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Abstract

Nanostructured manganese oxide (Mn,O3) thin films were synthesized by spin coating method. The effect of preparation
conditions, such as calcination temperature, rotation speed, as well as solution aging time on structural, morphological, and
optical properties of the samples were investigated. The phase of the grown films changed from amorphous to orthorhombic
by applying the calcination temperature beyond 400 °C. At low calcination temperature, agglomerations of the particles
happened and no uniform structure formed. Furthermore, the results indicated that employing higher rotation speeds led to
decrement of the samples crystallinity. Aging the solution did not change the absorption edge of the samples. However, the
optical transmittance of the samples decreased by about 10 percent.
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e Mn,0; thin films have been prepared by sol-gel spin coating technique.

e Structural, morphological, and optical properties of Mn,Oj3 thin films have been studied.

o The effects of calcination temperature as well as rotation spin in spinning process have been investigated.
e The effect of solution aging on physical properties of the Manganese oxide thin films has been studied.

1 Introduction

Nanostructured transition metal oxide thin films have attracted
the attention of researchers and industry due to their unique
physical and chemical properties [1-4]. Their special properties
are because of the finite size and high surface to volume ratio.
Among these nanomaterials, manganese oxide is particularly
interested due to its non-toxicity, low prices, and availability.
Manganese oxide nanostructures have a wide areas of
applications in optics, electronics, and chemistry [5]. These
nanostructures are widely used in electrochromic devices
[6, 7], lithium-ion batteries [8—10], sensors [11, 12], high-
efficiency chemical electrodes [13], electrochemical capa-
citors [9, 14], and so on.

Different methods can be used to fabricate manganese
oxide nanostructures such as hydrothermal [15] and sol—gel
[16]. Sol-gel has some advantages such as low processing
temperatures, high chemical homogeneity, and the ability to
control the size and morphology of nanostructures. In
addition, their thin films can be produced by several
methods like pulsed laser deposition [17], vacuum eva-
poration [18], chemical vapor deposition [19], spray pyr-
olysis [20], chemical bath deposition [21], atomic layer
deposition [22], spin-coating [23], and sol-gel method [24].
Among these coating methods, spin-coating is a promising
method that attracted the attention of researches due to low
cost, fast operating, easily controllable coating variables,
homogeneity, and uniformity of the products [25].

Manganese has different oxidation states and it can be
converted to Mn? *, Mn**, and Mn™ ions to form MnO,
Mn,03;, MnO,, Mn,0O;, Mn304 [26]. Various crystal-
lographic phases of a, B3, 8, A, and y have been reported for
manganese oxide nanostructures in the literature [27].
Morphology and crystallographic forms of manganese
oxide nanostructures strongly depends on the preparation
conditions. Recently, a-MnO, nanowires prepared by the
hydrothermal method are reported for electromagnetic
shielding [28]. Augustin et al have studied the effect of
calcination temperature and O, and Ar flows on manganese
oxide formed by chemical precipitation method [29].
According to their results, the calcination temperature and
the presence of gas flow significantly affects crystalline

phase, lattice parameters, and crystallite size of MnO,
species. They have found the best electrochemical perfor-
mance for a-Mn,03 phase through the linear sweep vol-
tammetry measurements. Very recently, Fang et al. have
reported the effect of Tween surfactant on morphology and
electrical conductivity of Mn,0O3 nanostructures formed by
the solvothermal method. Their results have revealed the
formation of different morphologies and electrical con-
ductivity improvement upon adding the surfactant [30].

Furthermore, the MnO,—ZnO thin films prepared by dip-
coating method on glass substrates have been reported and the
effect of different zinc concentration has been investigated [31].
In addition, tetrapropylammonium manganese oxide thin films
have been formed onto nickel foils by dip-coating technique
showing interesting capacitive behavior, good reversibility, and
cycling stability [32]. Moreover, MnO, films deposited by
sputtering at different annealing temperature have been studied
[33]. The results have shown the annealing temperature as an
important parameter causing the appearance of $-MnO, and
well crystallized p-Mn,O; phases at 450°C and 600 °C,
respectively. Also, the effect of calcination temperature on self-
assembled MnO, thin films prepared directly on Ni-coated PET
substrates has been investigated by Pang et al. [34]. According
to their results, calcination temperature had a significant effect
on the surface morphology, and the charge capacities increased
reasonably with increasing the calcination temperatures up to
200 °C. In another research, spin coating of different com-
mercial powders with different manganese oxide phases has
been studied [35]. The effects of calcination temperature on
morphological, structural, and electrochemical properties, and
oxygen/hydrogen evolutions have been investigated. The
results have shown that the MnO, sample with amorphous
structure had turned to o-Mn,O; crystalline phase after calci-
nation at 500 °C for 2 h. Furthermore, the results indicated that
spin-coated samples had better oxygen/hydrogen evolution
performance compared to electrodeposited films.

To the best of our knowledge, the effect of calcination
temperature on structural, morphological, and optical
properties of manganese oxide thin films prepared by
sol-gel spin coating method has not been considered until
now. Therefore, the focus of the present research has been
made on the effect of calcination temperature on the
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Table 1 sample coding for different deposition and calcination
conditions

Sample Rotation Number of Calcination

speed (rpm) deposited layers temperature (°C)
S300 3000 5 400
S3s0 3000 5 450
SS00 3000 6 400
S0 3000 6 450
S0 3000 6 500
SToo 3000 7 500
$2000 2000 6 500
82500 2500 6 500
83000 3000 6 500
S4000 4000 6 500
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Fig. 1 XRD patterns of manganese oxide thin films for samples cal-
cined at different temperatures; a five times deposition for $3,,and
SZSO, and b six times deposition for SZOO, Sf{so, and Sgoo

physical properties of manganese oxide thin films by using
sol-gel spin coating method. For this purpose, three
annealing temperatures of 400, 450, and 500 °C have been
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Fig. 2 Experimental and calculated (Rietveld analysis) XRD pattern of
S%y0 sample, plus: experimental data; solid line: Rietveld fit. The bar
sequence shows the position of peaks according to the lattice para-
meter value. Bottom panel indicates the difference between calculated
curve and experimental data

considered to find the optimum calcination temperature. In
addition, rotation spin in spinning process, as well as the
effect of solution aging on physical properties of the man-
ganese oxide thin films, have been studied.

2 Experimental

Mn,0O3 thin films were prepared by using sol-gel spin
coating method. Typically, a certain amount of manganese
acetate (CcHoMnOg-4H,0O, Merck, 98%) was dissolved in
6 ml mono-ethanolamine (C,H;NO, Merck, 98%) with a
molar ratio of 1:1. Then, 10ml 2-methoxyethanol
(CH30CH,CH,0OH, Merck, 98%) was added. The final
concentration of manganese acetate was 0.5 M. Then the
mixture was stirred for 3 h by a magnetic stirrer at 80 °C.
pH of the resulting solution was 7. After aging the solution
for 24 h, manganese oxide thin films were deposited on pre-
cleaned soda-lime glass substrates by spin coating technique
at different rotation speeds (2000—4000 rpm) for 30s. The
spin coating apparatus used in the present investigation can
rotate up to 9000 rpm with the accuracy of 5 rpm. A rotary
pump was used during layer deposition to avoid substrate
separation while the deposition process was going on.
The wet films were dried in an oven at 100 °C for
30 min. This process was repeated several times to have
thin films of different layer numbers with desirable phy-
sical properties. Finally, the films were calcined at dif-
ferent temperatures (400-450-500 °C) in the presence of
oxygen flux (grade 6) by tube furnace. The resulting
samples are labeled as listed in Table 1. In addition, the
effect of solution aging period was investigated, and
samples were labeled as non-aged, 15d, 30d, and 45d,
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Fig. 3 Surface FESEM images of a S35, b S35, € 500, d 5505 € SS00, and £ 7. The insets in e is the EDX analysis of that sample
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Fig. 4 Optical transmittance and Tauc’s plot of samples with different calcination temperatures, a, ¢ for S5, and S35, samples, and b, ¢ for 5§,

S80S samples, respectively

for fresh solution, 15 days, 30 days, and 45 days aged
solutions, respectively.

The crystalline structure of the films was analyzed by X-
ray diffraction (XRD) analysis (ADVANCE-D8 model)
with Cuka radiation source (A = 1.5406 A). Morphology of
the prepared thin films were characterized by field emission
scanning electron microscopy (FE-SEM) by means of a
MIRA3 TESCAN- LMU electron microscope instrument
and elemental combination, as well as concentrations of the
films were, analyzed by energy-dispersive X-ray spectro-
scopy (EDX) using attached to FESEM instrument. UV—Vis
optical transmittance was performed by a Perkin Elmer
Lambda 25 double beam spectrophotometer. The absorption
coefficient and band gap of the samples were estimated by
using Beer—Lambert law and Tauc plot, respectively.
According to Tauc’s equation one can find the band gap of
material from the following equation: [36]

ahv = A(hl) — Eg)n
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Fig. 5 XRD patterns of Mn,O5 thin films deposited at different spin
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Fig. 6 SEM images of samples deposited at different spin speeds; a Sxp0, b S2500, € S3000, and d Ss000

where « is the absorption coefficient, A is a constant, & is
Planck’s constant, v is the frequency, and E, is the band
gap. The exponent n is 2 and 1/2 for indirect and direct
allowed transitions, respectively. So for direct band gap
material the plotying of (ahv)? versus hv and calculating the
intersection of the linear fit and the photon energy axis,
gives the value to Fg.

The crystalline size of the samples (D) was calculated by
the Debye—Scherrer equation: [37]

D= kA

pcost
where k is a constant, A is the wavelength of X-rays
(1.5418 A), p is the FWHM (full width at half maximum), &
is the Scherrer constant which dependent on the crystallite
shape (here k=0.9), and @ is the Bragg angle.

3 Results and discussion
3.1 Effect of calcination temperature

XRD analysis has been carried out, to find out the structural
properties of the samples. Figure 1a shows XRD patterns of
samples with 5 deposited layers and (b) shows XRD of
samples with 6 layers, which calcined at different tem-
peratures. It is clear from Fig. la that for relatively low
calcination temperature (i.e., 400 °C) no crystalline phase
has been detected. By increasing the calcination temperature
to 450 °C, Mn,0O; phase with orthorhombic structure and
pbca space group matching with card number of 01-071-
0635, is formed. Further increasing the calcination tempe-
rate for S, sample leads to crystallinity improvement and
other crystalline planes, such as (211) and (400) can be
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Fig. 7 a Optical transmittance and b Tauc’s plot for Sxp00, S2500, S3000s
and Sy samples

detected in XRD pattern of this sample (Fig. 1b). XRD
patterns revealed the [222] direction as the preferred growth
orientation of the samples. By using Scherrer’s equation,
crystallite size of the samples was calculated as 19.3 nm,
25.2nm, and 28.6 for S5, SSs. and %y, respectively. The
increase in grain size may be attributed to both the layer
number increment and increase of the calcination
temperature.

Further investigation on structural properties and quan-
titative analysis of XRD patterns has been performed using
Rietveld method by MAUD software refinement program,
version 2.8. Figure 2 exhibits Rietveld fitting output and
experimental results for S, sample. Peak positions of
orthorhombic Mn,0; are marked as bar sequences below
XRD patterns and difference between observed (I,) and
calculated (I.) intensities is plotted at the bottom of the plot.

Generally, Relative agreement factors Ry, which
weights residual error, is used to ascertain the ability of the
performed structural model to account for the experimental
data [38]. The value of goodness of fit (GOF) difference
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Fig. 8 XRD patterns of Mn,0Oj thin films with different solution aging
times; a non-aged (sample Sgoo), b 15d, ¢ 30d, and d 45 d samples

between experimental data and the calculated curve is cal-
culated using the following equation:[39]

R
GOF = P

exp

where Ry, is the expected error. An appropriate fit observed
with the GOF value of 0.61 for Sgoo sample, notably
indicates the fitting is appropriate for this nanostructured
thin film. The calculated cell parameters are a = 9.36, b =
9.32, and ¢ =9.39 angstrom.

Morphological analysis of SZOO, sttso’ 546100’ Sgso, Sgoo’ and
SZ, samples are presented in Fig. 3a—f. Insets 3e is the EDX
analysis of that sample. At lower calcination temperatures,
for both 5 and 6 layer samples, a non-uniform surface
without any distinct nanostructure can be observed. In the
case of the highest calcination temperature, Fig. 3f reveals
that the growth mechanism changes significantly with
increasing the number of layers from 5 to 6.

EDS analysis for $%,, sample showed no impurity ele-
ment in the layer. The obtained atomic ratio of oxygen and
manganese was 69% and 31%, respectively, which is in
good agreement with the predicted theoretical values for
Mn203.

Fig. 4a and c exhibit transmittance spectra and Fig. 4b
and d exhibit («hv)? versus ho plot of 5 layer and 6 layer
thin films, respectively. Results showed that by increasing
the calcination temperature, the transmittance of deposited
films decreased. Furthermore, by increasing the calcination
temperature, band gap of the samples shifted to lower
values and a red shift could be observed which indicated
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formation of smaller crystallite size due to quantum con-
finement effect. Interestingly, considering the SEM images,
one may conclude that increasing the calcination tempera-
ture has led to increase of some particles in size. In fact, it
may not be the case necessarily. That is, what is observed in
SEM image might be some domains which have enlarged
due to aggregation of small crystallites. On the other hand,
the crystallite size of the samples calculated using Scher-
rer’s equation shows no much difference which may be an
evidence of aggregation happening.

3.2 Effect of rotation speed

In this part, the effect of spin speed on physical properties
of the samples has been studied. Figure 5 shows XRD
patterns of S>000, S2500, S3000, and S4gp0 samples. The cal-
culated crystallite sizes are 19.8 nm, 19.8 nm, 28.6 nm, and
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13.4 nm, respectively. This shows that for lower speeds the
crystallite size did not change, while for the highest speed
(i.e. 4000 rpm) the crystallite size decreased, which could
be attributed to the effect of high rotation speed in pre-
venting the uniform dispersion of the solution on the
surface.

Figure 6 displays FESEM images of samples deposited
at different rotation speeds. The morphology of Sy
sample (Fig. 6a) is not uniform. The surface is not covered
by the nanoparticles as well as cracks can be seen all over
the surface. The nanoparticles are more uniformly dis-
tributed for S,509 sample (Fig. 6b), and cracks are less than
that in previous sample. S3p99 sample showed a uniformly
distributed nanoparticles without any pinhole or crack on
the surface. In the case of S99 sample (Fig. 6d), the
spinning speed is so fast that the solution did not have the
chance for uniform dispersion on the surface, so again
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Fig. 9 FESEM images of the samples with different solution aging times; a non-aged (sample S%,)), b 15d, ¢ 30d, and d 45d

@ Springer



188

Journal of Sol-Gel Science and Technology (2020) 95:180-189

cracks and non-uniformity in the morphology of the
sample can be observed.

Optical transmittance and Tauc’s plot of the samples as
functions of rotation speed (for Srooo —Ss000 Samples) are
displayed in Fig. 7a, b, respectively. High spin speed leads
to more transparent thin film due to lowering the thickness
of the sample. The calculated band gaps are ranging from
3.95eV to 4.05eV. Sy shows the highest transparency
and the largest optical band gap. As it is clearly seen, the
transmittance decrement has led to band gap shift towards
lower energies.

3.3 Effect of solution aging

At the next step, precursor solution has been aged for dif-
ferent periods. For this purpose, deposition conditions were
selected identical to those of sample S%,. The starting
solution was aged for 15, 30, and 45 days (acronyms are
explained in the “Experimental” section). Results are col-
lected and compared with non-aged (fresh) solution results.
Figure 8 demonstrates the XRD patterns of the samples.
Calculated crystallite sizes were 28.6nm, 17.4nm, 16.9,
and 16.5 nm for fresh, 15d, 30d, and 45d samples. The
results showed that crystallite size decreased significantly
with solution aging. On the other hand, some other crys-
tallographic planes such as (233), (431), and (440) appeared
upon increasing the aging time of solution.

Figure 9 represents the surface morphology of Mn,0;
thin films with different aging periods. It can be seen that
for non-aged (Fig. 9a) and 15d (Fig. 9b) samples small
nanoparticles have been grown up. But by further increasing
the solution aging time, grain-growth mechanism has been
changed and surface has been composed of bigger
agglomeration of nanoparticles.

Figure 10 shows the optical transmittance spectra and
absorption coefficient of Mn,O3 thin films with different
aging times. From Fig. 10a, the optical transmittance of the
samples decreased about 10 percent by increasing the aging
time. However, aging the solution did not change the
absorption edge of the samples and according to Fig. 10b
the band gap of samples with different aging times was
found to be 3.92eV.

4 Conclusion

Mn,0; thin films have been deposited on soda-lime glass
substrates by spin coating method. The effect of calci-
nation temperature, rotation speed, and solution aging
time was studied by means of XRD, FESEM, and optical
transmission spectroscopy techniques. The results
showed that relatively low calcination temperature, i.e.
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Fig. 10 Effect of the solution aging on a optical transmittance, and
b Tauc’s plot of Mn,Oj3 thin films

400°C led to amorphous thin films, while by increasing it
orthorhombic phase formed. For higher rotation speeds,
the crystallinity of the samples decreased since solution
was not able to disperse uniformly on substrate surface.
FESEM results indicated that for low calcination tem-
perature a uniform structure was not formed and
agglomerations of particles happened. It was also
observed that the calcination temperature and rotation
speed can significantly affect the transparency of the
films and make shift in their band gap energy. Aging the
solution did not change the absorption edge of the sam-
ples. However, the optical transmittance of the samples
decreased about 10 percent.
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