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Abstract

In the present investigation, pure ZnWO4 and 1 mol% Mn-doped ZnWO4 (ZnWO4:Mn2+ and ZnWO4:Mn4+)
ceramic powders were synthesized by the conventional solid-state reaction method. The structural and mi-
crostructural studies were performed using X-ray diffraction, field emission scanning electron microscopy and
Raman spectroscopy. The effect of peak shifts in XRD patterns on the lattice parameters is analysed in the
prepared samples. Raman studies confirm the presence of Mn2+ and Mn4+ in the host matrix. The chromaticity
parameters of the prepared samples are evaluated using a Commission Internationale de I’Elcairage (CIE)
diagram. The study of the downconversion spectra of the prepared samples using an ultra-violet (UV) laser
source suggests that transition metal-doped ceramics are a significant class of materials that can produce
emissions for cool light-emitting diode applications.
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I. Introduction

It is well known that the tungstate-based oxide mate-
rials have immense applications in different electronic
instruments viz. photoluminescence property for dis-
plays, light emitting diodes (LEDs), microwaves, opti-
cal communication, scintillation, dielectric resonators,
capacitors, sensing activity, etc. [1,2]. These type of ma-
terials can be synthesized at high temperatures, shows
novel features for commercial purposes because of high
chemical stability and high absorption coefficient, One
of these materials is zinc tungstate (ZnWO4) which is
intensively investigated [3,4]. ZnO, being one of the raw
ingredients for the preparation of ZnWO4, is selected as
it has wide direct/indirect energy band gap. Hence by
suitable selection of dopants, the properties of the host
matrix can be explored for a particular electronic appli-
cation [5]. From literature survey, it has been found that
there are many different methods to prepare ZnWO4 at
the bulk/nano level.
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In the present study, ZnWO4 modified with 1 mol%
MnO and 1 mol% MnO2 were synthesized separately. A
comparative study was done to investigate the structural
parameters by X-ray diffraction and surface modifica-
tion by Raman and photoluminescence spectroscopy.

II. Experimental

2.1. Synthesis

The ZnWO4, ZnWO4:Mn2+ and ZnWO4:Mn4+ pow-
ders were prepared by solid state reaction method by
using ZnO, WO3, MnO and MnO2 as the primary react-
ing materials. The host precursors ZnO and WO3 were
taken from Merck with 99% purity and MnO and MnO2
were purchased from Sigma Aldrich with 99.9% purity.
The synthesis process follows two-step method. Firstly,
the ingredients were manually mixed using agate pestle
and mortar for 2 h. The mixed samples were then heated
in a muffle furnace at 200 °C for 2 h. After that, the ma-
terials were ground and kept in an electronic furnace
at 1000 °C for 8 h. The annealed samples were again
mixed for further structural and surface investigation.
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Figure 1. XRD diffraction patterns of the undoped ZnWO4

(i), ZnWO4:Mn2+ (ii) and ZnWO4:Mn4+ (iii) samples (inset
shows shift of themost intense peak)

2.2. Characterization techniques

X-ray diffraction (XRD) patterns of the prepared ce-
ramics were recorded using Rigaku D/Max 2200 with
Cu Kα radiation with wavelength λ = 1.5406 Å in the
diffraction angle range of 10° to 80° at a scanning rate
of 0.04 °/min. The photoluminescence emission spectra
are recorded by using a Lifetime Spectrometer upon ex-
citation with a Xenon arc lamp. Raman shift analysis
was recorded by using Horiba Scientific (LabRAM HR-
UV-Open) spectrometer. The vibrational analysis was
done using the FTIR instrument from Perkin Elmer. All
characterizations were performed at room temperature
(∼28 °C).

III. Results and discussion

3.1. XRD analysis

The structural investigation of the prepared ZnWO4,
ZnWO4:Mn2+ and ZnWO4:Mn4+ ceramic powders was
performed using XRD (Fig. 1). The XRD patterns re-
semble monoclinic phase from JCPDS No. 15-0774
[3,6] and sharp peaks confirm good crystallinity of the
prepared materials. The observed shift of XRD peaks
(inset in Fig. 1) for the powders doped with Mn2+ and
Mn4+ in comparison to the undoped sample confirms
incorporation of Mn ions in ZnWO4 structure. It is
clearly visible from inset in Fig. 1 that the peak shifts
towards the lower diffraction angle for the doped sam-
ple (ZnWO4:Mn2+) as compared to the undoped sam-
ple. The reason is the smaller ionic radius of Zn2+

(0.74 Å) in comparison to that of Mn2+ (0.84 Å), which
causes the increase of the unit cell volume, thereby de-
creasing d-spacing. It is also clear from Fig. 1 that the
diffraction intensity first decreases with Mn2+ ion dop-
ing and again increases comparatively for Mn4+ ion.
This could indicate that there is a change in the num-
ber of defects with incorporation of Mn2+ and Mn4+

ions in the host lattice. Another reason could also be
the change in the surface-to-volume ratio, which mod-
ifies the surface thereby changing the crystallite size
[7,8]. The crystallite size and micro strain calculated
by using the Scherer formula of the prepared samples
were 61.55 nm/0.0023 for ZnWO4, 65.93 nm/0.0024 for
ZnWO4:Mn2+ and 59.14 nm/0.0019 for ZnWO4:Mn4+

sample.

3.2. FESEM investigation

The surface morphology and particle size distribu-
tion in the prepared samples were investigated by us-

Figure 2. FESEM micrographs of undoped ZnWO4 sample (a,b), ZnWO4:Mn2+ (c,d) and ZnWO4:Mn4+ (e,f) (insets show the
corresponding particle size distribution)
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ing field emission scanning electron microscopy (Fig.
2). The average particle sizes of these samples were
evaluated using the ImageJ software, and they were
1476, 301 and 208 nm for the ZnWO4, ZnWO4:Mn2+

and ZnWO4:Mn4+ powders, respectively. The micro-
graphs reveal narrow particle size distribution. The par-
ticles appear to be of non-equal sides, which is consis-
tent with the XRD patterns discussed in the previous
section resembling monoclinic phase. It is evident from
these micrographs that the particles are agglomerated
and porous.

3.3. Raman investigation

The Raman spectra of the doped ceramics are shown
in Fig. 3. It is clear that intensities of the characteris-
tic Raman peaks are lower for the sample doped with
Mn4+. This may be due to the decrease in the number of
defects at the surface of the prepared host material. This
is consistent with the XRD results discussed above.

The bands at around 88, 120, 191 and 340 cm−1 are
due to the acoustic phonon mode, E2L, 2E2L and E2H-2L

vibrational modes of ZnO, respectively [3,9]. Six peaks
correspond to the stretching vibrations of the W–O
bonds at around 405, 543, 676, 705, 782 and 905 cm−1.
These vibrations confirm the presence of WO6 octa-
hedra in the prepared samples [10]. The shoulders at
around 311 and 513 cm−1 may be related to the Mn
induced zinc vacancy in the host. In addition to above
mentioned characteristic bands observed in spectrum of
the ZnWO4:Mn2+ powder, there are a few peaks (555,
594, 637 and 974 cm−1) characteristic for the spectrum
of the ZnWO4:Mn4+ powder (Fig. 4). The peaks at
around 555 and 637 cm−1 may be related to α-MnO2
and β-MnO2, respectively [11]. The shoulders at around
594 and 974 cm−1 may be due to some intrinsic defects
as the surface modified due to Mn4+ doping [12]. The
additional oxygen ion may have changed the chemical
bonding of Mn at the cationic site of Zn with the oxygen
anions.

Figure 3. Raman spectra of the ZnWO4:Mn2+ (i) and

ZnWO4:Mn4+ (ii)

3.4. Photoluminescence analysis

The photoluminescence (PL) emission spectra of the
doped samples under 325 nm laser source excitation are
presented in Fig. 4 in the wavelength range 300–800 nm.
Both the samples exhibit three broad emission bands at
around 377, 500 and 709 nm.

The emission bands of the Mn2+ doped sample at
around 377 and 500 nm are related to 2A1(4D) →
6A1(6S) and 4T2(4G)→ 6A1(6S), respectively [13]. For
the ZnWO4:Mn2+ material a sharp intense peak near
441 nm is also observed (Fig. 4) highlighted by a green
rectangular region. This peak may be due to some in-
terstitial vacancy due to substitution of larger Mn2+ ion
(0.84 Å) at the Zn2+ site (0.74 Å) of the ZnWO4 struc-
ture [14].

Figure 4. Photoluminescence spectra of the prepared
samples ZnWO4:Mn2+ (i) and ZnWO4:Mn4+ (ii)

The peak near 441 nm is absent in the spectrum of the
ZnWO4:Mn4+ powder (Fig. 4). This may be due to the
substitutional occupancy of smaller Mn4+ ion (0.61 Å)
at the Zn2+ site (0.74 Å). Hence, incorporation of Mn4+

ion in the ZnWO4 lattice may lead to some structural
modification. This difference in behaviour between two
doped samples could also be evidenced from optical im-
ages (not presented here). Thus, the optical image of the
Mn4+ doped sample is comparatively more illuminated
and sharp as compared to that of the Mn2+ doped pow-
der. The broad PL emissions near 377 and 500 nm cor-
respond to 2T2g → 4A1g and 4T2g → 4A2g energy levels
of Mn4+ ion, respectively [15]. The wide band at around
500 nm may be due to the inhomogeneous broadening
which is formed by phonon transitions. When the pre-
pared sample is excited by 325 nm laser source, the elec-
tron first moves to some excited state and then to the
lower energy state either by non-radiative recombina-
tion and/or emission of suitable wavelengths. These pro-
cesses are induced by the crystalline defects present in
the material [16]. We have also observed a broad band
around 709 nm in both spectra (Fig. 4) as presented by

290



S. Chakraborty et al. / Processing and Application of Ceramics 19 [3] (2025) 288–292

orange highlighter. This is related to 2Eg → 4A2g en-
ergy transitions of Mn4+ [17]. The observation of the
same band in the spectrum of Mn2+ doped sample may
be due to the transition of some Mn2+ ions to Mn4+

when exposed to laser source and formation of oxygen
vacancies, as the compound is formed at a high temper-
ature of about 1000 °C [3,12].

Figure 5. CIE plot of Mn2+ and Mn4+ doped ZnWO4

3.5. Photometric investigation

The Commission Internationale L’Eclairage (CIE)
colour coordinate software was used to examine the dis-
tribution of luminescent intensity of the prepared ce-
ramic powders [18]. The CIE colour coordinates for
the downconversion emission intensity of the prepared
samples are shown in Fig. 5. From the CIE plot, it is
clear that the CIE coordinates are present in the blue re-
gion. The ZnWO4:Mn2+ sample is labelled with a red
triangle mark having coordinates (0.26, 0.17) and the
ZnWO4:Mn4+ sample is represented with a green cross
mark with coordinates (0.25, 0.16). The colour purity
(CP) and colour correlated temperature (CCT ) of the
prepared samples was calculated using the following
equations [19,20]:

CP =

√

(Xe − Xi)2 + (Ye − Yi)2

(X0 − Xi)2 + (Y0 − Yi)2
× 100% (1)

CCT = −499n3 + 3525n2
− 6823.3n+ 5520.33 (2)

where (Xe, Ye), (Xi, Yi) and (X0, Y0) are the CIE coordi-
nates of the prepared samples, the standard light source
(i.e. white light where Xi = 0.33 and Yi = 0.33) and
the dominant wavelength of the respective colours. In
addition, n = (Xe − XE)/(Ye − YE) and (XE , YE) are the
coordinates of CCT epicentre; the standard values are
taken to be (0.332, 0.186). The photometric parameters
are reported in Table 1.

Table 1. The CIE coordinates and the calculated colour
purity (CP) and colour correlated temperature (CCT)

of the prepared samples

Xe Ye X0 Y0
CP CCT

[%] [K]

ZnWO4:Mn2+ 0.26 0.17 0.21 0.041 55.77 7677
ZnWO4:Mn4+ 0.25 0.16 0.19 0.040 58.34 6056

From the calculated CCT values it is suggested that
the prepared samples may be explored to design ultra
daylight fluorescent cool LEDs used in manufacturing
and specific workshops [21].

3.6. Thin film demonstration

Thin film containing the Mn4+ doped powder was
prepared to demonstrate potential applications of the
synthesized powders. For the thin film preparation,
30 mg of ZnWO4:Mn4+ was dispersed in 15 ml ethanol
using a sonicator (ultrasonic probe) at 50 kHz frequency
for 3 h. In the formed homogenous dispersion amino-
propyl tri-ethoxy silane (APTES) was added using a
dropper and simultaneous stirring at 400 rpm, at 60 °C
for 3 h. The obtained solution was deposited on a glass
plate by spin-coating. Under UV light exposure, the
blue emission of the sample is clearly visible by naked
eye as shown in Fig. 6. This shows that the prepared
sample may be applied as security ink, and in thin-film
photovoltaics, thin-film batteries, decorative and optical
coatings, etc. [22,23].

Figure 6. CIE plot of Mn2+ and Mn4+ doped ZnWO4

IV. Conclusions

ZnWO4:Mn2+ and ZnWO4:Mn4+ ceramic powders
were synthesized by conventional solid state reaction
method. The presence of monoclinic ZnWO4 phase
was confirmed by XRD and it was also observed that
the crystallinity of the powders increases with decrease
in ionic radius of the manganese cation substituted at
the Zn site. The FESEM micrographs reveal irregu-
lar shaped structures of the prepared samples. The his-
togram analysis shows narrow particle size distribution
of the prepared ceramics. The Raman spectra show the
existence of different vibrational modes of Zn–O and
W–O in the host material. Some characteristic Raman
peaks also show the presence of α and β phases of
MnO2. A comparative surface analysis on Mn2+ and
Mn4+ doped ZnWO4 host is reported in the present
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study. The evidence of oxygen vacancies is affirmed
through Raman and photoluminescence studies. The
prepared samples may be used to prepare cool LEDs,
thin-film applications, etc.
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