Selectively Doped Zinc Oxide Polyscale Designer Particulates

Abstract
Hydrothermal synthesis of selectively doped zinc oxide (ZnQO) polyscale designer particulates

was carried out at temperatures 150 to 250°C with an autogeneous pressure and experimental
duration 12 to 40 hours. ZnO was selectively doped with Cr, Fe, Mn, Cd, Sn, In, Ag, Nd, Mo and
W in different concentrations (1 to 5 w%). The molarity of ZnO was varied from 1M to 4 M in
the starting material. Caprylic acid and n-butylamine were used as surfactants to modify the
surface charge and to control the size, shape and agglomeration of the ZnO particles. NaOH,
KOH, HCI, H2SO4 and HNOs were used as mineralizers in the synthesis experiments. The
resultant products were subjected to a systematic characterization using powder XRD, FTIR
spectroscopy, SEM, DLS and photoluminescence spectroscopy. Tailoring of the morphology,
size and properties could be achieved for these ZnO designer particulates through selective

doping, surface modifier and also mineralizer.

Introduction

Zinc oxide (ZnO) is an important wide band gap semiconductor (AE =3.37¢V at 300 K) with a
large exciton energy of 60 meV and thermal energy of 27 meV, and is subject to research as a
heterogeneous photocatalyst over the last few years due to its potential to decompose a wide
range of organic compounds in water and air at ambient temperature. 1-*Besides, ZnO possesses a
set of unique mechanical, electrical, and optical properties with a combination of high stability,
very high melting point with valuable device potential for piezoelectric transducers, gas sensors,
optical waveguide, transparent conductive films, varistors, solar cell windows, bulk acoustic
wave devices.*® Due to bright UV-luminescence, ZnO is a perspective material for manufacture
of UV-light emitting diodes, UV-lasers operating at room temperature and display devices.
Moreover, ZnO quantum dots with very low toxicity, high photo stability, biofriendly and
biodegradable have been demonstrated. "1° Hence, ZnO can be used as a possible replacement
for conventional tags and toxic quantum dots like CdTe, CdSe, etc. for biomedical applications.
10 In recent years, in situ shape and size control of materials have become an important part of

materials processing.



Several preparative methods covering both physical and chemical methods have been adopted to
synthesize ZnO both as bulk to nanosize particles, films and coatings, etc. However, the physical
methods like vapour phase deposition insist upon the extreme operating conditions, which
become cumbersome for routine and large scale synthesis. In contrary, the chemical methods like
sol-gel, chemical bath, electrochemistry and novel solution routes like hydrothermal,
solvothermal and supercritical hydrothermal processes have several advantages owing to the
homogeneous or heterogeneous chemical reaction in a closed system through a highly controlled
diffusion leading to the formation of polyscale designer particulates with desired morphology
and size. 1*1* Several approaches have been adopted by various researchers to control the shape
and size and in turn the properties of materials. Amongst them selective doping, precursors used,
surfactants, synthesis method, etc. are important ones. In case of ZnO, selective doping is being
extensively adopted in order to modify its electronic structure and other physico-chemical
properties. The structure of ZnO shows hexagonal symmetry group P6smc making possible the
lodging of a wide range of atoms, diffusion of the atoms by crystalline lattice or formation of
even the respective solid solutions.'**® Similarly, surfactants are used largely to control the size,
shape and agglomeration of the resultant products. Surfactants also help in modifying the surface
charge of crystals and particles, such that, the material becomes either hydrophobic or
hydrophilic. Also metal oxides supported with various other oxides for enhanced catalytic
applications can be fabricated.’®*” Here the authors use the term polyscale designer particulates,
because of size variation from micron size to nanosize of ZnO particles.’® In the present work,
authors report the hydrothermal synthesis of selectively doped ZnO polyscale designer
particulates. The ZnO molarity was varied from 1M - 4M. Metal doping was done with a variety
of metals both large and small ion size like Mo, W, Cr, Mn, Fe, Sn, Ag, In, Nd, Cd, etc. with and
without surface modifier. The doping of metals is expected to alter the electronic state through
the creation of oxygen deficiencies and non-stoichiometry, which in turn varies the
photocatalytic properties. Further, doping can alter the morphology of particles, agglomeration,
dispersion, and also the size of ZnO particles. Hence the present authors have discussed the
hydrothermal synthesis, metal doping, surface modification, and a systematic characterization of
ZnO polyscale designer particulates.

Experimental



In the hydrothermal preparation of selectively doped ZnO particles with the size ranging from
ultrafine particles to nanoparticles, experiments were carried out using General Purpose
autoclaves made up of SS316 (Fig. 1) designed and fabricated at the University of Mysore. India.
The autoclaves were provided with Teflon liners (30 ml capacity). The chemical reagents used in
the synthesis of selectively doped ZnO polyscale designer particulates are listed in Table 1. A
desired amount of zinc oxide with a required molarity was taken as a starting material and a
respective dopant was added into it in a required percentage of 1 - 5wt %. A mineralizer of either
acidic or basic nature with a definite concentration of 1N - 1.5N was added to the precursors. For
experiments in the presence of a surface modifier, the required amount of n-butylamine or
caprylic acid was added into the above mentioned mixture and stirred vigorously for about 10
min. The final mixture was then transferred into Teflon liner, which was later placed inside the
autoclave. The initial pH was recorded for this precursor. The pressure inside the autoclave was
maintained through percentage fill of precursors in the Teflon liners. The autoclave assembly
was placed inside the furnace with a temperature programmer. The experimental temperature
was varied from 150 - 250°C depending upon precursors and surface modifier. The experimental
procedure is shown in the flow chart (Fig. 2). The characteristic experimental conditions used in
the synthesis of selectively doped ZnO polyscale designer particulates are given in Table 2. The
crystallization was carried out using spontaneous nucleation and kinetics of crystallization was
controlled by varying the experimental parameters such as solvent concentration, surfactant, pH,
experimental temperature, duration, dopant metal, ZnO molarity, etc. These experimental

parameters play a dominant role in controlling the morphology, size and also properties.

After the hydrothermal treatment, the autoclave was quenched and Teflon liner was taken
out. The final pH was measured. The resultant product was transferred into a clean beaker and
washed with double distilled water. The surplus solution in the resultant product was removed
using a syringe and the remnants were centrifuged for 20 minutes at 3000 rpm. The product was
recovered and dried in a hot air oven at 50° C for a few hours. The presence of surfactants greatly
influences the surface charge and also the size %22, When n-butylamine was used, the product
was hydrophilic. In contrary, when caprylic acid was used, the resultant product was
hydrophobic. The dried particles were subjected to a systematic characterization using powder

XRD, FTIR, SEM, DLS, and photoluminescence spectroscopy.



The addition of surface modifiers also helps to inhibit the crystal growth that facilitates the
smaller particles size with a narrow particle size distribution. When the pH of the reaction
medium is highly acidic or highly basic, very small particles along with the large particles are
formed leading to a broader size distribution. It seems that because of redissolving of
nanoparticles at very high and low pH, Ostwald repining occurs. Therefore, in surface
modification, pH of the medium, isolectric point (IEP) and another important parameter, viz.
dissociation constant (pKa) of the modifiers are very important. At pH below pKa, the modifier
does not dissociate. Moreover, below IEP, the surface of metal oxide nanoparticles is surrounded
by positive charges (major) and hydroxylic groups (minor). Under these conditions there is no
chemical reaction occurring between the modifier and the metal oxide nanoparticle surface, but it
is only through a strong hydrogen bonding the modifier can attach to the nanoparticles surface.
In contrary, at higher pH than pKa, dissociation of modifier takes place and results in chemical
reaction between dissociated part of modifier and OH" from particles surface. Thus, by
dehydration reaction modifier attaches to the surface of the particles. By considering the
chemical reactions, mass balances, charge balance in the actual system, pH and the modifier can
be fixed for most of the systems. The other important point to be noted here in these
hydrothermal experiments with surfactants is that the initial pH and final pH do not vary much
like in the case of conventional hydrothermal experiments without surface modifiers. These
modifiers help to maintain the desired pH and the ionic strength of the solvent in the
hydrothermal media, and hence they play a very important role during hydrothermal
crystallization. With a rise in the molarity of ZnO, the formation of ZnO ceases in spite of

maintaining other parameters constant.

Characterization

The selectively doped ZnO polyscale designer particulates were characterized using various
analytical techniques. The powder X-ray diffraction (XRD) patterns were recorded using a
RIGAKU system (Ultima 111 series, TSX System and Miniflex XRD, Japan). The scanning range
was 10-80° (26) with scanning speed of 2° min with CuKa, A=1.542 A, radiation voltage = 40
KV, Current=40 mA. The Fourier transform infrared (FTIR) spectra were recorded in the range
4000-400 cm™ using JASCO-460 Plus, Japan, at a resolution of 4 cm™. The sample was



dispersed in KBr in the ratio 100: 1 = KBr: Sample. Scanning electron microscopy (SEM)
images were taken using field emission SEM (FESEM, HITACHI, S-4200, Japan). The optical
properties were studied using UV-Vis Spectrophotometer (Minispec Sl 171, ELICO, India). The
particle size of selectively doped ZnO polyscale designer particulates was measured using
dynamic light scattering (DLS) method (HORIBA, LB-550, Japan). The unpolarized
photoluminescence (PL) was measured at 10K. The photoluminescence signal from excitation
with a He-Cd laser (A = 325 nm, Pout = 1-1.6 mW) after dispersion on a 30 cm triple grating
monochromator was detected by a CCD camera (Princeton Instruments Inc., USA).

Results and discussion

The products were highly crystallized and the powder XRD analysis reveals wurtzite structure
with all peaks matching with the standard JCPDS file (PDF File No0.36-1451), space group
P6smc of dihexagonal pyramidal class. The cell parameters of doped ZnO were calculated using
check cell software. 23 Table 3 gives the cell parameters of the selectively doped ZnO polyscale
designer particulates. Fig. 3a-h show characteristic XRD patterns for doped ZnO polyscale
designer particulates. The cell parameters change slightly with respect to the type of dopant used
and the amount of dopant used is constant (1 wt%) in all cases. Also there is no regularity in the
increase or decrease in the lengths of the a or ¢ axes and also the volume of the selectively doped
ZnO. It is interesting to note that the XRD data does not vary for doped ZnO polyscale designer
particulates obtained in the presence or absence of the surfactant. However, it is interesting to
observe variation in the phase homogeneity with respect to the concentration and type of the
dopant metal. Also it was observed that not all the dopant metals used in the present
experimental work enter into the ZnO structure homogeneously irrespective of the concentration
variation from 1 to 5 wt% in some cases even 10 wt%. When Sn and Ag were used as dopants in
small quantity like 1 wt%, there is a homogeneous structure of ZnO and the powder XRD
patterns do not vary from the standard ones (Fig.3a,b). Even the optical quality of these polyscale
designer particulates is very high as observed from the PL spectra. In fact, the optical quality is
enhanced in these cases. However, when the concentration of these metals is increased, a
compositional inhomogeneity was observed both from XRD, SEM and PL spectra. These
dopants form their chlorides what is clearly observed from the XRD patterns and SEM images.
Therefore, 1 wt% Ag or Sn doping enhances both optical quality (as observed from PL spectra)



and photocatalytic property of ZnO significantly (as observed from the organics degradation
studies discussed later). In contrary to this, the dopants like Cd, Mo, W, and Nd clearly indicate a
kind of phase inhomogeneity in the product, and the XRD patterns indicate a kind of mixed
phases such as ZnO, with unreacted reagents / sources of dopants, or some hydroxides, and
chlorides of dopant metals, even when these dopants are used in small concentration (Fig. 3c-g).
The FTIR spectroscopy data reveals that as the dopant metal and its percent concentration are
changed, there is a shift of peak positions in the ZnO band region (Fig. 4a-c). As evident from
Fig. 4, it is observed that peaks occurring in the region 400-500 cm™ are due to the stretching
mode of the Zn-O bond. In contrast the characteristic absorption band of ZnO shifts from 438-
453 cm for the doped ZnO polyscale designer particulates. The absorption band in the region
3000 — 3800 cm™ corresponds to OH™ mode. The stretching bands in the region 500-1020 cm
correspond to O - dopant metal - O bond as observed from Figure.4. The band in the region
1003 - 1012 cm™ is due to the symmetrical mode of W- 0 stretching mode of the tungsten oxide
complex. Similarly, the Cd — O bond shows the highest stretching frequency at 993 cm™ and Mo
shows the stretching frequency at 817 cm™L. Further from Fig. 4, it is observed that the bands in
the region 1633 cm™, 1500 cm™, 1352 cm™, 1352 cmt, and 698 cm™ represent S(HOH), §(OH),
and y(OH) mode 24252829

SEM images were recorded for the representative samples of selectively doped ZnO polyscale
designer particulates in order to know the influence of dopant metal on the morphology and also
the particle size. In the present study of crystal morphology of doped ZnO varies from several
micron size to nanosize particulates. The observations made from the SEM study well correlate
with the powder XRD data. Fig. 5a-j show the representative morphologies obtained for
selectively doped ZnO polyscale designer particulates. The morphology on the whole is
represented as hexagonal plates, rectangular, short/long hexagonal prisms, fibrous, irregular, etc.
On the whole the selectively doped ZnO polyscale designer particulates show well developed
morphology, particularly when 1 wt% ZnO was used in the starting materials. Also particles are
less agglomerated, because of the presence of surfactant. When no surfactant was added in the
starting precursors, the products appeared more agglomerated and this was also observed in
experiments with higher molarity of ZnO in the starting materials.  The surfactants are the fatty

acids and become miscible with aqueous solutions at higher temperature or supercritical



temperature and contribute to the formation of ZnO polyscale designer particulates with desired
size and shape. A combination of inorganic materials at the nano-size with the organic molecules
could solve several problems encountered in the application of nanoparticles, and it led to the
emergence of the in situ surface modification of nanoparticles with a great variety of organic
surface modifiers, which bring in a perfect dispersion of the nanoparticles in solvents or in
polymers. In order to resolve the problem of particle aggregation, to achieve the perfect control
over the size and morphology of the particles, and to obtain a desired surface property to the
nanoparticles, a new processing strategy has been proposed .26-29 1922 This strategy is highly
effective for the synthesis of organic-ligand assisted hydrothermal technology. The method
yields perfect hybrid organic-inorganic nanoparticles with very high dispersibility, and a precise
control over the size and shape of the nanoparticles. The organic components are introduced into
the system during the hydrothermal synthesis and in situ surface modification is obtained with an
ultra-thin layer of organics surrounding the inorganic unlike the case of silane coupling on the
metal oxides. The organic ligands and supercritical water form a homogeneous phase and it is
known that under these conditions water molecules themselves work as acid or base catalyst for
various organic reactions. Depending upon the applications of nanoparticles, one can select
suitable functional groups to introduce hydrophaobicity or hydrophilicity property to the surface
of the modified nanoparticles. In agueous systems, metal oxide particles are hydrated and M-OH
groups cover completely their surface and the surface is neutral. The M-OH sites on the surface
of particles can react with H" or OH" ions from dissolved acids or bases, and positive (M-OH?*")
or negative (M-O") charges develop on the surface, and type of the reaction depends on pH of the
solution. In the absence of specific adsorption of ions, amphoteric metal oxides have a
characteristic pH, the pH of the point of zero charge (PZC), where the net surface charge is zero,
i.e. the positive and negative sites are in equal amount (isoelectric point, iep). At pH lower than
iep, the pure metal oxide surface is positively charged, while it has negative charge above it. 30-3?
23-25 Normally the modifiers attach onto the surface of the nanoparticles either by physisorption
or chemisorptions through a strong hydrogen bond. If we consider R-COOH as modifier reagents
in a highly acidic pH of the reaction medium, the dissociation of modifier does not occur and the
conjugation is due to the strong hydrogen bonding between hydroxylic groups on the surface of
nanoparticles and functional groups of modifier .33 2 If the pH of the reaction medium is in the

range of modifier dissociation, another type of interaction between the modifier and the metal



oxide surfaces is expected. **27 Similar chemical bonding is expected even for amines or alcohol
or aldehyde as the organic ligands in the system.

The crystal size varies from 25 um (as in the case of Mo doping Fig.5g) — 10 nm. Hence the
authors have used the term polyscale designer particulates in the present work, and this SEM
based size data matches well with the DLS data. Here it is appropriate to mention that the
surfactants contribute greatly on the size of the ZnO designer particulates, and the size is reduced
when the surfactant is used. When the molarity of the ZnO in the raw material is increased to
4M, the ZnO particulates tend to loose their facets and become fibrous and porous (Fig 5 j). On
the whole as observed from SEM images that lower concentration of dopants result in the
formation of particles with well developed morphology for ZnO, and the same in the presence of
surfactant result in the formation of small size designer particulates with lower aspect ratio.
When the dopant concentration is high irrespective of the presence or absence of surfactants, it
results in the formation of highly irregular, acicular, fibrous, particulates and often as mixed
phases.

Dynamic light scattering study for the evaluation of the size distribution profile was carried
out for the doped ZnO ultra fine to nanosize designer particulates. The histograms showing the
distribution of the population of particles with respect to the particle size for the characteristic

samples of selectively doped ZnO designer particulates are given in Fig. 6a-c.

Photoluminescence (PL) spectroscopy is a nondestructive and highly sensitive method of
probing the optical quality of materials. The PL emission originates from the surface-near
volume of a material, and is sensitive to surface defects and chemical homogeneity of the

material, especially when the dopant is added to the host material.

In the present work PL studies of ZnO polyscale designer particulates selectively doped with
Cd, Mo, W, Nd, Sn, Ag in different concentrations and with 1M ZnO in the nutrient have been
carried out to understand the change in electronic and also crystal chemical properties of ZnO
with respect to the dopant metal and its concentration. Fig. 7a-f show the results from PL
measurements the near band edge emission in the range 2.8 — 3.5 eV upon laser excitation at Aem
= 325 nm (3.815 EV). Generally, for high-quality ZnO we do find the donor bound exciton
(D°X) related peak emission around 3.36 eV (depending on the donor ion) and different states of



free A-excitons (FXa) peaking around 3.377 eV and 3.42 eV, respectively. On the low energy
side is the two electron satellite (TES; 2s and 2p state) transitions of the neutral donor bound
exciton recombination peaking between 3.31 and 3.33 eV.®* bm The longitudinal phonon
replicas from D°X , D®Xn,.0 with n = 1 to 4 are clearly obtained at 3.2907, 3.2178, 3.1462, and
3.0734 eV, respectively.

The doping of ZnO with Cd, Mo, W, and Nd show a stronger TES than D°X peak in terms of
absolute intensity (Fig.7a-d). In contrary, Ag and Sn are quite interesting as dopants and the TES
peaks are not stronger than D°X peaks (Fig.7e,f). Further observed from the PL spectra, lower
concentration of 1 to 3 wt % Cd is acceptable within the ZnO lattice, and with 10 wt % Cd, D°X
is very small, pointing to poor optical quality as a result of increased defect concentration in the
crystal lattice. Free exciton emission for 1 and 3 wt % doping is clearly visible, but absent for 10
wt% doping. Clearly, a higher concentration of Cd is worsening the optical quality of ZnO. The
same holds true for the case of Mo doping, where lower concentration of Mo leads to obtain
optically good quality ZnO, and higher concentration of Mo leads to the structural distortion and
it contributes to the worsening of the photocatalytic properties also. Figure 8a shows the
photocatalytic efficiency under the exposure of ultraviolet light for Mo doped ZnO in the
treatment of textile effluents, which are rich in toxic organic dyes. Structurally both Cd and Mo
have similar effect on ZnO. Likewise, surplus doping with W and Nd worsens the quality of ZnO
rather behaving like metals due to the Burstein-Moss shift.® n-type semiconductor properties
will be obtained. In contrary, the 1 wt % doping of Sn gives highest emission peak at 3.36 eV,
and 5 wt% and 10 wt% doping with Sn do not alter this emission, but the intensity is reduced.
The free exciton energy is clearly visible pointing to higher optical quality. To conclude, a lower
concentration of Sn is getting into the structure independent of its initial concentration. Doping
of ZnO with Ag has given very interesting results which could be well correlated with the
powder X-ray diffraction and SEM data. Surplus Ag doping like 10 wt% lead to the formation of
heterogeneous structures and we can even observe separate formation of AgClz phase attaching
onto the surface of ZnO. But lower concentrations of Ag doping leads to the synthesis of ZnO
with higher optical quality and the emission peaks correspond to the 3.36 eV due to D°X.
However, with the variation in the concentration of Ag, the intensity of TES peaks does not vary;
whereas the intensity of emission peaks at 3.36 eV vary significantly upon 10wt% doping. Thus

both smaller concentrations of Ag and Sn as dopants enhance the optical quality of ZnO and in



turn the photocatalytic properties also enhanced significantly. Figure 8b shows the photocatalytic
efficiency of Sn doped ZnO in the treatment of pharmaceutical effluent under the exposure of
sun light. Therefore, selective doping of ZnO with an appropriate dopant in a specific
concentration can lead to the formation of higher optical grade ZnO polyscale designer
particulates. The hydrothermally prepared selectively doped ZnO polyscale designer particulates
show far emission to near visible light emission between 369.4 - 401 nm with an improvement in
the photoluminescence property, i.e. the photoluminescence emission wavelength shifts from UV
region to visible region, when compared with commercial and synthetic pure ZnO sample.>-383-
3 From the above observations, it can be concluded that by the doping with the above metal ions
into ZnO host lattice the bandgap of the photocatalytic compounds can be altered and that in turn

will affect the photocatalytic properties.

Conclusion

Hydrothermal synthesis of ZnO under mild PT conditions in the presence of a variety of metal
ions and an appropriate surface modifier has led to the formation of tailored morphology, size
and properties for the resultant products. Depending upon the type of dopant metal and its
concentration, the morphology of the ZnO varied from hexagonal plates, hexagonal prisms,
rectangular plates, sub-rounded particles, fibres, needles, etc. Also when the molarity of the ZnO
in the starting material was increased to 4M, the product becomes more fibrous and porous.
Beyond this molarity, the crystallization of ZnO ceases. The size of the ZnO particles varied
from 25 um — 10 nm depending upon the experimental parameters. All the resultant products had
high degree of crystallinity. The use of surfactant assisted in reducing the size and agglomeration
of the designer particulates. The concentration of the surfactant is also an important parameter in
order to bring down the size and shape of the particles. Caprylic acid resulted in the synthesis of
hydrophobic ZnO particles, where as n-butylamine resulted in the synthesis of hydrophilic ZnO
particles. XRD data revealed homogeneous product. FTIR spectroscopy data indicated the
presence of these surface modifiers and also the appearance of the dopant metal — oxygen bands.
SEM images show well developed morphology for the ZnO particles. The crystals are on the
whole well faceted showing large hexagonal plates, rectangular plates, prismatic rods, etc.
Photoluminescence spectroscopy studies indicated the change in the bandgap and the emission

shifting from UV region to visible region, when compared with commercial and synthetic pure



ZnO sample. This would be highly useful in the photocatalytic application and also in the
fabrication of UV-sensor devices.
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Fig. 1. Hydrothermal autoclave, Teflon liner, and schematic diagram of the cross section of
the autoclave used in the synthesis of selectively doped ZnO polyscale designer
particulates.

Precursors: L.R. grade ZnO, ZnCl, and metal
oxides/chlorides/nitrates for doping — Cr, Mn, Fe, Cd, Sn,

Ag, Nd, In, Mo, W, etc.
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l Mineralizer: HCI, HNO3, H2SO4, NaOH, KOH l

4

Surfactant: Caprvlic acid / n-butylamine

l Hydrothermal run l

Temperature = 150 to 250°C
Pressure = Autogeneous

| ZnO/Doped ZnO product l

Experimental duration = 12-40 hrs

Fig. 2. Flow Chart of the hydrothermal reaction for ZnO synthesis
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Fig. 3a. X-ray diffraction pattern of Sn doped ZnO
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Fig. 3b: X-ray diffraction pattern of Ag doped ZnO
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Fig. 3d. X-ray diffraction pattern of In doped ZnO
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Fig. 3e: X-ray diffraction pattern of Cr doped ZnO
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Fig. 3f: X-ray diffraction pattern of Mo doped ZnO
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Fig. 4a. FTIR spectra of W®*doped ZnO
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Fig. 4b. FTIR spectra of Mo doped ZnO



150

100

1)
a0

0
4000 3000 2000 1000 400

Wavenumber [cm-1]

mmm 1%dopant, s 2%dopant, mmmm 3%dopant, pmy 5%dopant, g 10%dopant

Fig. 4c. FTIR spectra of In doped ZnO.



Fig. 5a. SEM image of Sn**:Zn0 (1 Wt%)

Fig. 5b. SEM image of Nd**:ZnO (1 Wt%)



Fig. 5¢. SEM image of In®:ZnO (1 Wt%)
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Fig. 5d. SEM image of Cr¥*:ZnO (1 wt%)
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Fig. 5f. SEM image of Cd**:ZnO (1 Wt%)



Fig. 5g. SEM image of Mo®*:Zn0O (1 Wt%)
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Fig. 5h. SEM image of 2M ZnO obtained with 2M ZnO raw
material and caprylic acid surfactant
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Fig. 5. SEM image of 4M ZnO obtained with surplus 4M ZnO
raw material and surfactant caprylic acid.
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Fig. 6a. Particle size distribution in Nd**:ZnO
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Fig. 6b. Particle size distribution in In®:ZnO
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Fig. 6¢. Particle size distribution in Mo®*:ZnO
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Fig.7a. Photoluminescence spectra of Cd?* doped ZnO
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Fig. 7b. Photoluminescence spectra of Mo®* doped ZnO
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Fig. 7c. Photoluminescence spectra of W doped ZnO
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Fig. 7e. Photoluminescence spectra of Ag®*:ZnO
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Fig. 7f. Photoluminescence spectra of Sn**:Zn0O



