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Annexure A

Brief objective of the report

1. Using simple and economical chemical methods, namely chemical bath deposition and successive
jonic layer adsorption and reaction (SILAR) method, deposition of nanocrystalline large area (>5 cm?)
and hydrophilic titanium dioxide films will be carried out. Deposition of titanium dioxide films onto
conducting substrate such as fluorine doped tin oxide coated glass and non-conducting glass substrate will
be carried out.

2. Optimisation of deposition parameters such as the pH of bath, deposition temperature and dipping
cycles etc and annealing temperatures etc. will be optimised to get large area and hydrophilic titanium
dioxide thin films.

3. Various post deposition treatments, such as annealing in air at different temperatures will be carried
out to improve film properties. Characterization of titanium dioxide thin films using physico-chemical
techniques such as XRD, SEM, HRTEM, AFM, RBS, EDAX, IR, Raman etc. will be carried out.

4. The super hydrophilicity is essential for depositing TiO, over other materials and for making good
contacts. Study of hydrophilicity of titanium dioxide films will be studied with contact angle
measurement. The effect of various post preparative parameters on hydrophilicity will be found out.

5. Such hydrophilic TiO, films will be deposited on stainless steel substrates. These films will be dipped
in rose bengal and methyl violet dyes and their photoelectrochemical performance in terms of efficiency

and stability of the configuration: TiO,/ Polysulphide/ Pt will be studied.
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Annexure B
» Methodology

Using our 30 years research experience in deposition of various metal chalcogenide and metal
oxide films by various chemical methods, it is predicted that titanium dioxide films can be prepared by
chemical methods. By controlling deposition such as the pH of bath, deposition temperature and dipping
cycles etc. and annealing temperatures etc compact, large area and hydrophilic titanium dioxide thin films
can be obtained. Our preliminary results show that these methods will be useful for TiO, films. Such TiO;
thin films deposited over substrate will have various applications: as a protective coating for
photoelectrochemical solar cells, composite films such as CdSe/ TiO,, CdS/ TiO,, Fe,0y/ TiO,,
photocatalysis etc.

The thin film deposition process is conducted at relatively low temperature without the
requirement of controlling atmosphere and therefore it results in to formation of nanocrystalline thin films
of titanium dioxide. Slow hydrolysis of titanium tri-chloride solution process adopted for the deposition
of results into formation of titanium dioxide thin films onto fluorine doped tin oxide transparent
conducting glass substrate (ITO). An electro-generated base instead of alkali is used for the oxide
formation. This reaction consumes H,O and generate OH- species with increase in pH near the substrate.
An energy required to hydrolyze titanium tri-chloride precursor is provided by the liquid in the bath,
either by thermal collisions or by a chemical reaction between the liquid medium and the precursors, or
by a combination of these two mechanisms. Reaction of titanium with oxygen is rate determining step
during the titanium dioxide formation during which titanium hydroxide ions is the only reactive species as

Ti** + 30H- ------ Ti(OH); and
Ti(OH); +OH" ----- TiO, + 2H,0

Hydrolysis reaction result in the accumulation of colloidal particles near the substrate and
deposition is caused by the electrolyte which is depends upon the metal ion concentration, bath
temperature, pH of the resultant solution etc.

The main aim of the project is to deposit good quality nanocrystalline titanium dioxide films at room
temperature using chemical route. The preparative parameters will be optimised to get well adherent,
nonporous, thin films of titanium dioxide material. For this purpose, various baths including aqueous and
non-aqueous media, bath composition, substrates, film thickness etc. will be optimised. The physico-
chemical techniques will be used to find out the relationship between crystalline size, porosity, film
adherence, and preparation method of ferrite films.

Thin films TiO, will be chemically deposited from aqueous baths onto ITO coated glass substrate.
The characterization of these films will be carried out using XRD, SEM and optical absorption

techniques. TiO; films will be given dye treatment (rose bengal and methyl violet dye) and their
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photoelectrochemical properties such as current-voltage characteristics and stability will be studied in 1

M polysulphide electrolyte.

Annexure B

> Work done so far (01/04/2009 to 31/03/2010)
1] Synthesis of TiO; thin films by SILAR method

Superhydrophilic and nanocrystalline TiO, thin films has been prepared by successive ionic layer
adsorption and reaction (SILAR) method. The preparative parameters such as deposition temperature and
dipping cycles etc and annealing temperatures are optimized to get good quality and large arca deposition

on non-conducting glass substrates and are listed in the following table 1.

The growth of TiO, thin films was carried out by the SILAR method at room temperature. The
0.IMTi(IIDCls, 15% HCI solution was used as a cationic and 0.1M NaOH solution was used as an anionic
precursors. One SILAR cycle consists of four steps: (1) adsorption of titanium species for 20 s, (2) rinsing
with distilled water for 5 s to remove excess adsorbed or loosely bounded titanium species, (3) reaction
with NaOH precursor solution for 20 s to form stable TiO,, and (4) rinsing with purified water for 5 s to
remove excess or unreacted species or powdery TiO,. The higher concentration of precursor solutions
resulted in to a higher growth rate but the quality of the film was poor due to powdery deposit. In order to

remove hydroxide from deposited film and to improve the crystallinity, the films were heat treated at 623

K for 2 h.
Cationic precursor 0.1 M TiCl; (15% HCI)
Anionic precursor 0.1 M NaCOH
Immersion time 20s
Rinsing time 5s
Number of dipping cycles 75 cycles
Deposition temperature Room temperature
Annealing temperature 623 K

A et o s
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» Results

1) Thickness measurment

Thickness of TiO; films was measured by the gravimetric weight difference method in terms of
deposited weight of a TiO, film on the glass substrate, per unit area (g/cm?), since the accurate
measurement of TiO, film thickness was not possible due to the rough morphology and porosity of the
film. The graph of the thickness of TiO, with the number of cycles is shown in Fig. 1. The rate of increase
in the thickness is nonlinear, which has been attributed to the growth by nucleation and coalescence
process. More nucleation sites contribute to coagulation during the growing procedure. Furthermore,
slight decrease in film thickness observed could be attributed to the formation of outer porous layer and/or
the film which may develop stress to cause delamination, resulting in peeling off the film after the film

reaches at maximum thickness. The maximum thickness obtained for TiO, thin film was 1.34 pm and

used for the further characterization.

o — = -
@ o () >
L L 1 " 1

Thickness (um)
o
>

i

=
=3
1

20 30 40 50 60 70 80 90 100 110
Number of cycles

Figure.1 Variation of TiO, film thickness with immersion cycles.
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2) Crystal structural studies (XRD and FTIR)
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Figure 2. The (A) X-Ray diffraction pattern and (B) FTIR spectrum of TiO; thin film.

Fig. 2 (A) shows the X-ray diffraction (XRD) pattern TiQ, thin film. The TiO2 films are
amorphous in nature with very low crystallinity identified by X-ray diffraction analyses. In general,
chemically deposited films are found to be amorphous or consist of fine grains, making it difficult to draw

any conclusion regarding crystal structure of the film.

Fig. 2 (B) shows FTIR spectrum of TiO, sample. From the spectrum, it can be observed
apparently that strong band around at 650 cm” is associated with the characteristic vibrational mode of
anatase TiO,. The narrow band around 2923 and 2873 em™ is due to organic residues originating from the
sample as a result of the impurities in preparation procedure. Hence, result indicates the presence of Ti-O-
Ti bonds, peroxo group and -OH group for TiO, sample.

3) Surface morphological analysis
Fig. 3 (a and b) shows the surface morphology of TiO; thin film at two different magnifications

(x50 K and 100 K) respectively. From the micrographs, one can see the total coverage of the substrate
with the clusters of TiO,. The TiO, film shows the formation of nanosized smooth grains all over the
surface containing some pits and meso-sized pores. Such type of porous structure resulted due to the film

formation is based on the nucleation and coalescence.
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4) Optical studies

Optical absorption spectrum of TiO, film is shown in inset of Fig. 4. The absorption edge was
found at 330 nm. These spectra reveal that TiO, film has low-absorbance in the visible region, which is a

characteristic of TiO,. The optical band gap energy can be estimated by using the following equation for a

semiconductor:

d
R
cm™)
[
Ll

-

—
N2
, at (
B & 8

Agsofbance

©
1

(ahv)? x10® (eV/cm)?
Fy

o
1

15 20 25 3.0 35
Photon energy, hv (eV)

Figure 4 Plot of ((;th)2 versus hv of TiO, films. Inset shows variation of absorption (at) with

wavelength () of TiO; films on glass substrate.
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Where o is absorption coefficient, Eg is band gap, A is constant and n is equal to 1/2 for direct
transition. The plot of (ahv)? versus hv of TiO, film is shown in Fig. 4. From the linear nature of the plot,
the direct optical transition in TiO; is confirmed. The band gap energy. Eg is obtained by extrapolating
the linear portion of the plot (ahv)® versus hvs to the energy axis at 0=0. From the graph for TiO; thin

film, band gap value of 3.01 eV which is in good agreement with the literature data.

5) Wettability test

Fig. 5 shows the image of water contact angle measurement on TiO; films surface. The surface of
TiO, thin film is superhydrophilic in nature. Observed contact angles are too small to measure the contact
angle because the surface of TiO, films is highly compact, porous and smooth. The water lies flat with

contact angle on the surface of TiO; film instead of forming droplet. This specific property is attributed to

nanocrystalline nature that is

expected to possess very high surface

energy.

Figure 5 Contact angle measurement of TiO, thin film

2] Synthesis of TiO; thin films by CBD method

An aqueous solution composed of titanium trichloride, hydrogen peroxide was first prepared. In
brief, 0.1 M TiCls, 15% HCI was added drop-wise to a well stirred hydrogen peroxide (H,O,, Molychem,
30 wt %) and water solution. The pH was adjusted between 2.0 and 3.0 using a mixture of 30 % liquid
ammonium hydroxide with constant stirring. A transparent solution with a reddish-yellow color was
obtained after vigorous stirring for 30 min at room temperature. Glass substrates were washed with

chromic acid and in an ultrasonic bath at room temperature for 30 min. These cleaned substrates were
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immersed in the above bath and the bath was heated. When the bath attains the temperature of 343 K, the
precipitation was started in the bath. During the precipitation, heterogeneous reaction occurs on the

substrate and deposition of TiO, took place on the substrate. The TiO, films were annealed in air at 623 K

for 2 h. and used for further characterizations.

~ Results

1. Thickness measurement

The thickness of the TiO, film was measured by a gravimetric weight difference method in terms
of the weight of TiO, deposited on the glass substrate per unit area (mg/ecm’), since the accurate
measurement of TiO; film thickness was not possible due to the rough morphology and porosity of the
film. Fig. 1 shows the film thickness variation of TiO; thin film with deposition time. The rate of increase
in the thickness is nonlinear, which has been attributed to the growth by nucleation and coalescence
process. More nucleation sites contribute to coagulation during the growing procedure. Furthermore,
slight decrease in film thickness observed could be attributed to the formation of outer porous layer and/or
the film which may develop stress to cause delamination, resulting in peeling off the film after the film

reaches at maximum thickness. The terminated thickness at which the highest amount of TiO, deposited

on the substrate was 1.29 um.
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2. FTIR study

Fig. 2 shows FTIR spectra of the (a) as-deposited and (b) Annealed TiO, samples within the

wavelength range 400 to 4000 cm’'. The absorption at 3409 cm™ indicates the presence of hydroxide

group.

10
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The absorption peak around at 1634 cm’! may be due to the bending vibration of hydroxyl groups
of molecular water. The absorption peak at around 1000 cm’ is assigned to characteristic stretching
vibration of peroxo groups. The strong absorption peak around at 649 em’ is associated with the
characteristic vibrational mode of anatase TiO2. As-deposited TiO, showed the higher depth at 3409 cm'’
than annealed one. which attributed to removal of hydroxide after heat treatment. Hence, results indicate
the presence of Ti-O bond, peroxo groups and -OH groups for as-deposited film, whereas after annealing
the peaks attributed to the peroxo groups and -OH groups were almost disappeared. Less intense
hydroxide and hydroxyl groups from water found in the annealed TiO, may be due to the fact that the

spectrum was not recorded in situ and some readsorption of water from the ambient atmosphere might

have occurred.

3. Surface morphological study

Fig. 3 (a and b) shows the field emission scanning electron micrographs (FESEM) of as-deposited
and annealed TiO, thin films at x 50,000 magnification, respectively. From micrograph (Fig. 3(a)) it is
seen that the deposits consists of well defined agglomerated multigrain structure having irregular shapes
and sizes due to the low temperature deposition method. The approximate size of this multigrain structure
is about 140 nm. Some pores and overgrowth is also seen in the micrographs. After annealing this
multigrain structure completely gets converted into well defined conical nanorods. The approximate
length and diameter of these nanorods is ~110 nm and 25 nm respectively (Fig. 3(b)). The barrier effect
of intercrystalline TiOs is greatly decreased by using long nanorods instead of a porous TiO, thin film
composed of accumulated nanosized particles. This might contribute to the easier electron transfer and

decrease the ohmic loss through the TiO, layer in dye-sensitized solar cells.

11
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4. Optical studies

Fig. 4 (a and b) shows optical absorption spectra for as-deposited and annealed TiO, thin films
within 350 to 850 nm wavelength range. The absorption edge was found to be 450 nm as seen from inset
of Fig. 4. These spectra reveal that TiO, film has low-absorbance in the visible region, which is a
characteristic of TiO». The optical band gap (Eg) for as-deposited and annealed TiO, film is calculated on

the basis of optical absorption using the following equation,

A = n
e (Eg—hv)
hv

where hv is the photon energy, and A is constant. The exponent ‘n’ depends upon the type of
transition and has values of 1/2 and 2 for direct and indirect transitions, respectively. By plotting the
graph of (ahv)® versus hv (Fig. 4), it becomes possible to determine the nature of transition involved. The
extrapolali'on of straight-line portions of the plot (hv greater than Eg) to the zero absorption coefficient
gives measurement of energy gap. Both plot show a linear dependence at h™l greater than Eg, therefore
extrapolation of the straight line portions of the curves to the zero absorption coefficient gives band gap

of 3.1 and 3.0 eV for as deposited and annealed TiO, films respectively.

12
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Due to the improved grain size of annealed, the absorption edge showed red-shift up to some extent. The

widened band gap of the TiO, films is attributed to the contribution of quantum size effect.

5. Wettability test

Controlling and/or modifying the surface wettability are important, which involves the interaction
between a liquid and a solid in contact. Measurement of surface water contact angle is inversely
proportional to the wettability and can be determined by Young's relation. Fig. 5 shows the water contact
measurements for (a) as-deposited, and (b) annealed TiO, thin films. Interestingly, as-deposited TiO,
exhibits hydrophilic behavior (24°), as water contact angle is less than 90°. The shape of water droplet on
the film is shown in Fig. 5(a). Further, for annealed films, the water contact angle slightly increases to
32°. The droplet shape on the surface of annealed TiO, film was more spherical (Fig. 5(b)). Increase in
water contact angle after annealing attributed to (a) non-spherical nature of the grains and (b)
topographical change in structure. Due to the conversion from spherical nanograins to nanorods after

annealing prevents the water from adhering to the film results into increase in water contact angle.

13
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Annexure C

» Work done so far (01/04/2010 to 31/03/2011)
1] Synthesis of TiO; thin films by SILAR method

Superhydrophilic and nanocrystalline TiO, thin films has been prepared by successive ionic layer
adsorption and reaction (SILAR) method. The preparative parameters such as deposition temperature and
dipping cycles etc and annealing temperatures are optimized to get good quality and large area deposition
on non-conducting glass substrates and are listed in the following table 1.

The growth of TiO, thin films was carried out by the SILAR method at room temperature. The
0.1MTi(IINCls, 15% HCI solution was used as a cationic and 0.1M NaOH solution was used as an anionic
precursors. One SILAR cycle consists of four steps: (1) adsorption of titanium species for 20 s, (2) rinsing
with distilled water for 5 s to remove excess adsorbed or loosely bounded titanium species, (3) reaction
with NaOH precursor solution for 20 s to form stable TiO,, and (4) rinsing with purified water for 5 s to
remove excess or unreacted species or powdery TiO,. The higher concentration of precursor solutions
resulted in to a higher growth rate but the quality of the film was poor due to powdery deposit. In order to

remove hydroxide from deposited film and to improve the crystallinity, the films were heat treated at 623

Kfor2h.
Cationic precursor 0.1 M TiCl; (15% HCI)
Anionic precursor 0.1 M NaOH
Immersion time 20s
Rinsing time 5s
Number of dipping cycles 75 cycles
Deposition temperature Room temperature
Annealing temperature 623 K

~ Results

1) Thickness measurment
Thickness of TiO, films was measured by the gravimetric weight difference method in terms of

deposited weight of a TiO, film on the glass substrate, per unit area (g/em?), since the accurate

14
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measurement of TiO, film thickness was not possible due to the rough morphology and porosity of the
film. The graph of the thickness of TiO, with the number of cycles is shown in Fig. 1. The rate of increase
in the thickness is nonlinear, which has been attributed to the growth by nucleation and coalescence
process. More nucleation sites contribute to coagulation during the growing procedure. Furthermore,
slight decrease in film thickness observed could be attributed to the formation of outer porous layer and/or
the film which may develop stress to cause delamination, resulting in peeling off the film after the film
reaches at maximum thickness. The maximum thickness obtained for TiO, thin film was 1.34 pm and

used for the further characterization.

1.4+

Thickness (um)
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Figure.1 Varation of TiO; film thickness with immersion cycles.

2) Crystal structural studies (XRD and FTIR)
Fig. 2 (A) shows the X-ray diffraction (XRD) pattern TiO, thin film. The TiO2 films are

amorphous in nature with very low crystallinity identified by X-ray diffraction analyses. In general,
chemically deposited films are found to be amorphous or consist of fine grains, making it difficult to draw

any conclusion regarding crystal structure of the film.

15
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Figure 2. The (A) X-Ray diffraction pattern and (B) FTIR spectrum of TiO, thin film.
Fig. 2 (B) shows FTIR spectrum of TiO, sample. From the spectrum, it can be observed
apparently that strong band around at 650 cm™’ is associated with the characteristic vibrational mode of
anatase TiO,. The narrow band around 2923 and 2873 cm™ is due to organic residues originating from the

sample as a result of the impurities in preparation procedure. Hence, result indicates the presence of Ti-O-

Ti bonds. peroxo group and -OH group for TiO» sample.

3) Surface morphological analysis
Fig. 3 (a and b) shows the surface morphology of TiO, thin film at two different magnifications

(x50 K and 100 K) respectively. From the micrographs, one can see the total coverage of the substrate
with the clusters of TiO,. The TiO, film shows the formation of nanosized smooth grains all over the
surface containing some pits and meso-sized pores. Such type of porous structure resulted due to the film

formation is based on the nucleation and coalescence.
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Fig. 3 (a and b) shows the surface morphology of TiO; thin film at two different magnifications (x50 K
and 100 K) respectively

4) Optical studies
Optical absorption spectrum of TiO; film is shown in inset of Fig. 4. The absorption edge was

found at 330 nm. These spectra reveal that TiO, film has low-absorbance in the visible region, which is a

characteristic of TiO-. The optical band gap energy can be estimated by using the following equation for a

semiconductor:
":\0.5
16- 5
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Figure 4 Plot of (ahv)’ versus hv of TiO, films. Inset shows variation of absorption (at) with

wavelength (1) of TiO, films on glass substrate.

o A(Eg—hv)"
hv
Where a is absorption coefficient, Eg is band gap, A is constant and n is equal to 1/2 for direct
transition. The plot of (chv)® versus hv of TiO, film is shown in Fig. 4. From the linear nature of the plot,
the direct optical transition in TiO, is confirmed. The band gap energy, Eg is obtained by extrapolating
the linear portion of the plot (ahv)® versus hv to the energy axis at a=0. From the graph for TiO, thin film,

band gap value of 3.01 eV which is in good agreement with the literature data.

5) Wettability test

17
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Fig. 5 shows the image of water contact angle measurement on TiO; films surface. The surface of
TiO, thin film is superhydrophilic in nature. Observed contact angles are too small to measure the contact
angle because the surface of TiO, films is highly compact, porous and smooth. The water lies flat with
contact angle on the surface of TiO, film instead of forming droplet. This specific property is attributed to

nanocrystalline nature that is expected to possess very high surface energy.

Figure 5 Contact angle measurement of TiO, thin film.

Annexure D
» Work done so far (01/04/2010 to 31/03/2011)

2] Synthesis of TiO; thin films by CBD method
An aqueous solution composed of titanium trichloride, hydrogen peroxide was first prepared. In

brief. 0.1 M TiCls, 15% HCI was added drop-wise to a well stirred hydrogen peroxide (H,0,, Molychem,
30 wt %) and water solution. The pH was adjusted between 2.0 and 3.0 using a mixture of 30 % liquid
ammonium hydroxide with constant stirring. A transparent solution with a reddish-yellow color was
obtained after vigorous stirring for 30 min at room temperature. Glass substrates were washed with
chromic acid and in an ultrasonic bath at room temperature for 30 min. These cleaned substrates were
immersed in the above bath and the bath was heated. When the bath attains the temperature of 343 K, the
precipitation was started in the bath. During the precipitation, heterogeneous reaction occurs on the

substrate and deposition of TiO, took place on the substrate. The TiO, films were annealed in air at 623 K

for 2 h. and used for further characterizations.

Ve Results

1. Thickness measurement
The thickness of the TiO, film was measured by a gravimetric weight difference method in terms

of the weight of TiO, deposited on the glass substrate per unit area (mg/cm?), since the accurate
measurement of TiO, film thickness was not possible due to the rough morphology and porosity of the
film. Fig. 1 shows the film thickness variation of TiO; thin film with deposition time. The rate of increase

in the thickness is nonlinear, which has been attributed to the growth by nucleation and coalescence

18
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process. More nucleation sites contribute to coagulation during the growing procedure. Furthermore,
slight decrease in film thickness observed could be attributed to the formation of outer porous Jayer and/or
the film which may develop stress to cause delamination, resulting in peeling off the film after the film

reaches at maximum thickness. The terminated thickness at which the highest amount of TiO, deposited

on the substrate was 1.29 pm.

1.4

Thickness (m)
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Figure.l Variation of TiO; film thickness with deposition time.

2. FTIR study
Fig. 2 shows FTIR spectra of the (a) as-deposited and (b) Annealed TiO, samples within the

-

wavelength range 400 to 4000 cm’'. The absorption at 3409 em™ indicates the presence of hydroxide

group.
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Fig. 2 FTIR spectra of the (a) as-deposited and (b) Annealed TiO, samples

The absorption peak around at 1634 cm’’ may be due to the bending vibration of hydroxyl groups
of molecular water. The absorption peak at around 1000 cm’' is assigned to characteristic stretching
vibration of peroxo groups. The strong absorption peak around at 649 cm’ is associated with the
characteristic vibrational mode of anatase TiO2 [18]. As-deposited TiO, showed the higher depth at 3409
cm’!' than annealed one, which attributed to removal of hydroxide after heat treatment. Hence, results
indicate the presence of Ti-O bond, peroxo groups and -OH groups for as-deposited film, whereas after
annealing the peaks attributed to the peroxo groups and -OH groups were almost disappeared. Less
intense hydroxide and hydroxyl groups from water found in the annealed TiO, may be due to the fact that
the spectrum was not recorded in situ and some readsorption of water from the ambient atmosphere might
have occurred.

3. Surface morphological study

Fig. 3 (a and b) shows the field emission scanning electron micrographs (FESEM) of as-deposited
and annealed TiO, thin films at X 50,000 magnification, respectively. From micrograph (Fig. 3(a)) it is
seen that the deposits consists of well defined agglomerated multigrain structure having irregular shapes
and sizes due to the low temperature deposition method. The approximate size of this multigrain structure
is about 140 nm. Some pores and overgrowth is also seen in the micrographs. After annealing this

multigrain structure completely gets converted into well defined conical nanorods.
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Fig. 3 (a and b) shows the field emission scanning electron micrographs (FESEM) of as-deposited and

annealed TiO, thin films

The approximate length and diameter of these nanorods is 110 nm and 25 nm respectively (Fig.
3(b)). The barrier effect of intercrystalline TiO, is greatly decreased by using long nanorods instead of a
porous TiOs thin film composed of accumulated nanosized particles. This might contribute to the easier

electron transfer and decrease the ohmic loss through the TiO, layer in dye-sensitized solar cells.

4. Optical studies
Fig. 4 (a and b) shows optical absorption spectra for as-deposited and annealed TiO, thin films

within 350 to 850 nm wavelength range. The absorption edge was found to be 450 nm as seen from inset

of Fig. 4. These spectra reveal that TiO, film has low-absorbance in the visible region, which is a

characteristic of TiO,.
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Figure 4 ( a and b) Plot of (ah®)? versus hv of as-deposited and annealed TiO; films respectively. Inset
shows variation of absorption (at) with wavelength (X) of TiO, films on glass substrate.
The optical band gap (Eg) for as-deposited and annealed TiO, film is calculated on the basis of

optical absorption using the following equation,

_A(Eg—hv)"
hv

o

where hv is the photon energy, and A is constant. The exponent ‘n’ depends upon the type of
transition and has values of 1/2 and 2 for direct and indirect transitions, respectively. By plotting the
graph of (ahv)® versus hv (Fig. 4), it becomes possible to determine the nature of transition involved. The
extrapolation of straight-line portions of the plot (hv greater than Eg) to the zero absorption coefficient
gives measurement of energy gap. Both plot show a linear dependence at hv greater than Eg, therefore
extrapolation of the straight line portions of the curves to the zero absorption coefficient gives band gap
of 3.1 and 3.0 eV for as deposited and annealed TiO, films respectively. Due to the improved grain size of
annealed, the absorption edge showed red-shift up to some extent. The widened band gap of the TiO,
films is attributed to the contribution of quantum size effect.
5. Wettability test

Controlling and/or modifying the surface wettability are important, which involves the interaction
between a liquid and a solid in contact. Measurement of surface water contact angle is inversely
proportional to the wettability and can be determined by Young’s relation. Fig. 5 shows the water contact

measurements for (a) as-deposited and (b) annealed TiO, thin films. Interestingly, as-deposited TiO,
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exhibits hydrophilic behavior (24°), as water contact angle is less than 90°. The shape of water droplet on
the film is shown in Fig. 5(a). Further, for annealed films, the water contact angle slightly increases to

32°. The droplet shape on the surface of annealed TiO; film was more spherical (Fig. 5(b)).

e

s

Contact angle =24 De | ole =32 Degree"

Fig. 5 shows the water contact measurements for (a) as-deposited and (b) annealed TiO, thin films

Increase in water contact angle after annealing attributed to (a) non-spherical nature of the grains
and (b) topographical change in structure. Due to the conversion from spherical nanograins to nanorods

after annealing prevents the water from adhering to the film results into increase in water contact angle.

6. Photoelectrochemical cell
A photoelectrochemical cell (PEC) is based on the junction between semiconductor and an

electrolyte. The current—voltage (I-V) characteristic of a typical ITO/TiO»/1M NaOH/graphite cell in the
dark and under illumination (SOmW/cm:) is shown in Fig. 6. In the dark, the nonlinear nature of I-V
curve predicts that the TiO, makes rectification contact with the electrolyte. Inset of Fig. 6 shows the
photosensitivity under chopped light conditions carried out in order to study the response of the TiO,
films. The photocurrent is obtained in the order of microamp/cm’. The photoconversion efficiency
0.037% with fill factors 0.44 and flat band potential —400 mV/SCE were observed. In present

investigation, low efficiency is attributed to less absorption of visible light in TiO, due to its wide band

2ap.
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Fig. 6 I-V characteristics of annealed TiO; film under illumination of white light (50 mW/cm?). Inset

shows the I-V characteristic under chopped light

7. Adsorption treatment of rose bengal and methy! violet dyes on TiO films.

The previously CBD deposited annealed hydrophilic TiO, film electrodes used for rose bengal
and methyl violet dye adsorption treatment. In which, TiO, film electrodes were dipped into an
ethanol solution of rose bengal and methyl violet dye for 24 h at room temperature. After the
adsorption treatment, theTiO2 film electrodes were washed with an ethanol solution and dried. Fig.7
show the photographs of (a) TiO, films on FTO, (b) rose bengal and (c) methyl violet dyes are
adsorbed on TiO; films.
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Fig.7 Photographs of (a) TiO2 film onto FTO coated glass substrate (b) rose bengal and (c) methyl violet

dyes are adsorbed on TiO2 films [ Inset: Rose bengal dye adsorbed TiO» film on flexible substrate]

Fig.8 shows the schematic experimental set-up of the dye sensitized solar cell. Maximum current
and voltage output can be determined by attaching a potentiostat directly to the two sides of the cell using
wires with alligator clips attached to their ends. The negative electrode is TiO»-coated glass, and is
attached to the black (-) wire, and the positive electrode (+) is connected to the counter electrode. The cell

is fabricated by TCO glass substrate, photosensitizer, redox electrolyte, and counter electrode. The

photograph of typical dye cell prepared with rose bengal dye inset of Fig.8.

25




s dad e

o

U

¢ G GO O O O

(s

9 U

¥

»

S O U U B

¥

rF O 9O 9 &

L
Tungsten Computer
lamp
FTO/TIO; Potentiostat
Dye —?-‘—’ Electrolyte
I’uium

Pt counter elecfrode

Anode

Fig.8 Schematic experimental set-up of dye sensitized solar cell [Insect: photograph of Tio; thin film
for DSSC]

The current-voltage characteristic (I-V) in the dark and under illumination for TiO, film with
polyiodide electrolyte for rose bengal is shown in Fig.8 (a). The I-V diode like nature of curve was shifted
in the fourth quadrant indicating the cell is a generator of electricity. The junction ideality factors are
calculated for dark and under illumination are shown in Table.1. The photovoltaic output characteristic

under illumination intensity of 50mW/cm® was studied for TiO; film in polyiodide electrolyte with rose

bengal dye is shown in Fig.8 (b).
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Fig.8 (a) Current-Voltage characteristics and (b) output characteristics of TiO2 film electrode with

polysulphide electrolyte for rose bengal dye under 50 mW/cm? tungsten filament lamp.

Table.1. Photovoltaic properties of TiO2 films deposited by CBD method with

polysulphide electrolyte with rose bengal dye.

I (LA) 0.74
Vo (mV) 146
Fill Factor (FF) G 31.54
Efficiency % 0.0013
Ideality Factor (Dark) 1.90
Ideality Factor (Light) 1.87
Series Resistance (KQ).R, 310
Shunt Resistance (KQ).Rq, 105
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Annexure C

> Work done so far (01/04/2011 to 31/03/2012)
1] Synthesis of TiO, thin films by SILAR method

Superhydrophilic and nanocrystalline TiO, thin films has been prepared by successive ionic layer
adsorption and reaction (SILAR) method. The preparative parameters such as deposition temperature and
dipping cycles etc and annealing temperatures are optimized to get good quality and large area deposition
on non-conducting glass substrates and are listed in the following table 1.

The growth of TiO, thin films was carried out by the SILAR method at room temperature. The
computerized based experimental setup for deposition Of-TiOg thin film by SILAR method as shown in
fig.1.The 0.IMTi(II)Cl3, 15% HCI solution was used as a cationic and 0.1M NaOH solution was used as
an anionic precursors. One SILAR cycle consists of four steps: (1) adsorption of titanium species for 20 s,
(2) rinsing with distilled water for 5 s to remove excess adsorbed or loosely bounded titanium species, (3)
reaction with NaOH precursor solution for 20 s to form stable TiO,, and (4) rinsing with purified water
for 5 s to remove excess or unreacted species or powdery TiO,. The higher concentration of precursor
solutions resulted in to a higher growth rate but the quality of the film was poor due to powdery deposit.

In order to remove hydroxide from deposited film and o improve the crystallinity, the films were heat

treated at 623 K for 2 h.

Cationic precursor 0.1 M TiCl; (15% HCI)
Anionic precursor 0.1 M NaOH
Immersion time 20s

Rinsing time 5s

Number of dipping cycles 75 cycles

Deposition temperature Room temperature
Annealing temperature 623 K
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Figure.1 Experimental set-up of SILAR method.

~ Results

1) Thickness measurment
Thickness of TiO, films was measured by the gravimetric weight difference method in terms of

deposited weight of a TiO, film on the glass substrate, per unit area (g/cm?), since the accurate
measurement of TiO, film thickness was not possible due to the rough morphology and porosity of the
film. The graph of the thickness of TiO, with the number of cycles is shown in Fig. 2. The rate of increase
in the thickness is nonlinear, which has been attributed to the growth by nucleation and coalescence
process. More nucleation sites contribute to coagulation during the growing procedure. Furthermore,
slight decrease in film thickness observed could be attributed to the formation of outer porous layer and/or
the film which may develop stress to cause delamination, resulting in peeling off the film after the film
reaches at maximum thickness. The maximum thickness obtained for TiO, thin film was 1.34 pm and

used for the further characterization.
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Figure.2 Variation of TiO; film thickness with immersion cycles.

2) Crystal structural studies (XRD and FTIR)
Fig. 3 (A) shows the X-ray diffraction (XRD) pattern TiO, thin film. The TiO2 films are

amorphous in nature with very low crystallinity identified by X-ray diffraction analyses. In general,
chemically deposited films are found to be amorphous or consist of fine grains, making it difficult to draw

any conclusion regarding crystal structure of the film.
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Figure 3. The (A) X-Ray diffraction pattern and (B) FTIR spectrum of TiO thin film.

Fig. 3 (B) shows FTIR spectrum of TiO, sample. From the spectrum, it can be observed
apparently that strong band around at 650 em™ is associated with the characteristic vibrational mode of
anatase TiO,. The narrow band around 2923 and 2873 cm™ is due to organic residues originating from the
sample as a result of the impurities in preparation procedure. Hence, result indicates the presence of Ti-O-

Ti bonds, peroxo group and -OH group for TiO, sample.
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3) Surface morphological analysis
Fig. 4 (a and b) shows the surface morphology of TiO; thin film at two different magnifications

(x50 K and 100 K) respectively. From the micrographs, one can see the total coverage of the substrate
with the clusters of TiO,. The TiO; film shows the formation of nanosized smooth grains all over the
surface containing some pits and meso-sized pores. Such type of porous structure resulted due to the film

formation is based on the nucleation and coalescence.

U N

WD 6. /mm  100nm SE1 150KV X1

Fig. 4 (a and b) shows the surface morphology 6f TiO, thin film at two different magnifications (x50 K
and 100 K) respectively

4) Optical studies

Optical absorption spectrum of TiO; film is shown in inset of Fig. 5. The absorption edge was
found at 330 nm. These spectra reveal that TiO, film has low-absorbance in the visible region, which is a
characteristic of TiOx. The optical band gap energy can be estimated by using the following equation for a

semiconductor:

o AEg=hv)’
hv
Where « is absorption coefficient, Eg is band gap, A is constant and n is equal to 1/2 for direct
transition. The plot of (ahv)® versus hv of TiO, film is shown in Fig. 5. From the linear nature of the plot,
the direct optical transition in TiO; is confirmed. The band gap energy, Eg is obtained by extrapolating
the linear portion of the plot (ahv)® versus hv to the energy axis at a=0. From the graph for TiO; thin film,

band gap value of 3.01 eV which is in good agreement with the literature data.
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Figure S Plot of ((Jthv)2 versus hv of TiO, films. Inset shows variation of absorption (at) with -

wavelength () of TiO; films on glass substrate.

Where o is absorption coefficient, Eg is band gap, A is constant and n is equal to 1/2 for direct
transition. The plot of (ahv)? versus hv of TiO, film is shown in Fig. 5. From the linear nature of the plot,
the direct optical transition in TiO; is confirmed. The band gap energy, Eg is obtained by extrapolating
the linear portion of the plot (ahv)? versus hv to the energy axis at a=0. From the graph for TiO; thin film,

band gap value of 3.01 eV which is in good agreement with the literature data.

5) Wettability test

Fig. 6 shows the image of water contact angle measurement on TiO, films surface. The surface of
TiO, thin film is superhydrophilic in nature. Observed contact angles are too small to measure the contact
angle because the surface of TiO, films is highly compact, porous and smooth. The water lies flat with
contact angle on the surface of TiO, film instead of forming droplet. This specific property is attributed to

nanocrystalline nature that is expected to possess very high surface energy.

Figure 6 Contact angle measurement of TiO, thin film.

32



{4

O @@

U

O U

(s

G U v

0 0

¥

¥ U

3 U

3

b

U

@ v

CO9v duU b

Annexure D
> Work done so far (01/04/2011 to 31/04/2012)
Synthesis of TiO; thin films by SILAR method

6. Photoelectrochemical cell
A photoelectrochemical cell (PEC) is based on the junction between semiconductor and an

electrolyte. The current—voltage (I-V) characteristic of a typical ITO/TiO»1M NaOH/graphite cell in the

dark and under illumination (50mW/cm’) is shown in Fig. 7. In the dark, the nonlinear nature of I-V

curve predicts that the TiO, makes rectification contact with the electrolyte. Inset of Fig. 7 shows the

photosensitivity under chopped light conditions carried out in order to study the response of the TiO,

films. The photocurrent is obtained in the order of microamp/cm’. The photoconversion efficiency

0.047% with fill factors 0.42 and flat band potential —400 mV/SCE were observed. In present

investigation, low efficiency is attributed to less absorption of visible light in TiO, due to its wide band

&ap.
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Fig. 7 I-V characteristics of annealed TiO; film under illumination of white light (50 mW/cm?). Inset
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shows the I-V characteristic under chopped light

7. Adsorption treatment of rose bengal and methyl violet dyes on TiO,films.

The previously SILAR deposited hydrophilic TiO, film electrodes used for rose bengal and

methyl violet dye adsorption treatment. In which, TiO; film electrodes were dipped into an ethanol
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solution of rose bengal and methyl violet dye for 24 h at room temperature. After the adsorption
treatment, theTiO2 film electrodes were washed with an ethanol solution and dried. Fig.8 show the
photographs of Photographs of (a) as-deposited, (b) annealed at 723 K, (c) annealed TiO, films with

rose bengal and (d) methyl violet dyes

Fig.8 show the photographs of TiO, films (a) as-deposited, with (b) annealed at 723 K, (¢)

annealed rose bengal and (d) methyl violet dyes

The current-voltage characteristic (I-V) in the dark and under illumination for TiO, film with
polyiodide electrolyte for methyl violet dye is shown in Fig 9. (a). The I-V nature of curve was
shifted in the fourth quadrant indicating the cell is a generator of electricity. Increase in current under
illumination indicates that TiO, film by SILAR method is photoactive. The junction ideality factors are
calculated for dark and under illumination behavior. The photovoltaic output characteristic under
illumination intensity of 50 mW/cm® was studied for TiO, film polyiodide electrolyte with methyl violet
dye is shown in Fig. 9(b). Table 6.10 shows photovoltaic properties of TiO, film deposited by
SILAR method with polyiodide electrolyte for methyl violet dye.
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1000 500 0 500 1000

(a) (b)
Fig.9 (a) Current-Voltage characteristics and (b) output characteristics of TiO2 film electrode with
polysulphide electrolyte for rose bengal dye under 50 mW/cm’ tungsten filament lamp.
Table.1. Photovoltaic properties of TiO2 films deposited by CBD méthod with polysulphide
electrolyte with rose bengal dye.
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I (HA) 8.46
Ve (mV) 268
Fill Factor (FF) % 24.26
Efficiency % 0.022
Ideality Factor (Dark) 212
Ideality Factor (Light) 3.04
Series Resistance (KQ), R, 20
Shunt Resistance (KQ), Ry, 31

» Conclusions
1. The hydrophilic TiO, films are successfully deposited by chemical bath deposition(CBD) and SILAR

methods for dye sensitized solar cells application.

2. The current-voltage characteristic (I-V) of the cells checked in the dark and under illumination

condition and photoactivity for chemically deposited.
3. We conclude that the chemically deposited rose bengal dye adsorbed TiO, film showed better

performance than the unadsorbed TiO; film

Annexure F

» Details of the Publications resulting from the project work

Sr No.

Name

1.

Synthesis and characterization of photosensitive TiO, nanorods by controlled precipitation route
D. P. Dubal, D. S. Dhawale, A. M. More, C. D. Lokhande
Journal of Materials Science, 46 (2011) 2288-2293.

~ Papers presented in the conference during the period of project

[1]

A novel chemical synthesis of interlocked cubes of hausmannite Mn3;O, thin films for
supercapacitor application

D. P. Dubal, D. S. Dhawale, R. R. Salunkhe, S. M. Pawar, V. J. Fulari, C. D. Lokhande,
Journal of Alloys and Compounds 484 (2009) 218-221.
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[2] [ Fabrication of copper oxide multilayer nanosheets for supercapacitor application, D. P.
Dubal, D. S. Dhawale, R. R. Salunkhe, V. S. Jamdade, C.D. Lokhande Journal of Alloys
and Compounds 492 (2010) 26-30.

[3] Conversion of interlocked cube-like Mn;0; into nanoflakes of layered birnessite MnO,
during supercapacitive studies.
D. P. Dubal, D. S. Dhawale, R.R. Salunkhe, C.D. Lokhande, Journal of Alloys and
Compounds, 496 (2010) 370.

[4] A novel chemical synthesis and characterization of Mn;O; thin films for supercapacitor
application.
D. P. Dubal, D. S. Dhawale, R. R. Salunkhe, S. M. Pawar, C. D. Lokhande, Applied
Surface Science 256 (2010) 4411.

[5] Chemical synthesis and characterization of Mn;O; thin films for supercapacitor
application.
D. P. Dubal, D. S. Dhawale, R.R. Salunkhe, V. J. Fulari, C. D. Lokhande, Journal of
Alloys and Compounds, 497 (2010) 166.

[6] Systematic study of conversion of chemically prepared interlocked cube-like Mn;0;, to
nanoflakes of birnessite MnO; using electrochemical cycling.
D. P. Dubal, D. S. Dhawale, R. R. Salunkhe, C. D. Lokhande, Journal of electrochemical
society 150 (2010) A812-A817.

[7] Room temperature novel chemical synthesis of CuZnSnS, (CZTS) absorbing
layer for photovoltaic application. N.M. Shinde , D.P. Dubal , D.S. Dhawale, C.D.
Lokhande , J.H. Kim , J.H. Moon, Materials Research Bulletin 47 (2012) 302-307

[8] Photosensitive Cu2ZnSnS4 (CZTS) Thin Film Grown at Room Temperature by Novel
Chemical Method. C.D. Lokhande , N.M. Shinde, J.H. Kim, J.H. Moon Invertis Journal
of Renewable Energy, 3(2011)142-149

[9] Low cost and large area novel chemical synthesis of Cu,ZnSnS, (CZTS) thin films, N. M.
Shinde, C.D. Lokhande, J.H. Kim , J.H. Moon Journal of Photochemistry and
Photobiology A: Chemistry 235 (2012) 14— 20.

[10] | Aqueous chemical growth of Cu,ZnSnS; (CZTS) thin films: air annealing and

photoelectrochemical properties, N. M. Shinde,P. R. Deshmukh, S. V. Patil, C. D.
Lokhande, J. H. Kim , J. H. Moon, Journal of Photochemistry and Photobiology B:

Chemistry(Submitted)

(11]

Properties of spray deposited nearly stoichiometric Cu;ZnSnS, (CZTS) thin films. N. M.
Shinde, R. J. Deokate, C .D. Lokhande, J.H. Kim, Journal of Photochemistry and

Photobiology A: Chemistry( Submitted)

[12]

Development of polyaniline/Cu,ZnSnS,(CZTS) thin film based heterostructure as room
temperature LPG, sensor Sensors and Actuators B N.M. Shinde, S. V. Patil, P. R.
Deshmukh, C.D. Lokhande, J.H. Kim , J.H. Moon (Revision submitted)
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> Other papers presented in the conference during the period of project

1

Recent developments in metal oxide based supercapacitors
D. P. Dubal, D. S. Dhawale, C. D. Lokhande
4th Asian Conference on Electrochemical Power Sources (ACEPS-4) Taipei, Taiwan November

8-12, 2009.

o

Electrochemical synthesis of MnO, nano-nests like architecture for supercapacitor application,
D. P. Dubal, D. S. Dhawale, S. V. Patil, C. D. Lokhande
NSAM 2010, Kolhapur (India).

Chemical synthesis of nanosheet structured copper oxide thin films for supercapacitor application,
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International Conference on “Physics of Emerging Functional Materials” (PEFM-2010).
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Large area novel chemical synthesis of Cu,ZnSnS, (CZTS) thin films for Photovoltaic application

N. M. Shinde, D. P. Dubal, C. D. Lokhande, J. H. Kim, J. H. Moon,
International Conference on Solar Energy Materials, Solar Cells and Solar Energy (2011).

Chemical synthesis of Cu,ZnSnS; (CZTS) absorbing layer for photovoltaic application
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International Conference on Solar Energy Materials, Solar Cells and Solar Energy (2011).
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13. SUMMARY OF THE FINDINGS (IN 500 WORDS)

In the present work, TiO, films have been deposited by, relatively economical; two

chemical methods i.e. chemical bath deposition (CBD), successive ionic layer adsorption and
reaction (SILAR), methods. The preparative parameters of each method have been optimized to
achieve maximum efficiency for DSSC’s. The work has been preparation of TiO, films by CBD
method is based on the heating of acidic solution of titanium(III) chloride containing an aqueous
solution composed of titanium trichloride, hydrogen peroxide was first prepared. In brief, 0.1 M TiCls,
15% HCI was added drop-wise to a well stirred hydrogen peroxide (H>O», Molychem, 30 wt %) and water
solution. The pH was adjusted between 2.0 and 3.0 using a mixture of 30 % liquid ammonium hydroxide
with constant stirring. A transparent solution with a reddish-yellow color was obtained after vigorous

stirring for 30 min at room temperature. Glass substrates were washed with chromic acid and in an
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ultrasonic bath at room temperature for 30 min. These cleaned substrates were immersed in the above
bath and the bath was heated. When the bath attains the temperature of 343 K, the precipitation was

started in the bath. During the precipitation, heterogeneous reaction occurs on the substrate and deposition
of TiO, took place on the substrate. The substrates immersed in it. During the precipitation,
heterogeneous reaction occurred and deposition of TiO took place on the substrate. The
substrates coated with TiO» thin film were removed after 2 h and washed with double distilled
water, dried. The films prepared are specularly reflecting, uniform and well adherent to the
substrates. A structural study revealed that the amorphous TiO; films remain unchanged even
after annealing. A SEM study shows good coverage that consists of TiO» nanorods. Both as-
deposited and annealed TiO2 films exhibit n-type electrical conductivity. The band gap was
found to be 3.4 eV for as-deposited TiO; film. The band gap was found to be decreased to 3.3eV
after annealing. Observed contact angles are too small to measure the contact angle because of
surface of TiO; films are highly compact and smooth. The water contact angle measurement for
as-deposited and annealed on TiO> films surface and were 100 and 120.

In successive ionic layer adsorption and reaction (SILAR) method, thin films were
obtained by immersing substrate into separately placed cationic and anionic precursors. Thus,
precipitation formation i.e. wastage of material, was avoided in SILAR method. TiO, films have
been deposited by alternate immersion of substrates in Ti** source and double distilled water
precursor solutions maintained at 353 K, respectively. Titanium isopropoxide was used as Ti*
source, which was dissolved in concentrated HSO4 and the concentration was adjusted to 0.5 M.
The pH of the solution was adjusted at ~ 0.5-1.0 by addition of agueous ammonia (NH,OH)
solution. The oxygen precursor was the hot double distilled water maintained at temperature of
353 K. In initial process step, the substrate was immersed in titanium isopropoxide solution for
20 s which will adsorbed (TiOH) ions on the substrate. After immersion of the substrate in hot
H-O for 40 s, the reaction occurred at substrate surface to form TiO». This cycle was repeated for
several times in order to increase the thickness of film. The second bath served the additional
purpose of removal of loosely bound particles from the substrate. The period for which the
substrate was kept in titanium bath was referred as adsorption
period and that for which substrate was kept in hot H,O was referred as reaction period, since the
reaction to form TiOs takes place in second bath. The adsorption and reaction period was 20 and

40 s, respectively for TiO; film formation. The as deposited and annealed TiO; films have been



@ O @4 U

@

@ 9

G G

U

O O O ¢

4
-)

@

g @ v O U (W

(i

¥

¢ U U

w

9 9 I v

L 8

3

characterized for structural, surface morphological, electrical and optical properties. The XRD
analysis declares the absence of any sharp diffraction lines, indicating that the amorphous nature
of TiOs films. The scanning electron micrographs revealed films are smooth, irregular shaped
spherical grains of random size and well covered to the FTO coated glass substrate with some
cracks. The thermo-emf developed between two ends showed that the TiO, was an n-type
electrical conductivity material. The band gap decreased after annealing from 3.6 to 3.5 eV
which is attributed to increase in grain size. As-deposited and annealed TiO2 films were
superhydrophobic as the water contact angles greater than 90°. The water droplet forming on the
surface of TiO2 film instead of the water lies flat with contact angle because of irregular shaped
spherical grains. Such type of surface morphology might have caused for higher water contact
angle value instead of forming the nanorods or web-like morphology. SILAR deposited TiO2

films with polysulphide electrolyte for rose bengal dye showed good efficiency of 0.0237 % as

compared to other deposition methods.

Tio, with rose Tio, on Tio, with
bengal dye stainless steel Methyl violet dye

Actual photograph of large area deposition Tio; thin film on stainless steel substrate with

rose bengal and methyl violet dye.
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14. CONTRIBUTION TO THE SOCIETY

The project work undertaken and completed itself may contribute to society by avoiding
light energy problem in rural area. Among the renewable energy sources solar energy has a great
importance. Sun has always been the most powerful energy source on earth. It is clean,
environmentally friendly and is for free. Sunlight can be transformed into electricity using solar
cells. Solar cells found applications in many different fields such as in calculators, solar lamps
and even on spacecraft and satellites. The use of silicon crystals in the solar cells makes it
expensive. Silicon crystals are moduled together manually. On the other hand, silicon
purification is difficult and a lot of silicon is wasted. In addition, since the performance of silicon
cells degrades as the temperature increases, the long lasting concentrated operation of silicon
cells require a cooling system. A lot of effort is put on the research for new fabrication
techniques. In contrast, the novel dye sensitized nanocrystalline TiO; based solar cells (DSSC’s)

provides a technologically and economically credible alternative concept to present day pn

junction photovoltaic system.

15. WHETHER ANY PH.D. ENROLLED/PRODUCED OUT OF THE PROJECT- Yes

1) Dr. D. P. Dubal 2) Mr. N. M. Shinde
16. NO. OF PUBLICATIONS OUT OF THE PROJECT ..... S

(PLEASE ATTACH RE-PRINTS)

SIGN E OF PRINCIPAL INVESTIGATOR GISTRAR
Registray,

Prof. C. D. Lokhande ~— L Shivejl University, Kolhspu

Principsl investigstor (U.0.C. Scheme)

Thin Film Physics Lab;Department of Physics,
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Month — wise and year — wise detailed statement of expenditure of Project Fellow Salary

] Amount Recived

Sr. no | Name of project student | Date
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1) Mr. D. P. Dubal 23/07/2009 6193/-
2) Mr. D.P. Dubal 24/08/2009 8000/-
3) Mr. D. P.Dubal 23/09/2009 8000/-
4) Mr. D. P.Dubal 26/10/2009 8000/-
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6) Mr. D. P.Dubal 28/12/2009 8000/-
7 Mr. D. P.Dubal 25/01/2010 8000/-
8) Mr. D. P.Dubal 24/02/2010 8000/-
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Mn30, thin films have been prepared by novel chemical successive ionic layer adsorption and reaction
(SILAR) method. Further these films were characterized for their structural, morphological and optical
properties by means of X-ray diffraction (XRD), Fourier transform infrared spectrum (FTIR), field
emission scanning electron microscopy (FESEM), wettability test and optical absorption studies. The
XRD pattern showed that the Mn304 films exhibit tetragonal hausmannite structure. Formation of
manganese oxide compound was confirmed from FTIR studies. The optical absorption showed existence
of direct optical band gap of energy 2.30 eV. Mn30, film surface showed hydrophilic nature with water
contact angle of 55°. The supercapacitive properties of Mn304 thin film investigated in 1 M NajSO4
electrolyte showed maximum supercapacitance of 314 Fg~' at scan rate 5mV's’ L

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hausmannite MnsO4 is one of the most stable oxides of
manganese, and it has a variety of important applications such as
electrochemical materials, high density magnetic storage medium,
catalyst, ion-exchange, molecular adsorption etc. [1-3]. An
emerging application of manganese oxide is an electrode material
for electrochemical supercapacitors. In a pure form it is used to
manufacture ferrites for electronic applications [4]. It is also used
as a starting material for fabrication of Li-Mn-0O rechargeable
batteries [5]. This material is an active catalyst for oxidation of
methane and CO [6] and the combustion of organic compounds
between 373 and 773 K, which is of interest for solving air-
pollution problems [7]. Hausmannite Mn30j is known to have a
normal spinel structure with tetragonal distortion elongated along
the c-axis due to Jahn-Teller effect on the Mn** ion. Manganese
jons occupy the octahedral B-site (Mn?*) and tetrahedral A-site
(Mn?") corresponding to a normal spinel structure. There are 32
oxygens and 24 cations in the unit cell |8].

Recently, conducting polymers, activated carbon and transition
metal oxides are widely used for supercapacitor electrode
material. Manganese oxide thin films which belong to third
category show excellent pseudocapacitive behavior with the large

* Comesponding author. Tel.: +91 231 2609225; fax: +91 231 2609233.
£-mail address: 1_chandrakant@yahoo.com (C.D. Lokhande).

0169-4332/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2009.12.057

specific capacitance as high as 698 Fg~! [9]. As a supercapacitor,
the manganese oxide electrode has been found to have good
efficiency, long term performance and good corrosion stability
which make it most promising new electrode material for
fabrication of commercial supercapacitor [10]. Mn30,4 thin films
have been prepared using various synthetic methods, such as sol-
gel dip- or drop-coating [9], solution based chemical routes [11],
electrostatic spray deposition [12], physical vapor deposition
followed by electrochemical oxidation [13] and electrochemical
deposition [14). Among these chemical methods, successive ionic
layer absorption and reaction (SILAR) is low cost and low
temperature soft chemical solution method. The SILAR method
is relatively a new and less investigated method, which is based on
sequential reaction on the substrate surface. Rinsing follows each
reaction, which enables heterogeneous reaction between the solid
phase and the solvated ions in the solution. SILAR method has its
own advantages such as layer-by-layer growing mode, excellent
material utilization efficiency, and good control over the deposi-
tion process along with the film thickness and large-scale
deposition capability on any type of substrate [15].

In the present investigation, we report the synthesis of Mn30,4
thin films by SILAR method. These films were characterized by X-
ray diffraction (XRD), Fourier transform infrared spectrum (FTIR),
field emission scanning electron microscope (FESEM), wettability
test and optical absorbance studies. The supercapacitive behavior
of Mn30, thin film was investigated by cyclic voltammetry in 1M
Na, S04 electrolyte.
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2. Experimental details
2.1. Synthesis of Mns0y4 thin films

For the deposition of Mn304 thin films, 100 mM manganese
sulphate was used as the cationic precursor solution and anionic
precursor solution was 1 M sodium hydroxide. The well cleaned
glass/stainless steel substrate was immersed in a cationic
precursor solution (MnSO4) for 10s for the adsorption of
manganese species on the substrate surface. The substrate was
rinsed in double distilled water for 5 s to remove loosely bound
species of Mn?* species. Then, the substrate was immersed in
anionic precursor solution (NaOH) which was keptat 333 Kfor 10 s
to form a layer of manganese oxide material. Rinsing the substrate
again in double distilled water for 10 s to separates out the excess
or unreacted species. Thus one SILAR cycle of Mn3;04 deposition
was completed. 100 such deposition cycles were repeated at room
temperature (300 K) to get a terminal thickness. The maximum
thickness obtained for Mn30, thin film was 1.23 pum and used for
the further characterization.

2.2. Characterization technigues

For thickness measurement, gravimetric weight difference
method with the relation t = m/(p x A) where, m is the mass of the
film deposited on the substrate in gm; Ais the area of the deposited
film in cm? and p is the density of the deposited material
(Mn304 = 7.21 g cm™?) in bulk form. The crystal structure of the
film material was identified by X-ray diffraction analysis with
Philips (PW 3710) diffractometer. The Fourier transform infrared
(FTIR) spectrum of the samples were collected using a ‘Perkin
Elmer, FTIR Spectrum one’ unit. The film morphology was observed
by field emission scanning electron microscopy (FESEM, Model:
JSM-6160). To study the wettability of the films, contact angle
measurement was carried out by Rame-hart USA equipment with
CCD camera. The optical absorption studies were carried out
within the wavelength range 350-850 nm for Mn304 films using
Systronics spectrophotometer-119, with glass substrate as refer-
ence. The supercapacitor formation and its studies were carried out
using the 263A EG &G Princeton Applied Research Potentiostat
forming an electrochemical cell comprising Mn;0y4 film as a
working electrode, platinum as a counter electrode and saturated
calomel electrode (SCE) as a reference electrode in 1M NaySO4

electrolyte.
3. Results and discussion
3.1. Film formation mechanism

Mn30, thin films were prepared by immersing substrate in
separately placed cationic and anionic precursors with rinsing
between every immersion. The growth kinetics of a thin film
deposition process is ion-by-ion growth mechanism, which
involves the ion-by-ion deposition at nucleation sites on the
immersed surfaces. The mechanism of Mn304 film formation by
SILAR method is explained as follows. The hydrolysis of manganese
sulphate takes place with pH ~5 which gives manganese hydroxyl

Mn(OH)** ions.
MnSO; + 2H,;0 — Mn(OH)?* + H3504 (@)

When substrate is immersed in this solution, Mn(OH)?* ions gets
adsorbed onto the substrate due to attraction between ions in the
solution and surface of the substrate. These forces may be cohesive
forces or van der Waals forces or chemical attractive forces. Further
reaction is followed by the immersion of substrate in NaOH anionic

Table 1

Optimized preparative parameters for deposition of Mn304 thin films.
Precursors MnSO4 NaOH
Concentrations 01M 1M
Immersion time 10s 10s
Number of immersions 100 100
Thickness (j.m) 1.23 =
Deposition temperature 300K 343K

solution, where the chemical reaction between OH™ and Mn(OH)?*
ions leads to the deposition of adherent Mn30, layer. In basic
media Mn?" is oxidized to Mn®* and the reaction is as follows:

3Mn(OH)** + 20H" — Mn304 +4H,0 (2)

Here the NaOH is base and in basic medium Mn?* is unstable
state hence Mn2" is oxidized to Mn>* and leads to the formation of
Mn;04 thin films. Mn304 thin films are uniform and well adherent
to the substrate surface. Here, for the deposition of Mn304 thin
films the adsorption period was 10 s and reaction period was 10 s.
The optimized preparative parameters are summarized in Table 1.

3.2. Thickness measurement

Thickness of Mn3;04 films was measured by the gravimetric
weight difference method in terms of deposited weight of a Mn304
film on the glass substrate, per unit area (g cm~2), since the
accurate measurement of Mn3;0, film thickness was not possible
due to the rough morphology and porosity of the film. The graph of
the deposited weight of Mn30, with the number of cycles is shown
in Fig. 1. In the process of deposition of Mn304 films by SILAR
method, Mn30, thin films were prepared by immersing substrate
in separately placed cationic and anionic precursors with rinsing
between every immersion. The weight of Mn30, film was found to
increase with number of cycles. After 100 cycles, the thickness of
the film decreases. Inset of Fig. 1 shows the photographs of films
having thickness 0.57, 0.94, 1.23 wm after 25, 50 and 100 cycles
respectively. The maximum thickness obtained for Mn304 thin film
was 1.23 wm and used for the further characterization.

3.3. Structural studies

Manganese oxides crystallize in several different structures
with varied proportions of Mn ions (Mn?", Mn**, and Mn**). The

1.3

1.2 4
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1% 1
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Fig. 1. Variation of Mn30,4 film thickness with number of cycles. Inset shows
photographs of Mn30, thin films at different thicknesses.
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Fig. 2. XRD pattern of Mn;0,4 thin film onto the glass substrate.

stable and well-known manganese oxides are MnO, Mn304, Mn;03
and MnO,. From these structures, Mns0, is normal spinel oxide
which is room temperature stable structure with Mn3* in the
octahedral positions and Mn?* in the tetrahedral positions of the
spinel structure. Fig. 2 shows XRD pattern of Mn304 thin film onto
the glass substrate. The planes corresponding to (11 2), (103),
(211)and (2 2 4) and calculated lattice constants a = b = 5.7336 A
and c=9.4696A are in good agreement [JCPDS 24-0734,
a=b=57621A and c=9.4696 A, confirming the formation of
Mnz0; compound. The small peak intensities in XRD pattern
revealed the existence of nanocrystalline crystallites. The average
crystallite size was calculated according to the full width at half
maxima (FWHM) of the diffraction peaks using the Scherrer
equation,

0.94
= pcost ()

where B is the broadening of diffraction line measured at half
maximum intensity (radians) and A = 2.2897 A, the wavelength of
the Cr Ko X-ray. The average crystallite size was found to be 29 nm.
The observed ‘d’ values and standard ‘d’ values taken from JCPDS
standard data card are in good agreement with each other and are
listed in Table 2.

3.4. FTIR studies

In order to know the chemical bonds present in the Mn304
compound, the sample was characterized by FTIR within the
wavelength range 400-4000cm~'. Fig. 3 displays the FTIR
spectrum of Mns0,4. The absorption at 3412 cm™! indicates the
presence of hydroxide group [16]. The absorption peaks around at
1634 and 1108 cm™ ! may be attributed to O-H bending vibrations
combined with Mn atoms. The two broad absorption bands at 632
and 522 cm ! are associated with the coupling mode between
Mn-O stretching modes of tetrahedral and octahedral sites [17].

Table 2

Comparison of observed and standard *d’ values of Mn30y4 thin films.
Sr. No. Observed 'd" (A) Standard ‘d (A) (hkl)
1 3.0895 3.0890 (112)
2 2.7652 2.7680 (103)
3 2.4930 2.4870 (211)
4 1.5433 1.5443 (224)

Wavenumber (cﬁ:i)

Fig. 3. FTIR spectrum of Mn30, compound.

Thus, the FTIR result suggests the presence of Mn-O bonds and
some constitutional water incorporated in the Mn304 structure.
This hydrous nature of Mn304 is responsible for enhanced
supercapacitance.

Fig. 4. FESEM micrographs of Mn30, thin films at two different magnifications (a)
10,000 and (b) 20,000,
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3.5. Surface morphology

Fig. 4(a and b) shows FESEM images of Mn30, thin films at two
different magnifications (10,000 and 20,000x ) respectively. From
low magnification (10,000x) SEM image (Fig. 4(a)), it is seen that
Mn304 film surface is compact and well covered with smooth,
irregular shaped grains of random size. At high magnification
(20,000x), we clearly observed the triangular shaped grains which
are interconnected with each other. These interconnected triangular
shaped grains form clusters with some clusters of overgrowth. Such
overgrowth can be explained on the basis of nucleation and
coalescence process. Initially grown nanograins may have increased
their size by further deposition and come closer to each other. Thus,
the larger grains appear to grow by coalescence of smaller ones. The
grains were small with non-uniform and no well-defined grain
boundaries; hence it was difficult to calculate the exact average
value of grain size. It was nearly equal to 125-140 nm. The film
surface is well covered without any pinholes and cracks. Such
surface morphology with nanosized grains may offer increased
surface area feasible for supercapacitor application [18).

3.6. Wettability test

Wettability test is carried out in order to investigate the
interaction between liquid and Mn30y4 thin films. If the wettability
is high, contact angle (#), will be small and the surface is
hydrophilic. On the contrary, if the wettability is low, 6 will be large
and the surface is hydrophobic. A contact angle of 0° means
complete wetting and a contact angle of 180° corresponds to
complete non-wetting. Both super-hydrophilic and super-hydro-
phobic surfaces are important for practical applications [19)]. From
Fig. 5 we observed that, the Mn30, thin films are hydrophilic as
water contact angle is 55° (less than 90°) means high wettability.
Similar type of behavior has been reported in our earlier report on
Mn304 by chemical bath deposition method [20]. This may be due
to the strong cohesive force between the water droplet and
hydroxide present in the manganese oxide compound. Due to
which the water is attracted rather repelled by the Mn304 film.
This specific property is useful for making intimate contact of
aqueous electrolyte with electrode surface in supercapacitor
application. We believed this specific property will tentatively
demonstrate the feasibility of Mn3O, film surface useful in
electrolyte/electrode interface for better performances. It is well
known that in the electrochemical capacitors, hydrophilic surface
of the electrode is an essential-factor for better performance [21].
Kandalkar et al. [22] reported a contact angle of 60° for chemically
deposited cobalt oxide thin films for supercapacitor application.

3.7. Optical absorption study

The optical absorption spectrum of Mn;04 thin film in the
wavelength range 350-850 nm has been investigated. Fig. 6 shows

Contact angle = 55°

Fig. 5. Water contact angle measurement of Mn;0, thin film.
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Fig. 6. Plot of («¢hv)? vs. photon energy hv of Mn304 film (Inset shows variation of
absorption (at) with wavelength (&) of Mn;0, films on glass substrate),

the variation of (chv)? vs. hu which is a straight line in the domain
of higher energies, indicating a direct optical transition. Inset of
Fig. 6 shows the variation of absorbance («t) of the film with
wavelength (A). This spectrum reveals that Mn3;04 thin film has
high absorbance of light in the visible region, indicating
applicability as an absorbing material. The absorption edge was
found at 516 nm due to optical band gap absorption which is in
good agreement with the literature data [23]. The theory of optical
absorption gives the relationship between the absorption coeffi-
cient o and the photon energy (hv),

__A(Eg - hy)"

o (4)

(¢4

where A, n are constants, for direct allowed transition n=1/2 and
for allowed indirect transition n = 2. The above Eq. (4) gives the
band gap (Eg) when straight portion of (@hv)? against hv plot is
extrapolated to the point & = 0. From the graph, for Mn;0, thin film
the band gap value of 2.30 eV was obtained. The optical band gap of
2.50 eV was reported for chemical bath deposited Mn30, film [23].
The low band gap value obtained in the present work may be
attributed to the hydrous content in the material [24].

6
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B-0.9Vto-0.2V 'E
4
o C-03Vto-0.3V
e D-0.9Vto-0.4V D
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E (o]
i
Q
E o
3
o
-2 4
‘4 T T T T T T T T
1000 BOO 600 400 200 0 -200  -400

Voltage (mV/SCE)

Fig. 7. The Cyclic voltammograms of Mn;0, thin film in different working potential
windows at the scan rate of 20mV's ',
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3.8. Supercapacitive studies

The chemically deposited nanocrystalline Mns04 electrodes
were used in the supercapacitor and their performances were
tested using cyclic voltammogram (CV) technique. For finding the
suitable electrolyte, the cyclic voltammograms of the Mn3O4
electrode in the different aqueous electrolytes viz. 1.0 M solutions
of NaOH, KOH, Na,S04, NaCl and KCl in the voltage range of —0.1 to
+0.9 V were studied. In all the cases, the Mn;0,4 electrode exhibited
symmetric CV characteristics in forward and reverse sweeps.
However, in Na;S0O,4 electrolyte better performance compared to
others was noticed.

3.8.1. Effect of different working potential windows on the specific
capacitance

The electrochemical properties of Mn304 thin films are carried
out onto the stainless steel substrate. The electrochemical
reversibility of Mns04 electrode was examined systematically
in different working potential windows at the scan rate of
20mVs~! in 1 M Na,S0O, (see Fig. 7), since the electrochemical
reversibility is the prime factor influencing the power property of
electrochemical supercapacitors. The currents on all CV curves
reaching the plateau values are very fast when the direction of
potential sweep is just changed. This shows typical capacitive-
like characteristics, This part of the capacitance could be largely
due to faradaic pseudocapacitance contributions. These results
indicate good electrochemical reversibility of the Mn304 thin
films in 1M Na,SO4. The specific capacitance in the working
potential window of 0.9 to 0.5 V is greater than in 0.9 to 0.1V,
but the charging and discharging voltammograms are mirror
images of one another in potential window of 0.9 to -0.1V.
Hence further supercapacitive properties were tested in this
potential window.

3.8.2. Cyclic voltammograms of Mns0, electrode

The chemically deposited Mns04 thin films were used in the
formation of electrochemical supercapacitors and their perfor-
mance was tested studying CV curves. Fig. 8 shows the CV curves of
Mns;0; electrode with different scan rates in 1M NaySO4
electrolyte. It was found that the current under curve was slowly
increased with scan rate. This shows that the voltammetric
currents are directly proportional to the scan rates of CV, indicating

Current (mA/cm’)
o
L

=il
8 4
E- 100 mVs™
.12- T T T T T T
1000 800 600 400 200 0 -200

Voltage (mV/SCE)

Fig. 8. The Cyclic voltammograms of Mn; 04 thin film electrode at different scanning
rates in the 1 M NaySO, electrolyte in the working potential window of 0.1 to

+(.9V (vs. SCE},

an ideally capacitive behavior [25]. The capacitance (C) was
calculated using following relation,

) lmax
C=avya (3

where I is the average current in ampere and dV/dt is the voltage
scanning rate. The interfacial capacitance was calculated using the

relation,

o‘:% (6)

where ‘A’ is the area of active material dipped in the electrolyte.
The specific capacitance Cs (F g~!) of Mn304 electrode was
calculated using following relation:

Cs=% (7)

where W is the weight of Mn30, film dipped in electrolyte. The
Mns04 electrode exhibited the interfacial capacitance of
0.14 F cm ™2 and the supercapacitance of 314 F ¢~ which is greater
than our earlier reported value i.e. 193 F g~ [20]. The large value in
this case is attributed to the nanocrystalline and porous nature of
Mn304 thin films.

3.8.3. Effect of scan rate

The high or pulse-power property of Mn3O, electrode is
examined using cyclic voltammetry at different scan rates. Fig. 8
shows the CV curves of Mn304 electrode in 1 M Na,S0O, electrolyte
for different scan rates within voltage range of 0.9 to —0.1 V. Fig. 9
shows the variation of specific capacitance and interfacial
capacitance with scan rate. From Fig. 9 it is seen that, specific
and interfacial capacitance values are decreased from 314 to
245F g~ and 0.14 to 0.10 Fcm™2, respectively. The maximum
specific capacitance of 314 Fg~! was obtained at 5mVs~'. The
decrease in capacitance has been attributed to the presence of
inner active sites that cannot sustain the redox transitions
completely at higher scan rates. This is probably due to the
diffusion effect of protons within the electrode. The decreasing
trend of the capacitance suggests that parts of the surface of the
electrode are inaccessible at high charging-discharging rates [26].

320 0.15
-~ 310 =1
o L0.14 g
w
;, 300- g
= Lo13 2
& 290+ 0
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= b5
S 280 10.12 o,
© —~~
5 270 §
5 i
© L0.11 @
= (g
2 260 =

=
& 10,10 &
250 =
240 + : ——— T 0.09
()} 20 40 60 80 100

Scan rate, (mV/s)

Fig. 9. Variation of specific and interfacial capacitances of Mn3;0, electrode at
different scan rates. Concentration of Na;S04 electrolyte was 1.0 M.
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4. Conclusions

In summary, Mn304 thin films have been prepared by simple and
inexpensive successive ionic layer adsorption and reaction (SILAR)
method. XRD pattern revealed that the Mns0, thin film exhibits
tetragonal hausmannite structure. From scanning electron micro-
graph images it is seen that Mn;0, film surface was well covered
with triangular shaped grains. Contact angle measurement showed
Mn30, surface was hydrophilic with contact angle 55°. The optical
studies showed direct band gap energy of 2.36eV. The Mn304
electrode exhibited the interfacial capacitance of 0.14 Fcm~2 and
the supercapacitance of 314 Fg=' which is high as compared to
Mn30, films prepared by chemical bath deposition method. These
results demonstrate that chemically deposited Mn30, thin film is a
good candidate as electrode material for electrochemical capacitor.
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Conversion of Chemically Prepared Interlocked Cubelike

Mn;0;, to Birnessite MnO, Using Electrochemical Cycling
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Interlocked cubelike Mn,Oy thin films have been prepared by a sin
These interlocked cubelike Mn,O; thin films are further converted in
in agueous Na,SO; electrolyte. The process is dynamic potential activ
The films are characterized by X-ray diffraction, field-emission-scanning electron microscopy, X-ray photoelectron spectroscopy,
test. Impedance spectroscopy studies revealed that charge-transfer resistance of the
at of the Mn,O; structure. The effect of different numbers of potential cycles

valence states, and contact angles has been investigated. During the cycling process, the

Fourier transform IR spectrum. and wettability
birnessite MnQO, structure has a lower value than th
on structure. surface morphology,

supercapacitance of manganese oxide increased by more than 10 times. The maximum supercapacitance achieved
223 F g, The effect of scan rate on the specific capacitance of birnessite MnO, electrode has been studied.

nple and low temperature chemical bath deposition method.
to nanoflakes of bimessite MnO, using voltammetric cycling
ated. which causes the formation of sheet-shaped nanofiakes

ats mV s7lis
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A supercapacitor is an energy storage device storing the energy
by accumulation of charges at the electrode/electrolyte interface.
Because the capacitance is proportional to the surface area of the
electrode, porous MnO, has attracted much attention for this appli-
cation. Due to the lower point of zero charge, large surface area,
strong acid sites, and easily changeable valence states, MnO, par-
ticipates readily in a variety of_ oxidation-reduction and cation-
exchange reactions or cala]ysis."‘ Various transition-metal oxides,
such as RuO,, Co:0y, NiO, Fe,0;, IrO,, SnO,, MnO,, etc., are
being studied for the supercapacitor applications. Among these
metal oxides for supercapacitor electrodes, amorphous hydrous
RuO, is the most promising material for supercapacitors because of
its high specific capacitance, excellent reversibility, and long cycle
life. ** However, KuO, is expensive, toxic, and naturally less abun-
dant, which limits their commercial use. Also RuO, requires the use
of a strong acidic electrolyte such as sulfuric acid. The acidic media
can dissolve the metal oxide over extended cycling leading to fade
in the specific capacitance with cycle life. As a result, numerous
metal oxides have also been tested as possible candidates for elec-
trochemical supercapacitor devices. Candidate systems include
IO, * or Co0,,° but they suffer from limitations similar to RuO,,
that is, they are expensive and require strong acidic or alkaline elec-
trolyte. In addition, the potential window over which they operate
reversibly is significantly smaller than that for RuO,. However,
MnO, ' is a potential supercapacilor material due to its low cost,
large natural abundance, and it is environmentally friendlier than
other transition-metal oxides. Also, MnO, has specific capacitance
of as high as 698 F/g, and it operates in ~1 V potential window;
both the values are comparable with RuO,.” MnO, does not require
acidic or alkaline electrolytes: it shows high capacitance in neutral
Na,SO, electrolyte, hence, there is no problem of dissolution of
metal oxide. Due to all these advantages, MnO, is an attractive
candidate for supercapacitor as compared 1o other metal oxides.

Among manganese compounds, bimessite is a major Mn mineral
phase in many soils and an important component in desert varnishes
and other coatings and in ocean Mn nodules.” Bimessite-type com-
pounds correspond to a class of nonstoichiometric oxides due 10 the
substitution of some Mn({IV) by Mn(III) or Mn(Il). Birnessite has a
Jayered structure formed by MnOg octahedral sharing edges, with
hydrated alkaline cations (Na*, K*, Ca™,...) in the interlayers that
compensate the small overall negative charge.'"!!" Moreover,
birnessite-type compounds readily  participate in  oxidation-
reduction reactions and, hence, attract considerable scientific interest

} Fnadls dubal_deepak @ yahoo coan; |_chandrakant @yahoo.com

as inexpensive and nontoxic mmeria!s: ‘for potential applications 1n
hazardous  waste  remediation, ™ rechargeable  battery
technology,”*'* or chemical sensors.'®!

The majority of papers report the formation of bimessite in pow-
der form by oxidation of Mn(ll) cations by KMnOg, H,0,, or
0,,"%° by reduction of KMnO, by aqueous or nonaqueous sol-gel
processcs,'”‘m and by high temperature decomposition of KMnO, '
However, little information is accessible about the conversion of
spinel Mn;04 to 11I:aycrcd birnessite. MnO, by electrochemical
method. Dai et al.” reported the transformation of spinel Mn;Oy
into layered bimessite MnO, by electrochemical cycling. The spe-
cific capacilance obtained after cycling was 133 F g~ The value
obtained in our investigation is 183 F g=!, which is high enough.
Nam and Kim*' also reported the structure transformation from
crystalline Mn304 to amorphous bimessite MnO; thin films. In both
above cases, the films are prepared by spray pyrolysis technique. As
compared to the spray pyrolysis method, chemical bath deposition
(CBD) is the attractive one because of its own advantages such as
simplicity, reproducibility, nonhazardous, cost effectiveness, etc. It
is well suited for producing large area thin films at low temperature
and, hence, avoids oxidation or corrosion of metallic substrate. Re-
cently, Brett et al”* synthesized pseudocapacitive manganese oxide
films by anodic oxidation of a metallic film deposited by sputtering.
They showed that very thin films of manganese deposited in a me-
tallic form by sputtering can be converted to the capacitive oxide
form by applying an anodic current in an unbuffered 1 M Na,SOy
electrolyte.

The present investigation describes the synthesis of interlocked
cubelike Mn;Oy thin films by low temperature CBD method and
stepwise conversion of thesc interlocked cubelike Mn;O4 to
nanoflakes of bimessite MnO, using potential cycling. The effect of
different numbers of potential cycles on structure, surface morphol-
ogy, valence state, and wettability has been investigated. The effect
of scan rate on the specific capacitance of birnessite MnO, has been
studied.

Experimental

CBD of Mn;0y thin films— Interlocked cubelike Mn;Oy thin
films were prepared by low temperature CBD method. Briefly, fresh
agueous solutions of manganese sulfate (0.05 M) and urea (M)
were mixed at pH ~ 8. The solution was transparent and free from
any precipitate. The well-cleaned stainless steel substrates were im-
mersed in the bath at room temperature, and the bath was heated to
353 K without stirring for 12 h. After about 4 h, the solution became
blurred and within 12 h, the brown precipitate was formed in the
bath. During the precipitation, the heterogeneous reaction occurred

Downloaded 19 May 2010 to 166.104.138.56. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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and the deposition of Mn;0y took place on the substrate. The sub-
strates coated with Mn;O; were removed from the bath. washed
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with double distilled water, dried in air, and preserved in an air tight
container for further characterization.

Conversion of hausmannite MnyO into birnessite MnO>— The
interlocked cubelike Mn3;O; thin films were converted into
nanoflakes of birnessite MnO, using cyclic voltammetry (CV). The
voltammetric cycling was carried out in 1 M Na,SOj electrolyte at
100 mV s7' scan rate within the potential window of —0.1 10
+0.9 V. These Mn;O, thin films were electrochemically oxidized to
birnessite MnO, for 1000, 2000, and 3000 cycles. The as-prepared
Mn;0, thin films were brownish, which tumed slightly black after
1000 cycles, and after 3000 cycles it became completely black. Fi-
nally, after 3000 cycles the bimessite MnO, thin films were cleaned
with double distilled water and used for further characterizations.

Characterization 1echniques.— The manganese oxide films were
analyzed by X-ray diffraction with a Philips (PW 3710) diffracto-
meter using Cr Ka radiation (A = 2.2897 A) to determine the crys-
tal structures. The surface morphologies of the manganese oxides
were observed by a field-emission-scanning electron microscope
(model JSM-6160). To analyze the valance states of elements
present in the manganese oxide thin film, X-ray photoelectron spec-
troscopy (XPS) was carried out using clectron spectroscopy for
chemical analysis (VG Multilab 2000, Thermo VG Scientific, U.K.).
Fourier transform IR (FTIR) spectra of the samples were collected
using a Perkin Elmer, FTIR Spectrum One unit. To study the inter-
action between the electrolyte and electrode surface, contact angle
measurement was carried out by a Rame-hart equipment with a
charge-coupled device camera. The supercapacitor formation and its
studies were carried out using a 263A EG&G Princeton Applied
Research potentiostat forming an electrochemical cell comprising
manganese oxide film as a working electrode, platinum as a counter
electrode, and saturated calomel electrode (SCE) as a reference elec-
trode in 1 M Na,SO; electrolyte. Impedance study was carried out
using a CHI 660D electrochemical workstation forming an electro-
chemical cell comprising manganese oxide film as a working elec-
trode, platinum as a counter electrode, and SCE as a reference elec-
trode in 1 M Na,SO, electrolyte.

Results and Discussion

Film formation and reaction mechanism.— CBD method in-
volves the hydrolysis of metal ions in aqueous solutions, followed
by their controlled heterogeneous precipitation on a substrate. Two
processes can take place during CBD film growth: (i) Ionic species
in solution adsorb on the substrate and lead to heterogeneous nucle-
ation. and (si) colloidal particles first nucleate in the solution and
then adsorb on the substrate surface. In a former case, reactions are
based on the combination of a manganese precursor (manganese
sulfate) and urea to promote Mn;Oy precipitation. The primary role
of urea is 1o provide a slowly controlled supply of OH- ions through
slow thermal decomposition.™ This includes the hydrolysis of urea
and reaction of ammonia with water as follows

(NH,),CO + H;0 — 2NH, + CO, [1]

NH, + H,0 = NH,OH [2]

In the present investigation, the low reaction temperature and

unstirred chemical bath slowly releases free Mn®* cations, which

forms ammine complexes of Mn(NH3)2* (n = 1-4) with NHi(aq)

in moderately basic media (pH ~ 8). In heating condition, this am-
mine complex is unstable and the following reaction takes place

Mn(NH:)?* = Mn®* + nNH, (3]
Finally, oxidation of Mn®* to Mn** takes places as

6Mn'" + O, 4 120H" — 2Mn;0, + 6H.,0 (4]

e

Intensity (A.U.)

(@) Mn,0,

10 20 30 40 50 60 70 8 90 100
29 (Degree)

Figure 1. (Color online) The XRD patterns at different cycling stages (a)
before cycling (Mn30,), (b) after 1000 (Mn,0, and MnO,), (c) after 2000
(Mn3;0; and MnO,), and (d) after 3000 (bimessite MnO,) cycles.

Mn;0; has a normal spinel structure with tetragonal distortion
elongated along the c-axis due to the Jahn-Teller effect on the Mn**
jon, Manganese ions occupy the octahedral B site (Mn**) and the
tetrahedral A site (Mn>*) corresponding to a normal spinel structure.
These Mn;Oy thin films are mirror reflecting and are bright brown.
A similar type of behavior has been reported by Xu et al.=* by using
NH,CI as a complexing agent.

Electrochemical oxidation of Mn3Oy 1o birnessite MnO,.— The
interlocked cubelike Mn;O, thin films are electrochemically oxi-
dized to nanoflakes of layered birnessite MnO, using potential cy-
cling in an aqueous Na,SOj electrolyte at 100 mV s~' scan rate.
We assume that the electrochemical cycling includes two processes,
which can be expressed as follows. Reaction 5 represents the trans-
formation of spinel Mn3Oy to a layered birnessite. It is a complex
and irreversible process. Potential cycling

Potential cycling

Mn;0,(spinel) — NagMnO, -nH,O(bimnessite)  [5]

During the cycling, the area under the curve goes on increasing
and after 3000 cycles it becomes stable because there is formation of
birnessite MnO,. After 3000 cycles, the charge storing mechanism
starts according to following reaction

NazMnO,-nH,0 + yH* + zNa*(y + z)e” = Nay, .MnO,-nH,0
(6]
Reaction 6 is the reversible cycling of the latter material. A simi-
lar type of behavior has been reported by Dai et al.** After 3000

cycles, bnght brown Mn;O, thin films tums into entirely black bir-
nessite MnO, thin films.

Structural studies.— X-ray diffraction is one of the most impor-
tant techniques for characterizing the structural confirmation of crys-
talline materials. Figure 1 shows the XRD patterns of Mn;Oy thin
films at different cycling stages. The changes in the XRD patterns of
the Mn;0, film obtained after cycling within the potential window
from —0.1 to +0.9 V (vs SCE) are clearly noticed in the XRD
patterns. The XRD pattern of the as-prepared film (Fig. la) agrees
well with that of the tetragonal hausmannite Mn;Oy structure
(JCPDS card no. 24-0734). However, the intensity of (112), (200),
(202), (220), (204), (105), and (224) planes corresponding to the
tetragonal Mn;0, structure in the XRD patterns clearly decreased
after 1000 and 2000 cycles; at the same instance, the intensity of
(305) and (316) planes corresponding to bimessite-type MnO, in-
creased (Fig. 1b and ¢). Thus, the phases obtained after 1000 and
2000 cycles are mixtures of hausmannite Mn;0, and bimessite
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Figure 2. (Color online) The SEM images of Mn,0, thin films for different
cveling stages [(a) and (a’)] before cycling, [(b) and (b‘)] after 1000, [(c) and
{c'y] after 2000, [(d) and (d")] after 3000 cycles at X5000 and x20,000
magnifications, respectively.

MnO, structures. Finally, after 3000 cycles, the peaks corresponding
1o the tetragonal Mn.Oy structure disappeared [some small intensi-
ties such as at (200) is observed in XRD pattern but due to limita-
tions of XRD are not detectable]. and only peaks that are recognized
as layered birnessite-type MnO, (JCPDS card no. 23-1046) ap-
peared in the XRD pattern (Fig. 1d). Thus, the result indicates that
the as-prepared films are gradually converted from crystalline
Mn,0; to nanostructured birnessite MnO; by electrochemical oxi-
dation using potential g'\;cling. A similar type of behavior has been
reported by Nam et al.”" using Mn;Oj thin films prepared by elec-
trostatic spray deposition technique.

Surface morphological study.— The change in the surface mor-
phology of Mn;O, thin film with potential cycling at X 10,000 mag-
nification is shown in Fig. 2a-d. From the scanning electron micros-
copy (SEM) image in Fig. 2a, we observed the three-dimensional
growth of interlocked cubes of Mn;0, film. These interlocked cubes
seem 10 be well covered with substrate surface and act like a flat
rough surface. The approximate size of the interlocked cubes is be-
tween 5 and 10 pm. As we go on cycling up to 1000 cycles (Fig.
2b). these interlocked cubes slowly diffused like ice. Further cycling
10 2000 cycles causes the partial diffusion of the interlocked cubes
in such a way that they gradually get converted into highly porous
nanoflakes. Thus, the micrographs Fig. 2c reveal the mixtre of
interlocked cubes and porous nanoflakes, which supports the XRD
patterns. After 3000 cycles (Fig. 2d), we clearly observed that the
interlocked cubes were totally converted into nanoflakes and the
substrate surface was well covered with nanoflakes. The inset of Fig.
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Figure 3. Contact angles for different cycling stages (a) before cyeling, (b)
after 1000, (c) after 2000, and (d) after 3000 cycles of manganese oxide thin
films.

2d shows a high magnified image (X30,000) of the same. These
porous nanoflakes provide a large surface area, which is feasible for
supercapacitor application. The diameter of these flakes is about 20
nm. Thus, the potential cycling causes the interlocked cubical
shaped surface to convert into highly porous nanoflakes.

Weriability test.— Wettability test is carried out to investigate the
interaction between the electrolyte and manganese oxide electrode.
If the wettability is high, contact angle (8) is small and the surface
is hydrophilic. On the contrary, if the wettability is low, 0 is large
and the surface is hydrophobic. Figure 3a-d shows the water contact
angles of manganese oxide films for different cycling stages. For the
Mn30; thin film, the water lies slightly flat on the interlocked cubes
with contact angle of 60°, as seen from Fig. 3a. As the number of
potential cycles increases, the water contact angles of manganese
oxide thin films decreases. The contact angles were 37, 28, and 17°
after 1000, 2000, and 3000 cycles, respectively (Fig. 3b-d). This
indicates that with increasing potential cycling, the contact angle
decreases and finally the film surface becomes more hydrophilic.
Hydrophilicity is attributed to nanocrystalline nature. Nanocrystal-
line material with hydrophilic nature is one of the prime require-
ments for a supercapacitor electrode material. The contact angle is
expected to depend upon local in homogeneity, chemical composi-
tion. and the surface morphology of the clectrode.”” From the SEM
images, it is confirmed that due to potential cycling interlocked
cubes gets converted into highly porous nanoflakes and these
nanoflakes are porous and insert deep inside the surface. Thus, water
placed on the surface of the film goes inside the pores of nanofiakes
due to which the contact angle decreases with increase in the num-
ber of cycles. This is useful for making the intimate contact of
aqueous electrolyte with manganese oxide thin film (electrode).
Thus, Na*/H* ions in aqueous electrolyte can easily intercalate or
deintercalate, 1.e., ionic conductivity increases and hence the super-
capacitance increases with number of potential cycles.

XPS.— The XPS analyses were carried out to investigate the
oxidation state of Mn in Mn;O, and bimessite MnO, thin films.
Figure 4a and b displays the XPS spectra of Mn;O, and bimessite
MnO, thin films. From Fig. 4a, the Mn 2ps;, peak centered at
641.48 eV and the Mn 2p;; peak at 653.3 eV, indicating that the
element Mn is in the state of Mn**. The spin-orbit splitting is the
difference between the binding energy values of Mn 2p;, and
Mn 2p,, levels. The observed spin-orbit splitting is 11.82 cV.
These results are in accordance with the reported data of Mn 2p;
and Mn 2p;,; in Mn,0,.2** which further confirms that the oxide
particles before CV cycling are Mn3Oj. Further, after potential cy-
cling, the detected peak at the binding energy of 642.4 eV, corre-
sponds to Mn 2pa. indicating that the element Mn is present in the
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Figure 4. (Color online) XPS spectra of Mn 2p and O Is; (a) Mn 2p spectra
for Mn;0; and (b) birnessite MnO, thin films and (¢) O 1s spectrum and
curve fitting for Bimessite MnO, film.

chemical state of Mn**. The peak appearing at the binding energy of
654 eV, which can be assigned to Mn 2p, .5, further confirms the
sole existence of Mn**. So the XPS results demonslrmed the solitary
existence of MnO, after potential cycling.™ The O 1s spectrum of
the layered bimessite MnO, was analyzed by curve-fitting, as shown
in Fig. 4¢. The spectrum can be fitted with three components related
to the Mn-O-Mn bond (529.98 eV) for the tetravalent oxide, the
Mn-OH bond (531.80 eV) for hydrated lrl\ﬂlenl oxide, and the
H-O-H bond (533.36 eV) for residual water."' Thus, the state of
manganese oxide obtained after cycling was hydrated, which is re-
alistic for good supercapacitive properties.

FTIR study— Figure Sa and b shows the FTIR spectra of
Mn,O, and birnessite MnO, thin films, respectively. The region be-
low 1400 cm™! contains peaks due to fundamental vibrations of
octahedral MnOg and the region above 1400 cm™ contains peaks
primarily corresponding to OH vibrations.™* The regions from 750-
600 and 600-450 em™! correspond to the Mn-O stretching and
bending vibrations. The absorption of the Mn-O lattice vibrations
around 724 and 525 cm™" in the spectrum is indicative of a tetrago-
nally distorted cubic lattice. These absorption peaks may be associ-
ated with the coupling mode buwez.n Mn-0O streiching modes of
tetrahedral and octahedral sites.” " The absorption peak at around
900 cm™' is assigned to characteristic smtchmg vibration of per-
oxyl groups. The absorption bands obtained in the region of 1750—
1800 and 1400-1390 cm™ mainly correspond to the C-O group.*
The broad R absorption in the 3600-2800 cm~! range with a maxi-
mum at 3360 cny -1 arises from the ~OH mode of the interacting
hydroxyl groups. ® The narrow band around 2923 and 2853 c¢m’™
are due to organic residues on;:matmg. from the sample as a result of
the preparation procedure.’ " From the FTIR spectra of Mn;Oy4 and
birnessite MnO,, we have clearly seen that the absorption band cor-

(b)

Transmittance, %

maémoadoozémzboﬁm‘ldmsbo
Waverurvber (ami’)

Figure 5. (Color online) FTIR spectra of (a) Mn;0, and (b) birnessite MnO,
thin films.

responding to hydroxyl groups are less intense in Mn3O4 while it
becomes more intense in birnessite MnO,. Thus, there is no signifi-
cant difference between the spectra except, the stretching peak of the
—OH group is slightly intensified 1n birnessite MnO, because the
electrochemical cycling is carried out in the agueous Na,SOy4 elec-
trolyte, which may form the tunnel structure during the reaction
process; thus, a small amount of H,O molecules is intercalated in
the tunnel.

Supercapacitive studies.— Figure 6 shows the CVs for the
Mn;0, thin films at different numbers of electrochemical cycles. At
the initial two cycles, the curves have no significant changes. An
increase in the anodic and cathodic currents is clearly observed in
the CVs over the whole potential range with cycling. The enhanced
electrochemical reversibility of the films with increasing cycling is
also supported by the fact that the voltammelric charges integrated
from the positive and negative sweeps of the CVs increased and
came closer to each other in magnitude with increasing cycle num-
ber. After 1000 cycles, the CV curves are symmetric, which indicate
good capacitance behavior. The shape of the CVs becomes more
symmetric after 2000 cycles and this indicates that the electrochemi-
cal reversibility and reactivity of the manganese oxide films in-
creased during cycling in this potential window. The supercapacitive
values calculated from CV curves are 11.8 F g~! at the second
cycle, 743 F ¢! at 1000 cycles, 95 F g™! at 2000 cycles, and
139.3 F g~! at 3000 cycles. The supercapacitance values increased
from 11.8 F g~! at the second cycle to 139.3 F g~! at 3000 cycles
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Figure 6. (Color online) Cyclic voltammograms of Mn;0, electrode at dif-
ferent cycling stages in 1 M Na,SO; electrolyte at scan rate of 100 mV s~}
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Figure 7. (Color online) Cyclic voltammograms of birnessite MnO, elec-
trode at different scanning rates in 1 M Na,SO, clectrolyte.

more than 10 times. The increase in supercapacitance values may be
due to the conversion of interlocked cubical Mn:0, into nanostruc-
tured bimessite MnO,. The pseudocapacitance of layered bimessite-
type MnO; can be attributed to the insertion of protons and Na* ions
and the surface sorption of above ions also existed.***

The supercapacitance values calculated from the CV curves pre-
sented in Fig. 7 were 223 F g~! at a scan rate of 5 mV s™! and
139 F ¢! at 100 mV s7'. Even at the very high scan rate of
100 mV s7!, the shape of the CV curve still appears symmetrical.
The good power character can be attributed to the good proton con-
ductivity of layered bimessite-typed MnO,, which consists of an
electron conducting erystalline network.*’ In addition, the flake,
nanoparticles, and nanorod-like morphologies lead to a high specific
surface area and porous volume, which provide the structural foun-
dation for the high specific capacitance.*'*? Jiang et al.** prepared
MnO; by coprecipitation method using a surfactant and a reported
supercapacitance of 177 F g~!. Nakayama et al. M reported
163 F g°! supercapacitance for an anodically deposited MnO, with
polystyrene template. Also, Wang et al.** prepared MnO, nanowire
arrays by sol—gel templating method and reported a supercapaci-
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Figure 8. (Color online) Nyquist plots obtained at (a) Mn,O, and (b) nano-
structured birnessite MnO, electrodes at 0.8 V over the frequency range 1
mHz-100 MHz.

tance of 165 F g~!. The high supercapacitance value in the present
case may be due to the layered hydrated structure of bimnessite

MnQ, thin films.

Impedance analysis.— Figure 8 shows the Nyquist spectra of in-
terlocked cubelike Mn2Oy4 and nanoflakes of birnessite MnO; thin
films at 0.8 V potential. A distorted semicircle in the high frequency
region and a vertically linear spike in the low frequency regime are
noticed. The initial nonzero intercept in the high frequency regime at
Z' at the beginning of the semicircle is almost identical in both
curves and is due to the electrical resistance of the electrolyte (R.;.),
The electrochemical parameters such as charge-transfer resistance
(R) and ohmic resistance (R;) were obtained using equivalent cir-
cuit analysis and is summarized in Table I. Equivalent circuit of the
current work is presented in the inset of Fig. 8, which consists of the
Nyquist plot. In this model, the double-layer capacitor and the War-
burg impedance for semi-infinite linear diffusion are replaced by
two constant phase elements (CPEs). The impedances of two CPEs
are defined as

Zeper = [QU)"'T! [7]
and

Zepga = [QGw0)™]! [8]
with 0 < n > 1. The two CPEs, CPE, and CPE,, correspond re-
spectively to the double-layer capacitance and diffusion process of
the cations at the interface. The literature corroborated that CPE may
arise from (1) a distribution of the relaxation times as a result of
diverse inhomogenities existing at the electrode/electrolyte inter-
face, (if) porosity, (ifi) nature of the electrode, and (iv) dynamic
disorder associated with diffusion.*® Further, the constant value of Q
is related to both the surface and the electroactive species; n denotes
the correction factor due to the roughness of the electrode with
values ranging between 0 and 1. A pure capacitance yields n = 1, a
pure resistance yields n = 0, while n = 0.5 represents Warburg im-
pedance.

From Table I, the nanoflake bimessite MnO, showed a low
charge-transfer resistance (Ry = 13.6 © e¢m?) than the interlocked
Mn;0, electrodes (R, = 49.2 £ cm?), which was attributed 1o the
morphology tuning when interlocked cubelike Mn;O; is changed to
nanostructured bimessite MnO,. The enhancement of pores in the
nanoflake network improves the diffusivity of the electrolyte ions in
the pore surface, thus reducing the series resistance at the
MnO,/electrolyte interfaces. In addition, the increased specific sur-
face area in the nanoflake MnO, sample over the bulk interlocked
cubelike Mn;O; 1s responsible for obtaining high capacitance in this
system. Further, the high pores nature of the nanoflake sample can
be confirmed by the observed value of n; ~ 0.8 in this system and is
consistent with observed morphology in Fig. 2d. This implies that
bimessite MnO, nanoflakes are highly conducting and can be used
over a wide range of potentials.

Conclusions

In summary, chemically deposited interlocked spinel Mn;Oy can
be transformed to nanoflakes of layered bimessite MnO, using po-
tential cycling. During the cycling process, the supercapacitance of
manganese oxide increased by more than 10 times. Scanning elec-
tron micrographs revealed that due to potential cycling, interlocked
cubelike Mn;Oy is gradually converted into nanostructured bimes-
site MnO,. From XPS analysis, it is confirmed that potential cycling

Table 1. Electrochemical parameters.

o CPE, CPE,
Sample R, () em*) (27! em™? s) (27! em™ s) n ny
Interlocked Mn O, 48 492 0.0046 0.00013 0.574 0.487
Birnessite MO, 46 13.6 0.1263 0.0012 0812 0.449
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causes the change in valence state of Mn clement from Mn** to
Mn** and the state of manganese oxide obtained after cycling was
hydrated, which is realisuc for good supercapacitive properties. The
water conltact angle changed from hydrophilic to more hydrophilic
because the surface morphology converted from interlocked cubes
10 porous nanoflakes. Impedance spectroscopy studies revealed that
charge-transfer resistance of the bimessite MnO, structure is lower
than that of the Mn;Oj structure. The supercapacitance of manga-
nese oxide films increased from 11.8 to 1393 F g! at
100 mV s~! during 3000 potential cycles. The maximum superca-
pacitance achieved at S mV s™' is 223 F g~!. Thus nanoflakes of
layered bimessite MnO, are a promising electrode material for elec-
trochemical capacitors.
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Copper oxide multilayer nanosheets thin films have been formed using simple and inexpensive chem-
ical bath deposition (CBD) method. These films were characterized using X-ray diffraction (XRD), Field
emission scanning electron microscope (FESEM), Fourier transform infrared spectrum (FTIR), optical
absorption and wertability test. The XRD pattern revealed that the copper oxide films are amorphous.
Formation of copper oxide compound was confirmed from the FTIR studies. The FESEM images revealed
the development of hierarchical multilayer nanosheets which covered the substrate surface. Surface
wettability with liquid interface showed hydrophilic nature with water contact angle 53°. The optical
absorption showed existence of direct optical band gap of energy 2.18 eV. The supercapacitive properties
of copper oxide thin film investigated in 1 M Na;S04 electrolyte showed supercapacitance of 43Fg! at

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Currently, electrochemical capacitors (ECs) are attracting wide
attention, due to their high power density, excellent reversibility
and long cycle life [1]. The potential applications of electrochemical
capacitors include the power enhancement and cycle life improve-
ment of primary power sources such as batteries and fuel cells.
Electrochemical capacitors are also attractive for other applications
such as power sources for camera flash equipment, lasers, and cellu-
lar phones [2]. According to the charge storage mechanism, ECs are
categorized as electrochemical double layer capacitors (EDLCs) and
pseudocapacitors. The former is based on charge separation at the
electrode/solution interface, whereas the latter is based on Faradaic
redox reactions occurring within the active electrode materials.
RuO,-xH,0 showed great performance as an electrode material
for pesudocapacitors; however, the high cost of hydrous ruthe-
nium oxide hindered its wide application [3]. Accordingly, there
is a strong incentive to find alternative electrode materials, which
are inexpensive and exhibit pseudocapacitance similar to that of
amorphous Ru0Oz-xH;0.

To this end, much attention is now focused on the oxides of man-
ganese [4.5], nickel [6], cobalt [7] and vanadium [8] as candidate
for electrode materials. Alternately we propose the copper oxide,
the transition material having low cost for use in supercapacitor.
Recently, copper oxide thin films have been prepared by various

« Corresponding author. Tel.: +91 231 2609225; fax: +91 231 2609233.
£.-maii addresses: 1.chandrakant@yahoo.com, dubal.deepak@yahoo.co.in
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methods, such as the sol-gel, chemical deposition and electro-
chemical deposition [9-12]. Among these methods chemical bath
deposition (CBD) is low cost and low temperature soft chemical
solution method. As compared to other methods, CBD has attracted
much interest due to its simplicity, low cost and ease in adaptation
to large-scale production. Moreover, films can be deposited at low
temperatures on a variety of substrates and the thickness of the
deposited layers may be readily controlled by adjusting the bath
chemical composition and deposition time [13].

The present investigation reports the synthesis of amorphous
copper oxide multilayer nanosheets by low temperature CBD
method. The copper oxide thin films were characterized by X-
ray diffraction (XRD), Field emission scanning electron microscopy
(FESEM) and Fourier transform infrared spectrum (FTIR), optical
absorption and wettability test. The electrochemical supercapaci-
tive characteristics of the copper oxide films were investigated by
cyclic voltammetry (CV) in 1 M Na;S04 electrolyte.

2. Experimental details
2.1, Preparation of copper oxide thin films

Preparation of copper oxide thin film by CBD method is based on the heating of
alkaline bath of copper salt containing the substrates immersed in it. The source of
copper used was 0.1 M CuSOu, and to make it alkaline, aqueous ammonia was added.
Initially, precipitate of Cu(OH); dissolved after addition of aqueous ammonia. The
pH of the resultant solution was ~12. The glass and stainless steel were used as
the substrates, which was cleaned with detergent and chromic acid, followed by
rinsing with double-distilled water and finally treated with ultrasonic waves for
15 min. These cleaned substrates were immersed in the above bath and the bath
was heated. When the bath attained the temperature of 343 K, the precipitation
was started in the bath. During the precipitation, heterogeneous reaction occurred
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on the substrate and deposition of copper oxide took place on the substrate, The
substrates coated with copper oxide thin films were removed after 1h from the
bath, washed with double-distilled water, dried in air and preserved in an airtight
container.

2.2. Characterization techniques

The thickness of the copper oxide film was measured by weight difference
method using sensitive microbalance. The structural analysis was carried out with
Philips diffractrometer (Philips PW-3710) using chromium target of wavelength
22896 A. The Fourier transform infrared (FTIR) spectrum of the sample was col-
lected using PerkinElmer. FTIR Spectrum one’ unit. The film microstructure was
examined with a field emission scanning electron microscope (FE-SEM, Model: JSM-
6160). The optical absorption studies were carried out within the wavelength range
350-850 nm for copper oxide films using Systronics spectrophotometer-119, with
glass substrate as reference. In order to study interaction between liquid and thin
film surface contact angle measurement was carried out by Rame-hart USA equip-
ment with CCD camera. The supercapacitor formation and it’s studies were carried
out using the 263A EG&G Princeton Applied Research Potentiostat forming an elec-
trochemical cell comprising copper oxide film as a working electrode, platinum as
a counter electrode and sarurated calomel electrode (SCE) as a reference electrode
in 1M Na,;SO; electrolyte.

3. Result and discussion
3.1. Film formation and reaction mechanism

The black copper oxide films deposited by CBD method were
uniform and well adherent to the substrates. When the process is
considered in a qualitative way, the film growth is dominated by
three periods: (i) nucleation or incubation period, during which
the various chemical equilibriums and reactions are established in
the bath. (ii) The growth period during which the film thickness
has an approximately linear variety with deposition time. At the
moment, the ionic product (IP) of the solution exceeds the solu-
bility product (SP), and the solution reaches a maximum degree of
supersaturation (S = degree of supersaturation = IP/SP), which con-
sequently leads to the growth of nuclei and deposition of the film.
(iii) A terminal step where the reagent becomes depleted and the
film growth begins to slow and eventually stops. For deposition of
copper oxide film, CuSOy is used as source of copper ions (Cu?*).
When ammonia is added to it, whitish blue precipitate of Cu(OH);
occurred, which get dissolved by additional of excess ammonia.
This can be represented by the following reactions:

CuSOy4 + 2NH40H — Cu(OH); + (NH4)2504 (1)
Cu(OH); + NH40H — (NH4)Cu0,™ +H,0 + H* (2)

When this solution was heated the ionic product exceeds the
solubility product and precipitation occurred on the substrate and
in the solution to form CuQ nuclei and thus well adherent and uni-
form CuO film formed on the substrate by the following reaction:

(NH4)CuO; ~ +H™ = CuO + NH40H (3)

The mechanism shows that, in an alkaline bath there is initially
formation of Cu(OH); finally converts into CuO.

3.2. Thickness measurement

Thickness of copper oxide films was measured by the gravi-
metric weight difference method in terms of deposited weight of
a copper oxide film on the glass substrate, per unit area (g/cm?),
since the accurate measurement of copper oxide film thickness
was not possible due to the rough morphology and porosity of the
film: similar to our previous report [14]. The graph of the deposited
weight of copper oxide with the deposition time is shown in Fig. 1.
In the process of deposition of copper oxide films by CBD method,
alkaline copper sulphate bath is heated up to 343 K. It is observed
that after about 20 min precipitation starts and the deposition of
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Fig. 1. Variation of copper oxide film thickness with deposition period.

copper oxide begins by heterogeneous reaction at substrate sur-
face and the deposited weight of film increases with time. The
weight of copper oxide film was found to increase with deposi-
tion time. After 100 min, almost all precipitate rested down at the
bottom of the bath, indicating that the reaction is complete. Here,
the copper oxide films withdrawn from the bath after 60, 80, and
100 min, respectively. The maximum thickness obtained for copper
oxide thin film was 1.2 wm and used for the further characteriza-

tion.

3.3. Structural studies

Fig. 2 shows the XRD pattern of chemically deposited copper
oxide thin film on to the stainless steel substrate. From the XRD
pattern, it can be seen that there is no any significant peak corre-
sponding to copper oxide material. This indicates that copper oxide
thin films are nanocrystalline and/or amorphous in nature. Sim-
ilar type of behavior has been reported by Patake et al. [15] for
the copper oxide films deposited by electrodeposition method. The
amorphous nature of oxide plays an importantrole inimprovement
of supercapacitor [16]. The peaks marked by triangles are due to the
contribution from stainless steel substrate.
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Fig. 2. The XRD partern of copper oxide thin film on stainless steel substrate.
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Fig. 3. FTIR spectrum of copper oxide thin film.

3.4. FTIR study

Fig. 3 displays the FTIR spectrum of copper oxide sample. The
absorption at 3362 cm~! indicates the presence of hydroxide group
[17]. The absorption peaks around at 1624cm~! and 1107 cm™!
maybe attributed to O-H bending vibrations combined with copper
atoms. The two broad absorption bands at 600 and 520cm~" are
associated with Cu-0 stretching modes [18]. Thus, the FTIR result
suggests the presence of Cu-0 bonds and some constitutional water
incorporated in the copper oxide structure. Thus, the formation of
copper oxide compound is confirmed from FTIR study.

3.5. Surface morphological study

Field emission scanning electron micrographs of copper oxide
thin films at two different magnifications are presented in Fig. 4(a
and b). The micrographs revealed the formation of hierarchical
multilayer nanosheets clusters. At high magnification (»50,000)
we clearly see that these nanosheets clusters are well covered
to substrate surface (Fig. 4(b)). The width of these nanosheets is
about 20-30nm. The nanosheet, nanoparticles and nanorod-like
morphologies lead to a high specific surface area and porous vol-
ume, which provide the structural foundation for the high specific

capacitance [19-22].

3.6. Optical studies

The optical absorption spectrum in the range of 450-850nm
for the copper oxide film was carried out on to the glass substrate
without scattering and reflection taking into account. Inset of Fig. 5
shows the optical absorption of copper oxide film; it appears that
copper oxide thin film has high absorbance in the visible region.
The absorption edge was found at 600nm due to optical band
gap absorption. The optical band gap (Eg) for copper oxide film is
calculated on the basis of optical absorption using the following

equation:

n
o = M (4)
hv
where « is absorption coefficient, Eg is band gap, A is constant and
n is equal to 1/2 for direct transition. The plot of (ehv)? vs. hv of
copper oxide film is shown in Fig. 5. From the linear nature of the
plot, the direct optical transition in copper oxide is confirmed. The
band gap energy. Eg is obtained by extrapolating the linear portion
of the plot (whv)? vs. hv to the energy axis at a =0. From the graph

Fig. 4. The FESEM images of copper oxide thin film at (a) = 10,000 and (b) = 50,000
magnifications.

for copper oxide thin film, band gap value of 2.18eV is observed
which is similar to the other reports for copper oxide films [23,24].

3.7. Wettability test

Wettability test is carried out in order to investigate the inter-
action between electrolyte and copper oxide electrode. If the
wettability is high, contact angle (8), will be small and the surface
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Fig. 5. The plots of («hv)? vs. hv of copper oxide thin films. Inset shows variation of
absorption (at) with wavelength () of copper oxide thin film on glass substrate.
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is hydrophilic. On the contrary, if the wettability is low, & will be
large and the surface is hydrophobic. In present case, the water lies
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with contact angle of 53° on the surface of copper oxide film instead
of forming droplet, as seen in Fig. 6. This may be due to the strong
cohesive force between the water droplet and hydroxide presentin
the copper oxide compound. This specific property (hydrophilicity)
is attributed to nanocrystalline nature that is expected to possess
very high surface energy. Nanocrystalline material with hydrophilic
nature is one of the prime requirements for supercapacitor elec-
trode material. Hydrophilicity is useful for making intimate contact
of aqueous electrolyte with film surface in supercapacitor applica-
tion. It is well known that in the electrochemical supercapacitor,
hydrophilic surface of the electrode is an essential factor for better
performance [25). Mane et al. [26] reported a contact angle of 21
for electrochemically deposited tin oxide thin films for supercapac-
itor application.

3.8. Electrochemical properties

The chemically deposited copper oxide thin films were used in
the formation of electrochemical supercapacitors and their perfor-
mance was tested studying CV curves. The CV curve provides the
measure of supercapacitors charge response with charging voltage
and hence can be used to evaluate the capacitance. The pseudoca-
pacitance of transition metal oxides have been attributed to redox
transition of species at various oxidation states. The pseudocapaci-
tance of copper oxide electrode is the result of transitions between
+2 and +1 oxidation state and vice versa. The proposed redox reac-
tion for the copper oxide electrode showing capacitance will be as
follows:

Cu®* 4 e < Cu® (~0.08V/SCE)

In this process of reaction CuO converts into Cu; O with changing
the +2 oxidation state to +1 oxidation state and again +1 to +2 states
following the same reversible process of reduction and oxidation.

The electrochemical behavior of copper oxide film was studied
in 1M NazS0y4 in the potential window of +0.1 to —0.7V. Fig. 7
shows the cyclic voltammograms with different scan rates. It is
found that the current under curve slowly increased with scan rate.
This shows that the voltammetric current is directly proportional
to the scan rates of CV, indicating an ideally capacitive behavior
[27). The capacitance was calculated using the following relation,

1
€= avar =)
where. | is the average current in ampere and dV/dt is voltage
scanning rate. Interfacial capacitance is calculated by dividing area
of copper oxide electrode dipped in the electrolyte. In present
case, area dipped in electrolyte is 1 cm?. The copper oxide elec-
trode exhibited interfacial capacitance of 0.12mF cm- 2 and specific
capacitance of 43 Fg-1. Patake et al. [16] reported 37 Fg~! super-
capacitance of copper oxide films prepared by electrodeposition
method. The slightly high value may be due to hydrous nature of

capper oxide in present case.

Voltage (mV)

Fig. 7. The cyclic voltammograms of copper oxide electrode at different scanning
rates in the 1 M Na,S0j4 electrolyte in the +0.1 to —0.7 V vs. SCE.

4. Conclusions

In conclusion, copper oxide multilayer nanosheets have been
synthesized by simple and inexpensive CBD method. The XRD pat-
tern revealed the amorphous nature of copper oxide thin films.
Formation of copper oxide compound was confirmed from the
FTIR studies. The FESEM images revealed the development of hier-
archical multilayer nanosheets which are well covered with the
substrate surface. The copper oxide films shows hydrophilic nature
with water contact angle 53° and existence of direct optical band
gap of energy 2.18eV. The copper oxide electrode exhibited the
supercapacitance of 43 Fg~!. Thus, chemically deposited copper
oxide thin films are promising electrode material for electrochem-

ical capacitors.
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The interlocked cubes of hausmannite Mn3O4 thin films were synthesized by simple, inexpensive, and
low temperature chemical route from urea containing bath. These films were characterized by using X-ray
diffraction (XRD), field emission scanning electron microscope (FE-SEM), Fourier transform infrared spec-
tra (FT-IR), optical absorption and wertability test. From the XRD patterns, polycrystalline nature of the

hausmannite Mn30; films has been confirmed. Scanning electron micrographs revealed the development
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of three dimensional growths of interlocked cubes of Mn304 material. FT-IR spectrum bands confirmed
the formation of Mn3;04 compound. The Mn30,4 film showed a direct optical band gap with energy 2.5 eV
and hydrophilicity with water contact angle of 60°. Mn304 film when used in supercapacitor exhibited
specific capacitance of 193 Fg=" in 1 M NazS04 electrolyte.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Manganese oxide thin films have potential applications in elec-
trochemical materials, high density magnetic storage medium,
catalyst, ion-exchange, molecular adsorption, etc. [1-3]. It is
known to be an active catalyst for the decomposition of
waste gas NO,. selective reduction of nitrobenzene and so
on. It is corrosion-inhibiting pigment for epoxy-polyamide and
epoxy-ester-based primers and top coating and also a start-
ing material for manufacturing soft magnetic materials such as
manganese zinc ferrite useful for dioxymagnetic cores in trans-
formers for power supplies. Hausmannite Mn3O4 is known to
have a normal spinel structure with tetragonal distortion elon-
gated along the c-axis due to Jahn-Teller effect on the Mn3*
jon. Manganese ions occupy the octahedral B-site (Mn3*) and
tetrahedral A-site (Mn2*) corresponding to a normal spinel struc-
ture. There are 32 oxygens and 24 cations in the unit cell
[4].

Recently, conducting polymers, activated carbon and transition
metal oxides are widely used for supercapacitor electrode mate-
rial. Manganese oxide thin films which belong to third category
shows excellent pseudocapacitive behavior with the large spe-
cific capacitance as high as 698Fg-! [5]. Manganese oxide is a

= Corresponding author. Tel.: +91 231 2609229; fax: +91 231269233,
£-mail address: |.chandrakant@yahoo.com (C.D. Lokhande).

(525-838815 - see front matter © 2009 Elsevier BV. All rights reserved.
doi:10.1016/).Jalicom 2009.03.135

potential supercapacitor material due to its low cost, natural abun-
dance and environmentally more friendly than other transition
metal oxides. Nam and Kim [6] reported the specific capacitance of
330Fg-! for manganese oxide films prepared by electrostatic spray
deposition method. Chang and Tsai [7] investigated the effect of
heat treatment on material characteristics of anodically deposited
manganese oxide films and reported the specific capacitance of
240Fg~.

Mn;04 has been prepared by various methods viz., microwave
irradiation [8], hydrothermal or solvothermal routes [9,10], reflux
method [11], flash microwave method [12], metal organic chemi-
cal vapor deposition (MOCVD) [13], chemical vapor deposition, etc.
Preparation of Mn30y4 by chemical bath deposition (CBD) method
is less investigated [14] and needs further investigation. As com-
pared to the other deposition methods, CBD is an attractive one
because of its own advantages such as simplicity, reproducibility,
non-hazardous, cost effectiveness, etc. It is well suited for producing
large-area thin films at low temperature and hence avoids oxidation
or corrosion of metallic substrate [15].

In this investigation, for the first time, we report on the synthesis
and characterization of Mn304 thin film by CBD method from urea
containing bath for supercapacitor application. The Mn304 films
were characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM), Fourier transform infrared (FT-IR) spectrum,
optical absorption and wettability techniques. The supercapacitive
behavior of Mn304 thin films was investigated by cyclic voltamme-

try.

Please cite this article in press as: D.P. Dubal, et al,, J. Alloys Compd. (2009), doi:10.1016/j.jallcom.2009.03.135
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2. Experimental details
2.1. Preparation of Mn30; thin films

Manganese sulphate (MnSO4-H;0) and urea ((NH;);CO) purchased from
S.D.Fine-Chem and LOBA Chemie, respectively were used without further purifica-
tion. Fresh aqueous solutions of manganese sulphate (0.05 M) and urea (1 M) were
prepared in double distilled water immediately before their use. The pH of the mixed
solution was ~8. The solution was transparent and free from any precipitate. The
commercial borosilicate glass slides were cleaned with detergent and chromic acid,
followed by rinsing with double distilled water and finally treated with ultrasonic
waves for 15min. The substrates were immersed in the bath at the temperature
353K without stirring for 12 h. After about 4 h, the solution became blurred and
within 12 h the brown precipitate was formed in the bath. During the precipitation,
the heterogeneous reaction occurred and the deposition of Mn; 04 took place on
the substrate. The substrates coated with bright brown colored Mn304 thin films
were removed, rinsed, dried in air and preserved in an air-tight container. The
as-deposited films were uniform. specularly reflective (mirror like) and extremely
adherent to the substrate.

2.2. Characterization technigues

The crystal structure of the Mn;04 thin films was identified by X-ray diffraction
analysis with Philips (PW 3710) diffractometer using CuK, radiation (A = 1.5406 A)in
2¢ranging from 10° to 100 . The film surface morphology was observed by field emis-
sion scanning electron micrograph (FE-SEM. model: JSM-6160). The FT-IR spectrum
of the sample was collected using Perkin Elmer, FT-IR spectrum one unit. The opti-
cal absorption study was carried out over the wavelength range 350-850 nm using
Systronics spectrophotometer-119, with glass substrate as a reference. Contact angle
measurement was carried out by Rame-Hart USA equipment with CCD camera. The
cyclic voltammetry (C-V) studies were carried out using the 263A EG&G Princeton
Applied Research Potentiostat forming an electrochemical cell comprising Mn304
thin film as a working electrode, platinum as a counter electrode and saturated
calomel electrode (SCE) as a reference electrode in 1 M Na; S04 electrolyte.

3. Results and discussion
3.1. Film formation mechanism

The CBD is based on the formation of solid phase from a solu-
tion, which involves two steps as nucleation and particle growth.
In nucleation, the heterogeneous reaction at the substrate surface
takes place when clusters of the molecules formed undergo rapid
decomposition and particles combine to grow up to a certain thick-
ness of the film. The primary role of urea is to provide a slow
controlled supply of OH™ ions through slow thermal decomposi-
tion [16]. This includes hydrolysis of urea and reaction of ammonia
with water as follows:

(NHz2)2€C0 + H;0 — 2NHj +CO;, (1)
NHj + H;0 = NH40H )

In the present research work, the low reaction temperature and
unstirred chemical bath slowly releases free Mn2* cations from the
stable precursor, these Mn?* cations form ammine complexes of
Mn{NH3),%2* (n=1-4) with NH3 (aq) in moderately basic media
(pH~ 8). Due to the formation of these complexes, the solution
did not contain colloidal manganese hydroxide in the deposition
solution. The reaction is as follows,

Mn?* 4+ nNH; = Mn(NH3),?* (3)

In our experiment, the pH value is ~8, ie. the solution is
alkalescent. On this alkalescent and bath heating condition the
Mn{NH3 )" is unstable and the following reaction occurs as

Mn(NH3),2" = Mn?* +nNH; (4)
Finally, oxidation of Mn?* to Mn>* takes place as
6Mn?" + 03 + 120H” - 2Mn304 + 6H;0 (5)

Thus, nucleation and growth of Mn304 thin films take place via
ion-by-ion mechanism. Many of chemically deposited thin films
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Fig. 1. The X-ray diffraction pattern of Mn30; thin film on glass substrate.

peel from the substrate at some stage of growth phase before reach-
ing the terminal thickness. In the present case, Mn304 thin films
are extremely adhesive to the substrate though the deposition was
carried out for prolonged time intervals.

3.2. Structural studies

In order to study crystalline nature of Mn304 thin film, the XRD
pattern was recorded in the 26 range 10-100". Fig. 1 shows XRD
pattern of Mn3 Oy thin film. It is evident from the figure that Mn304
thin film is polycrystalline and has tetragonal hausmannite struc-
ture. The calculated lattice constants a=5.1822 A, b=5.1822 A and
c=9.4563 A, are in good agreement with standard lattice constants
[a=5.7621A, b=5.7621 and c=9.4696 A, JCPDS card no. 75-1560)].
This confirms the formation of tetragonal hausmannite Mn3Og4
compound. Xu et al. [14] reported the hausmannite structure for
Mn304 thin films by CBD method using NH4Cl and NH3 containing
bath. Nam and Kim [6] reported the same hausmannite structure by
electrostatic spray deposition method. The grain size of Mn304 thin
films from XRD pattern was calculated using the Scherer's relation:

0.91
p cos 6 (6)
where g is the broadening of diffraction line measured at half max-

imum intensity (radians) and = 1.54056 A, the wavelength of the
Cu Ko X-ray. The grain size was found to be 20 nm for (2 2 0) plane.

D=

3.3. Surface morphology

Fig. 2a and b shows the FE-SEM images of Mn304 thin film at
two different magnifications (x2000 and x5000). The substrate
surface was covered uniformly with cube-like novel morphology.
The micrograph revealed the three dimensional growth of man-
ganese oxide cubes with some clusters of overgrowth. These cubes
are interlocked with each other or aggregated. Approximate size of
the cubes is in between 5 and 10 wm as seen in Fig. 2b. Xu et al.
[14] reported smooth surface of film with nanosized grains for the
films prepared by CBD for the deposition period of 11 h. Baykal et
al. [17] prepared the Mn;0y4 films by reflux method and reported
that film consists of network formed by the particles with sizes in
the submicron range.

3.4. FI-IR study

Fig. 3 shows the FT-IR spectrum of Mn30y4 thin film. The region
below 1400cm~"! contains peaks due to fundamental vibrations of

Please cite this article in press as: D.P. Dubal, et al., J. Alloys Compd. (2009), doi:10.1016/j.jallcom.2009.03.135
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octahedral MnOg and the region above 1400 cm~! contains peaks
primarily corresponding to OH vibrations [ 18]. The regions from 750
to 600cm~! and 600 to 450cm~! correspond to Mn—0 stretching
and bending vibrations. The absorption of the Mn—0 lattice vibra-
tions around at 724,633 and 525 cm~! in the spectrum is indicative
of a tetragonally distorted cubic lattice. These absorption peaks may
be associated with the coupling mode between Mn—O stretching
modes of tetrahedral and octahedral sites [19,20]. This confirms
the formation of manganese oxide compound. The absorption
bands obtained in the region 1750-1800cm ! and 1400-1390 cm!

&
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Fig. 3. FT-IR spectrum of Mn; 0, thin film.
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Fig. 4. The variation of absorption (at) with wavelength () of Mn3; 04 thin film on
glass substrate. Inset shows the plot of (hv)? vs. hu of Mn304 thin film.

mainly correspond to C—0 group [21]. The broad IR absorption in
the 3600-2800cm~! range, with a maximum at 3391 cm~! arises
from the —OH mode of interacting hydroxyl groups [22]. The nar-
row bands around 2923 cm-! and 2853 cm~! are due to N—H bonds
that is organic residues originating from the sample as a result of
the preparation procedure [23]. The result indicates the presence
of Mn—O bonds, carboxyl groups and —OH groups for as-deposited
thin films.

3.5. Optical studies

The optical absorption of Mn30y thin films in the wavelength
range 350-850nm has been investigated. Fig. 4 shows variation
of absorbance (at) of Mn304 film with wavelength (X). This spec-
trum reveals that Mn3 0, thin film has high absorbance of light in
the visible region, indicating applicability as an absorbing material.
The absorption edge was found at 500 nm due to optical band gap
absorption which is in good agreement with the literature data [24].
The optical band gap energy is estimated by using the following
equation for a semiconductor:

A(Eg — hv)"

= hv L)
where o is absorption coefficient, Eg is band gap, A is constantand n
isequal to 1/2 for direct transition. Inset of Fig. 4 shows the variation
of («hv)? vs. hu, which is a straight line in the domain of higher
energies, indicating a direct optical transition. The band gap energy,
Eg is obtained by extrapolating the linear portion of the plot (¢hv)?
vs. hv to the energy axis at « =0. From the graph for Mn304 thin
film, band gap value of 2.5 eV is observed. Xu et al. found the optical
band gap of 2.54 eV for chemical bath deposition of Mn30y4 thin
films [14].

Contact angle = 60 degree

Fig. 5. Contact angle measurement of Mn3 Oy thin film.
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3.6. Wettability test

The wetting of solid with water, where air is the surround-
ing medium, is dependent on the relation between the interfacial
tensions (water/air, water/solid and solid/air). The ratio between
these tensions determines the contact angle (¢) between a water
droplet on a given surface. A contact angle of 0" means complete
wetting and a contact angle of 180" corresponds to complete non-
wetting. The surface wettability involves the interaction between
liquid and solid in contact. The wetting behavior is characterized by
the value of contact angle, a microscopic parameter. Measurement
of surface water contact angle is inversely proportional to the wet-
tability and can be determined by Young's relation [25]. The contact
angle is expected to depend upon local inhomogeneity, chemical
composition and the surface morphology of the electrodes. In the
present case, the water lies with contact angle of 60° on the surface
of Mn304 thin film forming a droplet as seen in Fig. 5 indicating
hydrophilic behavior. It is well known that in the electrochemical
supercapacitor, hydrophilic surface of the electrode is an essential
factor for better performance [27].

3.7. Supercapacitive studies

The Mn304 films were used in the electrochemical supercapac-
itor and its performance was tested using cyclic voltammogram.
The effect of scan rate on the electrochemical capacitor was stud-
ied in 1M Na;SOy4 in the potential window of -0.1-0.9V. Fig. 6
shows the cyclic voltammograms with different scan rates. It is
found that the current under curve slowly increased with scan rate.
This shows that the voltammetric current is directly proportional
to the scan rates of C-V, indicating an ideally capacitive behavior
[26]. The capacitance was calculated using the following relation,

!

e 8
% dv/dt 8)
where / is the average current in ampere and dV/dt is voltage scan-
ning rate. Interfacial capacitance is calculated by dividing area of
manganese oxide electrode dipped in the electrolyte.

Interfacial capacitance
capacitance (F)
= areaofelectrode dippedin an electrolyte (cm?)

In the present case, area dipped in electrolyte is 1cm?. The
Mn30, electrode exhibited interfacial capacitance of 0.11 Fcm=2

and specific capacitance of 193Fg~".

4. Conclusions

The polycrystalline Mn304 thin films with pure tetragonal haus-
mannite structure were prepared onto the glass substrate by CBD
method. The surface morphology revealed the three dimensional
growth of interlocked cubes along with some overgrown clus-
ters. A FT-IR spectrum shows that the bands below 1400cm™!
are due to Mn—0 stretching and bending vibrations which con-
firm the formation of Mn304 compound. The Mn304 film showed
direct band gap with energy 2.5eV and hydrophilic nature with
water contact angle of 60°. The specific and interfacial capacitances
of Mn30,4 electrode were 193 and 0.11 Fcm~2, respectively which
persuade us to propose Mn304 as a promising supercapacitor can-

didate.
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A facile chemical bath deposition (CBD) technique has been used for the preparation of Mn304 thin films
at room temperature. The structural, morphological, optical, wettability and electrical characterizations
have been carried out by means of X-ray diffraction (XRD), Scanning electron micrograph (SEM), Fourier
transform infrared spectrum (FTIR), optical absorption, contact angle and electrical resistivity studies
of deposited films. The XRD pattern shows the tetragonal hausmannite structure of Mn30;4 thin film.
The Mns0s4 formation was also confirmed from FTIR studies. SEM images showed that the substrate
surface is uniformly covered with spherical beads-like architecture. The Mn3;04 film showed a direct
optical band gap with energy 2.51 eV and hydrophilicity with water contact angle of 53°. The room
temperature electrical resistivity of Mn304 thin film was found to be 1.6 x 102 2 cm. Mn304 films when
used in supercapacitor exhibited specific capacitance of 284 Fg~" in 1 M Na,S0;4 electrolyte.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nanoparticulate transition-metal oxides can exhibit enhanced
optical, magnetic and electrical properties when compared to their
bulk counterparts, rendering such nanoparticles of interest for
a variety of applications [1]. Nanometer-sized manganese oxide
(Mn304). with notable increased surface area and greatly reduced
size, is expected to display better performance in these aspects
of application [2]. In recent years, manganese oxides have gen-
erated considerable scientific and technological interest because
of their electronic and magnetic properties [3,4]. There are four
crystalline phases of manganese oxides (MnO, Mn;03, MnOa, and
Mn304) which have different structural and compositional proper-
ties and serve in various applications. Manganese dioxide (MnO;)
can be used as a catalyst in oxidation-reduction reactions, as elec-
trode materials in batteries, and in energy storage devices such
as ultracapacitors [5]. The dimanganese trioxide phase (Mn;03)
is quite attractive owing to its applications to produce soft mag-
netic materials [G] to catalyze the removal carbon monoxide and
nitrogen oxide from waste gas [7,8] and in the catalytic combus-
tion of methane [9]. The hausmannite phase, Mn30y4, has also been
shown to possess electrochromic properties [10]. Furthermore,
manganese oxide thin films serve as the substrate in the synthe-
sis of magnetic oxide perovskite materials, which have important
electrical and magnetic properties such as giant magnetoresistance,
and metal-insulator transitions [11,12].

* Corresponding author. Tel.: +91 231 2609229; fax: +91 231 269233.
£.mail address: 1.chandrakant@yahoo.com (C.D. Lokhande).

(4925 8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016() jalicom.2010.02.182

Recently, conducting polymers, activated carbon and transition-
metal oxides are widely used for supercapacitor electrode material.
Manganese oxide thin films which ‘belongs to third category
shows excellent pseudocapacitive behavior with the large specific
capacitance as high as 698 Fg~'. Manganese oxide is a potential
supercapacitor material due to its low cost, natural abundance and
environmentally friendlier than other transition-metal oxides.

There is an extensive number study on bulk manganese oxide
and little on thin manganese oxide films. Mn304 has been prepared
by various methods viz., microwave irradiation [13], hydrother-
mal or solvothermal routes [14,15], reflux method [16], flash
microwave method [17), metal organic chemical vapor deposition
(MOCVD) [18], chemical vapor deposition etc. As compared to the
other deposition methods, CBD is an attractive one because of its
own advantages such as simplicity, reproducibility, non-hazardous,
cost effectiveness etc. It is well suited for producing large-area thin
films at low temperature and hence avoids oxidation or corrosion
of metallic substrate [19].

Here, we present the room temperature synthesis of Mn3 04 thin
films by simple and inexpensive chemical bath deposition (CBD)
method. These films are characterized by XRD, SEM, FTIR, optical,
contact angle and electrical resistivity measurement. The superca-
pacitive behavior of Mn304 thin films was investigated by cyclic
voltammetry in 1 M Na;S04 electrolyte.

2. Experimental details

2.1. Preparation of Mn;04 thin films

Manganese sulphate (MnSO4-H20) and ammonium sulphate ((NH4 ), SO4) were
used without further purification. Fresh aqueous solution 0f 0.2 M MnSQ4 and 0.2 M
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(NH4):S04 were prepared in double distilled water immediately before their use.
The pH value of solution was adjusted with liquid ammonia to 8. After stirring, this
clear and homogeneous solution was used as the precursor solution for the deposi-
tion 0f Mn; 04 thin film. Previously cleaned stainless steel substrates were immersed
inthe bath at room temperature. After about 3 h solution became blurred and within
8 h a brownish precipitate was formed in the bath. During the precipitation, hetero-
geneous reaction occurred and the deposition of Mn;04 took place on the substrate.
The substrates coated with Mn; 04 thin films were removed after 48 h from the bath,
washed with double distilled water, dried in air and preserved in an airtight con-
tainer. The as-deposited films were uniform, specularly reflective (mirror like) and
adherent to the substrate.

22. Characterization techniques

The thickness of the Mn;04 film was measured by weight difference method
using -sensitive microbalance. Structural identification of Mn;04 films was car-
ried out with an X-ray diffractometer (XRD) [chromium target (A = 2.2873 A)]. The
film microstructure was examined with a scanning electron microscope (SEM)
(JEOL-JSM 6360). The Fourier transform infrared (FT-IR) spectrum of the sample
was collected using PerkinElmer, FT-IR Spectrum one’ unit. The optical absorption
study was carried out within a wavelength range 350-850nm using a systronics
spectrophotometer-119, with glass substrate as reference. To study the wettability
of the film, contact angle measurement was carried out by Rame-hart USA equippe-
ment with CCD camera. A two-probe method was used for electrical resistivity
measurement. The cyclic voltammetry (C-V) studies were carried out using the
263A EG &G Princeton Applied Research Potentiostat forming an electrochemical
cell comprising Mn; 04 thin film as a working electrode, platinum as a counter elec-
trode and saturated calomel electrode (SCE) as a reference electrode in 1M Na; S04

electrolyte.

3. Results and discussion
3.1. Film formation and reaction mechanism

The CBD is based on the formation of solid phase from a solu-
tion, which involves two steps as nucleation and particle growth.
In nucleation, the heterogeneous reaction at the substrate surface
takes place when clusters of the molecules formed undergo rapid
decomposition and particles combine to grow up to a certain thick-
ness of the film. Considering the mechanism of formation of Mn304
films, the possible chemical reaction in the solution can be specu-
lated as follows. At the beginning of reaction, ammonium sulphate
in water gets dissociated as follows,

(NH4)2S04 — 2NH4* +50,%" (1)
NH4_ +0H = NH3H20 (2)

In the present research work, the low reaction temperature and
unstirred chemical bath slowly releases free Mn2* cations from the
stable precursor, these Mn?* cations form ammine complexes of
Mn(NH3)s%* (n=1-4) with NH3 (aq) in moderately basic media
(pH ~ 8). Due to the formation of these complexes, the solution
did not contain colloidal manganese hydroxide in the deposition
solution. The reaction is as follows,

Mn2* + nNH3 = Mn(NH3),%* (3)

In our experiment, the pH value is ~8 i.e. the solution is alkales-
cent. On this alkalescent condition the Mn(NH3),2* is unstable and
the following reaction occurs as.

Mn (NH3)p2* = Mn?* 4+ nNH; (4)
Finally, oxidation of Mn?* to Mn®* takes place as
6Mn?* + 03 + 120H” — 2Mn304 + 6H,0 (5)

Thus, nucleation and growth of Mn304 thin films take place via
jon-by-ion mechanism. Many of chemically deposited thin films
peel from the substrate at some stage of growth phase before reach-
ing the terminal thickness. In present case, Mn30y4 thin films are
adhesive to the substrate though the deposition was carried out for

prolonged time intervals.
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Fig. 1. Variation of film thickness of Mn304 film with deposition time.

3.2. Thickness measurement

The thickness of Mn3O4 thin films on stainless steel substrate
was calculated using weight difference method. The density of
Mn304 in bulk form (7.21g/cm3) [20] was used for calculation
considering hydroxide phase is present in very small extent as
compared to Mn304. In the process of deposition of Mn304 film
by CBD method, the mixture of MnSO4 and (NH4)2504 was pre-
pared in double distilled water and pH is adjusted to ~8 by using
ammonia solution. It is observed that after about 3—-4h precipi-
tation starts and deposition of Mn304 begins by heterogeneous
reaction at substrate surface and the film thickness increases with
time. The variation of thickness with time is shown in Fig. 1. The
film thickness was found to be increased with deposition time. After
about 48 h, almost all precipitate rest down at the bottom of the
bath. The terminate thickness obtained was 1.23 um.

3.3. Structural studies

Fig. 2 (a and b) shows XRD patterns of Mn30y4 thin film pre-
pared by CBD method at room temperature and powder collected
by scratching the film respectively. The XRD pattern of Mn304
thin film was of poor crystallinity and no well-defined peaks were
observed. Hence for the material confirmation we have scratched
the film and XRD was taken of the collected powder. The entire
observed diffraction peaks in Fig. 2 match with those of tetragonal
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Fig. 2. The X-ray diffraction patterns of (a) Mn304 thin film on stainless steel sub-
strate and (b) powder collected by scratching the film.
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Fig. 3. The SEM images of Mn;0; thin film at (a) x50K and (b) x 100K magnifica-
uons.

hausmannite (JCPDS card no. 24-0734) structure. The low inten-
sity of peak confirmed the nanocrystalline nature of hausmannite
Mn304 thin film. The peaks marked by triangles are due to the con-

tribution from stainless steel substrate. Zhang et al. [14] prepared ~

the hausmannite Mn3 04 films using low temperature solvothermal
method. Apte et al. [13] also reported the preparation of hausman-
nite Mn304 powder by microwave irradiation method. The grain
size of Mn304 thin films from XRD pattern was calculated using
the Scherer's relation:
0.94

~ pcost (6)
where g is the broadening of diffraction line measured at half max-
imum intensity (radians) and % =2.2897 A, the wavelength of the
CrKa X-ray. The average grain size was found to be 15 nm for (2 00)
plane. Inset of Fig. 1 shows the photograph of Mn304 thin film
which demonstrates that the film is brownish in color.

3.4. Surface morphology

The SEM micrographs of Mn304 thin film at different magnifi-
cations (»50 and »100K) are presented in Fig. 3a and b. The SEM
image shows the three-dimensional growth of the spherical beads.
These spherical beads are interconnected with each other or aggre-
gated. At high magnification (Fig. 2b) it is seen that the substrate
surface was uniformly covered with beads. The boundaries of these
beads get diffused. Approximate size of the single bead was about
400 nm. Such kind of morphology provides high surface area which
is feasible for supercapacitor application. Shao et al. [21] prepared
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Fig. 4. FT-IR spectrum of Mn3 0, thin film.

the Mn304 by electrospinning technique and reported that film
consists of nanofibers of size about 50-200 nm.

3.5. FTIR study

Fig. 4 displays the FTIR spectrum of manganese oxide sample.
Sample shows several small peaks in the range of 1400-1650 cm™!
and a broad peak at about 3439cm~". These peaks are associated
with the trace of surface-adsorbed moisture in the sample. It can
be obviously observed that the stretching peak of —OH groups is
much more intensified, because the manganese oxide sample is
synthesized in the aqueous solution which may form the tunnel
structure during the reaction process, thus a small amount of H;O
molecules is intercalated in the tunnel. Several small absorption
peaks at around 1000-1500cm~'are normally attributed to the
bending vibrations of O-H bonds connected with Mn atoms. The
absorption peaks situated at 716 and 611 cm~! as shown in Fig. 4,
are attributed to the vibrations of Mn-0 bonds [21]. The FTIR peaks
in the range of 400-1000 cm~! could reveal the existence of octahe-
dra MnOg [22]. Thus presence of Mn-0 bond and hydroxyl groups
was confirmed from the FTIR spectrum of manganese oxide sample.

3.6. Optical studies

The optical absorption spectrum in the range of 350-850 nm for
the Mn304 film was carried out at room temperature on to the glass
substrate without scattering and reflection taking into account.
Insetof Fig. 5 shows the optical absorption of Mn3O4 film; itappears
that Mn304 thin film has high absorbance in the visible region, indi-
cating applicability as an absorbing material. The absorption edge
was found at 520 nm due to optical band gap absorption, whichisin
good agreement with the literature data [23]. The optical band gap
(Eg) for Mn304 film is calculated on the basis of optical absorption
using the following equation

A(Eg — hu)"
Rt (7)
where « is absorption coefficient, Eg is band gap, A is constant and
n is equal to 1/2 for direct transition. The plot of (ahv)? versus hv
of Mn;04 film is shown in Fig. 5. From the linear nature of the plot,
the direct optical transition in Mn3O4 is confirmed. The band gap
energy, E; is obtained by extrapolating the linear portion of the
plot (whv)? versus hv to the energy axis at o = 0. From the graph for
Mn304 thin film, band gap value of 2.51 eV is observed. Dubal et al.
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found the optical band gap of 2.5 eV for chemical bath deposition
of Mn30y4 thin films [24].

3.7. Wettability test

The wetting of solid with water, where air is the surrounding
medium, is dependent on the relation between the interfacial ten-
sions (water/air, water/solid and solid/air). The ratio between these
tensions determines the contact angle (#) between a water droplet
on a given surface. A contact angle of 0 means complete wetting
and a contact angle of 180 corresponds to complete non-wetting.
The surface wettability involves the interaction between liquid and
solid in contact. The wetting behavior is characterized by the value
of contact angle, a microscopic parameter. In the present case, the
water lies flat with contactangle of 53° on the surface of Mn304 film
instead of forming droplet as seen in Fig. 6. This specific property is
attributed to nanocrystalline nature that is expected to possess high
surface energy. Nanocrystalline material with hydrophilic nature
is prime requirement for supercapacitor electrode material. This is
useful for making intimate contact of aqueous electrolyte with film
surface in supercapacitor application. A similar type of observation
has been reported for electrochemically deposited tin oxide films
by Mane et al. [25].

3.8. Electrical resistivity

The D.C two point probe method was employed to understand
the variation of electrical resistivity with temperature of Mn304
thin films. Fig. 7 shows the variation of log (p) with reciprocal of
temperature (1000/T) on to the glass substrate. From figure it is
clearly seen that the resistivity decreases with increase in temper-

Contact angle = 53 Degree

Fig. 6. Contact angle measurement of Mn; Oy thin film.
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Fig. 7. The variation of dark electrical resistivity (log p) with temperature (1000/T)
of Mn;0; thin film.

ature indicating that normal semiconducting behavior. The room
temperature electrical resistivity of Mn304 thin film is of the order
of 1.6 x 102 §2 cm which is low enough to be a good supercapacitor
electrode material. The activation energy was calculated using the

relation

e ()
P = po EXp KT

where ‘p' is the resistivity at temperature T, ‘pg’ is constant; ‘K’
is Boltzmann constant and ‘E;’ is activation energy. The activa-
tion energy represents the location of trap levels below conduction
band. From Fig. 7 for Mn30,4 film there is a single distinct activa-
tion energy regime indicating single mechanism involved in the
conduction mechanism. The activation energy was 0.23eV in the
temperature regime 300-600 K.

(8)

3.9. Supercapacitive studies

The Mn30y4 films were used in the electrochemical supercapac-
itor and its performance was tested using cyclic voltammogramm.
The effect of scan rate on the electrochemical capacitor was studied
in 1 M Na; SOy in the potential window of —0.1 to 0.9 V. Fig. 8 shows
the cyclic voltammogramms with different scan rates. It is found
that the current under curve slowly increased with scan rate. This
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Fig. 8. The Cyclic voltammograms of Mn304 electrode at different scanning rates
(A: 5mVs-', B: 10mVs~', C:20mVs~', D: 50mVs~!, E: 75mVs-!, F: 100mVs~!)
inthe 1M Na;SO; electrolyte in the —~0.1 to 0.9V vs. SCE.
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shows that the voltammetric current is directly proportional to the
scan rates of CV, indicating an ideally capacitive behavior [26]. The
capacitance was calculated using the following relation,

I

= dv/dt ©)
where | is the average current in ampere and dV/dt is voltage scan-
ning rate. Interfacial capacitance is calculated by dividing area of
manganese oxide electrode dipped in the electrolyte. In present
case, area dipped in electrolyte is 1cm? The Mn304 electrode
exhibited specific and interfacial capacitances of 284Fg~! and
0.12Fcm~2 respectively.

4. Conclusions

In summary, XRD, FTIR and SEM results evidently indicated that
the phase-pure, nanocrystalline, and size-controlled Mn304 thin
films were deposited from agqueous solution at room temperature
by a simple CBD method. The Mn304 film showed direct band gap
with energy 2.51eV and hydrophilic nature with water contact
angle of 53°. Thus, the CBD method has proved to be a practical
method for the deposition of oxide thin films at low temperatures
and may be extended to fabricate other oxide thin films. The spe-
cificand interfacial capacitances of Mn3 0,4 electrode were 321 Fg~!
and 0.14 F cm~2, respectively which persuade us to propose Mn30y4
as a promising supercapacitor candidate.
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ABSTRACT

A facile route based on chemical bath deposition (CBD) from urea containing bath has been developed
to deposit the interlocked cubes of hausmannite Mn304 electrode for electrochemical supercapacitor
application. The as-prepared Mn;0, electrode showed ideal capacitive behavior during potential cycling
within the range of —0.1 to+0.9 Vin 1 M Na,SO; electrolyte. The X-ray diffraction (XRD), scanning electron
micrograph (SEM) and Raman scattering (RS) and wettability studies during the supercapacitive stability
showed that the interlocked cubes of crystalline Mn304 are electrochemically oxidized to nanoflakes of
layered birnessite MnO; due to potential cycling. Due to potential cycling the contact angle of Mn304 thin
film changed from hydrophilic to superhydrophilic nature. The effect of electrolyte concentration and
scan rate on the specific capacitance of so formed MnO; film has been investigated. Impedance analysis
shows that birnessite MnO; nanoflakes are good conducting than Mn304 hence can be used over a wide
range of applications. It exhibited highest specific capacitance of 223 Fg~! in 1M NayS04 electrolyte at
5mVs~! scan rate and 90% stability after 5000 cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Manganese oxide is known to be important transition metal
oxide and is suitable for a large range of applications, namely,
electrochemical materials, high density magnetic storage medium,
catalyst, ion-exchange, molecular adsorption, etc. [1-3]. An emerg-
ing application of manganese oxide is an electrode material for
electrochemical supercapacitors. Nowadays, considerable inter-
est has been generated for developing electrochemical capacitors
with high specific power and energy density. Since the pseudo-
capacitance comes mainly from the reversible redox transition of
electroactive materials, transition metal oxides are considered as
promising materials for supercapacitors. Hausmannite, Mn30y is
known to have a normal spinel structure with tetragonal distortion
elongated along the c-axis due to Jahn-Teller effect on the Mn3* ion.
Manganese ions occupy the octahedral B-site (Mn3*) and tetrahe-
dral A-site (Mn?*) corresponding to a normal spinel structure [4].

Since manganese oxide can offer large surface area, electro-
chemical stability and pseudocapacitive behavior, it may take
a significant contribution to the advancement of supercapacitor
technology. Manganese oxide thin films show excellent pseudo-
capacitive behavior with the large specific capacitance as high
as 698 Fg~! [5]. Nam and Kim [6] reported the specific capaci-

» Corresponding author. Tel.: +91 231 2609225; fax: +91 231 2609233,
E-mail address: L.chandrakant@yahoo.com (C.D. Lokhande).

0525-8388/% - see front matter © 2010 Elsevier B.V. All rights reserved.
doi 101016/ 3allcom.2010.02.014

tance of 330F g~ for Mn304 films prepared by electrostatic spray
deposition method. Chang and Tsai 7] prepared manganese oxide
films by anodic deposition and reported the specific capacitance of
240Fg~1.

Manganese oxide has been prepared by various methods
viz., microwave irradiation |8], solvothermal routes [9,10], reflux
method [11], flash microwave method [12], metal organic chem-
ical vapor deposition (MOCVD) [13], chemical vapor deposition,
etc. Preparation of manganese oxide by chemical bath deposition
(CBD) method is less investigated [14] and needs further investi-
gation. Since, as compared to other methods, CBD is an attractive
one because of its own advantages viz, simplicity, reproducibility,
non-hazardous, cost effectiveness, etc. It is well suited for pro-
ducing large-area thin films at low temperature and hence avoids
oxidation of metallic substrate [15].

The interlocked cube-like Mn3QO4 thin films are electrochem-
ically oxidized to nanoflakes of layered birnessite MnO, using
potential cycling. The material characteristics and electrochemi-
cal properties of these film electrodes are investigated in order to
evaluate their potential use as electrode material for supercapaci-
tor. The films are characterized by XRD, SEM and Raman scattering
techniques. The effects of electrolyte concentration and scan rate
on the specific capacitance of MnO; film are investigated.

2. Experimental details

For the deposition of interlocked cube-like Mn304 thin films, manganese sul-
phate (MnS04-H;0) and urea ((NHz);CO) were used without further purification.
Fresh aqueous solutions of manganese sulphate (0.05M) and urea (1 M) mixed at
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pH ~ 8. The solution was transparent and free from any precipitate. Stainless steel
substrates were immersed in the bath at room temperature (300K) and bath was
heated to 353 K. After about 4 h. the solution became blurred and within 12 h, the
brown precipitate was formed in the bath. During the precipitation, the heteroge-
neous reaction occurred and the deposition of uniform and well-adherent Mn3 04
took place on stainless steel substrates.

These as-prepared Mn; 04 thin films are electrochemically oxidized to layered
bimessite MnO; by voltammetric cycling in 1 M Na;SO, electrolyte within potential
window of —0.1 to +0.9V.

The structural analysis of both Mn;0; and birnessite MnO; was elucidated
with Philips diffractometer (PW 3710) using CrKa target of wavelength 2.2897 A.
The microstructure of films was examined with a scanning electron microscope
(SEM) (JEOL JSM-6360) which was operated at room temperature. For the surface
wettability test, contact angle measurement based on the sessile-drop method con-
sisting of the observation of water drop through a comprising microscope coupled
to goniometer was preferred. 2 ml drops were sequentially deposited at different
surface positions on the film using a Rame-Hart Inc. model-10 micro-syringe. Con-
tact angles were determined after 30s of stability period. This time is necessary for
focusing and adjusting the crosshairs of the microscope on the drop. Supercapacitive
performances of layered birnessite MnO; were tested using cyclic voltammetry (CV)
in 1 M Na;SO. on the 263A EG & G Princeton Applied Research Potentiostat, forming
an electrochemical cell comprising MnO; thin film as a working electrode, platinum
as acounter electrode and saturated calomel electrode (SCE) as a reference electrode
The effects of electrolyte concentration and scan rate on the supercapacitance have
been studied.

3. Results and discussion
3.1. Film formation and reaction mechanism

The bright brown Mn304 films were uniform, mirror-like, and
well adherent to the substrates. When the process is considered in
a qualitative way, the film growth is dominated by three periods: (i)
nucleation or incubation period, during which the various chemical
equilibriums and reactions are established in the bath. The nuclei
of the metal oxides formed on the substrate. (ii) The growth period
during which the film thickness has an approximately linear vari-
ety with deposition time. At the moment, the ionic product (IP)
of the solution exceeds the solubility product (SP), and the solu-
tion reaches a maximum degree of supersaturation (S=degree of
supersaturation =1P/SP), which consequently leads to the growth
of nuclei and deposition of the film. (iii) A terminal step where the
reagent becomes depleted and the film growth begins to slow and
eventually stops.

The primary role of urea is to provide a slow controlled supply of
OH " ions through slow thermal decomposition [16]. This includes
hydrolysis of urea and the reaction is as follows,

(NH;)ZCO 4 Hzo —r 2NH3 %-COZ (])

The low reaction temperature and unstirred chemical bath
slowly releases free Mn®* cations from the stable precursor, these
Mn?* cations form ammine complexes of Mn(NH3);2* (n=1-4)
with NH3 (aq) in moderately basic media (pH 8).

Mn?* + nNH; = Mn(NH3),%" (2)
Finally, oxidation of Mn?* to Mn?* takes place as
6Mn?* + 0y + 120H™ — 2Mn304 +6H,0 (3)

Thus, the deposition of uniform and well-adherent Mn304 took
place on stainless steel substrate. These Mn304 thin films are elec-
trochemically oxidized to nanoflakes of layered birnessite MnO,

using potential cycling. We assume that the electrochemical cycling,

includes two processes, which can be expressed below as

Mn0a(spinel)™ "2 ¥Na, MnOy - nH2 0 (birnessite) (4)
Na;MnOy - nH,0 + yH"™ + zNa*(y + z)e” = Nay,;MnOy - nH,0 (5)

The reaction (4) represents the transformation of spinel Mn304
to layered birnessite. It is a complex and irreversible process. And
the reaction (5) is the reversible cycling of the latter material [17].

1 1 1 1 1 1
J(@)-Mn, o,
(b)- birnessite MnO,

(316)

(b)

(350)

(001)

(200)

Intensity (A.U.)

10 20 30 40 50 60 70 80 90 100
26 (Degree)

Fig. 1. The X-ray diffraction patterns of (a) Mn304 and (b) birnessite MnO; thin
films on stainless steel substrate.

3.2. Structural studies

Fig. 1(a and b) shows XRD patterns of interlocked cube-like
Mn304 and nanoflakes of layered birnessite MnO, thin films on
to stainless steel substrate. It is evident from Fig. 1(a) the reflec-
tions at (112), (200), (202), (220), (204), (105) and (224) are
indexed to the tetragonal hausmannite structure of Mn304 [JCPDS
card no. 24-0734]. Similar type of results also reported by Xu et al.
[14] for spinel hausmannite Mn3O4 films by CBD method. However,
it is clear from Fig. 1(b) that the peaks corresponding to the tetrag-
onal Mn3Qy4 structure in the XRD pattern disappeared. The XRD
pattern after cycling for 3000 times shows reflections at (001),
(350) and (316) which can be recognized as layered birnessite
type MnO; [JCPDS card no.23-1046]. This result indicates that the
as-prepared Mn304 filmis converted from spinel Mn3 04 to layered
birnessite MnO, by the electrochemical oxidation using potential

cycling.

3.3. Surface morphological study

Fig. 2(a and b) shows the SEM images of spinel Mn304 and
layered birnessite Mn0O, films at x 10,000 magnification, respec-
tively. From the SEM image of Fig. 2(a), we observed the 3D growth
of interlocked cubes of Mn;04 material. These interlocked cubes
seemed to be well covered with substrate surface and act like
flat rough surface. Approximate size of these interlocked cubes is
between 5 w.m and 10 pm. Whereas after 3000 cycles, these inter-
locked cubes get totally converted into highly porous nanoflakes as
seen in Fig. 2(b). Also it is seen that film surface was found to be
well covered with nanoflakes. It is observed that these nanoflakes
are porous and insert deep inside the surface which provides the
large surface area feasible for supercapacitor application. Thus, it is
obviously seen that cycling causes the interlocked cubical shaped
surface to convert into porous nanoflakes.

3.4. Raman scattering study

The phase identification of the Mn304 and layered birnessite
MnO; has been carried out using Raman spectroscopy. Fig. 3(a
and b) exhibits the Raman spectra of interlocked cube-like Mn304
and layered birnessite MnO; thin films. In Fig. 3(a) the two peaks
observed at 658cm~! and 318cm~! are in good agreement with
the reported values for Mn304 [18,19] which further supports the
XRD results. The peak at 658 cm~! is characteristic of Mn304 with
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Fig. 2. The SEM images of (a) Mn; 04 and (b) birnessite MnO, thin films on stainless
steel substrate.

spinel structure, similarresults from Mn304 nanowires synthesized
via an inverse microemulsion method were also reported [20]. In
Fig. 3(b) sharp band at 646cm-! along with two weak bands at
484cm-"' and 376 cm~! corresponds to the skeletal vibrations. The
main contributions are attributed to (Mn-0) symmetric stretching
vibrations of MnOg octahedron in Mn0O;-nH, 0 compounds [21.22].
The lower frequency peaks to the deformation modes of the metal
oxygen chain of Mn-O-Mn in the MnO, octahedral lattice [23].

Il 1 5
(a) - Mn,O S
|(b) - birmessite MnO, 646 cm
=
<
2 =
2 i
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= )
=
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; § T L)
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Raman shift (cm”)

Fig. 3. Raman scattenng spectra of (a) Mn; 04 and (b) birnessite MnO; thin films.
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The Raman scattering spectrum of the manganese oxide film after
3000 cycles is very close to that of Na-birnessite, which has a lay-
ered structure comprised of edge-sharing MnOg octahedra with
water molecules and/or Na* ions occupying the interlayer region.
This suggests that the local structure is close to that of hydrated
Na-birnessite [6). Based on the similarity of the Raman scattering
features of Na-birnessite and the manganese oxide film, it can be
inferred that Na* ions may participate in the electrochemical oxi-
dation during cycling in 1 M Na;504 within the potential window
range of —0.1 to +0.9V (vs. SCE).

3.5. Wettability test

Wettability test is carried out in order to investigate the inter-
action between electrolyte and manganese oxide electrode. If the
wettability is high, contact angle (6), will be small and the surface s
hydrophilic. On the contrary, if the wettability is low, ¢ will be large
and the surface is hydrophobic. Fig. 4(a and b) shows the water con-
tact angles of manganese oxide films for different cycling stages.
For Mn3;04 thin film, the water lies slightly flat on interlocked
cubes with contact angle 60° as seen in Fig. 4(a). As the number
of potential cycles increases the water contact angle of Mn3 04 thin
films decreases and after 3000 cycles the contact angle of birnessite
MnO, thin film was found to be 21° (Fig. 4(b)). This indicates that
with increasing potential cycling the contact angle decreases and
finally film surface becomes superhydrophilic. Superhydrophilic-
ity is attributed to nanocrystalline nature. Nanocrystalline material
with superhydrophilic nature is one of the prime requirements for
supercapacitor electrode material. The contact angle is expected
to depend upon local in homogeneity, chemical composition and
the surface morphology of the electrode [24]. From SEM images
it is confirmed that due to potential cycling interlocked cubes get
converted into highly porous nanoflakes and these nanoflakes are
porous and insert deep inside the surface. Thus water placed on
the surface of film goes inside the pores of nanoflakes due to which
the contact angle decreases with increase in number of cycies. This
is useful for making the intimate contact of aqueous electrolyte
with manganese oxide thin film (electrode). Thus, Na*/H* ions in
aqueouselectrolyte can easily intercalate or de-intercalate, i.e. ionic
conductivity increases and hence the supercapacitance increases
with number of potential cycles.

3.6. Supercapacitive studies

3.6.1. Cyclic voltammetric study

The interlocked Mn304 electrodes were used in the supercapac-
itor and their performance was tested using cyclic voltammogram
(CV) technique. The CVs were measured at a scan rate of 100 mV szl
in 1M Na,S04 within a potential window ranging from —0.1 to
+0.9V (vs.SCE). Interestingly, anincrease in the anodic and cathodic
currents is clearly observed in the CVs over the whole potential
range with cycling, particularly up to 500 cycles. This may be due
to the structure conversion from spinel Mn3 04 to layered birnessite
MnO,. The current response in the CVs becomes stable after about
3000 cycles, and then decreases slightly upon further cycling. The
shape of the CVs becomes more rectangular with increasing cycling,
and this indicates that the electrochemical reversibility and reac-
tivity of the manganese oxide films increased during cycling in this
potential window. The specific capacitance of the film increased
rapidly from 11 Fg~! to 139 Fg~! within the 3000 cycles. This indi-
cates the high cycling stability of the manganese oxide film in 1M
Na; S04 electrolyte.

Recently Dai et al. [17] synthesized pseudocapacitive man-
ganese oxide films by oxidation of Mn304 thin films deposited by
electrostatic spray deposition (ESD). The high temperature (1173 K)
treated Mn3Qy4 is transformed from spinel to nanosheet layered
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Contact angle = 60°
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Contact angle = 21°

Fig. 4. Contact angles of (a) Mn3;04 and (b) birnessite MnO; thin films.

birnessite MnO, by electrochemical cycling in 0.2 M NazSO;4 elec-
trolyte.

3.6.2. Effect of electrolyte concentration

The effect of electrolyte concentration on supercapacitance of
layered birnessite MnO, was studied at a scan rate of 100mVs-!
within the potential range of —0.1 to +0.9V. Fig. 5 shows the CV
curves of MnO, electrode in Na;S0y4 electrolyte for different con-
centrations (i.e. from 0.1 M to 1 M). The current under the curve
increases as the Na;SO4 concentration is increased from 0.1 M to
1 M. Thereafter the current under the curve was fairly constant.
With increasing concentration of electrolyte, the supercapacitance
is also increased which may be attributed to the increase in num-
ber of Na* ions in the electrolyte. When a potential difference is
applied across the electrode in a solution, the redox reactions occur
and the charge is established on the surface of the electrode. Due to
electrostatic interactions, ions in the solution migrate to the elec-
trode to counterbalance the charge on the electrode, i.e. the Na*
jons travel from one electrode to the other through the electrolyte
during charging and discharging. The movement of electrons occurs
at the same time through the current source or through the exter-
nal load. Thus. the current-voltage profile of the layered birnessite
MnQ; electrode is symmetric. The average capacitance was calcu-
lated using the following relation,

I
C= e (6)

where [ is average current in ampere, dV/dt is scanning rate in
mVs~!. The specific capacitance of the electrode was obtained
dividing capacitance by the weight dipped in the electrolyte. The
specific and interfacial capacitances were increased with increasing
the concentration of Na; SO, electrolyte.

10 &
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Fig. 5. Cychic voltammograms of birnessite MnO; electrode in different concentra-
tions (A—0.1 M, B~0.25 M. C-0.50M, D-0.75M, E—~1M) of Na; S04 electrolyte.

3.6.3. Effect of scan rate
The effect of scan rate on the supercapacitance of layered birnes-

site MnO; electrode was studied in 1M Naz504 electrolyte within
wide potential window of —0.1 to +0.9V. Fig. 6 shows the cyclic
voltammograms of MnO; thin films at different scan rates. The cur-
rent under the curve increases slowly with the scanrate. This shows
that the voltammetric current is directly proportional to the scan
rate of CV, indicating an ideally capacitive behavior [25]. The spe-
cific capacitance and interfacial capacitance values are decreased
from223Fg-' to 139Fg~1,and 0.16 Fcm=2 to 0.10 F cm~2, respec-
tively. The maximum specific capacitance of 223 F g~ 1 wasobtained
at 5mVs-1. According to Conway and Pell [26] the reason for the
decrease in specific capacitance depends on the amount of protons
available near the surface of the electrode. When scan rate is large,
the number of proton near the surface of electrode are very few dur-
ing reduction and very large in number during oxidation scan. The
decreasing trend of the capacitance suggests that parts of the sur-
face of the electrode are inaccessible at high charging-discharging
rates. Hence, the specific capacitance obtained at the slowest scan
rates is believed to be closest to that of full utilization of the elec-

trode material [27].

3.6.4. Stability studies
The long-term operation stability of the layered birnessite MnO,

electrode was investigated in 1 M Na;SOy4 electrolyte by potential
cycling, and the CVs of the 1st, 4000th and 5000th cycles are shown
in Fig. 7. Clearly, there are only minor changes between CVs, and
the total areas/charges enclosed by the all curves, are very similar
to each other, illustrating the stable nature of manganese oxide
electrode in the energy storage application. The 90% stability is
retained after 5000 cycles in 1M Na;SO4 at 20mVs~! scan rate.
The specific and interfacial capacitance values are decreased by a
small amount with the number of cycles due to the loss of active
material caused by the dissolution and/or detachment, during the
early charging/discharging cycles in the electrolyte. It would con-

1 1 1 1 1
15 1 E F\ -
10 - s -
55 i
P
£
- 04 -
2
g=, 54 o1 E
@O 4
< B-10mVs
e -10 ~ C-20mVs' [
£ i D- 50 mvs™
(%) E-75mVs"
.20 4 F-100mVs™ |
T T 5.8 T T L)
1000 200 600 400 200 0 -200

Voltage (mV)/SCE

Fig. 6. Cyclic voltammograms of birnessite MnO; electrode at different scanning
rates in 1 M Na; S0, electrolyte.
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Table 1
Electrochemical parameters.
Sample Rs Rer (Rcm?) CPE,; (2-1cm~?s) CPE2 (2~ cm=25) n ns
Birnessite MnO; 46 13.6 0.1263 0.0012 0812 0.449
15 e . . . . are defined as
5000" cycle :
- 14
104 4900, Cycle i Zeper = [QGw)") (7)
E and
L 4 ;
4 L St
& Zepez = [QGW)™) (8)
£ 0- - with 0 <n> 1. The two constant phase elements CPE; and CPE; cor-
£ respond respectively to the double Jayer capacitance and diffusion
g L process of the cations at the interface. The literature corrobo-
E rated that CPE may arise from (a) a distribution of the relaxation
E .10 - L times as a result of diverse inhomogenities existing at the elec-
e - .
© trode/electrolyte interface, (b) porosity, (c) nature of the electrode
15 L and (d) dynamic disorder associated with diffusion [29]. Further,
. the constant value of Q is related to both the surface and the
T T T : ; :
1000 800 600 400 200 0 .200 electroactive species; n denotes the correction factor due to the

Voltage (mV)/SCE

Fig. 7. Cyclic voltammograms of birnessite MnO: electrode at different cycles at
20mVs-! scan rate.
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Fig. 8. Impedance spectrum of nanostructured birnessite MnO; in 1 M NazSO; elec-
trolyte at 0.8 V potential. Inset of figure shows equivalent circuit for birnessite MnO;

thin film.

sequently render the specific capacitance decay of the electrodes
|28].

3.6.5. Impedance analysis
Fig. 8 shows the Nyquist spectrum of nanoflakes of birnessite

MnO; thin film at 0.8 V potential. A distorted semicircle in the high
frequency region and a vertically linear spike in the low frequency
regime are noticed. The initial non-zerointerceptin high frequency
regime at Z' at the beginning of the semicircle is due to the electrical
resistance of the electrolyte (Rge), The electrochemical parame-
ters such as charge transfer resistance (Rc), ohmic resistance (Rs)
were obtained using equivalent circuit analysis and are summa-
rized in Table 1. Equivalent circuit of the current work is presented
in the inset of Fig. 8, which consists with the Nyquist plot. In this
model, the double layer capacitor and the warbug impedance for
semi-infinite linear diffusion are replaced by two constant phase
elements {CPEs). The impedances of two constant phase elements

roughness of the electrode with values ranging between 0 and 1.
A pure capacitance yields n=1, a pure resistance yields n=0, while
n=0.5 represents Warburg impedance.

From Table 1, nanoflake birnessite MnO, showed low charge
transfer resistance (Rcr = 13.6 2 cm?), which attributed to the mor-
phology tuning when interlocked cube-like Mn304 is changed
to nanostructured birnessite MnO,. It is interesting to note that
enhancement of pores in nanoflake network leads to improve the
diffusivity of the electrolyte ions in the pore surface, thus reduc-
ing the series resistance at MnOs /electrolyte interfaces. In addition,
increased specific surface area in nanoflake MnO; sample over
bulk interlocked cube-like Mn3Qj4 is responsible for obtaining high
capacitance in this system. Further, high pores’ nature of nanoflake
sample can be confirmed by the observed value of n; ~0.8 in this
system, and is consist with observed morphology in Fig. 2(b). This
implies that birnessite MnO; nanoflakes are highly conducting and
can be used over a wide range of potentials.

4. Conclusions

In this report, the interlocked cubes of crystalline Mn304 thin
films are electrochemically oxidized to nanoflakes of layered bir-
nessite MnO; using potential cycling. The layered birnessite MnO;
thin film has been successfully employed as supercapacitor elec-
trode which gives satisfactory performance, high electrochemical
reversibility, good stability and high specific capacitance. The
water contact angle changed from hydrophilic to superhydrophilic
since the surface morphology converted from interlocked cubes to
porous nanoflakes. The supercapacitance increases with increase
in concentration of electrolyte and decreases with the scan rate. It
exhibited highest specific capacitance of 223Fg~! in 1M Na;S04
electrolyte at 5mVs-! scan rate and stability of 90% after 5000
cycles. From impedance analysis it is clear that birnessite MnO;
nanoflakes are good conducting and can be used over a wide range

of applications.
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Abstract Nanocrystalline TiO, thin films have been
successfully synthesized by controlled precipitation route.
These films are further annealed at 623 K for 2 h. The
change in structural, morphological, optical, and wettabil-
ity properties are studied by means of X-ray diffraction
(XRD), Fourier transform infrared spectrum (FTIR),
scanning electron microscopy (SEM), optical absorption,
and contact angle measurement. From the XRD pattern it is
clear that the as-grown TiO, films are amorphous in nature
which becomes polycrystalline after annealing. The FTIR
study reveals the formation of TiO, compound. Scanning
electron micrographs shows that the as-grown TiO, film
consists of agglomerated nanograins well covered to the
substrate surface which gets converted into vertical nano-
rods after annealing. As-deposited and annealed TiO, films
showed hydrophilic behavior as water contact angles were
24° and 32°. respectively. The optical absorption study
reveals the small red shift due to annealing and attributed
to grain size. The annealed TiO; film showed conversion
efficiency of 0.037% in photoelectrochemical cell with
1 M NaOH electrolyte.

Introduction

Nanometer-sized materials have recently gained a consid-
erable amount of attention of their unique physical and
chemical properties, because of their large surface to vol-
ume ratio and quantum size effect. The physical and

D. P. Dubal (=) - D. S. Dhawale - A. M. More -

C. D. lokhande
Department of Physics, Thin Film Physics Laboratory,
Shivaji University, Kolhapur 416004, Maharashtra, India
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chemical properties of nano TiO, are dependent on the
size, morphology, and crystal structure, TiO, nanomateri-
als, such as nanoparticles, nanotubes, nanorods, etc., have
attracted a great deal of interest because of their unique
optical, electronic, and optoelectronic properties and prom-
ising applications in solar energy conversion, photocatal-
ysis, sensing, optoelectronic devices, and photochromic
devices [1-5]. It is well known that one-dimensional archi-
tectures such as nanorods, nanowires, and nanotubes play
prominent roles in functional devices due to their dimen-
sionality and quantum confinement phenomena. The
physicochemical properties of TiO, nanomaterials vary in
their size and morphology. TiO, has three distinct crys-
talline phases in nature: brookite, rutile, and anatase, where
rutile is the most stable phase and possesses field emission
property, and anatase has been widely used in dye-sensi-
tized solar cells and photodegradation due to its high
photoactivity.

Zhu et al. [6] found that phase transitions from the tita-
nate nanostructures prepared from TiOSOy to TiO, poly-
morphs took place readily in wet-chemical processes at
temperatures close to ambient. Yu et al. [7] synthesized
single-crystalline anatase nanorods via hydrothermal trans-
formation of H-titanate fibers prepared by an alkaline
hydrothermal reaction at 200°C. Nian et al. [8] studied the
hydrothermal treatment of sodium titanate nanotube sus-
pensions at a pH range from 2.2 to 6.9, and anatase nano-
rods with an aspect ratio up to 6 and a long axis along the
anatase (001) were obtained at a pH slightly less than 7.
Wong et al. [9] presented a size- and shape-dependent
morphological transformation during the hydrothermal soft
chemical transformation of H-titanate nanostructures into
their anatase titania counterparts in neutral solution. Per-
formance of TiO, for technical applications is strongly
influenced by its morphology, crystallite size, crystalline
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phase. and impurity type concentration. Porous nanocrys-
talline TiO, have attracted a great interest because; the
function and performance of the material are strongly
dependent on its morphology. Porosity leads to a compar-
atively large internal surface area, which are advantageous
for many applications where a good accessibility to the film
surface becomes necessary. Porous materials as electrode
material exhibit good electrochemical performance because
these materials possess both a high surface area and pores
which are adapted to the size of ions. Accordingly. the
advance of synthetic methods, in which the crystalline
phase. size. and shape of the TiO, nanocrystals can be
controlled, is of importance. In recent years, many studies
related to the synthesis of anatase TiO, have been focused
on the control of morphology as well as particle size.

TiO, thin films have been prepared by many growth
techniques. such as RF-metal-organic chemical vapor
deposition (MOCVD) [10]. sol-gel process [11], electro-
depositon [12]. and chemical bath deposition (CBD)
method [13]. As compared to the other deposition methods,
controlled precipitation route is an attractive one because of
its own advantages such as simplicity, reproducibility, non-
hazardous, cost effectiveness, etc. It is well suited for pro-
ducing large-area thin films at low temperature and hence
avoids oxidation or corrosion of metallic substrate [14].

In the present work, we demonstrate the formation of
controlled TiO> nanorods, on indium-tin-oxide (ITO)
coated glass substrates in a template-free controlled pre-
cipitation route. The TiO, nanorods are found to be well
aligned and perpendicular to the ITO substrate. X-ray
diffraction. Fourier transforms infrared spectroscopy, and
scanning electron microscopy techniques are used to elu-
cidate crystal structure, chemical bonding, and surface
morphology. In addition, extensive photosensitive studies
of these TiO, nanorods have been performed.

Experimental

An aqueous solution composed of titanium trichloride,
hydrogen peroxide was first prepared. In brief, 0.1 M
TiCly, 15% HCl was added dropwise to a well-stirred
hydrogen peroxide (H,0,. Molychem, 30 wt%) and water
solution. The pH was adjusted between 2.0 and 3.0 using a
mixture of 30% liquid ammonium hydroxide with constant
stirring. A transparent solution with a reddish-yellow color
was obtained after vigorous stirring for 30 min at room
temperature. Glass and ITO coated glass substrates were
washed with chromic acid and in an ultrasonic bath at room
temperature for 30 min. These cleaned substrates were
immersed in the above bath and the bath was heated. When
the bath attains the temperature of 343 K, the precipitation

heterogeneous reaction occurs on the substrate and depo-
sition of TiO» took place on the substrate. The TiO; films
were annealed in air at 623 K for 2 h and used for further
characterizations.

The thickness of the TiO, film was measured by weight
difference method using sensitive microbalance. The crys-
tallinity of as-grown and annealed TiO, films was analyzed
with Philips X-ray diffractometer (Philips PW 3710) with
Cr K, radiation (% = 2.2896 A). The Fourer transform
infrared (FTIR) spectrum of the sample was collected using
Perkin Elmer, FTIR Spectrum one’ unit. Detailed surface
images were obtained by means of field emission scanning
electron microscope observation on a (FE-SEM, Model:
JSM-6160) electron microscope. The optical absorption
studies were carried out within the wavelength range
350-850 nm for as-grown and annealed TiO, films using
Systronics spectrophotometer-119, with glass substrate as
reference. In order to study interaction between liquid and
thin film surface, contact angle measurement was carried
out by Rame-hart, USA equipment with CCD camera. The
photoelectrochemical properties of films were investigated
using the 263A EG&G Princeton Applied Research Po-
tentiostat forming a three-electrode system comprising
TiO, film as working electrode, graphite as counter elec-
trode and SCE as reference electrode in 1 M NaOH.

Results and discussion
Film formation and reaction mechanism

In controlled precipitation method, reaction takes place
between the dissolve precursors generally in aqueous
solution at low temperature. When the solution is saturated,
the ionic product of anion and cation is equal to solubility
product of metal chalcogenide/oxide and when it exceeds,
precipitation occurs and ions combine on the substrate and
in the solution to form nuclei. Generally metal ions are
complexed and chalcogenide ions are chosen in such a way
that reaction take place between slowly released metal ions
to form product in powder or thin film form. Depending
upon the optimized preparative conditions such as bath
temperature, pH of resultant solution, deposition tempera-
ture, solution concentration, the film growth can takes
place by ion-by-ion condensation on the substrate.

In present investigation, titanium (III) chloride is first
hydrolyzed by H,O in a mixture solution of H,O and H,0,,
which then immediately reacted with H,O, to form a
peroxotitanate solution. It was found that the initial pH, just
after addition of H,O and H,O, to the titanium (III) tri-
chloride solution, was ~ 1.00; this increased to ~3 after
complete digestion of hydrolyzed titanium hydroxides. The

was started in the bath. During the precipitation, reaction mechanism is as follows
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Ti** + H,0 — Ti(OH)**+ H* (1)
2H,0; — 2H,0 + O, (2)

The resulting peroxotitanate solution further dissociates
with increase in pH of the solution to form TiO, solid film
onto the substrate.

Ti(OH)** + 0, — TiO, + 20H" (3)

Thus, the uniform and well-adherent TiO> films are
deposited on the glass substrate.

Thickness measurement

The thickness of the TiO, film was measured by a gravi-
metric weight difference method in terms of the weight of
TiO; deposited on the glass substrate per unit area (mg/
cmz). since the accurate measurement of TiO; film thick-
ness was not possible due to the rough morphology and
porosity of the film [15]. Figure 1 shows the film thickness
variation of TiO> thin film with deposition time. The rate of
increase in the thickness is nonlinear, which has been
attributed to the growth by nucleation and coalescence
process. More nucleation sites contribute to coagulation
during the growing procedure. Furthermore. slight decrease
in film thickness observed could be attributed to the for-
mation of outer porous layer and/or the film which may
develop stress 1o cause delamination, resulting in peeling
off the film after the film reaches at maximum thickness.
The terminated thickness at which the highest amount of
TiO, deposited on the substrate was 1.29 jm.

Structural study

Figure 2a and b shows typical X-ray diffraction patterns of
as-deposited and annealed TiO, thin films on glass sub-
strate, respectively. It is evident from XRD patterns that
TiO, thin films are polycrystalline and has rutile phase.
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Fig. 1 Vanation of TiO> film thickness with deposition time
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Fig. 2 XRD patterns of (a) as-deposited and (b) annealed TiO; thin
films

The XRD pattern indicates the presence of (110), and (101)
planes of TiO, material which is in good agreement with
JCPDS cards no. 21-1276. The XRD pattern of as-depos-
ited films probably means that the film consisted of
hydrous TiO; colloidal particles with low crystallinity.
Intensity of (110) and (101) peaks is increased as an effect
of annealing, which attributed to the improvement in
crystallinity. The grain size was estimated using Scherrer’s
formula

09,
~ BcosO

where, f3 is the broadening of diffraction line measured at
half maximum intensity (radians) and £ = 2.2897 A is the
wavelength of the Cr K, X-ray. The grain size was found to
be 56 nm for (110) plane.

(4)

FTIR study

Figure 3 shows FTIR spectra of the (a) as-deposfled and (b)
annealed TiO, samples within the wavelength range
4004000 cm ™. The absorption at 3409 cm™’ indicates the
presence of hydroxide group [16]. The absorption peak
around at 1634 cm ™' may be due to the bending vibration of
hydroxyl groups of molecular water [17]. The absorption
peak at around 1000 cm™' is assigned to characteristic
stretching vibration of peroxo groups. The strong absorption
peak around at 649 cm™! is associated with the character-
istic vibrational mode of anatase TiO, [18]. As-deposited
TiO, showed the higher depth at 3409 cm™! than annealed
one, which attributed to removal of hydroxide after heat
treatment. Hence, results indicate the presence of Ti-O
bond, peroxo groups, and ~OH groups for as-deposited film,
whereas after annealing the peaks attributed to the peroxo
groups and —~OH groups were almost disappeared. Less
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Fig. 3 FTIR spectra of (a) as-deposited and (b) anncaled TiO»
samples

intense hydroxide and hydroxyl groups from water found in
the annealed TiO, may be due to the fact that the spectrum
was not recorded in situ and some readsorption of water from
the ambient atmosphere might have occurred.

Surface morphological study

Figure 4a and b shows the field emission scanning electron
micrographs (FE-SEM) of as-deposited and annealed TiO,
thin films at 50,000x magnification, respectively. From
micrograph (Fig. 4a) it is seen that the deposits consists of
well defined agglomerated multigrain structure having
irregular shapes and sizes due to the low temperature depo-
sition method. The approximate size of this multigrain
structure is about 140 nm. Some pores and overgrowth is
also seen in the micrographs. Mane et al. [19] prepared TiO,
by CBD method and reported the formation of spherical,
compact, and randomly oriented grains. After annealing this
multigrain structure completely gets converted into well-
defined conical nanorods. The approximate length and
diameter of these nanorods is ~ 110 and 25 nm, respectively
(Fig. 4b). The barrier effect of intercrystalline TiO, is
greatly decreased by using long nanorods instead of a porous
TiO; thin film composed of accumulated nanosized parti-
cles. This might contribute to the easier electron transfer and
decrease the Ohmic loss through the TiO, layer in dye-
sensitized solar cells [20].

Optical studies

Figure 5a and b shows optical absorption spectra for as-
deposited and annealed TiO; thin films within 350-850 nm
wavelength range. The absorption edge was found to be
450 nm as seen from inset of Fig. 5. These spectra reveal
that TiO, film has low absorbance in the visible region,

Fig. 4 Scanning electron micrographs of a as-deposited and

b annealed TiO, thin films at x50,000 magnification

20 {72 25
=
&
< 2.04
B
= 154 o159
5 g
= £ 1.0 a
= T @ (a)
= Z 0.5
Adgre b
s 104% (b)
ok 0.0 —— ————
= 300 400 500 600 700 800 900
= Wavelength (nm)
Y gd
0 T T T

1.6 2.0 24 2.8 3.2
Photon energy, hv (eV)

Fig. 5 Plot of («hv)? vs. photon energy hv of (a) as-deposited and
(b) annealed TiO, (inser shows variation of absorption (af) with
wavelength () of (a) as-deposited and (b) annealed TiO, on glass

substrate)

which is a characteristic of TiO,. The optical band gap
(E,) for as-deposited and annealed TiO, film is calculated
on the basis of optical absorption using the following

equation,
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Fig. 6 Water contact angle
measurement of a as-deposited

and b annealed TiOs thin film

A A(E; — hv)"
hy

where Av is the photon energy, and A is constant. The
exponent ‘n’ depends upon the type of transition and has
values of 1/2 and 2 for direct and indirect transitions,
respectively. By plotting the graph of (ahv)® versus hv
(Fig. 5), it becomes possible 1o determine the nature of
transition involved. The extrapolation of straight line por-
tions of the plot (hv greater than E,) to the zero absorption
coefficient gives measurement of energy gap. Both plots
show a linear dependence at Av greater than E,, therefore
extrapolation of the straight line portions of the curves to
the zero absorption coefficient gives band gap of 3.1 and
3.0 eV for as-deposited and annealed TiO, films, respec-
tively. Due 1o the improved grain size of annealed, the
absorption edge showed red-shift up to some extent.
The widened band gap of the TiO, films is attributed to
the contribution of quantum size effect [21].

Wettability test

Controlling and/or modifying the surface wettability are
important, which involves the interaction between a liquid
and a solid in contact. Measurement of surface water
contact angle is inversely proportional to the wettability
and can be determined by Young's relation [22]. Figure 6
shows the water contact measurements for (a) as-deposited,
and (b) annealed TiO, thin films. Interestingly. as-depos-
ited TiO, exhibits hydrophilic behavior (24°), as water
contact angle is less than 90°. The shape of water droplet
on the film is shown in Fig. 6a. Further, for annealed films,
the water contact angle slightly increases to 32°. The
droplet shape on the surface of annealed TiO, film was
more spherical (Fig. 6b). Increase in water contact angle
after annealing attributed to (a) non-spherical nature of the
grains and (b) topographical change in structure. Due to the
conversion from spherical nanograins to nanorods after
annealing prevents the water from adhering to the film
results into increase in water contact angle. Similar type of
result has been reported by More et al. [23].

Photovoltaic response

A photoelectrochemical cell (PEC) is based on the junction
between semiconductor and an electrolyte. The current—
voltage (/-V) characteristic of a typical ITO/TiIO,/1 M

——TiO, in dark |~~
2 = 4
20 |——TiO, inlight %.
= =
L s e
< &
= B2
>, =10 o E
kg © (:I‘ &0 A0 0 20 <40
Ay Voltage (mV)
=
gl S ——
=
=
O e
10 T T T T
-100 =200 0 200 400 600 800

Voltage (mV)

Fig. 7 I-V characteristics of annealed TiO, film under illumination
of white light (50 mW/cmz). Inser shows the I-V characteristic under
chopped light

NaOH/graphite cell in the dark and under illumination
(50 mW/cmz) is shown in Fig. 7. In the dark, the nonlinear
nature of /-V curve predicts that the TiO, makes rectifi-
cation contact with the electrolyte. Inset of Fig. 7 shows
the photosensitivity under chopped light conditions carried
out to study the response of the TiO, films. The photo-
current is obtained in the order of pA/cm®. The photo-
conversion efficiency 0.037% with fill factors 0.44 and flat
band potential —400 mV/SCE were observed. In present
investigation, low efficiency is attributed to less absorption
of visible light in TiO, due to its wide band gap.

Conclusion

Here, we have successfully synthesized TiO, nanorods by
simple and inexpensive controlled precipitation route and
further used for photoelectrochemical application. XRD
pattern reveals that TiO, thin films are polycrystalline and
has rutile phase. The TiO, compound formation was con-
firmed from FTIR study. Scanning electron micrographs
reveals that the multigrain structure of as-deposited TiO,
thin films completely gets converted into well-defined
conical nanorods due to annealing. The optical absorption
study reveals the small red shift due to annealing and
attributed to grain size. Both the as-grown and annealed
TiO, thin films are hydrophilic in nature as water contact
angle is less than 90°. The strong influence of this electrode
in spite of its wide band gap and substrate resistance on
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photoelectrochemical performance with fill factor (0.44)
and device conversion efficiency (0.037%) can motivate to
check its feasibility in DSSC’s devices.
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Photosensitive Cu,ZnSnS, (CZTS) Thin Film Grown at
Room Temperature by Novel Chemical Method
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Abstract
The current paper incorporates a novel chenical deposition method to grown Cu,ZnSnS, (CZTS) thin
film at room temperature on glass and FTO substrates. In order toiniprove the properties, CZTS thin
films are annealed at 673 K for 3 i in air and the changes in structural, morphological and optical
properties are studied by means of X-ray diffraction (XRD), Fourier transform infrared (FT-IR), Raman
spectroscopy, Scanning electron microscopy (SEM) and UV-vis spectroscopy teclniques. The photo
activity of CZTS is tested by forming photoelectrochemical cell with polyiodide electrolyte. The
experimental results showed that the chemicaly deposited photosensitive CZTS thin films can be a

potential candidate in solar energy conversion.

Key words :
photoelectrochemical cell.

1. Introduction

CulnGaSe, (CIGS) based thin film solar cells
showed highest conversion efficiency of 19.9% [1]. The
direct band gap (1.45 eV) of CZTS thin film is close to
optimum value for PV applications. High optical
absorption coefficient (10* cm) and p-type
conductivity are a promising material for absorber
layer in thin film solar cells [2]. The CZTS thin films
have been prepared by several experimental
techniques such as E-Beam evaporation[3], thermal
evaporation [4], sputtering and sequential evaporation
[5], co-evaporation [6], multistage evaporation [7] and
RF sputtered precursors|[8]. Also chemical deposition
methods like photo-chemical deposition [9], ionic
liquids [10], electrochemical [11] and spray pyrolysis
[1] have been used.

In present investigation, we report a novel
chemical deposition method succesive ionic layer
adsorption and reaction (SILAR) method for the
deposition of CZTS thin films. This is one of the
chemical method for making uniform and large area
thin films, which is based on immersion of the
substrate into separately placed cations and anions.

Cu,ZnSnS,, chemical synthesis, characterization, photoresponce,

The advantages of this method are described in the
review by Pathan and Lokhande [12]. Here, for the
?rst time, we report synthesis of CZTS thin films using
SILAR method at room temperature. As-deposited
films were annealed at 673 K for 3 h to study the
annealing effect on properties of CZTS films. The effect
of annealing treatment on the structural,
morphological, electrical, wettability and optical
properties of the CZTS thin films have been
investigated. Also the photoactivity of the CZTS film
is tested with polyicdide electrolyte.

2. Experimental Details
2.1 Preparation of CZTS Thin Filims

A novel chemical SILAR method is used for the
deposition of CZTS thin films. Itis based on successive
immersion of the substrate into separately placed
cation and anion precursor solutions and rinsing
between every immersion with double distilled water
to avoid precipitation. Four beakers system is used for
the deposition of CZTS thin films. The 1* beaker
contained mixed cationic precursor solutions of 0.1 M
CuSO,, 0.05 M ZnSO, and 0.05 M SnSO, in 1:1:1 ratio.

142



#*

Photosensitive Cu,ZnSnS, (CZTS) Thin Film Grown at Room Temperature by Novel Chemical Method

The double distilled water was placed in the 2" beaker
to remove the loosely adsorbed cations from the
substrate. The 0.2 M thioacetamide (C,H,NS) solution
in 3" beaker was used as the anionic precursor. The
4" beaker contained double distilled water to remove
the powdery deposit from the substrate. The pH values
of cationic and anionic precursors were ~3 and ~6,
respectively. All beakers were kept at room temperature
(300 K). The schematic diagram for the deposition of
CZTS thin films by SILAR method is shown in Fig.1.
In order to obtain CZTS films, we used different
concentrations of cationic and anionic precursors.
Among different concentrations, the films obtained at
0.1 M CuSO,, 0.05 M ZnSO,, 0.05 M SnSO, in 1:1:1
ratio and 0.2 M C_H,NS solutions uniform and well
adherent. The well cleaned glass and FTO substrates
were dipped in 1* beaker containing cationic
precursor, where Cu’, Zn* and Sn** ions get adsorbed
onto substrate surface. After immersion of the substrate
into cationic precursor, substrates were rinsed with
double distilled water (DDW) placed in 2™ beaker to
remove loosely bounded cations. Then the substrates
were immersed in 3™ beaker, where S* ions react with
pre-adsorbed Cu*', Zn** and Sn** cations to form CZTS
layer on the substrate. The substrate as again rinsed
in double distilled water kept in the 4" beaker to remove
unreacted S* ions and powdery and nonadherent
CZTS material from substrate. This completed one
cycle for the deposition of CZTS film. By repeating

Glass and FTO

A substrate r\

such cycle many times, the CZTS film thickness was
increased. The adsorption time in cationic and reaction
time in anionic solution are optimized to be 15s each.
These films were used for furthrer characterization.

3. Results and Discussion

3.1 Filin Formation

Thin CZTS films were obtained by immersing
substrate into separately placed cationic and anionic
precursors along with rinsing between every
immersion with ion exchanged water. The growth
kinetics of a thin film deposition process is ion-by-ion
growth mechanism, which involves the ion-by-ion
deposition at nucleation sites on the immersed surfaces.
According to Lundin and Kitaev, nucleation takes
place by adsorption of the colloidal ions and growth
takes place as a result of surface coagulation of these
ions, giving thin and adherent films [13]. The possible
reaction mechanism for the formation of CZTS thin
film is as follows,

The 1% beaker contain Cu®*, Zn** and Sn** cations.
When substrate is immersed in 1st beaker, Cu+, Zn*
and Sn** ions are adsorbed on the substrate. Beaker 3
contains thioacetamide solution which gives sulphide
ions (5*) and reaction follows,

Fig. 1. The schematic diagram of SILAR method for the deposition of CZTS thin films, beaker 1 contains
cationic precursors of Cu®, Zn*? and Sn*, beaker 2 and 4 contain DDW and beaker 3 contains anionic
precursor of CH,NS
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i 3
CH,-C -NH, 2 CH,-C =NH 1
In acidic medium protonation gives

H-5'-H
2

SH
CH,-C=NH+H' »>CH,- C=NH @

The intermediate compound formed dissociates to give
H.S as

H-S" -H
CH,- ¢=NH -CH,-C=NH'+Hs ©

In aqueous medium H_S dissociates to give
H,S—H"+SH (4)
SH—H'+5" ®)

(K = 1.2 x 10™) where K is dissociation constant of
H.S in aqueous medium

Finally, the following reaction takes place between
pre-adsorbed Cu’, Zn** and Sn* cations and S* anion
on to the substrate to form Cu,ZnSnS, thin film.

2Cu™" +Zn” +Sn" +45"Cu,ZnSnS, 6)

The prepared CZTS thin films are uniform and well
adherent to the substrate.

1.6 1

Thickness (jum)

50 100 150 200
Number of cycle

Fig. 2. The variation of CZTS film thickness with
deposition cycles. Inset of fig. 2 shows the
photograph of CZTS thin films for 25 (1.2 pm), 50
(1.9 um) and 150 (2.4 pm) cycles

3.2 Thickness Measurement

Figure 2 shows the film thickness variation with
number of deposition cycles. The rate of increase in
the thickness is nonlinear, which has been attributed
to the growth by nucleation and coalescence process.
More nucleation sites contribute to coagulation during
the growth procedure. Furthermore, slightdecrease in
film thickness observed after 150 cycle may be due to
formation of outer porous layer and/or the film which
may develop stress to cause delamination, resulting
in peeling off the film after the film reaches at
maximum thickness [14]. The terminated thickness,
at which the highest amount of CZTS s deposited on
the substrate, is 2.4 pm after 130 cycles. Inset Fig. 2
shows photograph of CZTS thin film deposited over
~21 cm? area confirming the feasibility of SILAR
method for large area deposition.

3.3 Structural Studies

Figure 3 shows XRD patterns of (a) as deposited
and (b) annealed CZTS thin films respectively The X-
ray diffractogram of as-deposited film reveals the
amorphous nature of the CZTS thin film, which is
probably means that the film consisted of hydrous
CZTS colloidal particles with low crystallinity.
Intensity of (002), (101), (110) and (105) peak is
increased as an effect of heat treatment, which
attributed to the improvement in crystallinity. Kesterite
phase was confirmed by the XRD pattern. Hence from
the XRD pattern, it is revealed that the as deposited
CZTS thin film is amorphous whereas improved

o
| &
— = g =
> S c =
< (a) Annealed j
e (b) As-deposited
(¢) JCP DS- (26-0575)
4_! v ] v X !. ak — L -
20 30 40 50 60 70

20 (Degree)

Fig. 3. The XRD patterns of (a) as deposited, (b)
annealed and (c) standard JCPDS (26-0575)
diffrattogram of CZTS thin films
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crystalanity of the film is obsereved after air annealing.
Well defined and distinct peaks along (002), (101),
(110) and (105) planes are observed. The observed 'd'
values are in good agreement with standard 'd' values
(JCPDS card no. 26-0575). The standard XRD pattern
of CZTS thin films shown in Fig. 3(c) for comparison,
has a tetragonal unite cell confirmed the formation of
polycrystalline CZTS films with Kkesterite crystal
structure. From the XRD pattern Fig. 3 revealed
formation of CZTS thin film with a preferential growth
orientations of (002), (101), (110) and (105). A number
of research groups studying CZTS thin films also
obtained similar XRD pattern Fernandes et al [15]
prepared dc magnetron sputtering based method to
grow high quality Cu,ZnSnS, (CZTS) thin films. The
increase in peak intensity after air annealing may be
due to the improvement in the crystallinity. The grain
size of CZTS thin films from XRD pattern was
calculated using the Scherer's relation:

S g
pcosé

@)

where, B is the broadening of diffraction line measured
at half maximum intensity (radians) and A = 2.2897A
is the wavelength of the CrKa X-ray. The grain size
was found to be 78 nm for (002) plane.

3.4 Optical Absorption Study

The optical absorption of as deposited and
annealed CZTS thin films in the wavelength range
350-850 nm has been investigated [Fig. 4 (a and b)].
Inset of Fig. 4 (a and b) shows variation of absorbance

0.6 4 21 3

= 5

51 Fir

SIS

T 044 °

&

z 02 (a) As deposited

S (b) Annealed
0.0

15 20 25 30
Photon energy, hv (eV)

Fig. 4. The plot of (chv)2 vs. hv of (a) as deposited
and (b) annealed CZTS thin films. Inset shows
variation of absorption (at) with wavelength (4) of

CZTS thin films

(at) of as deposited and annealed CZTS film with
wavelength (A). These spectra revealed that as
deposited and annealed CZTS thin films have high
absorbance of light in the visible region, indicating
applicability as an absorbing material. The optical
band gap energy is estimated by using the following

equation

_ A(Eg-hv)’ ®

a
hv

where o is absorption coefficient, E_is band gap, A is
constant and n is equal to 1/2 for direct transition.
Fig. 4 (a and b) shows the variation of (chv)* v,. hv,
which is a straight line in the domain of higher
energies, indicating a direct optical transition.
Extrapolation of these curves to zero absorption
coefficients (o =0) gave the optical energy gap as 1.5
eV for as-deposited and 1.6 eV for annealed CZTS thin
films. The decrease in band gap after annealing is a
consequence of phase change from amorphous to
polycrystalline nature. The decrement in the band gap
energies from 1.6 to 1.5 eV after annealing has been
observed which is in agreement with the earlier
reported E_value of CZTS thin film in the N,+H,5
atmosphere at 673 K, reported by Ito and Nakazawa
[16]. The band gap of the film is quite close to the
optimum band gap required for a solar cell, indicates
that CZTS s very promising material for thin film solar

cell application.
3.5 FT-IR Study
Figure 5 shows FT-IR spectra of the (a) as-

60

(91
(=]
A

(b)

N
o
i

@)

Transmittance (%1)
W
=)

20 4 'E (a) As deposited 9 Ee

= (b) Annealed & 9

ol E © 2§ ¢

0 4 . T v T
4000 3000 2000 1000

Wave number (cm”)
Fig. 5. The room temperature FT-Raman spectra of
(a) as deposited and (b) annealed CZTS thin films
on glass substrate
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deposited and (b) annealed CZTS samples. From these
spectra, it can be apparently observed that strong band
associated with antisymmetric and symmetric
vibration modes of -N-H are observed at 3300 cm™
[16]. The absorption peak observed at 1645 cm™, 1400
cm’, 1100 cm? are assigned to NH, bending, C=5
stretching vibration and NH, rocking vibration
deformation, respectively and are in good agreement
with peek observed innanocrystaline CZTS thin film
prepared by Zaberca et al [17]. This con?rms the
formation of CZTS compound.

3.6 FI-Raman Study

The FT-Raman spectra recorded over 250-400 cm™
of as-deposited and annealed CZTS thin films are
shown in Fig. 6 (a and b). Raman spectra confirmed
existence of the kesterite phase. Well defined peaks at
258, 283, 288, 334 and 361 cm™ are in good agreement
with previously reported Raman spectrum of CZTS
thin films [18-19]. These peaks confirm the formation
of kesterite structure of CZTS stretching mode. In
addition, it is evident that there are no additional
peaks related to the presence of other compounds,
which means that the single phase CZTS films are

obtained [20].
3.7 Surface Morphological Analysis

The morphology was analysed using a SEM and
the results are presented in Figs. 7. Figure 7 (a, band c,
d) shows SEM images of as-deposited and annealed
CZTS films onto glass substrate. It is observed from
the micrographs that as-deposited CZTS films show
large cracks and some overgrown nucleation centers
make the film rough. Similler type of micrograph was

(a) As deposited
(b) Annealed

ey
=
v
o0
if
a

(361 cm’)

(334 cm’)

(283 em')
(288 cm ')

Intensity (a.u)

(@)

250 300 350
Raman shift (cm’)

Fig. 6. The FT-IR spectrum of CZTS thin film

obtained by pawar etal [21] for electrodeposited CZTS
thin film. Figure 7 (b, c) show that after anneaing
substrate surface become densely compact and cracks
became smaller and smaller as compaired to that of as
deposited of the CZTS film [15]. From micrographs, it
is revealed that both films are densely packed. Itis
well known that the efficiency of po]ycrystalhne thin
film solar cell increases with increasing grain size of
the absorber layer, and therefore, the larger grains are
required for the fabrication of high efficiency solar cells

[22].
3.8 Surface Wettability Study

The contact angle is expected to depend upon local
inhomogeneity, chemical composition and the surface
morphology of the semiconducting electrodes [23]. In
the present case, the as-deposited and annealed CZTS
films showed water contact angle 34° and 56°,
respectively (Fig. 8 (a, b)). Increase in contact angle
after annealing is due to the little enhancement in
morphology of CZTS thin film.

3.9 Electrical Resistivity

The electrical resistivity of CZTS films was
measured by conventional d. c. two-probe method in
the range of 300 to 500 K. The activation energy was
calculated using the relation

p =p,exp (Ea/ KT) ©)

Figure 9(a, b) shows variation of dark electrical
resistivity (log p) of as-deposited and annealed CZTS

Fig. 7. The SEM images of (a, b) as deposited and (c,
d) annealed CZTS thin film at X 10,000 and X 50,000
magnifications
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Fig. 8. The water contact angle measurement of (a) as deposited and (b) annealed CZTS thin films

(a)-As deposited
S {b)-Annealed

(a)

g (b)

T A DT D Y VR i TR X
1000/T(K-1)

Fig. 9. The variation of dark electrical resistivity (log
p) with reciprocal temperature (1000/T) of (a) as
deposited and (b) annealed CZTS thin films

films at 673 K, with reciprocal of temperature (1000/T).
The room temperature electrical resistivity of as-
deposited CZTS film was of the order of 1.7 X 10° Q.cm
which decreased with temperature indicating the
normal semiconductor behavior. On the other hand,
the room temperature resistivity of CZTS film annealed
at 673 K was decreased to 5.6 x 10° Q.cm and the
decrease in room temperature resisitivity of annealed
CZTS films can be attributed to the removal of
hydroxide [(OH),] by thermal annealing, which may
resist the electrical conduction between the grains of
as-deposited CZTS as well as the modifications in
defect states [24]. The activation energy represents the
location of trap levels below conduction band. The
activation energies are 0.32 and 0.51 eV for as-
deposited and annealed films, respectively. The
decrease in resistivity with increase in temperature
confirmed semiconducting behavior of CZTS thin
films, similler to CdTe thin film [25] .

1({a)-Asdeposited
~d44(b)-Annealed
C
~—3 4 /
— da
= (a)
(T
©
£ : (b)
£ ______./
= 0- s

300 350 400 450 500 550
Temperature Difference (K)

Fig. 10. Thermo emf measurement of (a) as deposited
and (b) annealed CZTS thin films

3.10 Therino emf Measurement

The thermo-emf property of CZTS thin film was
measured as a function of temperature difference and
is shown in Fig. 10 (a, b) The temperature of the one
end was maintained at 273 K using ice and the
another end was heated. The thermo emf study
showed that the CZTS is exhibits p-type electrical
conductivity. The thermo-emf increased linearly with
increasing temperature. The increase in thermo-emf
with temperature can be attributed to the increase in
carrier concentration and/or mobility of the charge
carriers [26]. Induced emf of as-deposited thin filmis
higher than annealed film which may be due to lesser
number of defect levels [27]. This result is supported
p-tvpe CZTS thin film to previously prepared by soft
chemistry method, which is repoted by Todorov etal

[28].
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Fig. 11. The current-voltage (I-V) characteristics of
annealed CZTS thin films (a) in dark and (b) under
illumination of light (60 mW/cm?)

3.11 Photoe-electrochemical (PEC) Cell Studies

The photoresponse of annealed CZTS thin film
was carried out by forming a typical configuration
cell, p-CZTS (FTO substrate)/0.1 M (KOH-KI-L)/
graphite. Fig. 11 shows well defined cathodic (p-type)
photosensitivity carried out under the illumination
chopped light (60 mW/cm?). When the CZTS surface
is illuminated, created photoelectrons move towards
the p-type CZTS electrode/ polyiodide electrolyte
interface and are transferred to reduce one of the redox
species. The sudden change in current indicates a
transfer of electrons from the electrode to the electrolyte
solution Linear scan voltammograms were
photoactivity recorded (as shown in Fig.11).The
photocurrent obtained is of the order of pAcm?. A
conventional hot probe cathodic photoactivity
identified the p-type nature of CZTS films [29, 30].
Thus the cathodic photo current response validates
p-tvpe photoactivity of the annealed CZTS thin film.

4. Conclusion

In conclusion, large area CZTS thin films have
been successfully deposited by a simple and low cost
novel SILAR method. Structural studies showed that
as-deposited amorphous films are converted to
polycrystalline CZTS after annealing at 673 K. The
SEM images showed total coverage of the substrate
surface. The PEC performance studies showed p-type
photoactivity in polyiodide electrolyte which motivate
to check its feasibility in solar cell applications. These
features confirm the deposition of CZTS films using

simple chemical methodology.
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Cu,ZnSnS, (CZTS) thin films have been prepared by a novel chemical successive ionic layer adsorption
and reaction (SILAR) method. These films were annealed in vacuum at 673 K and further characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-vis spectroscopy, electrical, and
wettability studies. The X-ray diffraction studies showed the formation of kesterite structure of CZTS
films. Scanning electron micrograph revealed the formation of densely packed. compact and large
grained CZTS films. The CZTS films showed high optical absorption (10* cm ') exhibiting band gap
energy of 1.55 eV. Wettability test revealed the hydrophilic nature of CZTS films. The CZTS thin films
showed semiconducting behavior with p-type electrical conductivity. Further photovoltaic activity of
these films was studied by forming the photoelectrochemical cell.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Interest in the development and commercialization of thin
film solar cells has been growing over the past decade because of
their low cost and scalability - two key factors needed to make
solar technologies competitive with carbon-based fuels [1].
Recent advances in CdTe and Culn,_,Ga,Se, (CIGS) thin film solar
cells have resulted in commercially viable photovoltaic modules.
Despite having moderate efficiencies, CdTe and CIGS are not
amenable for eventual terawatt-scale production due to the cost
and scarcity of Te, In and Ga [1-3]. Therefore, one major
challenge of thin film technology is to develop materials
composed of earth abundant and non-toxic elements that can
be used to manufacture efficient photovoltaic devices. Cu,ZnSnS4
(CZTS) is an emerging solar absorber, that is structurally similar
to CIGS, but contains only earth abundant, non-toxic elements
and has a near optimal direct band gap energy of 1.4-1.6 eV with
absorption coefficient of ~10*cm™" [3.4]. The CZTS thin films
have been prepared by various chemical methods such as spray
pyrolysis [ 7], sol-gel sulfurization |8], electro and photochemical
deposition followed by sulfurization [2], liquid-precursor depo-
sition, etc. [9]. Katagiri et al. have fabricated CZTS thin film solar

cells of 6.7% efficiency using sputtering and vapor deposition
methods [5]. Zou et al. fabricated a quaternary CZTS nanocrystal

* Corresponding author. Tel: +91 231 2609225; fax: +91 231 2692333,
£-mail address: |_chandrakant@yahoo.com (C.D. Lokhande).

(625-5408f5 ~ see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/.materresbull.2011.1 1.020

at temperature lower than 493 K by green synthesis method [10].
Polycrystalline CZTS films with kesterite crystal structure have
been obtained by Pawar et al. [ 11] by pulsed laser deposited CZTS
films.

To reduce fabrication cost, a novel but less investigated
chemical method for CZTS film formation based on sequential
reaction on the substrate surface is proposed. This method is
known as successive ionic layer adsorption and reaction (SILAR)
method, or simply as modified version of chemical bath
deposition. In this method, thin films are obtained by immersing
substrate into separately placed cationic and anionic precursors
and rinsing between every immersion with ion-exchanged water.
The rinsing time in ion exchange water is critical for ionic layer
formation. Thus, the wastage of material is avoided in this
method. The growth mechanism involves three most important
steps: (i) specific adsorption of the ions of the compound to be
grown by the substrate immersion in a solution of cationic
precursor, (ii) water rinsing of the excess solution still adhering to
the substrate, and (iii) chemical reaction between the most
strongly specific adsorbed cations and the less strongly adsorbed
anions by the subsequent substrate immersion in the solution
[12,13].

In this paper, we are reporting the synthesis and characteri-
zation of CZTS thin films by SILAR method. The effect of
vacuum annealing on structural, morphological, optical and
electrical properties of CZIS thin films is investigated. The
photovoltaic activity of the CZTS films is tested in 0.25 M LiClO4
electrolyte.
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2. Experimental details
2.1. Synthesis of CZTS thin films

A novel chemical method, i.e. successive ionic layer adsorption
and reaction (SILAR) method is used for the deposition of CZTS
films. It is based on successive immersion of the substrate into
separately placed cation and anion precursor solutions and rinsing
between every immersion with double distilled water to avoid
precipitation. Four beakers system is used for the deposition of
CZTS thin films. The 1st beaker contained mixed cationic precursor
solutions of 0.1 M CuCl, 0.05M ZnSO4 and 0.05M SnCl, (1:1:1)
ratio. The double distilled water was placed in the 2nd beaker to
remove the loosely adsorbed cation from the substrate. The 0.2 M
thioacetamide (C;HsNS) solution in 3rd beaker was used as the
anionic precursor. The 4th beaker contained double distilled water
to remove the powdery deposit from the substrate. The pH values
of cationic and anionic precursors were ~3 and ~ 6, respectively.
All beakers were kept at room temperature (300 K). The schematic
diagram for the deposition of CZTS thin films by SILAR method is
shown in Fig. 1. In order to obtain stoichiometric CZTS films, we
used different concentrations of cationic and anionic precursors.
Among different concentrations, the films obtained at 0.1 M Cucl,
0.05 M ZnS0,4, 0.05 M SnCl4 (1:1:1) ratio and 0.2 M C;HsNS were
stoichiometric, uniform and well adherent. The well cleaned glass
and stainless steel (SS) substrates were dipped in 1st beaker
containing cationic precursor, where Cu*, Zn®* and Sn** ions get
adsorbed onto substrate surface. After immersion of the substrate
into cationic precursor, substrates were rinsed with double
distilled water placed in 2nd beaker to remove loosely bounded
cations. Then the substrates were immersed in 3rd beaker, where
S? ions react with pre-adsorbed Cu", Zn?* and Sn** cations to form
CZTS layer on the substrate. The substrates were again rinsed in
double distilled water kept in the 4th beaker to remove unreacted
$* ions and powdery and non adherent CZTS material from
substrate. This completed one cycle for the deposition of CZTS film.
By repeating such cycle many times, the CZTS film thickness was
increased. The adsorption in cationic and reaction time in anionic
solution are optimized to be 10 s each. Optimized rinsing time is
10 s in double distilled water.

2.2. Characterization techniques
The thickness of film is the most significant parameter and

computed by using fully computerized AMBIOS Make XP-1 surface
profiler with 1 A vertical resolution. The structural properties of

Fig. 1. Schematic diagram of SILAR method for the deposition of CZTS thin films,
beaker 1 contains €alONIC Precursors of Cu’, Zn*" apd Sn**, beakers 2 and 4 contain

DDW and beaker 3 contains anionic precursor of % .
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CZTS films were carried out using X-ray diffraction (XRD) patterns
obtained with CrKo (A = 2.2897 A) radiation from a Philips X-ray
diffractometer model PW-1710 in 20-80°. The surface morpho-
logical analysis was carried out using scanning electron microsco-
py (SEM) JEOL, JSM model 6360. The semi-quantitative elemental
composition of the film was determined using energy dispersive X-
ray (EDAX) analysis using horiba-ex-200, Japan, with spatial
resolution of 134 eV. The optical absorption study was carried out
within a wavelength range 350-850nm using a UV-1800
SHIMADZU spectrophotometer. The static contact angle against
water was measured using Rame-hart USA equipotent with CCD
camera. The electrical properties were investigated by standard
two-point probe method. The type of electrical conductivity was
determined from thermoemf measurement. Photovoltaic activity
of CZTS film was studied by forming a cell with CZTS as a photo-
electrode, graphite as a counter electrode and saturated calomel
electrode (SCE) as a reference electrode. The redox electrolyte used
was 0.25 M LiCl04/polypropylene carbonate (PC) solution and the
cell was illuminated with a 500 W tungsten filament lamp
(intensity 60 mW/cm?).

3. Results and discussion
3.1. CZTS film formation and reaction mechanism

The growth kinetics of a thin film deposition process is of the
ion-by-ion type, which involves the ion-by-ion deposition at
nucleation sites on the immersed surfaces. According to Lundin
and Kitaev [14], nucleation takes place by adsorption of the
colloidal ions and growth takes place as a result of surface
coagulation of these ions, giving thin and adherent film. The
possible reaction mechanism for the formation of CZTS thin film is

as follows.
The first beaker contain Cu®, Zn®** and Sn** cations, when

substrate is immersed in 1st beaker Cu*, Zn?>* and Sn® are

adsorbed on the substrate.
Beaker 3 contains thioacetamide solution which gives sulfide

ions (S*7) as per following reaction,

S SH

n ) 1
CH;-C-NH, +——=— CH,-C=NH (1)

In acidic medium protonation gives
S'H H-SI'-H )
CH,-C=NH+H" — CH;C=NH

The intermediate compound formed dissociates to give H,S as

g (3)
CH,-C:NH —— CH,-C=NH+H,S
In aqueous medium H,S dissociates to give

HsS — H* 4+ SH™ (4)

SH™ — H™ +8% (K= 12 x 10719) (5)

where K is dissociate constant of H,S in agueous medium.
Finally the following reaction takes place between pre-
adsorbed Cu', Zn?* and Sn** cations and S?*~ anion to form

Cu,ZnSnS,
2Cu™ +Zn?* +Sn** + 452" — CusZnSnS4 (6)

The prepared CZTS thin films are uniform and well adherent to
the substrate,
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For further deposition cycles, the film material was peeled out from
the surface of substrate. This can be attributed to the poor adhesion
of film material to substrate [15]. Inset of Fig. 2 shows the
photograph of uniform and compact CZTS thin films for 25, 50 and
100 cycles on to stainless steel substrate having area 10 cm?, which
demonstrate the feasibility of SILAR method for large area CZTS

film formation.

3.3. Structural studies

In order to improve crystallinity, CZTS film were vacuum
annealed at 673 K for 4 h. Fig. 3(a and b) shows the XRD patterns of
as deposited and vacuum annealed CZTS thin films onto glass
substrate. From Fig. 3(a), it is seen that as deposited CZTS films are
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Fig. 2. Variation CZTS film thickness with deposition cycles. Inset of Fig. 2 shows the
photograph of CZTS thin films for 25 (0.194 pm), 50 (1.01 jxm) and 100 (1.21 wm)
cycles.
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Fig. 3. The XRD patterns of (a) as deposited and (b) annealed of CZTS thin films on
glass substrate and (c) standard JCPDS (26-0575) diffracttogram of CZTS thin films
on glass subsltrate.

3.2. Thickness measurement

Thickness is the most important parameter, which alters the
properties of thin film material due to surface phenomena. In order
to obtain the terminal film thickness of the CZTS thin films, number
of deposition cycles were repeated several times. Fig. 2 shows the
variation of CZTS film thickness with number of deposition cycles.
The film thickness was increased with number of deposition cycle
and maximum thickness of 1.94 um was obtained at 100 cycles.

18. 802 1um BRA) SLH=-PH

amorphous since no diffraction peaks are observed. For vacuum
annealed CZTS films, the major characteristic peaks along (0 0 2),
(11 0)and (2 00) planes are observed (Fig. 3(b)) which correspond
to Kesterite structure of CZTS [JCPDS card no. 26-0575]. The
standard XRD pattern of kesterite phase shown in Fig. 3(c) for
comparison has a tetragonal unit cell, with sulfur atoms located in
a face centered-cubic sub lattice. The Cu, Zn, and Sn atoms occupy
half the tetrahedral interstitial sites within the S sub lattice with
compositional order [19]. Similar type of kesterite CZTS thin films
have been prepared by Chan et al. [16] using electrodeposition
method. Liu et al. [17] also prepared kesterite CZTS thin films by
reactive magnetron co-sputtering which are highly oriented along
(11 2) plane. Pawar et al. [18] reported kesterite structure with
major reflections along (112), (220) and (312) planes for
annealed CZTS thin films obtained by electrodeposition method.
The grain size was estimated according to full width at half
maxima (FWHM) of diffraction peaks using Scherrer’s formula,

0.91
~ Bcos6 &
where g is the broadening of diffraction line measured at half
maximum intensity (radians) and A = 2.2897 A is the wavelength
of the CrKa X-ray. The grain size was found to be 26 nm for (11 0)
plane.

3.4. Surface morphology and compositional studies

Fig. 4(a and b) shows scanning electron micrographs of as
deposited and vacuum annealed CZTS thin films at 10,000x
magnifications. It is observed from Fig. 4(a and b) that both the
films are covered with the rough surface. It is found that both films
are densely packed. Large agglomoration of grains is observed,
which is beneficial in photovoltaic applications, as the recombina-
tion rate of the photo-generated electron will be reduced [20,21].

|

s .

i e

Ine BBB) SUXK-PHY

Fig. 4. The SEM images of (a) as deposited and (b) annealed CZTS thin film at 10,000« magnification.
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Similar type of homogeneous, polycrystalline and extremely dense
CZTS thin films was obtained by Caballero et al. [22]. Rihaet al. [23]
prepared densely packed nanocrystals, which are distributed
evenly throughout the entire surface of the substrate without any
cracks or voids. Pawar et al. [24] observed dense and uniform flat
grains for the CZTS films prepared by electrodeposition method in
presence of complexing agent. Wangperawong et al. [25] showed
such dense packed morphology for Cu,ZnSnS; from the aqueous
bath process. The compositional analysis of the annealed CZTS thin
film is carried out using EDAX technique. The atomic weight
percentage ratios for Cu:Zn:Sn:S are 30:11:07:52. This showed that
the annealed films are copper rich and nonstoichiometric.

3.5. Optical studies

The optical absorption studies of as deposited and vacuum
annealed CZTS thin films in the wavelength range 350-850 nm has
been investigated. Inset of Fig. 5(a and b) shows variation of
absorbance (at) of as deposited and annealed CZTS films with
wavelength (A). These spectra revealed that as deposited and
annealed CZTS thin films have high absorbance of light in the
visible region, indicating applicability as an absorbing material.
The absorption coefficient is larger than 10° cm~! in the visible
region, which is consistent with those reported in earlier results
[2-12,15,26] and therefore, the film is considered to be a suitable
material for photovoltaic solar energy conversion. The optical band
gap energy is estimated using the following equation for a
semiconductor,

A(Eg - hv)"
(EE V) (8)

where a is absorption coefficient, Egis band gap. Ais constantand n
is equal to 1/2 for direct transition. Fig. 5(a and b) shows the

Contact Angle = 45 Deg.
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variation of (ehv)? vs hv, which is a straight line in the domain of
higher energies. indicating a direct optical transition. Extrapolation
of these curves to zero absorption coefficients (« = 0) give the band
gap energy 1.80 eV for as-deposited and 1.55 eV for annealed CZTS
thin films which is in good agreement with band gaps reported for
CZTS films by other authors [2-12,16,25,27,28]. The decrease in
band gap after annealing is a consequence of phase change from
amorphous to nanocrystalline. The band gap of the film is close to
the optimum band gap required for a solar cell, indicating that
CZTS is a promising material for thin film solar cell application [24].

3.6. Surface wettability test

Water contact angle method is an empirical diagnostic method
for evaluation of thin film material useful in solar cell. The presence
of local inhomogenities, chemical composition and surface
morphology in thin film are directly related to the surface water
contact angle [29]. Wettability test was carried in order to
investigate the interaction between electrolyte and CZTS thin film.
If the wettability is high, contact angle (6), will be small and the
surface is hydrophilic. On the contrary, if the wettability is low,
contact angle (@) will be large and the surface is hydrophobic. The
contact angles for as deposited and annealed CZTS thin films are
45° and 60° respectively as shown in Fig. 6. This is useful for
making the intimate contact of aqueous electrolyte with CZTS
electrode in device formation. The increase in contact angle after
heat treatment is attributed to little enhancement in grain size

[30].
3.7. Electrical resistivity

The D.C. two-point probe method for dark electrical resistivity
measurement showed that the CZTS films have a value ~10° {) cm
resistivity at room temperature. The resistivity of a 10> Q cm is in
agreement with the CZTS films prepared by sulfurization of
metallic precursors [31] and spray pyrolysis method [22]. The high
value of resistivity may be attributed due to nano crystallinity or
amorphous form of film, grain boundary discontinuities and
presence of surface states etc. [33]. Fig. 7 shows the variation of
log p with temperature for as-deposited and vacuum annealed
CZTS thin films. The decrease in electrical resistivity with increase
in temperature confirms the semiconducting nature of the CZTS
material. Activation energies ‘Ea’ are calculated by using the

relation

Ea
P = Py EXP (ﬁ)

where pg is the constant, K is the Boltzman constant and T is
absolute temperature. The activation energy represents the
location of trap levels below conduction band. The activation
energies are 0.40 and 0.45 eV for as-deposited and annealed films,
respectively. This increase in the activation energy after annealing
may be attributed to the modifications of defect states [30].

(9)

Contact Angle = 65 Deg.

Fig. 6. Water contact angle measurement of (a) as deposited and (b) annealed CZTS thin films.
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Fig. 7. Variation of dark electrical resistivity (log p) with reciprocal temperature
(1000/T) of {(a} as deposited and (b) annealed CZTS thin films.

3.8. Thermo emf measurement

The term electromotive force (emf) was measured as a function
of temperature for both as deposited and annealed CZTS films.
Fig. 8 shows that an increase in the temperature difference results
in induced emf. The polarity of the induced emf for as deposited
and vacuum annealed CZTS films indicates a p-type electrical
conductivity [4]. Similar to those reported by Scragg et al. [2] and
Katagiri [5]. Liu et al. [ 18] also reported p-type conductivity of CZTS
thin films by Van der Paw method. The induced thermo-emf
increases with increasing temperature, which can be attributed to
the increased concentration and mobility of the charge carriers
with rise in temperature [34].

3.9. Photoelectrochemical (PEC) studies

Photoelectrochemical (PEC) characterization was chosen over
preparing solid-state devices as it allows for a rapid and
nondestructive evaluation of photoactivity of the CZTS thin films
and eliminates electrical shorting from a vapor-deposited metal
back contact penetrating through the pores in the film to the front
contact. These PEC cells are easy to make and many processing
steps of p-n junction have been simplified or eliminated. Since the
junction with liquid is formed spontaneously upon contact,
irregular shaped single crystal or thin films can be used Lokhande
and Pawar |35]. The solution based measurements allowed us to
quickly test a quality of CZTS film electrode as a solar cell material

[28].
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Fig. 9. The current-voltage (I-V) characteristics of annealed CZTS thin films (a) in
dark and (b) under illumination of light (60 mW/cm?).

The photo-response of the vacuum annealed CZTS thin films
have been studied by forming PEC Cell. The 0.25M LiClO4
electrolyte in propylene carbonate solution served as the redox
mediator. The current-voltage (I-V) characteristics of vacuum
annealed CZTS thin film in the dark and under illumination
(60 mW/cm?) are shown in Fig. 9(a and b). The anodic photocur-
rent increased gradually with increasing negative potential,
indicating that the thin films were p-type [2]. As was previously
displayed in the UV-vis spectra (Fig. 5), annealing the CZTS thin
films at 673 K leads to better absorption properties and a more
direct band gap transition. The values of short circuit current (Isc)
and open circuit voltage (V,.) as 0.96mAcm™2 and 288 mV,
respectively have been obtained under the illumination intensity
of 60 mW cm~2. The photoconversion efficiency 0.12% with fill
factors of 24% is achieved.

The photoelectrochemical measurement confirmed good
photoactivity of vacuum annealed CZTS film prepared from simple
SILAR method. The photocurrent obtained in the present study is
not useful for a practical application; however, it is well known
that conversion efficiency of such film can be considerably
increased by thermal, chemical and (photo) electrochemical
surface treatments [36].

4. Conclusions

In conclusion, CZTS thin films are successfully synthesized by a
novel chemical successive ionic layer adsorption and reaction
(SILAR) method. The X-ray diffraction studies revealed the
formation of Kesterite CZTS films after vacuum annealing at
673 K. The formation of homogeneous and dense surface was
observed from the scanning electron micrographs. The optical
study showed band gap energy of 1.55 eV. The electrical resistivity
variation with temperature of CZTS thin films showed semicon-
ducting behavior with p-type electrical conduction. Photoactivity
of annealed CZTS film was confirmed from photoelectrochemical
studies.
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Large area thin films of Cu;ZnSnS, (CZTS) have been successfully deposited by a novel low cost chemi-
cal synthesis route. These CZTS films are characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), electrical, wettability and optical absorption techniques. The XRD analyses revealed
the formation of polycrystalline CZTS thin films with tetragonal crystal structure after annealing at 673 K.
The scanning electron micrographs showed total substrate coverage with randomly distributed and dif-
fused interlocked cubes. The optical band gap was estimated to be 1.5 eV. Wettability testrevealed that as
deposited and annealed CZTS films are hydrophilic with water contact angles 46 and G5¢, respectively.
The photoactivity of CZTS is tested by forming photoelectrochemical cell in polyiodide electrolyte.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The development of clean energy resources as an alternative to
the fossil fuel has become one of the most important tasks assigned
to the researchers from modern science and technology in the
21st century. Among a wide variety of renewable energy sources,
solar energy is the best alternative, suitable for meeting the energy
demands of the modern society. In order to promote the use of
photovoltaic devices, it is necessary to develop the solar cells with
low cost, high efficiency, and less environmental damaging. A qua-
ternary Cu,ZnSnS, (CZTS) is a promising candidate for low cost
absorber laver in thin film solar cell due to its excellent material
properties for obtaining high efficiency such as suitable band gap
energy of 1.4-1.5 eV, and large absorption coefficient over 10* cm~!
[1-3]. On the other hand. in terms of material itself, CZTS solar cell
has still several potential advantages. It uses more abundant Sn
and Zn instead of In and Ga, which is preferable for realization of
low-cost solar cell. Also CZTS contains less toxic material S rather
than Se which is desirable for environment friendly applications [2].
Recently, Katagiri et al. have fabricated CZTS thin film solar cells of
6.7% efficiency using sputtering and vapor deposition methods [4].
Guo et al fabricated 7.2% efficiency CZTS solar cells using a robust,
solution-based method [5). The conversion efficiency of 9.6% has
been achieved in CZTS based solar cells prepared by a non-vacuum,

slurry-based coating method [6].

* Corresponding author. Tel.: +91 231 2609225; fax: +91 231 2692333,
£-mail address: \.chandrakant@yahoo.com (C.D. Lokhande).
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The CZTS thin films have been prepared by several experimen-
tal techniques such as atomic beam sputtering [1], radio frequency
(RF) magnetron sputtering [7], sol-gel sulfurization methods [8],
thermal evaporation [9], photochemical deposition [10], elec-
trodeposition [11,12], spray pyrolysis [13], pulsed laser deposition
[14,15], and sulfurization of electron-beam evaporated precursors
[16,17]. As compared to the other deposition methods, chemical
deposition is an attractive one because of its own advantages such
as simplicity, reproducibility, non-hazardous, cost effectiveness. It
is well suited for producing large-area thin films at low tempera-
ture and hence avoids oxidation or corrosion of metallic substrate
[18].
In present investigation, we report for the first time, a novel
chemical method for the deposition of CZTS thin films. This method
is anticipated to have the advantages of being low cost and capable
of producing large-area films. The effect of post-annealing treat-
ment on the structural, morphological, electrical, wettability and
optical properties of the CZTS thin films has been investigated. Also
the photovoltaic activity of the CZTS film is tested in polyiodide

electrolyte.
2. Experimental details
2.1. Preparation of CZTS thin films

The CZTS thin films have been deposited on the glass and FTO
substrates using chemical method. The CuCl, ZnClp, SnCly and
Na,S, 05 are used as sources of Cu*, Zn?*, Sn** and S~ ions, respec-
tively. The chemical bath containing 0.01M CuCl, 0.05M ZnCl,,
0.05M SnCl4 and 0.5M Na;S,03 solutions in equal volume ratio
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Fig. 1. The diagram of chemical method for deposition of CZTS thin films.

was prepared by mixing them in a beaker. The solutions of aque-
ous ammonia added to it. The final pH of the resulting solution is
~10. Previously cleaned glass and FTO substrates were immersed
in the bath and then the bath was heated up to 358 K for 24 h. After
about 4 h, the solution became blurred and within 24h the dark
green precipitate was formed in the bath. During the precipitation,
the heterogeneous reaction occurred and the deposition of CZTS
films took place on the substrates. The substrates coated with dark
green colored film were removed, rinsed, dried in air and preserved
in air tight container. The schematic diagram of chemical method
for large area (>10cm?) deposition of CZTS thin film is shown in
Fig. 1. The deposited film was air annealed at 673K for 3 h and used
for further characterization.

2.2. Characterization techniques

The thickness of film is the most significant parameter and com-
puted by using fully computerized AMBIOS Make XP-1 surface
profiler with 1 A vertical resolution. The structural characterization
of CZTS thin films was carried out by analyzing X-ray diffraction
(XRD) patterns obtained with CrK, (a=2.2897 A) radiation from a
Philips X-ray diffractometer model PW-1710 in the span of angle
10-100 . The surface morphological analysis was carried out using
scanning electron microscopy (SEM) JEOL JSM model 6360. The
Raman spectra of the films were recorded in the spectral range
of 35-4000cm ! using Raman spectrometer (Bruker MultiRAM,
Germany Make). The optical absorption study was carried out
within a wavelength range of 350-850nm using a UV-1800 SHI-
MADZU spectrophotometer. The wettability of the film was carried
out by Rame-hart USA equipment with CCD camera. A two-probe
method was used for electrical resistivity measurement in the tem-
perature range of 300-500K. The type of electrical conductivity was
determined from thermo emf measurement. Photoelectrochemi-
cal (PEC) properties were studied by forming a cell with CZTS as
a photo-electrode and graphite as a counter with 0.1 M polyiodide
solution. The cell was illuminated with a 500 W tungsten filament

Jamp (intensity 100 mW/cm?).
3. Results and discussion

3.1. CZTS film formation

The chemical method of thin film formation is based on the for-
mation of solid phase from a solution, which involves two steps as

nucleation and particle growth. In nucleation, the heterogeneous
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Fig. 2. Variation CZTS film thickness with deposition time. Inset of fig. 2 shows
the photograph of CZTS thin films for the deposition period of 8 h (0.52 pm), 16h
(0.63 wm) and 24 h (0.74 pm).

reaction at the substrate surface takes place when clusters of the
molecules formed undergo rapid decomposition and particles com-
bine to grow up to a certain thickness of the film [19]. The possible
reaction mechanism for the formation of CZTS thin films is as fol-

lows
2CuCl + ZnCl; + SnCly + 8H,0

— 2Cu™ +2Zn** + Sn** 4 8HCl + 80H™ (1)
Na;S,03 is reducing agent by virtue of half cell reaction [19]
45,02 — S40% + 4e” )
In acidic medium dissociation of Na;S;03 takes place
S;03" + H* — HSO; +S (3)

The electrons released (reaction (2)) reacts with the sulphur from
reaction (3)

S Jer —i5s (4)
From reactions (1) and (4), the final reaction for the formation of
CZIS is

2Cut +Zn?* -+ Sn** 4+ 452" - CuyZnSnSy (5)

Thus, nucleation and growth of CZTS thin films take place via
ion-by-ion mechanism. The CZTS thin films are extremely adhesive
to the substrate though the deposition was carried out for pro-
longed time intervals. The maximum thickness obtained for CZTS
thin film is 0.74 wm for deposition period of 24 h. In the process of
deposition of CZTS film by CBD method, the mixture of CuCl, ZnCly,
SnCly4, and Na;S;03, was prepared in double distilled water and pH
is adjusted to ~10 by using ammonia solution. It is observed that
afterabout4 h, precipitation starts and deposition of CZTS begins by
heterogeneous reaction at substrate surface and the film thickness
increases with time. The variation of thickness with time is shown
in Fig. 2. The nonlinear rate of increase in the thickness is attributed
to the growth by nucleation and coalescence process. More nucle-
ation sites contribute to coagulation during the growing procedure.
Furthermore, slight decrease in film thickness observed, after 24 h
and this can be attributed to the formation of outer porous layer
and/or the film may have developed stress which tends to cause
delamination, resulting in peeling off the film after the film reaches
at maximum thickness [20].

3.2. Structural studies

Fig. 3 shows XRD patterns of (a) as deposited and (b) annealed
CZTS thin films on glass substrate. Inset of Fig. 3(a) and (b) shows the
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Fig. 3. The XRD patterns of (a) as deposited and (b) annealed CZTS thin film on glass
substrate. (Inset of figure shows photographs of (a) as deposited and (b) annealed
CZTS thin film on glass substrate). Reference XRD patterns of bulk CZTS, ZnS and
SnS; materials are also shown for comparison.

actual film photograph of as-deposited and annealed CZTS thin film
on glass substrate at 673 K. No distinct diffraction peak is observed
in ‘d" in XRD pattern of as-deposited films, which probably means
that the film consisted of hydrous CZTS colloidal particles with low
crystallinity. Intensity of characteristics peaks of CZTS is increased
after heat treatment and six broad XRD peaks are assignable to
diffraction of (002).{112),(110),(200),(220)and (111) planes.
Observed ‘d’ values are in good agreement with standard ‘d" values
(JCPDS card no. 26-0575) which confirmed kesterite type of CZTS
thin films which attributed to the improvement in crystallinity.
Also the XRD pattern, it is revealed that the as deposited CZTS thin
films are amorphous while annealed CZTS thin films are polycrys-
talline. It should be noted that ZnS (JCPDS card no. 26-0566), having
a blend structure exhibited three XRD diffraction of planes (11 2),
(200) and (2 2 0), which are difficult to distinguish from those of
kesterite type CZTS thin film. On other hand, crystal phase of SnS;
(JCPDS card no. 26-0677) is also observed diffraction peak (111).
Similar type of results has been obtained by Torimoto et al. [21]
for thermal reaction deposited CZTS films. It should be noted that
the relative peak intensity of the diffraction arising from (110) of
CZTS plane is much stronger than other peaks which shows that
CZTS films are oriented along this plane. High-temperature treat-
ment could increase the crystallinity and grain size of CZTS films,
which conduces to fabricate high efficiency solar cell because the
efficiency of polycrystalline solar cell increases with an increase
in grain size of the absorbed layer material [22]. The grain size of
CZTS thin films from XRD pattern was calculated using the Scherer’s

relation:
> 0.9~ (6)
f cost
where £ is the broadening of diffraction line measured at half max-

imum intensity (radians) and 4 =2.2897 A is the wavelength of the
CrKa X-ray. The grain size was found to be 63 nm for (11 0) plane.

3.3. FT-Raman studies

The FT-Raman spectra recorded over 250-315 cm~! of CZTS thin
films are shown in Fig. 4. Raman spectra confirmed existence of the
kesterite CZTS well defined peaks at 258, 285, and 287cm~! are in
good agreement with previous reported Raman spectra of?ZTS thin
film [22-24]. These peaks confirm the formation of kesterite struc-
ture of CZTS stretching mode. Also FT-Raman spectra confirmed
presence of 7ZnS with blend structure and even though SnS; phase

Fig.4. The room temperature FT-Raman spectra of(a)as deposited and (b) annealed
CZTS thin films on glass substrate.

has reflected in XRD, FT-Raman analysis indicate the formation of
crystal phase Sn,Ss and SnS, SnS; at 274, 314, 304cm ‘1 respec-
tively [25,26]. From both XRD and FT-Raman analyses indicate that
the formed films are kesterite CZTS along with a mixture of ZnS and

SnS,.

3.4. Surface morphological analysis

The schematic growth model for CZTS thin film is shown in
Fig. 5(a). Inset photograph (a) shows actual morphology of as-
deposited CZTS thin film. Chemical bath deposition is one of the
“bottom-up” approach methods based on the formation of a solid
phase upon transformation of a supersaturated solution to the
saturated state. This transformation incorporated with various dis-
tinct steps as (a) nucleation, (b) aggregation, (c) coalescence and
subsequent, (d) growth by stacking of the particles. During nucle-
ation, clusters of metal precursor molecules likely undergo rapid
decomposition. Such nucleation centers acted as foundation for
the aggregation of the particles (b). Moreover, basic ground work
for the nanostructure is formed by coalescence of aggregated par-
ticles (c). Subsequently, the film grows to a certain thickness on
the substrate surface by stacking of the particles (d) [27]. Scanning
electron micrographs of as deposited and annealed CZTS thin films
at two different magnifications are presented in Fig. 5(b)[(a-a’ and
b-b')]. From the micrographs (Fig. 5(b)(a-a’)) it is seen that the film
surface of as deposited CZTS filmis well covered with randomly dis-
tributed interlocked cubes. The approximate size of these cubes is
in the range of 2-5 um. After annealing, these interlocked cubes
diffused each other to form compact and rough surface as shown in
Fig. 5(b)[(b-b")]. The surface morphology at higher magnification
[Fig. 5(b)(b")] depicts that entire surface of the substrate is covered
with sharp edge cubes. Tanaka et al. [2] prepared CZTS thin films by
sputtering method and reported that film consisted of the closely
packed grains with sub-micron size. Round-shaped nanoparticles
of about 200 nm with homogeneous size distribution are obtained
by Todorov et al. [26] using soft chemistry method.

3.5. Optical absorption study

The optical absorption of as deposited and annealed CZTS thin
filmsin the wavelength range of 350-850 nm has been investigated.
Inset of Fig. 6{a) and (b) shows variation of absorbance (at) of as
deposited and annealed CZTS film with wavelength (1). These spec-
tra revealed that as deposited and annealed CZTS thin films have
high absorbance in the visible region, indicating applicability as an
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absorbing material. The optical band gap energy is estimated by
using the following equation for a semiconductor:

AlEg - )" o)
hv

where « is absorption coefficient, £y is band gap, A is constant

and n is equal to 1/2 for direct transition. Fig. 6{a) and (b) shows

o=

1 formation of CZTS thin films: (a) nucleation, (b) aggregation, (c) coalescence and (d) subsequent growth by stacking of the particles.
aand a') as deposited and (b and b') at two different magnifications ( = 5000 and 20,000).

the variation of (whv)? versus (hv), which is a straight line in the
domain of higher energies, indicating a direct optical transition.
Extrapolation of these curves to zero absorption coefficients (o= 0)
gave the optical energy gap as 1.7 eV for as-deposited and 1.5 eV
for annealed CZTS thin films. The decrease in band gap after
annealing is a consequence of phase change from amorphous to
polycrystalline nature [22].



PO oW eIevwewvowedtetlblilidceddededeededd

18 N.M. Shinde et al. / Journal of Photochemistry and Photobiology A: Chemistry 235 (2012) 14-20
o8
ol i
449¢" \ ) 4
(o] B
E‘ 5 (a)
S i (@)
<X 3432
> 51 (a) 3t P
2] = = é
- < c / 7
“i 200 400 K00 600 700 800 900 o (i &
=y ks Wavelength (nm) = 1 = Ve )
= ./-/- P
]
(o] B 21 ./ ,./.
g 14 i /./.,/
B e
S .'/
0 T T T 1 T T T T
2 2 i M 32
0 1 2 3 4 24 6 2.8 0
1000/T (1/K)

Photon energy, hv (eV)

Fig. 6. The plots of (chw)* vs. hv of CZTS thin films. Inset shows variation of absorp-
tion {at) with wavelength (4) CZTS thin films on glass substrate,

Tanaka et al. | 2] prepared CZTS thin films by sputtering method
and reported band gap of 1.45 eV. The decrement in the band gap
energies from 1.8 to 1.5eV is also reported by Pawar et al. [22] for
pulsed laser deposition (PLD) CZTS thin films. The band gap of the
CZTS film is quite close to the optimum band gap required for a
solar cell, indicating that CZTS is a promising material for thin film
solar cell application.

3.6. Surface wettability study

In order to study the interaction between electrode and elec-
trolyte, the wettability test is carried out. The wetting behavior
is characterized by the value of the contact angle, a microscopic
parameter. If the wettability is high, contact angle (6), will be
small and the surface is hydrophilic [28]. On the contrary, if the
wertability is low, 6 will be large and the surface is hydropho-
bic. The contact angle is an important parameter in surface science
and its measurement provides a simple and reliable technique for
the interpretation of surface energies. The method involves the
measurement of contact angle between water and the thin film
electrode. The contact angle is expected to depend upon local in
homogeneity, chemical composition and the surface morphology
of the semiconducting electrodes [29). Fig. 7(a) and (b) shows the
water contact images of as-deposited and annealed CZTS films. The
contact angles for as deposited and annealed CZTS thin films are
found to be 46 and 65 , respectively. Increase in water contact
angle after annealing may be attributed to (i) non-spherical nature
of the grains and (i1) topographical change in structure. Similar type
of increase in contact angle after annealing has been reported by
Shinde et al. for ZnO thin films [27].

nmn

-

Contact angle = 46°™

Fig. 8. Variation of dark electrical resistivity (log p) with reciprocal temperature
(1000]T) of (a) as-deposited and (b) annealed CZTS thin films

3.7. Electrical resistivity

The DC two point probe method was employed to study the vari-
ation of electrical resistivity with temperature of CZTS thin films.
Fig. 8(a) and (b) shows the variation of log(p) with reciprocal of
temperature (1000/T) on to the glass substrate. From figure, it is
clearly seen that the resistivity of both as deposited and annealed
CZTS films was decreased with increase in temperature indicating
that the normal semiconducting behavior. The activation energy

was calculated using the relation

o= e ()

KT
where p is the resistivity at temperature T, pg is constant, K is
Boltzmann constant and E, is activation energy. The activation
energy represents the location of trap levels below conduction
band. From Fig. 8 for both as deposited and annealed CZTS films,
there is a single distinct activation energy regime indicating sin-
gle conduction mechanism. It was found that as-deposited CZTS
film exhibits a resistivity equal to 104 ohm-cm at room temper-
ature, which decreases to 103 ohm-cm after annealing at 673 K.
The activation energies were found to be 0.62 and 0.67 eV for as
deposited and annealed CZTS thin films, respectively. This increase
in the activation energy may be attributed to the modifications of
defect states [30]. Kishore Kumar et al. [31] reported the semicon-
ducting behavior of CZTS thin films deposited by spray pyrolysis
method.

(8)

3.8. Thermo emf measurement

In the thermo emf measurement the temperature difference
causes the transport of carriers from the hot end to the cold end

Contact angle = 65°

Fig. 7. Contact angle measurement of (a) as deposited and (b) annealed CZTS thin films.
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Fig. 9. Thermo emf measurement of (a) as deposited and (b) annealed CZTS thin
films.

and thus creates an electric field, which gives the thermal voltage.
The dependence of thermoelectric emf (induced emf) on temper-
ature is depicted in Fig. 9. The plot shows that an increase in
the temperature difference results in the decreased induced emf.
Induced emfs for as deposited and annealed CZTS thin film were
found to be 19.5mV/K and 4.7 mV/K. Induced emf of as-deposited
film is higher than annealed film which may be due to lesser
number of defect levels [32]. The polarity of the induced emf for
as deposited and annealed CZTS film indicates a p-type electri-
cal conductivity as reported by Tanaka [2] and Kishore Kumar

eral. [31].
3.9. Photoelectrochemical (PEC) cell studies

A photoelectrochemical cell (PEC) is based on the junc-
tion between semiconductor and an electrolyte. An electrolyte
play an important role in PEC cell in acting as a medium for
charge transfer between the photoelectrode and counter elec-
trode [32]. The PEC response under chopped light (100 mW/cm?)
conditions was carried out in order to study the photosensi-
tivity of the CZTS thin film. The photoresponse of annealed
CZTS thin film was carried out by forming a typical configu-
ration cell p-CZTS (FTO substrate)/0.1 M (KOH-KI-I,)/graphite.
Fig. 10 shows well defined cathodic (p-type) photoactivity under
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Fig.10. The phot :
at illuminated intensity of 100 mWjcm*.
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illumination. Inset of Fig. 10 shows enlarged part of I-V charac-
teristics of CZTS thin film. The photosensitivity confirmed that
CZTS absorber is a p-type material useful for the solar cell

[32-35).
4. Conclusions

In conclusion, large area CZTS thin films have been success-
fully deposited by a simple and low cost novel chemical deposition
method. Structural studies showed that as-deposited amorphous
films are converted to polycrystalline CZTS after annealing at
673 K. It is seen that the total substrate surface is covered with
randomly distributed interlocked cubes. Air annealing resulted
into diffusion of these interlocked cubes to form rough surface.
The CZTS thin films showed p-type photoactivity in polyiodide
electrolyte which demonstrate that the chemical methodology
is applicable to deposition of quaternary semiconductor com-

pounds.
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