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Abstract

In this work we report the fabrication of both pristine Mn,O3z and Mn,Os-Au
composite thin film on indium tin oxide (ITO) substrate by one step novel co-
electrodeposition technique. From the electron microscopy study, we observed that
these two films are morphologically different. The main aim of this study is to
understand the effect of nanostructure and metal integration on the electrochemical
charge storage property of these two films. Since charge storage mechanism is possible
through faradic red-ox reaction and non-faradic double layer process, so
electrochemical characterization and frequency response analysis indicates better
charge storage property of the composite system over pristine Mn,O3. Mott-Schottky
analysis is used for charge carrier estimation which provides the electronic property of
both the samples. Besides the mechanism of co-electrodeposition technique, we also
discuss in detail the material characterizations on both the pristine Mn,O3; and Mn;O3-
Au composite sample using XRD, EELS and electron microscopy analysis. To the best
of our knowledge, the electrochemical property of Mn,Os;-Au composite sample is

reported for the first time.
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Introduction

Energy storage has been attracted wide interest because of increasing demand of
power and energy in the modern electronic devices and electric vehicles. Among
various electrochemical energy storage systems, supercapacitors (SCs) have been
considered as potential candidates for energy storage because of their higher power
density and longer cycle stability than batteries. Enormous efforts are being put to
improve the energy/power density of energy storage systems by introducing thin film
architectures to electrode materials. The main advantages of the thin film based
electrode materials are low ion diffusion length and reduced electron transfer resistance
which are related to the major properties of the next generation energy storage systems
[1-4]. However, the development of thin film electrodes those capable of storing more
energy per unit area has become an urgent issue in order to meet future demands of
the electronic industry. Until now, different electrode materials have been widely
reported for SCs applications. Mostly those are the based on bulk materials which are
carbon based materials [5-6], metal oxides [7-8] and conducting polymers [9]. Transition
metal oxides are very attractive materials for charge storage devices because of their
ability to store charge by both faradic and non-faradic process [10]. Charge storage in a
faradic process can take place either on a surface, as in pseudocapacitors, or in the
bulk of the material, as in conventional batteries [11-12]. Non-faradic process dominates
in electric double-layer capacitors, in which charge is stored electrostatically from the

reversible adsorption of ions onto high surface area of materials [10, 12].

Among the different transition metal oxides, manganese oxide (MnQO,) is one of the
good candidates acting as an electrode material for both double layer capacitance and
pseudocapcitance [7, 9]. Also, MnO, based materials are the most promising for SCs
application because of its low cost, high abundance, large theoretical specific
capacitance (Csp) and are environmental-friendly. The high capacitance of this material
is attributed to the fast and reversible faradaic reaction occurred at the surface. But
manganese (II, lll, IV etc) oxides have poor electronic property (10°-10° S/cm) that
limits the high power performance and still remains a major challenge. Since Mn ions

have different oxidation states (Il, Ill, IV etc), so there is high chance to obtain any
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compound (MnO,, Mn,03, Mn304 etc) by slight change of the synthesis condition. In our
previous work [7], we performed room temperature electrodeposition on stainless steel
for the fabrication of manganese (IV) oxide for supercapacitor application. To improve
the electrical conductivity of MnO, based electrode material, considerable research
efforts have been put for the development of composite materials based on MnO,
coupled with various conducting materials such as SnO, [13], conducting polymers [14-
15], graphene [16], carbon nanotubes (CNTs), and carbon [17-18] etc. Also, Park et al
[19] shows enhanced specific capacitance of thin film MnO, based electrode hybridized
with an agarose gel (an ion-permeable and elastic layer coated on current collector).
However, no such article has been found yet based on co-electrodeposited Mn,O3
along with any material and also on its charge storage application. Here our aim is to
fabricate the manganese (lll) oxide (Mn203) on ITO and as the managanese oxide have
poor electronic property, so the ultimate goal is to incorporate the conducting metal
nanostructure inside the Mn,Oj3 for the investigation of change in electronic property of
this functional composite sample. Also it is important to study the effect of metal
nanostructure inside Mn,O3; on the charge storage property of the composite sample.
Therefore both electronic and ionic transport properties as well as the charge transfer
reaction at the electrode/electrolyte interface are required for better understanding of

electrochemical behaviors, since they govern the charge storage application.

In this work, we developed for the first time Mn,Os—Au composite thin-film material
by simple one step novel co-electrodeposition technique and both pristine Mn,O3; and
Mn,O3-Au have been fabricated on ITO coated glass substrate for comparative study. In
both cases, same pH (~7) of the electrolyte has maintained during electrodeposition.
Detailed characterization techniques have been illustrated for the as prepared co-
electrodeposited film. The main advantage of the co-electrodeposition of these two
materials doesn’t require any binder or conductive additives. Structural and
morphological changes of both samples were observed microscopically by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) techniques.
Electron energy loss spectroscopy (EELS) of the samples was performed to identify the
oxidation state of Mn ions. The effects of metal integration on morphology and

electrochemical properties of composite Mn,O3;-Au samples were investigated.
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Electronic and ionic properties of the active electrode materials were characterized by
both Mott-Schottky (M-S) and electrochemical impedance spectroscopy (EIS)
techniques. Charge carrier concentrations in both the samples were obtained by Mott-
Schottky analysis. Cyclic voltammogram (CV) on both samples was carried out in order
to study the effect of Au nanostructure for enhanced pseudocapacitive charge storage
property of the composite sample. Moreover, frequency behavior of both the samples
was also studied in order to understand the supercapacitance property of the samples
for future charge storage application.

Experimental

Both pristine and composite samples were electrochemically deposited on indium
tin oxide (ITO) coated glass substrate controlled by CHI 660C electrochemical
workstation (CH Instruments, Inc.) with three electrode configuration adopted with
Ag/AgCl as the reference electrode, Pt wire as counter electrode and ITO as working
electrode. Prior to deposition all ITO substrates were cleaned ultrasonically with
acetone and ethanol for half an hour followed by rinse with de-ionized (DI) water
(20MQ-cm). Both pristine and Mn,O3-Au composite films were grown on ITO substrates
using cyclic voltammetry technique with scan rate of 0.06 V/s for 4 cycles within
potential range between -1.2 to 1V maintaining the electrochemical cell temperature at
50°C. Pristine Mn,O; was deposited using aqueous 0.1M manganese acetate
(Mn(CH3COOQ);) and 0.1M sodium sulfate (Na;S0O4) solution while Mn,O3-Au was grown
by adding of 0.001M chloroauric acid (HAuCl,) to the above electrolyte mixture. Same
pH (~7) of the mixed electrolyte and same growth condition was maintained during the
preparation of both pristine and composite Mn,O3z sample. However, all the chemicals

(99.9% pure) required were purchased from Merck India Chemicals Pvt. Ltd.

The surface morphology of both pristine and Mn,O3;-Au composite was obtained
from SEM measurement carried out using FEI and detailed structural information was
carried out using transmission electron microscopy (TEM) TF30, ST microscope
operating at 300 kV. The TEM is equipped with a scanning unit and a high angle
annular dark-field (HAADF) detector from Fischione (model: 3000). Electron energy loss

spectroscopy (EELS) was carried out using a post column Gatan Quantum SE (model:

4
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963 SE) in the same microscope. The samples were mounted on a carbon coated Cu
grid, and used for TEM measurements. EELS spectra of both the Mn,O3 and Mn,O3-Au
were obtained from different position of the sample using high angle annular dark-field
scanning transmission electron microscopy (STEM-HAADF) mode with probe size of
~1nm. Crystal structure of both the samples was characterized by X-ray Diffraction
(XRD) instrument (Bruker AXS D8). All the electrochemical characterizations were
performed in room temperature using 0.1M Na,SO, electrolyte with three electrode
configuration.

1. Results and discussions:

(a) Mechanism of co-electrodeposition technique of both Mn,O3; and Mn,03-Au
The mechanism of composite formation through co-electrodeposition technique is
discussed elaborately in Fig. 1 &. 2 shown bellow.

(i) Mn,0; formation mechanism

Fig. 1 shows the typical CV curves of both Mn,O3; and MnyO3-Au,
electrodeposited on ITO. Fig. 1a shows the repetitive CV curves (4 cycles) of the
deposition process of pristine Mn,O3 on the ITO surface immersed in electrolyte mixture
(pH~7) containing aqueous Na;SO4 and Mn(CH3COOQ),. The two anodic peaks (P1,,
P2,) in Fig. 1a are attributed to the oxidation of Mn?* to Mn** and Mn** to Mn(OH)s. With
the increase of scan number, slowly raised of two oxidation peaks indicates the
formation of MnyO3 film. The details reactions involved in Mn,O3; formation can be
proposed through electron transfer - chemical reaction - electron transfer (ECE)
mechanism as expressed in equations (1)-(6). Similar ECE mechanism was reported in

case of MnO;, formation [20].

Both deposition (oxidation) and reduction of Mn,O3 through ECE mechanism

Mn?* - Mn3* + e~ (1) .....peak P1,
Mn3* + 3H,0 —» Mn(OH); + 3H* +3e~  (2).....peak P2,
2Mn(OH); = Mn, 05 + 3H,0 3)

The cathodic peak in the P3, region may be due to the reduction of Mn(OH)3, which is
further reduced to Mn?* in the P4, potential region.
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Mn,03; + 3H,0 — 2ZMn(OH); 4)
Mn(OH); + 3H* + 3e™ - Mn3* + 3H,0 (5) .....peak P3,
Mn3* + e~ > Mn?* (6) .....peak P4,

From equations (1)-(6), it is observed that deposition process of pristine MnyOj3 is
completely vice versa of reduction mechanism, only difference is that deposition or
anodic oxidation current is higher than the cathodic reduction current. This means the

deposition process is anodic and is dominant than the cathodic reduction mechanism.

(@)

0.0

Current density (mAIcmz)
N

Current density (mA/cm?)

1 —'MF'IZO3 I I I . 3 4 — Mn203-l'\u . ' ‘
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Potential (V, vs. Ag/AgCl) Potential (V, vs. Ag/AgCl)

Fig. 1: Comparative CV graphs for the electrodeposition of both (a) Mn,O3s and (b)
Mn203-Au

(i) Mn,0;-Au formation mechanism
Fig. 1b shows the CV curve of co-electrodeposited Mn,O3-Au samples grown in same

pH (~7) of the electrolyte. Compared to Fig. 1a (pristine Mn,0O3), we observe an extra
oxidation peak (PS5, at ~ -0.8V) in Fig. 1b and consequently a clear current density
increase is seen around -1.1 V, proving the cathodic deposition of Au into Mn,O3; matrix.
Rate of deposition can be observed by the increasing red-ox peaks with number of
sweeps. Increasing tendency of the reduction peaks (P6p) with number of cycles

indicate increasing gold concentration inside the Mn,O3; matrix. Reduction (cathodic
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deposition of Au) peak potential of Au is consistent with our previous report on gold

electrodeposition [21].

The mechanism of Au formation from AuCl, is involved in the cathodic cycle. In
the cathodic cycle, reduction of Mn,O3 to MNOOH occurs first according to equation (7)
followed by reduction of AuCly” to Au as expressed in equation (7). The reaction
mechanism can be expressed as following.
AuCly + 3e”™ = Au+4CI- (7) ........peak P6y,

The whole reaction mechanism involved with Mn,O3-Au formation can be represented
schematically in Fig. 2. In step 1, Mn?* ions adsorbed at the ITO surface and in step 2
Mn®* converts to Mn®** at ~ 0.5V. Finally it oxidized at ~1V and forms Mn,Os; as
described in equations (1)-(3). In step 3, some of the as formed Mn,O3; gets reduced
and is converted to unstable Mn?* which is mentioned in equations (4)-(6). Step 4 and
step 5 describes the Au nucleation starts at oxidation cycle and is cathodically

deposited in the reduction cycle same as equation (7).
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Fig. 2: Schematic representation of co-deposition mechanism of Mn,Oz—Au on ITO.

(b) Microscopical analysis

Fig. 3a and 3b show the scanning electron microscopy (SEM) images of both pristine
Mn,O3; and Mn,O3-Au samples grown in same pH of the electrolyte. It can be seen from
SEM images that the morphology of both the samples is different from another. From
Fig. 3a we can say that the Mn,O3 film has smooth wrinkles whereas, rough wrinkles

and more porous film is observed in Fig. 3b for the Mn,O3-Au sample. From the
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Fig. 3: SEM image of (a) Mn203 (b) Mn,O3-Au composite sample

secondary electron image (Fig. 3b) it was hard to find any evidence of Au on the surface
Mn2Os. The probable reason of this might be the embedded of Au inside the Mn,O3
matrix. So detail morphological, structural and crystalline information of the samples
were analyzed using transmission electron microscopy (TEM). Spectroscopic analysis
of the samples was also done by EELS measurements in the TEM. Fig. 4a-4c and Fig.
5a-5e represent the TEM analysis of as prepared pristine Mn;O3; and Mn;Os-Au
composite sample respectively. Fig. 4a is the TEM image and Fig. 4b represents STEM-
HAADF image of Mn,O3. Electron diffraction pattern of pristine Mn,Oj3 is shown in the
inset of Fig. 4a which shows the presence of nano crystallites and the diffraction planes
of the sample are indexed on SAED pattern (see inset). Indeed in the high-resolution
TEM image of Fig. 4c shows such crystallites besides the presence of high rippling and
the edge of ripple can also be observed in the HRTEM image. Fig. 5a corresponds to
the TEM image of Mn,O3-Au composite sample. It is clearly observed that urchin like
gold nanostructure embedded in Mn,O3; matrix. EDX spectrum from area ‘1’ of the
STEM-HAADF image of Fig. 5b is shown in Fig. 5¢ confirms the elemental composition

of the same sample. Cu and C signal in EDX spectrum is due to carbon coated Cu grid
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used for TEM study. Chemical mapping using STEM-HAADF-EDX technique of
individual component of Mn,O3-Au composite sample from area 2 (see Fig. 5b) is

shown in the Fig. 5d.

(312)~

s (222)—
S (200 —

; 200 nm Pt (511)— 5 1/nm

Fig. 4: (a) Bright-field TEM image, (b) STEM-HAADF image (c) HRTEM image of Mn,03
sample and in the inset showing nanocrystals.

Both electron diffraction pattern and HRTEM image of individual Mn,O3 matrix (marked
with red dotted circle ‘1’) and Au with Mn,O3; (marked with red dotted circle 2’) is
depicted in Fig. 5e. HRTEM of Mn;O3 matrix confirms the crystals are formed and well
defined electron diffraction pattern is ascribed. Same observation is also found in case
Au nanostructured embedded in Mn,O3. Both electron diffraction pattern and HRTEM
image of individual Mn,O3; matrix (marked with red dotted circle ‘1’) and Au with Mn,O3
(marked with red dotted circle 2’) is depicted in Fig. 5e. HRTEM of Mn,O3; matrix
confirms the crystals are formed and well defined electron diffraction pattern is ascribed.
Same observation is also found in case Au nanostructured embedded in Mn;O3. The
diffraction spots can be indexed as (200), (222), (312) and (511) reflections of cubic a-
Mn,O3 (JCPDS 71-0635) from dotted circle ‘1’ whereas diffraction spots can be indexed
as (200), (122), (222), and (312) reflections of cubic a-Mn,O3; (JCPDS 71-0635) from
dotted circle ‘2’ with Au (111) spot. The HRTEM images indeed show the presence of

such nanocrystals. The inter planer spacing (d-spacing) 4.71 A in Fig. 5(e)- ii could be

10
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(200) of a-Mn,03 and d-spacing of 2.31 A in Fig. 5(e)- iii could be (111) of Au (d2o for a-
Mn,Os is 4.70 A and d41 for Au is 2.35 A.).

3000
Mn Taken at position ""1"

(c)

100 nm
(

Au-L

e B (11

d

Intensity (a.u.)

0 2 4 6 8 10 12 14 16

Energy (keV)

1 100 nm
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Fig. 5: (a) TEM image (b) STEM-HAADF image, (c) EDX spectrum, (d) Elemental
mapping, and (e) SAD and HRTEM images from different area of Mn,O3-Au composite
sample.

(c) Structure and chemistry of both pristine Mn,0O; and Mn,03;-Au composite

(i) XRD analysis

XRD analysis of the as deposited samples (both pristine Mn,O3 and Mn,O3-Au
composite) including bare ITO is shown in the Fig. 6. Though both the samples are thin
film (thickness~400 nm), the corresponding diffraction peak of the materials itself is not
so prominent. A small peak around 26~33° (encircled with dotted rectangular region) is
attributed to the main characteristic feature of [222] plane of Mn,O3; phase of the
sample. The same feature has also been reported in the recently published article by A.
Ramirez et al. [22]. Both pristine and composite sample were grown in the same phase
as confirmed by the [222] plane of XRD analysis. This phase is also consistent with the
EELS analysis which is shown in Fig. 7.

12
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Fig. 6: XRD analysis of both pristine Mn,O3; and Mn,0O3-Au composite sample.

(ii) EELS analysis:
Electron energy-loss spectroscopy (EELS) in a transmission electron microscope has
been widely used to determine the oxidation state. EEL spectra of the pristine Mn,O3

from different points (probe size ~ 1nm) on the sample surface are shown in Fig. 7a.
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Fig. 7: (a) HAADF image (left) and corresponding EELS spectra of pristine Mn,O3 at
different probe points (b) separate O-K edge and Mn L 3 graph of EELS of single probe
point ‘2’ (¢) HAADF image (left) and corresponding EELS spectra of at different probe
points Mn,O3-Au and (d) Comparative analysis of EELS spectra of both pristine Mn,O3
and Mn;Os-Au (left) and Mn-L2,3 edges (right).
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Spectra from different points indicate that the pristine sample is grown with same phase
all over the surface. EEL spectra were collected from 400 to 920 eV region using energy
dispersion of 0.1 eV. Spectrum from this region shows two distinguished edges one for
Mn-L, 3 edge (640 eV) and other for O-K edge (532 eV) gives us information on
transition of oxygen 1s electrons to 2p bands, which are oxidized with empty Mn 3d
orbital. Separate plot of both Mn-L, 3 and O-K edge is shown in Fig. 7b. The sharp edge
of Mn-L; 3 consists of two peaks related to the electron transitions from 2ps, (L3 edge)
and 2pq; (L2 edge) core states to the unoccupied 3d states. The position of the oxygen
K and manganese L, ; edges and the intensity ratio of “white-lines” (WL) [23] I(L3)/I(L>),
are characteristics of determination of the oxidation state of manganese [23]. The two
main characteristic peaks of oxygen K edge can be described in terms of transition
processes governed by the dipole selection rule. The peak ‘@’ around 535 eV has been
ascribed due to the electron transition from the 1s oxygen core state to the 2p state
hybridized with manganese 3d orbital [24]. The second peak ‘b’ is related to the
probable unoccupied oxygen 2p states mixed with the manganese 4sp. The position (at
~535 eV) of peak ‘@’ in the EELS spectra corresponds to the Mn,O3; phase of the
material. This result is also consistent with earlier reports [23-24]. The energy
separation between the peak ‘a’ and peak ‘b’ of is ~10.8 eV which also confirms the
Mn,O3 phase [23]. To find out WL intensity ratio I(L3)/I(L2) there are many methods
which have been already reported [25]. Among these, Pearson method [26] is more
popular and accurate method to extract the WL ratio. According to Pearson model, the
experimental edge difference region is approximated by two steps functions in the Mn-L
edge i.e. the energy difference between Mn-L; and Mn-L,. The detail extraction method
is described in the references [23, 26]. Using Pearson extraction method we obtained
the WL ratio of our sample is about 2.35 to 2.4 (depending upon fitting accuracy) which
exactly matches with earlier reported value ~2.44 [23] and 2.32 [27].

EELS spectra of Mn,O3-Au sample at different probe points (numbered in red color on
the HAADF image of the same sample) are also shown in Fig. 7c. The probe points
were on both Au nanostructures as well as on the Mn,O3; matrix. The EELS spectrum
taken at all probe points on Mn,O3 is almost indifferent constituting the same phase of

the material, while the shift of Mn-L2,3 peaks towards lower energy losses was

16
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observed in case of MnyOs-Au, Fig. 7d so we can conclude that there is a bond
formation between Mn,O3; and Au. These results manifest the changes in bonding
structure and electronic properties of the conjugated thin films, implying the formation of
hetero-structured Mn,O3-Au thin film.

(d) Electrochemical measurements
(i) Mott-Schottky analysis

To investigate the mechanism for the enhanced electrical conductivity of MnOs-
Au, Mott-Schottky (MS) measurements were conducted. This method was based on the
Schottky barrier formation between the semiconductor material and an electrolyte [26].
The variation of the space charge capacitance (Cs;) was measured as a function of the
applied potential. As shown in Fig. 8, both Mn;O3 and Mn;Os-Au samples exhibit a
positive slope, indicating n-type semiconductor character. Carrier densities (Ng) of the

samples were calculated using the following equation [28-29].

2 dv
d= 2 ¥ 302
gggeA?  dCy

(8)

Where, ¢ is the relative dielectric constant of Mn,O3 (~1.5x10%) [30], €0 is the permittivity
of vacuum, V is the potential applied at the electrode, and A is the area of the electrode
material. The ratio of the carrier densities of both the samples was calculated from
equation 8 (with Awn203~0.4 cm? and Awnzoz-au ~0.36 cm? and same ¢ of both the
samples) and it is inversely proportional to the slope of the MS plot of both samples.
From this calculation we have found that carrier density of Mn,O3-Au is 3.7 times higher
than the carrier density of pristine Mn,O3; sample. Also the carrier densities of both
pristine and composite samples were calculated to be 2.1x10" and 7.8x10™ cm™
respectively. In Mn,Os-Au composite films, Au is the source of extra charge carriers. In
Fig. 8, we observe that MS plot of Mn,O3-Au having lower slope represents the higher
carrier concentration compared to pristine Mn,O3. Higher charge carrier concentration in
the composite sample has an influence to change the work function of the material. This
has an effect on more band bending which enhances the charge transfer at the

electrode electrolyte interface (shown in Fig. 9).
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Electrochemical impedance spectroscopy (EIS) was conducted to understand the
conductivity of electrode material, charge transport in the electrode-electrolyte interface
and mechanistic analysis of interfacial processes. Fig. 9a shows the Nyquist plot of both
pristine Mn,O3 and Mn,O3-Au composite samples. These two plots display a semicircle
in the high

7.0
—— MII‘O, ~0IT J
A | pﬂ"’l
681 o— Mn203-Au
P i TYTTTTTTTTTTTTPITTon
-+ Mn,0;/ Mn,0;-Au : Electrolyte
E 6'6 7 Electrode : Electrode and
&
@ 6.4
m .
e’
= 6.2
- .
o
e 6.0 -
a 2
Q 5.8
o
5.6 -
' Adj. R? ~0.985
504 L} ’l 1 I 1 l 1 l 1 l 1 l 1
-2.4 - 0.4

2.0 -1.6 , -1.2 -0.8 -0.4 0.0
Potential (V, vs. Ag/AgC(Cl)

Fig. 8: Mott- Schottky plot of both pristine Mn,O3; and Mn,O3-Au. Inset schematic shows
proposed Randle’s circuit where capacitance is replaced by space charge capacitance
(Csc)- Because both Cg; and double layer capacitance (Cg, which is large than Cg;) are
in series. So equivalent capacitance is Cs.. Ret, W, and Rg are the charge transfer
resistance, Warburg impedance and series resistance of the device respectively.

frequency region and a straight line in the low-frequency region, which corresponds to

electron-transfer-limited and diffusion-limited electron transfer processes, respectively.

18
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Inset graph shows the Nyquist plot of both the sample at frequency range from 100 KHz
to few Hz. There are two intercepts of the semicircle to real impedance axis at the high
frequency region. At very high frequencies (~100 KHz), the intercept at real part
(marked with blue arrow in the inset graph of Fig. 9a) is a combination resistance of
ionic resistance of electrolyte, and contact resistance at the active material/current
collector interface [31]. These two intercepts show the two different values (~18 Q for
Mn20O3 and ~7.3 Q for Mn,O3-Au). Decrease of this resistance value is attributed to the
improvement of current collector resistance (in both cases solution resistance is the
same for same solution) property of Mn,O3-Au sample because of Au improves the
interfacial resistance between current collector (ITO) and active material (Mn,O3-Au).
Another major difference in the Nyquist plots is the arc of the semicircle in the high
frequency range (marked with pink color arrow in the inset graph of Fig. 9a), which
corresponds to the charge-transfer resistance (R.) which is associated with the
electronic properties of porous electrode. The Rg of Mn,O3-Au is (~30Q) much lower
than R of MnyO3; (~130Q). Decrease of charge transfer resistance of Mny;Os-Au is
ascribed due to large number of charge carriers in bulk of the same sample. These
charge carriers is only because of presence of Au inside the Mn,O3 which facilitate
fastest electron transport and shortest ion-diffusion path inside the Mn,O3-Au. Another
feature of the Nyquist plots is the straight line in the low frequency range (10 Hz to 10
mHz) which corresponds to the Warburg impedance [32] associated with diffusion of
ions inside the porous electrode material. Also this straight line makes an angle (called
phase angle) with Z,¢5 axis. In our case, we observe that Warburg impedance is lower
in Mn203-Au compared to Mn;Os. This result indicates that Mn,Os-Au shows better
pseudocapacitive nature compared to Mn,O3s. Moreover, increase in the phase angle
(marked with green arrow) which indicates capacitance nature of the active electrode
material. Thus, Mn,O3-Au shows much ideal capacitance than the Mn,O3. This can be
illustrated in detail in the frequency dependence phase angle (Bode plot) plot of both
Mn>O3 and Mn,O3-Au sample shown in Fig. 9b.
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Fig. 9: Comparative study of (a) Nyquist plot and (b) frequency response on change in
phase angle (Bode plot) of both Mn,O3 and Mn,0O3-Au sample.

The Bode plot (Fig. 9b) can be separated into high, medium and low frequency
regions. At the high frequency region (above ~300 Hz) the phase angle has tendency to
be close to zero and the characteristic behavior of the samples in this region is like as a
resistor and at low frequency region (below ~1Hz) it indicates capacitive behavior.
Approaching the phase angle towards the -90° attributes to the device behavior like an
ideal capacitor [33]. In this case Mn,O3-Au sample shows more capacitive nature than
the pristine Mn,O3. The charge transfer resistance at high frequency region is described
already in Fig. 9a. Between these two states both the samples behave as R-C
transmission line and in our case (above 10 Hz and below 2 KHz) two peaks are
associated with the impedance of the R-C transmission line for the two samples. Higher
the peak intensity of phase angle of Mn,O3 indicates its higher impedance compared to
Mn,Os-Au and frequency associated with phase angle position of the two samples
corresponds to the “Fig. of merit” [33] of the respective samples. Mn,O3-Au shows
higher “Fig. of merit” pointed out better ac response of the sample compared to Mn;Os.

Moreover, frequency analysis of complex capacitance is to describe capacitive
nature of the electrode material [32] shown in Fig. 10a and Fig. 10b. In Fig. 10a, C'
represents the real part of the capacitance; it shows the variation of the available stored

energy with the frequency. As we have described that the majority of the capacitance is
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only available at lower frequency, the same characteristics is obtained in both samples.
In this case, Mn,0O3-Au exhibits higher capacitance than pristine Mn,Os.

Fig. 10b shows the frequency behavior of the imaginary part of the capacitance
(C") which represents the losses that occur during charge storage [32, 34]. This graph
presents the capacitive dispersion related to energy losses. The peaks observed for
each device can be used to determine the typical frequency attached to the relaxation
time T1o. This defines ions diffusion inside bulk of the electrode material [33] and fast ions
diffusion inside the material attributes to the lower 15. The curved peaks (marked by
downward arrow in Fig. 10b) of the spectrum can be used to determine the relaxation
time constant (1,) of the two samples. The time constant 1, is calculated from maximum
frequency (fy) using the equation 1, = 1/f, and the values are 50 and 1s for Mn,O3 and
Mn,Os-Au respectively. It is well known that higher power delivery corresponds to lower
T, value [34-35] of the same sample. So presence of Au nanostructure improves the
supercapacitor power of Mn,O3-Au compared to Mn,Os3.

Fig. 11a shows comparative study of the cyclic voltammograms (CVs) of both
bare Mn,0O3 and Mn,Os-Au films at a fixed scan rate of 0.06 Vs™. In this Fig. we observe
that Mn,Os-Au reveals highest current compared to pristine Mn,Os. The enhancement
of current of Mn,O3-Au over pristine film is ascribed due to the effect of Au incorporation

inside the Mn,0Os. In Fig. 11a, one can easily distinguish two

—=—Mn,O, —=—Mn,0,

5_\ *—Mn 0 -Au 1~4~1| *—Mn,O -Au
s Wi

C' (mFlem?)
C" (mF/cm?)

0.01 0.1 1 10 100 1000 10000 100000 0.01 0.1 1 10 100 1000 10000 100000
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Fig. 10: Analysis on the (a) real part of the capacitance vs. the frequency and (b)
imaginary part of the capacitance vs. the frequency of both Mn,O3; and Mn,0O3-Au.
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potential regions (0-0.5V and 0.5-1V) where current density of both electrodes is
independent and dependent with applied potential respectively. This means both
electrodes exhibit double layer capacitance in potential range 0-0.5V where capacitance
(dQ/dV) is a constant and independent of voltage. Enhancement of current so as charge
storage capacity in this region is obtained due to the increase of overall surface area of
Mn,O3-Au sample because of hierarchical Au nanostructure inside the Mn,O3; matrix.
However, due to the low mass loading of our material, reliable BET measurements were
not possible because it was difficult to measure the mass of the electrodeposited
material. In the potential region 0.5-1V, pseudocapacitance (dQ/dV is voltage
dependent) is attributed due to faradic red-ox reaction which is confirmed by the red-ox
peak identified by blue arrow in Fig. 11a. The enhancement of pseudocapacitive peak
current is much higher than double layer current, so that we can say Au nanostructures
not only increase the double layer current but also boost up the faradic current by
charge transfer process during red-ox reaction. This faradic charge transfer originates
by a very fast sequence of reversible red-ox, electrosorption or intercalation processes.
Presence of Au inside the Mn,O3 matrix can enhance the Faradic charge intercalation
process and hence enhances pseudocapacitance value. Moreover, both
pseudocapacitance and double-layer capacitance contribute individually to the total
capacitance value of supercapacitor. As expected, the Mn,O3-Au composite electrodes
exhibited significantly higher charge storage capacity than pristine Mn,O3. The charge-
storage mechanism of MnO, based material is described in the references [7, 36]. The
mechanism is based on surface adsorption of electrolyte cations (Na*) as well as proton
incorporation according to the reaction:
MnO, + xNa* + xe~ & MnO,(xNa) (9
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Pseudocapacitance is associated with faradic charge transfer process between Mn;0Os-

Au electrode and electrolyte (Na;SO4). The enhancement of pseudocapacitive current is

described schematically in Fig. 11b. Au nanostructure have large number of free

surface charges which take part in the reversible faradic red-ox reaction process as

described in the above equation.
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measured by CV analysis of Mn,Os-Au sample. During cathodic potential scan (1V to
0V), electrons from ITO (e;ro) and extra surface charge from Au (e,,) nanostructures
exactly play main role for Na® ions insertions inside the Mn,Os; through Faraday
reduction reaction mechanism. Conversely, both of these electrons come back to the
ITO through oxidation reaction (in anodic potential scan 0V to 1V); as a result the
enhancement of the oxidation current is observed in the same sample. Therefore overall
enhancement pseudocapactive current (through faradaic red-ox reaction) of the Mn,Os-
Au sample compared to pristine Mn,Oj3 is ascribed. So, faradic red-ox reaction which

occurs in the Mn,O3-Au sample can be proposed and modified as below.
Mn,0; + (x + y)Na* + (xerpo + yeay) © Mn,05[(x + y)Na] (10)

Scan rate dependent (0.02 to 1 V/s) CVs of sample Mn,0s-Au is shown in Fig. 11c. The
shape of the CV curves is identical at all scan rates. These curves also indicate the fast
ions diffusion inside the electrode material which induces the enhancement of charge

storage capacity through faradic process [37].
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Fig. 11c: CV curves of Mn2O3-Au sample at different scan rate.
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Conclusions

In summary, we have discussed the one step novel co-electrodeposition
technique for the fabrication of MnyOs-Au composite material. The excellent
performance of Mn,O3-Au electrode can be ascribed to the following reasons: (1) Urchin
like gold nanostructure embedded in Mn,Oj3 increases the effective surface area as well
as efficient ion intercalation/de-intercalation which attribute to improved charge storage
capability of the composite sample compared to pristine Mn,Os3; 2) the highly conducting
metal nanoparticles provides an effective pathway for charge transport; and (3) the
binder-free device fabrication enables a low interfacial resistance and fast
electrochemical reaction rate. Moreover, frequency response analysis of Mn,O3-Au
sample confirms also superior charge storage property of the sample which can be
used as electrode material for supercapacitor application.
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