO:Mn2+/UV light, ZnO/visible light,
nO/UV light, and ZnO:Mn2+, ZnO kept in dark is shown in
ig. 10. This clearly demonstrates that ZnO doped with Mn2+
ZnO:Mn2+) degrades MB more efficiently than undoped ZnO.
t is evident that doping of ZnO with transition metals like Mn
nhances photocatalytic activities of ZnO, and hence ZnO:Mn2+

s capable of degrading MB and other organic dyes even with

ig. 10. Photo-reduction of MB with respect to time using doped and undoped
nO exposed to UV light, visible light and kept in dark. Only MB (without
hotocatalysts) exposed to UV light, visible light and kept in dark. The topmost
urve represents ZnO doped and undoped mixed with MB and only MB mixed in
ure ethanol/water kept for more than 6 h in dark, which did not show degradation
f MB in the absence of light. Second curve correspond to MB dissolved in water
nd expose to light which shows a slight degradation, because of OH− in water.
hird curve corresponds to MB mixed with ZnO:Mn2+ and was exposed to UV,
hile the fourth curve from undoped ZnO mixed with MB and exposed to UV

llustrate that, undoped ZnO has better photo-degradation response than doped
nO using UV light. Curves fifth and sixth are from undoped ZnO and ZnO:Mn2+

ixed with MB and exposed to only visible light, which clearly indicates the
ffect of Mn doping on ZnO photocatalytic activity, i.e., on photo-degradation
f MB.
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lue irradiated with UV light; UMB in vis: undoped ZnO and methylene blue
rradiated with visible light; DMB in vis: doped ZnO (ZnO:Mn2+) and methylene
lue irradiated with visible light.

he visible light irradiation. Here, we assumed that upon illu-
ination with visible light, ZnO:Mn2+ generates electron–hole

air at the tail states of conduction band and valence band,
espectively. The generated electron transfers to the adsorbed

B molecule on the particle surface because it is a cationic dye.
he excited electron from the photocatalyst conduction band
nters into the molecular structure of MB and disrupts its con-
ugated system which then leads to the complete decomposition
f MB. Hole at the valence band generates OH• via reaction
ith water or OH−, might be used for oxidation of other organic

ompounds. Percentage photo-reduction of MB using doped and
ndoped ZnO irradiated with UV and visible light is also shown
n Fig. 11. This clearly demonstrates that ZnO doped with man-
anese (ZnO:Mn2+) can be used as a potential photocatalyst,
hich can operate at visible light.

. Conclusion

From literature it is well known that ZnO is a wide and a
irect band gap material that has been shown to demonstrate
hotocatalytic activities. We therefore, synthesized Mn-doped
nO nanocrystals for the first time using wet-chemical precip-

tation techniques. The newly synthesized ZnO:Mn2+ has been
bserved as an excellent photocatalyst under visible illumina-
ion. ZnO:Mn2+ photocatalysts showed promising results for
egradation of organic dye with visible light irradiation when
sed as suspended colloids. From the results we conclude that the
hotocatalytic activities of doped ZnO nanoparticles are close
o 50 times higher than ZnO under visible light irradiation.
hese preliminary results suggest that ZnO:Mn2+ nanoparti-
les can be used as immobilized photocatalysts for water and
nvironmental detoxification from organic compounds, inor-

anic compounds like arsenic and bacteria. The development
f such photocatalysts may be considered a breakthrough in
arge-scale utilization of heterogeneous photocatalysis via vis-
ble light to address water contamination and environmental
ollution.
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