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Chemical bath deposition synthesis and electrochemical
properties of MnQ, thin film: Effect of deposition time
and bath temperature
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Manganese dioxide (MnO,) films with different nanostructures were deposited on indium tin oxide (ITO) glasses by using
chemical bath deposition (CBD). Deposition temperature and time were varied from 60 °C to 90 °C and from 2 h to 72 h,
respectively. The samples have been characterized using an X-ray diffraction (XRD), field emission scanning electron micro-
scope (SEM) and an electrochemical workstation. The films deposited at 60 °C for 8 h showed that obtained nanoflowers had
an amorphous nature, while those deposited at higher temperatures of 70, 80 and 90 °C showed a well-developed nanowire and
nanorod morphology. However, those which were deposited at 60 °C, showed the best electrochemical properties, including a
higher specific capacitance, good rate of performance and a cycling stability (93 % loss of the initial value after 10,000 cycles).
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1. Introduction

Manganese dioxide (MnQ5) is one of the most
attractive transition metal oxides that have been
employed as redox catalysts and especially as
electroactive material in electrochemical capaci-
tors and batteries. This is due to its great abun-
dance, low cost, favorable charge density, high
electrochemical and chemical stability as well as
low toxicity. It is well known that the particle
size and surface morphology of MnO; can in-
fluence its electrochemical performance. MnO;
has attracted much attention because of its par-
ticular physical and chemical properties. In addi-
tion, it possesses great potentials in such appli-
cations as selective heterogeneous catalysts, ad-
sorbents, and battery materials [1]. Various forms
of MnQ,, including one-dimensional (nanorods,
nanowires, nanotubes) [2, 3], two-dimensional
(2-D) (nanosheets, nanoflakes) [4, 5], and three-
dimensional (3-D) (nanospheres, nanoflowers) [6]
nanostructures have been synthesized. By con-
trast, 3-D hierarchical MnO, structures are more
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preferable for various applications due to their
production of more reaction-active sites than in
1-D and 2-D structured materials. In addition,
they exhibit more favorable electrochemical prop-
erties [7]. Moreover, 3-D electrode materials facil-
itate the penetration of both electrolytes and re-
actants into the whole oxide matrix in order to
maintain very smooth electron pathways in rapid
charge-discharge reactions [8]. Preparation con-
ditions for MnO; materials have a great influ-
ence on their physico-chemical properties, includ-
ing nanostructures, morphology as well as chemi-
cal composition and porosity, which have an impact
on important electrochemical activities [9-13]. The
nature of the reactants, pH of the reaction medium,
heating temperature and heating duration have all
dramatic effects on the crystal structures of the
phases formed [14].

Thin films prepared by chemical methods are
generally less expensive than those prepared by
physical, capital-intensive techniques. We selected
a chemical bath deposition method due to its nu-
merous advantages, such as low cost, large area
production and simplicity in instrumental opera-
tion. The chemical bath deposition facilitates the
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control of growth factors, like film thickness, de-
position rate and quality of crystallites by vary-
ing such parameters as pH of solution, tempera-
ture, and bath concentration [15]. In the experi-
ments carried out, MnO, nanoflowers, nanowires
and nanorods were all grown on an indium tin ox-
ide (ITO) substrate by a CBD method. The influ-
ence of the reaction bath time and bath temperature
on the growth process and capacitive behaviors of
the MnQO; thin films was investigated.

2. Experimental

MnO, thin films were deposited on ITO glass
substrates at different deposition bath temperatures
(60, 70, 80 and 90 °C). The substrates of ITO glass
were ultrasonically cleaned in distilled water, ace-
tone and absolute ethanol, for 10 minutes in each
solvent, and then dried at a room temperature. For
the deposition of MnO, thin films, 30 mL of 1 M
manganese sulfate (MnSO4-H,0), 30 mL of 1 M
potassium persulfate (K,S;0g) and 30 mL of 1 M
sodium sulfate (Na;SO,) were used. The bath tem-
perature was fixed at an appropriate temperature,
then the pre-cleaned substrates were submerged
into the solution, while this latter was magnetically
stirred in a beaker for 8 h. After completion of the
film deposition, the samples were taken out, imme-
diately rinsed with deionized water to remove solu-
ble impurities and then dried in a vacuum at 60 °C
overnight. To investigate the influence of deposi-
tion time, the above steps were repeated at different
reaction bath times (2, 4, 6, 8, 12, 24, 48 and 72 h)
at 60 °C.

The phase purity of the samples was charac-
terized by X-ray powder diffraction (XRD) using
an X-ray diffractometer (Y-2000) with Cu Ka ra-
diation (A = 1.5418 A). Scanning electron mi-
croscopy (SEM) images were obtained on a JEOL
JSM-6700F microscope operated at 5 kV. Elec-
trochemical measurements were carried out in
an electrochemical workstation (CHI440A Instru-
ments, Chenhua Co., Shanghai) using a conven-
tional three-electrode electrochemical cell with a
0.5 M of Na;SO4 aqueous solution as the elec-
trolyte. The MnO, film was used as the working
electrode, whereas a platinum foil and saturated

calomel electrode (SCE) were used as counter and
reference electrodes, respectively.

3. Results and discussion

3.1. XRD

The XRD patterns of the MnO, samples, pre-
pared at different reaction times (2, 4, 6, 8, 12
and 24 h), are shown in Fig. la. The diffraction
peaks of the as prepared MnO, samples at 20 =
27.53, 36.83, 41.23, 50.68, and 53.30° correspond
to the Miller indices or lattice planes of (1 2 0),
021),(210), (04 1), and (1 50), respectively.
Therefore, they can be indexed to the tetragonal
ramsdellite (JCPDS card No. 7-222), whereas the
peaks at 20 = 32.96, 60.66 and 64.08° are in-
dexed to Mn,O3 (JCPDS card No. 124-508). The
peaks marked with “*” can be attributed to the sub-
strate. The less intensity of the diffracted peaks re-
veales the low crystallinity of the as prepared sam-
ples. The calculated average crystallite sizes of the
MnO; prepared at 70 °C are 30, 32, 25, 27, 28 and
22 nm for the samples prepared for 2, 4, 6, 8, 12
and 24 h, respectively. It is clear that the inten-
sity of the diffraction peaks decreased, and the full
width of the half maximum (FWHM) intensity in-
creased with prolonging the bathing time, which in-
dicates that the crystallinity of the films decreased
gradually.

Fig. 1b shows the XRD patterns of the MnO,
films deposited on ITO glass substrates at differ-
ent bath temperatures of 60, 70, 80 and 90 °C for
8 h. Except for the peaks marked with “*”, which
can be attributed to the ITO glass substrate, the
all observed diffraction peaks at 27.4°, 38.6° and
55.3° correspond to the planes of (1 2 0), (0 4 0),
and (2 2 1) of manganese dioxide. They have
been readily indexed to the tetragonal ramsdellite
MnO; (JCPDS card No. 5-600). The intensity of
the diffraction peaks decreased with the increase
of the bath temperature, indicating that the crys-
tallinity degree depends on the temperature. The
MnO; films deposited at 80 and 90 °C were well
crystallized, while those that were deposited at 60
and 70 °C were poor crystalline, as it is indicated
by the larger, broader peak from 20 to 35° in the
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Fig. 1. XRD patterns of MnO, films deposited on ITO glass (a) at different times: 2, 4, 6, 8, 12, 24 and 48 h, at
60 °C, (b) at various bath temperatures: 60, 70, 80 and 90 °C for 8 h.

Fig. 2. SEM images of MnO, deposited on ITO glass at different bath temperatures: (a) 60 °C, (b) 70 °C, (c) 80 °C
and (d) 90 °C; (e), (f), (g) and (h) are the enlarged images of (a), (b), (c) and (d), respectively.

XRD patterns of these samples. It is worth men-
tioning that the amorphous phase of the oxide ma-
terial is generally necessary to have an electrode
with large surface area for supercapacitor applica-
tions [16]. Meanwhile, the XRD results revealed
that bath temperatures had a significant effect on
the recorded XRD patterns of the deposited films.

3.2. SEM

The surface morphologies of MnO, deposited
at various bath temperatures 60, 70, 80 and

90 °C, resemble nanoflowers (Fig. 2a), nanowires
(Fig. 2b) nanorods (Fig. 2c) and nanowires
(Fig. 2d), respectively. The magnified FESEM im-
age (Fig. 2e) shows that the nanoflowers consist
of nanowhiskers radiating from the center. Fig. 2f
shows that the nanowires have a length of 1 um and
a diameter of 70 nm, and Fig. 2h shows that the
nanowires have a length of 2 um and a diameter of
100 nm. The diversity of MnO, structures formed
at various bath temperatures can be explained by
reaction kinetics. The kinetics manipulation is a
versatile approach to control the morphology and
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Fig. 3. SEM images of MnO, nanofollowers grown on ITO glass at 60 °C. at different times: (a) 2, (b) 4, (¢) 6, (d)

8, (e) 12, (f) 24, (g) 48, and (h) 72 h.

shape of nanostructures. The increase of tempera-
ture had a strong impact on the diameter, length and
pore size of the nanowires. The average diameter
and length increased dramatically with the increase
in temperature.

The surface morphology of MnO, films de-
posited on ITO glass substrates at 60 °C after dif-
ferent bath times is shown in (Fig. 3). Several obvi-
ous evolution stages could be clearly observed. In
the initial stage, Fig. 3a (the shortest reaction time,
2 h), only a close-grained spheres are observed; af-
ter a bath reaction for 6 h, as shown in Fig. 3c,
the MnO, spheres have changed to a flower-like
nanostructures, which consist of nanowhiskers and
nanowires. When the reaction time was prolonged
to 24 h (Fig. 3f), the morphology returned back to
the close-grained spheres and with a further pro-
longing reaction time of 48 h and 72 h, the surface
of the MnO» spheres has changed into a sea-urchin
like (Fig. 3g and 3h).

In order to explore other parameters that might
have different impacts on the morphology of the
products, we chose a sample synthsized at 70 °C
for 2 h, and elongated the reaction time to 24 h.
As it is revealed in Fig. 4, the length of time has
not led to a big variation in the morphology of the
MnO,, but the dispersity and uniformity became
better with the increase of the reaction time. Fur-
ther, the surface of the MnO, nanorod seems to be

more uniform and smoother, and no other impuri-
ties on the surface are observed.

3.3. Electrochemical performance

Both the C-V and EIS (Electrochemical
Impedance Spectroscopy) measurements were ap-
plied to evaluate the electrochemical properties of
the as-prepared electrode samples. Fig. 5a shows
the C-V curves of the MnO, films deposited at dif-
ferent bath temperatures of 60, 70, 80 and 90 °C
for 8 h, measured in a 0.5 M of Na,SOy electrolyte
at a scan rate of 50 mV-s~!. It is clear that all of
the C-V curves for the MnO; electrode are almost
ideally rectangular, exhibiting the typical electro-
chemical capacitive behavior with a very rapid cur-
rent response to voltage reversal at each end po-
tential, and high reversibility [17, 18]. Evidently,
the MnO; nanoflower film electrodes, deposited at
60 °C, show a higher integrated area than the MnO,
nanorod films and MnO, nanowires electrodes de-
posited at 70, 80 and 90 °C. This indicates their ex-
cellent electrochemical performance. The specific
capacitances were calculated from the C-V curves
according to the following equation:

B [1dv
- 2VAVm
where 1 (A) stands for the response current, v
(V-s_l) is the potential scan rate, AV (V) is
the potential window, and m (g) is the mass of

()
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Fig. 4. SEM images of MnO; nanorods grown on ITO glass at 70 °C at different times: (a) 2, (b) 4, (c) 8, (d) 12

and (e) 24 h.

active electrode material. The calculated spe-
cific capacitances of the MnO; nanoflower film
electrode, MnO, nanorod electrode and MnO;
nanowires, measured at 40 mV-s~!, are 423, 301,
292 and 260 Fg~!. EIS measurements were per-
formed in order to further evaluate the elec-
trochemical properties of the MnO, nanoflower,
MnO; nanorod and MnO, nanowire electrodes.
Typical Nyquist plots of EIS for these electrodes
are presented in Fig. S5b. There are straight lines
in the low-frequency region, and semicircles in
the high frequency one. At a low frequency, the
imaginary part sharply increases, and a vertical
line can be observed, indicating a pure capaci-
tive behavior [19]. The intersection of the semi-
circle on the real axis at a high frequency repre-
sents the equivalent series resistance (Ry) of the
electrode, while the diameter of the semicircle cor-
responds to the charge-transfer resistance (R,,) at
the electrode and electrolyte interface [20]. Com-
paring the impedance plots of these electrodes, it
is apparent that the values of R, and Ry gradu-
ally increase, while the bath temperature increases.
The charge-transfer resistance (R.,) and the equiva-
lent series resistance (R;) of the MnO, nanoflower

are smaller than that of the MnO, nanorods and
MnO; nanowires, which suggests that the MnO,
nanoflower has better conductive properties and,
therefore, a better electrochemical behavior. It
can be seen that the straight line of the MnO,
nanoflower in a low frequency range, nearly ver-
tical to the real impedance axis (Z') is observed
as a characteristics of the excellent capacitive be-
havior. Deviation from the vertical line could be
ascribed to the inner-mesoporous diffusion resis-
tance of electrolyte ions, which is strongly depen-
dent on a particular mesoporous structure [21]. It
is speculated that the low resistance of the MnO,
nanoflower electrode is due to its high specific
surface area, which facilitates a faster cation in-
sertion and extraction during the charge-discharge
process [22]. To get more information on the ca-
pacitive performance of the as-prepared samples,
a MnO; nanoflower electrode was selected for de-
tailed measurements. Fig. 5c illustrates the C-V
curves of this electrode measured at different scan
rates of 3, 5, 10, 20, 40, 50 and 60 mV-s~! in 0.5 M
of NapSO, electrolyte. All the C-V curves are
close to a rectangular shape with high symmetry
features, indicating ideal capacitive properties and
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Fig. 5. (a) C-V curves of MnO, thin films deposited at 60, 70, 80 and 90 °C for 8 h, measured at a scan rate

of 40 mV-s~! in 0.5 M Na,SOy electrolyte; (b) Nyquist plots of MnO, thin films deposited at 60, 70, 80
and 90 °C for 8 h; (c) C-V curves of the electrode from MnO, thin films deposited at 60 °C, measured at
different scan rates in 0.5 M of Na; SOy electrolyte; (d) the specific capacitance as a function of potential

scan rate.

an excellent reversibility of this electrode. The spe-
cific capacitance values as a function of poten-
tial scan rate are presented in Fig. 5d. The spe-
cific capacitance values calculated from different
scan rates are 651, 538, 469, 429, 398, 346, 320
and 203 F-g~! at 10, 20, 30, 40, 50, 60, 80 and
100 mV-s~!, respectively, exhibiting the large spe-
cific capacitances and a good power capability of
the electrode. In addition, it can be observed that
the specific capacitance of the MnO, nanoflower
electrode decreased with the increase of a scan rate
ranging from 10 mV-s~! to 100 mV-s~!. The rea-
son is that at high scan rates the concentration of

ions on the solid-liquid interface increases rapidly
and the diffusion rate of electrolyte from the solid-
liquid interface to the electrode material is not fast
enough to satisfy the electrochemical reactions of
the electrode material [23]. Therefore, this results
in the enrichment of the electrolyte near the solid-
liquid interface and the polarization of the elec-
trode, which then leads to a drop in the specific
capacitance of the supercapacitor [24]. Meanwhile,
the decreasing trend of the specific capacitance in-
dicates that parts of the surface of the electrode
are inaccessible at high charge-discharge rates by
the electrolyte [25]. The C-V curves at different
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Fig. 6. Measurement results for MnO, nanoflower thin film synthesized at 60 °C (a) C-V curves for the l1st,
1000th, 3,000th, 6,000th and 10,000th cycles measured at a scan rate of 40 mV-s—1, (b) variation of specific
capacitance with respect to cycle number. The inset shows the galvanostatic charge-discharge curve.

Fig. 7. (a) SEM images of MnO, thin film synthesized
at 60 °C after the 10,000th cycles; (b) enlarged
images of (a).

cycling stages and a variation of specific capaci-
tance over 10,000 cycles are shown in Fig. 6. As
shown in Fig. 6a, the C-V curves for the 1%, 1000™,
3,000, 6,000!" and 10,000 cycles almost overlap
each other, indicating an excellent cycling stabil-
ity. The C-V curve after 1,000 cycles is noted to
become more symmetrical with even more rectan-
gular shape compared with the first cycle indicat-
ing an improved capacitive behavior after a long-
term cycling. After 2,000 cycles there is no degra-
dation of the capacitive behavior indicating no sig-
nificant structural or microstructural changes in the
MnO; thin film electrodes. The electrochemical
stability is important for supercapacitors [26, 27].
Fig. 6b illustrates the capacitance performances of
the MnO, nanoflower thin film electrode as a func-
tion of cycle numbers at a scan rate of 40 mV-s~!.
The specific capacitance of the MnO; nanoflower

electrode slightly increased and then stabilized at
around the 1,500" cycle and still remained at
93 % of the initial capacitance after 10,000 charge-
discharge cycles, demonstrating an excellent long-
term cycling stability. This is attributed to more ac-
cessible porous surfaces to electrolyte ions after a
number of cycles. Thus, the effective surface area
increased and the capacitance improved. The in-
set has not revealed any significant electrochemi-
cal change during the long-term charging and dis-
charging processes after 10,000 times cycling. The
morphology was studied by SEM after 10,000 po-
tential cycles, (Fig. 7). The MnO, nanoflower elec-
trode was converted into porous snowflake mor-
phology. Electroactive material of higher poros-
ity lead to an enhanced utilization by facilitating
faradaic reactions through the intercalation of pro-
tons/electrolyte cations into the bulk phase of the
MnO, electrode [28]. The penetration depth of
electrolyte cations depends greatly on the poros-
ity of the electrode matrix [29]. Besides, such sur-
face morphological transformation could lead to
improved capacitive behaviors of the MnO, elec-
trode due to a reduction in the interparticle contact
resistance and hence, a higher electrical conductiv-
ity. Therefore, the improvement of SC should be
ascribed to the morphological changes.

Fig. 8 shows the cyclic voltammograms of the
MnO, films of nanoflower, nanorod and nanowires
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Cyclic voltammograms of the MnO, films (a) with nanoflower structure, deposited at 60 °C, (b) nanowires

deposited at 70 °C, (c) nanorods deposited at 80 °C, and nanowires deposited at 90 °C, and (d) in the scan
rates of (1) 10 mV-s~!, (2) 20 mV-s~1, (3) 50 mV-s~! and (4) 100 mV-s~ L.

deposited at 60, 70, 80 and 90 °C at different
scan rates (10 mV-s~!, 20 mV-s~!, 50 mV-s~! and
100 mV-s~!). Fig. 8 shows that the nanoflower
and nanowire films have higher capacitances than
the nanorod films at a cyclic rate of 40 mV-s~!
due to the fact that both nanoflower and nanowires
films have higher surface areas than that of nanorod
ones. The nanoflower films have the largest area
of cyclic voltammograms at the highest scan rate
of 100 mV-s~!, showing that higher surface ratio
can provide the higher capacitance. Moreover, the
nanoflower films have the best cyclic voltammo-
grams in the whole range of scan rates, indicating
that the nanoflower films have the best charge and
discharge efficiencies [30].

The MnO, prepared by CBD at 60, 70, 80,
and 90 °C for 8 h were subjected to an extended

charge-discharge cycling at 1 Ag™! in the 0.5 M
of Na;SOy electrolyte and the result is depicted in
Fig. 9. The SC could be calculated from:

- I < At
AV Xm

where C, I, At, AV and m stand for the specific ca-
pacitance, galvanostatic current, charge/discharge
time, potential cut-off window and mass of the
electro-active material. The specific capacitance of
the MnO; prepared at 60 °C was found to be
229 F-g! after 1000 cycles, which indicates that
the capacitance value of this film is higher than the
one of the films prepared at 70 °C, 80 °C and 90 °C,
(213 F-g~!, 205 F-g~!, 180 F-g~!, respectively).
This can be attributed to the MnO, nanoflow-
ers uniformly dispersed over the surface of ITO,
which provided a reasonable rate capability during

2
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Fig. 9. Cycle performance of MnO, electrod tempera-
tures (1) 60 °C, (2) 70 °C, (3) 80 °C, and (4)
90 °C. The inset shows the last 10 cycles of gal-
vanostatic charge-discharge.

the reversible conversion reaction. The nearly sym-
metric charge and discharge curves of the last
10 cycles (inset in Fig. 9) confirm the high activity
and reversibility of MnO, nanoflowers prepared at
60 °C.

4. Conclusion

To sum up, CBD has been proved to be a practi-
cal method for the deposition of oxide thin films
at low temperatures, and it may be extended to
fabricate other oxide thin films. MnO, thin films
were deposited on ITO glass substrates by CBD
method directly from an aqueous solution in a tem-
perature range of 60 to 90 °C. It was found that
the floating substrate is beneficial for high-quality
thin films during the CBD procedure. The reac-
tion temperature was an important mean to control
the morphology and shape of the nanostructures.
The MnO; films deposited at 80 and 90 °C were
well crystalline, while those deposited at 60 and
70 °C were poor crystalline. At the reaction tem-
perature of 60 °C and reaction time of 8 h, a film
of 3-D MnO, nanoflowers was formed. However,
the increase of the reaction temperature has not re-
sulted in improving the formation of 3-D MnO;
nanoflowers, but it led to the formation of 1-D
nanowires and nanorods. The film composed of 3-
D MnO; nanoflowers exhibited a higher specific
capacitance and better rate capability than that,
which was composed of 1-D porous nanowires and

nanorods. This was probably due to the high sur-
face area and amorphous phase. To study the ef-
fect of time, we chose the sample synthsized at
60 °C for 2 h and elongated the reaction time to
48 h. As it was revealed, lengthening the time did
not lead to a big variation in the morphology of
MnO,, but dispersity and uniformity became bet-
ter with the increase of the reaction time. The sur-
face of the MnO, nanfllowers was also more uni-
form and smoother, and hence, no other impurities
on the surface were observed.
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