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Abstract 

ZnO nanoparticles (NPs) have attracted a lot of 
attention due to the possibility of their applications 
in different fields including optoelectronics, 
photonics, biosensing, catalytic, etc. Most of the 
applications require devices made of good quality of 
NPs. However, synthesis of device grade NPs is 
always challenging. Here, improvement of 
crystalline quality of the ZnO NPs has been 
demonstrated with a very simple procedure. ZnO 
NPs of average crystallite size of ~11.5 nm with 
optical band gap of ~3.44 eV have been synthesized 
in room temperature following the co-precipitation 
method by either varying the concentration of KOH 
or time of synthesis. For both the cases, change in 
average size of NPs has not been found to change 
significantly. This is mainly because the required 
heat energy to grow the size has not been provided 
externally. However, the increase of concentration 
of KOH or time of preparation has been found to 
improve the quality of the ZnO crystallites. The 
improvement of crystalline quality has been argued 
as due to the availability of enough KOH or the time 
to repair the defects on the surface of the NPs. 
Improvement of crystalline quality has been found 
to result in an enhancement of intensity of the ultra-
violet (UV) photoluminescence (PL) emission band 
over the visible PL emission band of ZnO. The 
defect mediated visible PL emission is always 
considered as loss. The enhancement is ~2-fold. 
Such large enhancement can be utilized for the 
fabrication of optoelectronic devices and others 
based on ZnO NPs synthesized at room 
temperature. 
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1. Introduction 

Zinc oxide (ZnO) nanostructures have attracted a 
lot of attention, recently, due to their unique 
properties compared to its bulk counterpart [1,2,3]. 
Due to large exciton binding energy (60 meV at 
room temperature) excitonic recombination 
process can take place with possibility of optically 
pump lasing even at room temperature [4]. After 
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the experimental demonstrations of light emitting 
diode in blue-green region and lasing action using 
ZnO nanostructures, a lot of studies were carried 
out to make use of it for optoelectronic applications 
covering both visible and ultra-violet (UV) regions. 
Observation of two photoluminescence (PL) 
emissions bands in UV and visible regions is 
considered as one of the prominent optical 
properties of ZnO nanoparticles (NPs) [5]. The 
origin of the UV and visible emissions are the 
radiative transitions of electrons from the 
conduction band (i.e. the near band edge emission) 
and from the various defect states (on the NP 
surface), respectively, to the valence band [5]. The 
defect states of ZnO NPs trap carriers and result in 
low PL efficiency [6]. Such reduction of PL 
efficiency makes ZnO NPs unsuitable for many 
useful practical applications. Hence for practical 
applications of the ZnO NPs, minimization of defect 
mediated emission is desirable. In a recent study, 
we have shown that nearly defect-free PL emission 
is possible by synthesizing ZnO NPs using co-
precipitation method with a proper choice of 
precursor concentration [7].  Also simultaneous 
reduction of defect emission and enhancement of 
UV emission has been demonstrated for 
nanocrystalline ZnO films grown on Ag NPs 
embedded in silica glass [8]. In the present study, 
we show a significant reduction of visible PL 
emission of ZnO NPs synthesized at room 
temperature using co-precipitation method by 
controlling the synthesis parameter viz. increasing 
the concentration of KOH or time of synthesis. The 
major advantage of the present study is that the 
synthesis of ZnO NPs does not require heat 
treatment usually needs for the precipitation of the 
NPs. It is worth mention that the co-precipitation 
method has certain advantages over the other 
methods. For example, this method can produce 
high quality crystalline materials through an energy 
efficient route that allows wide area growth. In fact, 
by changing the preparation parameters (time, 
temperature, pH value, pressure, doping 
concentration, etc.), size as well as morphology of 
the NPs can be tuned [2,5,9,10,11,12]. 

2. Experiments 

In this present study, two sets of samples were 
prepared. In one set, the time of synthesis was kept 
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fixed to 40 days and concentrations of KOH were 
varied to values of 0.5 M, 0.75 M, and 1.0 M. In 
second set, the concentration of KOH was kept fixed 
to 1.0 M and the time of was varied to values of 10 
days, 20 days, 40 days, and 60 days. In this typical 
procedure ZnO NPs have been synthesized using 
room temperature co-precipitation method. Zinc 
acetate dihydrate ((Zn(Ac)2·2H2O)) and KOH are 
used as precursors materials. For the first set of 
samples, 0.5 M of Zn(Ac)2·2H2O was dissolved in 
300 ml ethanol stirred for 30 min for homogeneous 
solution and then divided it into three equal parts 
i.e. 100 ml each. Another solution of KOH in 50 ml 
ethanol was prepared by varying concentrations of 
0.5 M, 0.75M, and 1 M. Then the KOH solutions 
were mixed in Zn(Ac)2·2H2O solutions drop-wise 
and stirred for 2 hours at room temperature. The 
as-synthesized samples were sealed and stored for 
40 days. After 40 days the prepared samples were 
cleaned by centrifugation at 4000 rpm for 4 min 
using ethanol and stored for further 
characterizations. Another set of ZnO NPs was 
prepared using above mentioned methods by 
varying the time of preparation i.e. 10 days, 20 days, 
40 days, and 60 days for the fixed concentration of 
KOH viz. 1 M.   

In the present report, we have used KOH as a 
precipitation agent instead of NaOH or LiOH. This 
is because of the higher ionic radius of the K+ ion 
(152 pm), compare to Na+ (92 pm) or Li+ (116 pm), 
due to large ionic radius the possibility of 
penetration into the ZnO host during the  growth 
becomes very poor [11]. Furthermore, the 
dissociation constant (KD) of KOH is the largest 
relative to NaOH and LiOH 
(KDLiOH<KDNaOH<KDKOH) and hence, more OH- ions 
can be supplied by KOH under the same 
experimental conditions [11, 19]. As a result, with 
KOH, conversion of ZnO from the zinc acetate di-
hydrate becomes faster. Due to these advantages 
KOH has been chosen as the precipitating agent in 
the present article. 

All the samples were characterized using X-ray 
diffractometer (PROTO AXRD) with Cu Kα 

radiation (λ=0.15406 nm) for scan angle (2θ) in the 
range of 250 – 750. Fourier transformed infrared 
(FTIR) spectroscopy measurements were carried 
out on a few of the selected samples using the 
Perkin Elmer Spectrum model L1600300 machine 
in the wavenumber range of 450 – 4000 cm-1. PL 
measurements were carried out using CARY Eclipse 
(Agilent) with excitation wavelengths of 330 nm, 
340 nm, and 350 nm. The optical absorption (OA) 
measurements were carried out using a JASCO V-
630 double beam spectrophotometer. Ethanol has 
been used as solvent for PL and OA measurements. 
All the measurements were carried out at room 
temperature. 

3. Results and discussion 

Figure 1 shows the X-ray diffraction (XRD) spectra 
of ZnO NPs synthesized for 40 days using different 
concentrations viz 0.5 M, 0.75 M, and 1.0 M of 
KOH. For 0.5 M of KOH, peaks at around 31.890, 
34.470, 36.290, 46.760, 56.740, 62.950, and 67.900 in 
the XRD spectrum are seen. These peaks are 
identified as (100), (002), (101), (102), (110), (103), 
and (112) crystalline planes of wurtzite ZnO crystals 
[5]. These are marked in the figure. The first three 
peaks [corresponding to planes of (100), (002), and 
(101)] are more intense than the other peaks. This 
indicates that the ZnO crystals have grown 
preferentially in these directions. Such growth is 
due to the lower free energies of crystalline ZnO 
having planes of (100), (002), and (101) compared 
to those of the other planes. Non observation of 
impurity phases in the diffraction peaks confirm 
that the ZnO NPs are of high purity. Similar peaks 
in the XRD spectra are also seen in other two 
samples (with 0.75 M and 1.0 M of KOH) and are 
shown in the same figure. An additional peak at 
~69.130 is seen to appear for the sample with 0.75 
M of KOH. This peak is clearly visible for the sample 
with 1.0 M of KOH. This peak is due to the (201) 
crystalline plane of wurtzite ZnO crystal [5]. One 
can see in Figure 1 that the intensity of each of the 
XRD peak increases with increase in KOH 
concentration. This is due to the growth of more 
number of ZnO NPs with increase in concentration 
of KOH. 

 

Figure 1: XRD spectra of ZnO NPs prepared for 40 
days for different concentrations of KOH. Inset: 
Variation of average size of NP with concentration 
of KOH. 

Using the XRD data, the average size of the 
crystallites, D, can be estimated using Scherrer 
formula [5] 

𝐷𝐷 = 0.94𝜆𝜆
𝛽𝛽cos𝜃𝜃

,                                      (1) 

where, λ is the wavelength of X-ray radiation (0.154 
nm), β is the full width at half maximum (FWHM) 
in radian of XRD peak, and θ is the XRD peak 
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position. For estimation of D, we have used the 
most intense XRD peak [i.e., peak corresponding to 
the plane of (101)] for each of the XRD spectra. 
Measured β contains the instrumental broadening 
also. Hence it is essential to eliminate the 
instrumental broadening from β to estimate the 
true sizes of ZnO crystallites from the XRD 
measurements. For this purpose, we have used the 
following equation to get correct value of FWHM, 
βcor, 

𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐 = �(𝛽𝛽𝑚𝑚)2 − (𝛽𝛽𝑖𝑖)2                              (2) 

where, βm is the measured FWHM and βi is the 
instrumental broadening (FWHM) which is equal 
to 0.1030 for the XRD used for characterizations of 
the samples. The estimated average size of the 
crystallites (or NPs) are about 12.5 nm, 10.3 nm, 
and 11.4 nm for KOH concentrations of 0.5 M, 0.75 
M, and 1.0 M, respectively. Inset of Figure 1 shows 
the variation of average size of NPs with 
concentration of KOH. These sizes are within 2 nm 
of difference and almost fall within the error in the 
measurement. Thus the average sizes of the ZnO 
NPs are nearly same for the samples with different 
concentrations of KOH. The XRD analysis 
confirmed that the ZnO NPs were synthesized at 
room temperature using chemical precipitation 
method for all the three concentrations of KOH 
used. The number of ZnO NPs was found to 
increase with increase in concentration of KOH as 
the intensity of each of the XRD peak increases with 
increase in concentration of KOH.Recently Cao et al 
and other research groups also reported similar 
type of results, they control the size and shape of the 
ZnO NPs by varying concentration of NaOH and 
time of preparation [20-22]. 

As mentioned above (in Experiments), the ZnO NPs 
were also synthesized for different times viz 10 days, 
20 days, 40 days, and 60 days while keeping the 
KOH concentration of 1 M fixed. The XRD spectra 
for the ZnO NPs synthesized using 1 M of KOH for 
different times (10 days – 60 days) are shown in 
Figure 2. For clarity, the XRD spectra 
corresponding to 20 days, 40 days, and 60 days are 
shifted vertically upward. Again, all the XRD peaks 
as observed in Figure 1 are also seen in Figure 2: 

XRD spectra of ZnO NPs prepared using KOH 
concentration of 1 M for different time (days).  

The unit of 10, 20, 40 and 60 against each of the 
XRD spectra is in days. The XRD spectra 
corresponding to 20, 40, and 60 days have been 
shifted vertically upward for clarity. Inset: 
variations of average size of NP and intensity of 
(101) XRD peak as a function of synthesis time. 

Figure 2 for all the four samples prepared for 
different time. Intensities of the XRD peaks for the 
samples corresponding to time of synthesis of 10 – 
40 days are found to increase significantly with 
increase in time. Such increase in intensity 
indicates synthesis of more number of ZnO NPs 
with increase in time. Variation of intensity of (101) 
peak with time of synthesis is shown in inset of 
Figure 2 (filled circles). Peak intensity increases 
linearly with time of synthesis up to 40 days. 
Beyond 40 days, the intensity does not increase 
anymore. Although, the number of ZnO NPs 
increases linearly up to 40 days, number of NPs 
does not increase beyond 40 days. We have also 
estimated the average sizes of the NPs using eq, (1) 
considering the XRD peak corresponding to the 
plane (101). The average sizes of the ZnO NPs are 
found to be about 11.8 nm, 11.7 nm, 11.5 nm, and 
11.9 nm for the time of synthesis of 10 days, 20 days, 
40 days, and 60 days, respectively. The variation of 
the average size of NPs with the time of synthesis is 
also shown in the inset of Figure 2 (filled squares). 
It is important to mention that the average sizes of 
NPs do not change with the time of synthesis even 
with a large time (50 days) gap. This is due to 
mainly the nonavailability of sufficient thermal 
energy to grow the ZnO NPs with time as the 
synthesis was carried out at room temperature. For 
the growth of ZnO NPs with the increase in time, 
sufficient thermal energy is required [5]. In an 
earlier study, we have shown that ZnO NPs can 
grow significantly with an increase in time when 
synthesized at atemperature of ~64 oC [5]. 

 

Figure 3. shows the FTIR spectra of ZnO NPs for 
different KOH concentrations viz 0.5 M, 0.75 M, 
and 1.0 M. 
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The spectra show several dips for various 
vibrational modes. The dip at 3470 cm-1originates 
OH starching modes of residual alcohols [13]. The 
dip at 1800 cm-1 and 1000 cm-1is ascribed as C=C, 
C-H2, CH, etc bonds [14].  The broad dip centered 
around 630 cm-1 is assigned as Zn-O starching 
mode [15]. This absorption band is seen for all three 
samples confirming the successful formation of 
ZnO. 

Figure 3:  FTIR spectra of the ZnO NPs synthesized 
for a fixed time of 40 days with varying 
concentrations of KOH. The values 0.50 M, 0.75 M, 
and 1.00 M correspond to the KOH concentration. 

Both the XRD and the FTIR studies have confirmed 
the synthesis of ZnO particles at room temperature. 
As the average size of the ZnO particles is about 11.5 
nm, confinement effects within the NPs are 
expected [5,7]. Using the suitable theory based on 
quantum confinement effects, one can estimate the 
bandgap of ZnO NPs using the measured size of NPs 
from OA spectrum(The nature of the OA spectrum 
is excitonic). Two theories viz Brus theory [16] and 
effective mass approximation (EMA) model [2] are 
generally used to calculate the optical band gap of 
semiconductor NPs. The Brus theory is used for 
strong confinement region whereas EMA model is 
used for weak confinement region. When the size of 
NP is equal to or smaller than the Bohr exciton 
radius, the NPs show strong confinement effects. 
On the other hand, when the size of NP is larger 
than the Bohr exciton radius, the NPs show weak 
confinement effects. As the Bohr exciton radius of 
ZnO is 2.87 nm [17] and the estimated average size 
of NP is ~11.5 nm, the EMA model can be used for 
estimation of the optical bandgap of the as-
synthesized ZnO NPs. In the EMA model, the 
effective bandgap energy, 𝐸𝐸𝑔𝑔eff, is given by [2] 

𝐸𝐸𝑔𝑔eff = 𝐸𝐸𝑔𝑔 + ℎ2

8𝜇𝜇𝜇𝜇2
,   (3) 

where Egis thebulk bandgap energy, R is the 
particle radius, h is the Planck constant, and µ is the 
reduced effective mass with 1

𝜇𝜇
= 1

𝑚𝑚𝑒𝑒
∗ + 1

𝑚𝑚ℎ
∗ ;𝑚𝑚𝑒𝑒

∗  and 𝑚𝑚ℎ
∗  

being the electron and hole effective masses, 
respectively. For ZnO, Eg = 3.37 eV, 𝑚𝑚𝑒𝑒

∗= 0.24m0, 
and 𝑚𝑚ℎ

∗= 0.45m0; m0 being the rest mass of the 
electron [18]. The variation of effective bandgap 
with a diameter of ZnO NP calculated using eq. (3) 
is shown in Figure 4. The bandgap increases with a 
decrease in the size of NP. Now using the value of 
the size of NP (11.5 nm for the present study) on the 
curve of Figure 4, one can estimate the (effective) 
bandgap of ZnO NP. The estimated bandgap of the 
as-synthesized ZnO NPs is 3.44 eV. 

 

Figure 4: Variation of the effective bandgap of ZnO 
NPs as a function of NP size according to EMA 
model. The filled circle is the measured average size 
of ZnO NP corresponding to bandgap of 3.44 eV. 

Figure 5(a) shows the PL spectra of ZnO NPs 
synthesized for 40 days with different 
concentrations of KOH. The PL spectra were 
measured for excitation of 330 nm of wavelength. 
Mainly two PL emission bands are seen: one narrow 
band in the UV region and the other broadband in 
the visible region. For comparison, all the spectra 
have been normalized to unity at the UV peak. The 
intensity of the UV band is relatively stronger than 
that of the visible band for all the samples. This is 
indicative of the synthesis of good crystalline ZnO 
NPs. The UV peak is due to the band-to-band 
transition in ZnO NPs [5,7]. The width of this peak 
is seen to decrease with an increase in the 
concentration of KOH [inset of Figure 5(a)]. This 
decrease is faster from 0. 5 M to 0.75 M and is 
slower from 0.75 M to 1.0 M. A reduction of FWHM 
of the UV PL emission peak is indicative of the 
formation of improved crystallites quality of ZnO 
NPs [16]. Thus the crystal quality of ZnO NPs is 
found to improve significantly for KOH 
concentration of 0.75 M. Again the crystal quality of 
ZnO NPs further improves for 1 M of KOH. 
Although the ZnO NPs are formed for all the 
concentrations of KOH, the use of 1 M (highest 
concentration used) of KOH resulted in the 
synthesis of good quality ZnO NPs. The ZnO NPs 
synthesized for lower concentrations of KOH are 
having a lot of defects in them. Lower is the 
concentration of KOH higher are the defects in ZnO 
NPs. Usually, the defects reside near the surface of 
ZnO NPs [5,7,8]. The observed visible emissions are 
the direct consequences of several defect-mediated 
emissions of ZnO NPs [5,7,8].  
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Figure 5: (a) PL spectra of ZnO NPs synthesized for 
40 days for different concentrations of KOH. Inset: 
Variation of FWHM of UV PL peak with the 
concentration of KOH. (b) Visible PL spectrum 
fitted with Gaussian functions for the ZnO NPs 
synthesized for 40 days with 0.75 M KOH.  

 For 0.5 M of KOH, the visible emissions appeared 
at about 418 nm, 448 nm, 491 nm, 540 nm, and 582 
nm. Intensities of these peaks decrease from lower 
wavelength to higher wavelength. For the other two 
samples, the visible emission band becomes clear 
with the center at ~550 nm. For a systematic detail 
study, this peak is fitted with Gaussian line shapes. 
Peak positions of the fitted peaks are extracted from 
free-parameter fittings. The visible PL spectrum 
along with Gaussian function fitted spectra for ZnO 
NPs prepared using 0.75 M of KOH is shown in 
Figure 5(b). Three Gaussian line shapes centered at 
~491 nm, ~540 nm, and ~595 nm are used to fit the 
visible PL emission spectra. For 1.0 M of KOH, the 
shape of visible emission spectra is almost the same 
as that of 0.75 M of KOH but with much-reduced 
intensity.  

The origin of PL emission centered at ~418 nm is 
due to the singly ionized oxygen vacancy in ZnO or 
oxygen antisite defect (OZn) [5]. The emission peaks 
at ~448 nm and ~491 nm are due to mainly the 
electron transitions from shallow donor levels (zinc 
interstitial) to the top of the valance band [5]. The 
PL emission peak at ~540 nm originated due to 
singly ionized oxygen vacancy [14]. However, the 

broad peak at ~576 nm is unlikely to be related to 
intrinsic defects. Since the peak is broad, it is likely 
to be related to disorder at the surface of the NPs. 
Surface atoms in the smaller ZnO NPs are expected 
to experience disorder and strain. As mentioned 
above, the visible emission is much reduced for ZnO 
NPs with 1.0 M of KOH. The reduction of visible PL 
emission intensity is also indicative of the reduction 
of various defects in ZnO NPs [5,7,14]. This is 
consistence with the UV PL emission data 
(reduction of FWHM with an increase in KOH 
concentration) and again establishes that the use of 
higher KOH concentration resulted in the synthesis 
of good quality ZnO NPs. However, this does not 
guarantee that the crystal quality will improve 
linearly with KOH concentration as the pH of the 
solution changes with the concentration of KOH. 

The normalized PL emission spectra of ZnO NPs 
synthesized with 1.0 M of KOH and different times 
of synthesis (10 days – 60 days) are shown in Figure 
6. Two emission bands are clearly seen in all the 
samples. The overall intensity of PL spectrum 
corresponding to the sample for 10 days of 
preparation is found to be much smaller compared 
to the intensities of other samples as evident from 
the scattering of the data points. These emission 
spectra are similar to that of ZnO NPs synthesized 
with 1.0 M of KOH for 40 days [filled triangles up in 
Figure 5(a)]. The observed difference in these 
spectra is the significant change in the intensity of 
visible emission for different times of synthesis. 
Although nearly comparable visible intensity is seen 
for the ZnO NPs synthesized for 20 days and 40 
days, a systematic reduction of visible PL intensity 
is found with an increase in the time of synthesis. 
Such reduction of intensity is due to the reduction 
of various defect states (discussed above) in ZnO 
NPs. Because of the large time of synthesis, the NPs 
get sufficient time to repair the defect states within 
it leading to a reduction in the intensity of visible PL 
emission [5]. A reduction of the intensity of visible 
PL emission with the same intensity of UV emission 
for different samples is equivalent to the 
enhancement of UV emission. This can be 
observable if we plot the variation of the ratio of the 
intensity of UV emission (IUV) and intensity of 
visible emission (IVis). The variation of IUV/IVis is 
shown in Figure 7. Although a lot of scattering in the 
data points exists, an increase in IUV/IVis with the 
time of preparation is seen. This indicates an 
enhancement of UV PL emission with the increase 
in time of synthesis. Nearly a 2-fold enhancement 
of the intensity of UV PL emission was recorded. 
Thus it is possible to enhance the UV emission of 
ZnO NPs by increasing the time of synthesis when 
synthesized at room temperature. Also, 
enhancement of UV PL emission of ZnO NPs is 
possible by changing the concentration of KOH 
[Figure 5(a)]. 
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Figure 6: PL spectra of ZnO NPs synthesized using 
1.0 M of KOH for different days of synthesis 
duration. 

 

Figure 7: Variation of the intensity ratio of UV to 
visible emissions of ZnO NPs with the time of 
synthesis. The solid line is the linear fit to the 
experimental data points. 

As mentioned above (in Experiments), we have also 
carried out PL measurements of the ZnO NPs 
synthesized with 1.0 M of KOH for a synthesis time 
of 40 days by varying the excitation energy (or 
wavelength). The PL spectra for excitation 
wavelengths of 330 nm (3.76 eV), 340 nm (3.65 eV), 
and 350 nm (3.54 eV) are shown in Figure 8. 
Similar to the previous PL spectra of ZnO NPs 
[Figures 5(a) and 6] here also we get UV and visible 
emission bands. For 330 nm and 340 nm of 
excitations, the PL spectra are almost the same. 
However, for 350 nm of excitation, the intensity of 
visible PL emission is more than that of the other 
excitations. Such a small change in the visible PL 
emission can be understood in terms of the 
excitation energies used. The excitation energies 
used are always greater than the bandgap energy of 
the ZnO NPs (3.44 eV, estimated using EMA model 
for the average size of ZnO NP of 11.5 nm measured 
using XRD data). Such excitation energies always 
populate the electrons from the top of the valance 
band to the bottom of the conduction band and the 
defect states below the conduction band of ZnO 
NPs. As a result, a similar PL emission spectrum is 
expected from the ZnO NPs. When the excitation 
energy approaches the bandgap energy, defects 

states may get more populated compared to the 
higher excitation energies. As a result, more intense 
visible PL emission is possible for excitation energy 
close (but greater) to the bandgap energy of ZnO. 

 

Figure 8: PL spectra of ZnO NPs synthesized for 40 
days using 1 M of KOH for different excitations. 

4. Conclusion 

ZnO NPs of average crystallite size of ~11.5 nm have 
been synthesized at room temperature following 
the co-precipitation method by either varying the 
concentration of KOH or the time of synthesis. The 
size of NPs has not been changed with the change in 
KOH concentration or time of preparation as there 
is no sufficient heat energy required to grow the 
particles. However, the increase in the 
concentration of KOH or time of preparation has 
been found to increase the quality of the ZnO 
crystallites. Improvement of crystallite quality has 
resulted in a significant reduction in the intensity of 
defect-mediated visible PL emission band. In other 
words, an enhancement of the intensity of UV PL 
emission band with an increase in the 
concentration of KOH or time of synthesis is 
possible. In the present study, the enhancement of 
UV PL band is about 2-fold. Such large 
enhancement can be utilized for the fabrication of 
optoelectronic devices based on ZnO NPs 
synthesized at room temperature. 
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