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Abstract

Most of the energy used currently is derived from burning fuels such as coal, gas, fossil fuel,
and biomass. These natural resources are rapidly depleting. To avoid a potential energy crisis, there
is materials science and engineering research that studies specifically on materials structure and
properties. These are suitable for various kinds of applications i.e., heat resistance, energy,
environmental sensor devices, and electronic devices. The materials utilized for these applications
have to be low-cost and environmentally friendly. The main objective of this project is to study smart
materials for future energy conserving devices. There are three subprojects as follows: The first
subproject is to study materials used for producing energy conserving devices. To fabricate such a
device, the heat resistant concrete blocks are devolved. These blocks can produce electricity from
heat radiated out of burning the biomass for compressed charcoal. Then, the electric generator
prototype in the form of a small tunnel was built. The second subproject is to study materials for
producing high performance solar cells. The materials used include carbon-based materials, metal
oxides, metal chalcogenides, silicon dot nanocrystal compound, nickel compound metals, and zinc
oxides. And the last subproject is to study energy storage materials for manufacturing energy storage
devices. We studied the materials preparation process and fabricated the smart materials such as
carbonaceous materials, metal oxides, and composited materials. The structure and basic
characterizations are analyzed by typical and advanced techniques. Then the energy storage

properties were carried out.

Keywords (English): Smart materials, energy conserving devices, heat-resisted concrete blocks,

solar cell, energy storage devices
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The low efficiency of thermoelectric semiconductors. however. has limited their application to situations
where efficiency and cost are less important than reliability. for example in satellites and rovers
exploring planets, like the Curiosity rover sent to Mars a few years ago (see Figure 2).
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Figure 2. The Curiosity Rover on Mars is powered by a thermoelectric generator (MMRTG)
| Credit: www jpl.nasa.gov/
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Sample / reference* Edge energy Oxidation state Absorption edge (eV)
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Ni 2+ 8344.45
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malsenfidumis 1avag [ duiusaonmanlasunlavavesndadulooou Fe™ S Fe'

%30 Fe(OH), <5 FeOOH (2FeOOH < Fe,0,.H,0)

15} -

Scan rate 2 mV/s -
—NiFe,0, -
1 |\ N?o.75Mgo.25Fe204 il
— Nig,Mg, . Fe,0,
— NIy Mg, ,5Fe,0,

MgFe,O, 4

Current density (A/Q)

1
-0.6 -04

08
Voltage (V)

JUN 71 u@ad CV curve vo90YMIAUT TUNGU Ni, Mg Fe,0, (x = 0, 0.25, 0.50, 0.75, 48 1.00)

1
-1.0

o513 Wruseau I 2 mvis

Y
UDNNINIU CV curves ¥098130UNIAUTIUNGY Ni, Mg Fe,0, (x =0, 0.25, 0.50, 0.75,
uaz1.00) noasmsliussaulldh 2, 5, 10, 20, 50, 100 1az 200 mv/s §aldgnaAnauaalu
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160 |

120-\

—=—NiFe,0,
NiO.?SMgo,ZSFeZOAt
NIO.SOMQO.SOFeZO4
Ni0.25
MgFe, O,

MgU.75 Fe204 1

Scan rate (mV/s)

717 73 uaasdmnwg liihveangueymau Tu Ni, Mg Fe,0, (x = 0, 0.25, 0.50, 0.75, and

1.00) ieas1ms Wuseau I 2, 5, 10, 20, 50, 100 uag 200 mV/s

mINi 4 uaasrnnug Iihvesngueymau TuNi, Mg Fe,0, (x=0,0.25,0.50,0.75, and

1.00) 1om31m3 Iusaaw I 2. 5, 10, 20, 50, 100 (@ 200 mV/s

Scan rate Specific capacitance (F/g)
(mV/s) NiFe,O, Ni, ,sMg, ,;Fe,0, Ni, s,Mg, 5,Fe,0, Ni, ,sMg, ;sFe,0, MgFe,O,
2 79.04 65.27 82.45 149.88 178.34
5 51.51 29.82 55.44 135.34 147.10
10 44.94 25.65 48.99 117.49 122.06
20 39.55 22.34 43.47 101.45 99.68
50 33.25 19.15 37.26 80.31 71.64
100 28.75 16.82 32.02 64.51 53.14
200 24.74 14.90 27.29 50.51 36.75
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300 T T ! ) ' . I . I
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Current density (A/g)

71N 75 uameanwy IihveseyninurTungu Ni, Mg Fe,0, (x = 0, 0.25, 0.50, 0.75, 1ag

1.00) AMANUHW ML UATLUT 0.5, 1.0, 2.0, 3.0 48 5.0 Alg
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ayMAL lungu Ni, Mg Fe,0, nanoparticles (x = 0, 0.25, 0.50, 0.75 t4a¢ 1.0)

Current density

Specific capacitance (F/g)

(A/g) NiFe,0, Ni, ,sMg, ,sFe,0, Ni, ;Mg 5oFe,0, Ni, ,sMg, ;sFe,0, MgFe,0O,
0.5 49.22 24.56 62.75 133.95 259.89
1.0 37.64 18.53 46.49 103.77 153.15
2.0 31.82 15.61 37.71 84.71 105.34
3.0 29.45 14.53 33.79 74.81 85.25
5.0 26.91 13.30 29.53 64.34 65.97
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A a A o o a Aaan = 4 Y A
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@51 6 Usgansnmn liunivesouninur Tungu Ni, Mg Fe,0, (x = 0, 0.25, 0.50, 0.75,

o @ 3 @ o ui’
uag1.0) a1y 1siluiag lupmsis

Sample ESR (Q) Specific capacitance* Energy density™* Power density*
(F/g) (Wh/kg) (kW/kg)

NiFe,O, 0.450 49.22 2.39 147.8

Ni, ,sMg, ,;Fe,0, 0.419 24.56 1.20 148.1

Ni, ;,Mg, 5,Fe,0, 0.456 62.75 3.06 148.2

Ni, ,sMg, ;sFe,0, 0.444 133.95 6.46 147.3

MgFe,0, 0.655 259.89 11.96 143.9

Note: Specific capacitance®, Energy density®, Power density* were obtained at a current density

of 0.5 A/g.
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ms1eh 7 uaasamsmumnnuy i Fg) vesasaonIngn 5, 10, 15, 20 uaz 50%

v

BFO/AC fisasimsnszualvlih 1,2,3,5, 10, 1508z 20 A ¢

Specific capacitance (F/g)

Current 5% 10% 15% 20% 50%

density (A/g) AC BFO/AC | BFO/AC | BFO/AC | BFO/AC | BFO/AC BFO
1 71.2 104.2 143.2 125.5 125.3 253.8 739.7

2 55.2 80.7 109.2 107.4 103.4 167.7 494.1

5 43.1 68.4 91.2 93.2 89.4 114.0 309.0

10 333 63.6 83.0 86.6 82.5 103.1 243.7

15 21.1 62.4 78.1 84.4 77.9 99.5 227.7

20 27.2 61.0 76.5 82.3 76.3 973 153.9
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ABSTRACT

Zinc oxide (Zn0) thin films are expected to have crucial applications in opto-clectronic
devices such as photo sensors, large-area displays and perovskite solar cells for an electron
transport layer (ETL). In particular performance of nano-crystallinity for advanced photovoltaic
(PV) cells, ZnO films have been very interested in recent years. However, their performances
are not satisfactory at present: the photocurrent gain is quite low (<10” times more than dark
current), the high reflectance R% is not beneficial to obtain high quality of PV cell, and the
light-trapping enhancement on ZnO film has not yet been fully exploited in perovskite PV
cells. Realizing high light-trapping and high photocurrent gain remain a big challenge today.
In this paper, nano-crystalline zinc oxide films doped with bismuth (nc-ZnO:Bi) were
synthesized through sol-gel processing and then formed by spin coating method, By adding
the cation surfactant as cetyl trimathylammonium bromide (CTAB) in the sol-gel, good film
quality and spherical nano-ZnO:Bi were obrained and performed at temperature annealing
between 350-550C, Reflectance as low as 17% and transmittance (%7T) of over 90% in the
light wavelength between 390-800 nm, photoresponsivity values of 8 -28 A/mW and high
photocurrent gain as high as 1xX10* times comparing with dark current were achieved.
The surface morphology of ZnO:Bi films with existence of spherical nano-particles with
diameter size around 10-20 nm acts as light-trapping surface to improve photocurrent
enhancement. Moreover, such high quality of their optical properties is able to contribute
light-trapping performance of ETL for further emerging solar cells.

Keywords: ZnO:Bi film, spherical nano-crystal, emerging solar cells, electron transport layer,
photocurrent gain, light-trapping
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1.INTRODUCTION

Recently, zinc oxide is one of the most
interesting materials for optoelectronic
applications because of its highly effective
electrical and optoelectronic properties.
In particular its wurtzite crystal structure with
wide direct energy band gap (~3.3 eV) and
large excitation binding energy of ~60 meV
can be verified at room temperature.
ZnO nanostructures have been extensively
studied over the past years owing to
the availability of a variety of growth
methods resulting in a number of different
morphologies and a wide range of
material properties [1]. In addition, ZnO
nanostructures have very attracted intensive
research effort due to high-performance
micro-to-nanoscale optoelectronic devices
such as transparent electronics, solar cells,
photo catalysts, and chemical sensors [2-5].

Especially, additional ZnO thin film is
a crucial nanostructure layer to improve
electron transport in emerging perovskite
solar cell. The availability of the generated
electrons collecting at electrodes, light-trapping
and their interfaces states are also critical for
enhancement of its power conversion
efficiency (PCE). The importance of the
interface states properties has been revealed
by electron induced curtent investigations,
which show that efficient charge separation
and collection to occur at the interfaces
between the perovskite and both charge-
selective layers [6]. The consideration of an
effective material for operating as an electron
transport layer (ETL) is important to achieve
a high degree of charge selectivity. Meanwhile,
ETL is able to maintain a low surface
recombination to minimize energy loss at
the heterojunction interfaces. A variety of ETL
has been explored for achieving high-efficiency
perovskite devices. Various metal oxides
are the most common materials for ETL
utilization. Wide band gap metal oxides,
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such as ZnO have been used to fabricate the
devices in the mesoscopic structure [7-9].
An electrically insulating mesoporous layer
allows high open circuit voltage (V) to be
achieved if there is a lack of sub-band gap
and surface electronic states [10]. Therefore,
ZnO as an appropriate electron transport
layer to improve the perovskite devices can
provide many advantages, including high
mobility and optimization processing
temperature.

In addition, one of the most crucial
advantages of ZnQO is the variety of growth
methods including rf magnetron sputtering
[11], solution-based method which is simple
and inexpensive [12], hydrothermal process
which is low-temperature [13], spray pyrolysis
[14], and co-precipitation method [15].
This further contributes to the intense interest
in ZnO for emerging solar cell.

Evac=0

-2

Energy(eV)

-Gt

=7

Figure 1. Energy alignment of ETL-free
perovskite solar cells.

Figure 1 shows the interface energy
alignment of electron transport layer
(ETL) between free planar perovskite
and transparent metal in solar structure
(TCO/ZnO/CHNH,

Pbl,/Ag). Another important role of
ZnO plays as a n-type semiconductor material,
which can generate photocurrent with large
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energy gap, good conductivity of electrons
and shallow conduction band edge level
(4.2 eV), which matches well with the
conduction band of CH,NH,Pbl, perovskite
(3.9¢eV).

In this study, nanocrystalline ZnO
doped with Bi (nc-ZnO:Bi) was synthesized
by spin coating with sol-gel technique in
order to form several ten nanometer film
thicknesses. Dependent low-temperature
effects on micro-nano-structural, optical and
photocurrent properties of nc-ZnO:Bi films
were investigated to validate the optimum
condition. In order to accomplish in ETL
function for emerging solar cell, annealing
condition preparations of nc-Zn(:Bi films
have been concerned at lower temperature
than 600 °C.While the surface morphologies
of ZnO nanostructures are largely adjustable
by the growth conditions, they can be further
formed differently by additive surfactant
and annealing treatments. The optimized
properties of nc-ZnO:Bi are closely relevant
to the surface morphology features resulting
in toward high solar cell efficiency.

The surface morphology was imaged
by using filed emission scanning electron
microscope (Carl Zeiss series Auriga)
(FESEM). The electrical property (J-V curve)
under dark and illumination (1.77 mW/cm?)
conditions was measured by using a Keithley
(Series 2400 Electrometer) with 2-probe
Ag contacts. The optical transmittance
and reflectance were measured by UV-VIS
spectrophotometer (Cary300) in mode
integrating sphere with the range of
300-800 nm. Photosensitivity values of
nc-ZnO:Bi films were calculated by using the
experimental photocurrent under light
intensity of 1.77 mW/cm?. The film thickness
was measured by optical profiler (Bruker).

1997

2. MATERIALS AND METHODS

ZnO thin films doped with bismuth were
prepared by spin coating technique. The
precursor chemical of ZnO sol-gel consists
of zinc acetate dehydrate (Zn(CH,COQ),,
H,0) (CARLO) was used as ZnO source.
Bismuth nitrate pentahydrate (BiICNO,),
H,O) (Fluka) was used as a dopant source
and the solvent of the gel consists of Ethylene
glycol (C,H O,) (CARLO) and ethanolamine
(HOCH,CH,NH,) (CARLO). The 0.7 M of
zinc acetate was dissolved in solution of
cthylene glycol-MEA and molar ratio of
Zn:MEA was kept at 1:1. The mixture was
stitred at 80 °C and then added bismuth
nitrate pentahydrate of the concentration
0.2 at.%. The mixture was continuously
stirred at 80 °C for 1 hour and then slowly
dropped cetyltrimethylammoniumbromid
(CTAB) as a surfactant which has been used
for quality enhancement of the obtained
ZnQO:Bi films. With the concentration of
0.3 wt% in the gel solution, the mixture
was continuously stirred at 80 °C for 30 min
and then aged at room temperature for
24 hours. The processing steps are shown
in the Figure 2.

0.7TMMEA+
EG
! ] |

!

Stirring at 80°C 1 hr

0.3 witsCTAB

Stirring at 80°C
30 min

:

Aging for 24 hr

!

Zn0 sol-gel

03MZnAc

0.2 at%Bi

Figure 2. Schematic diagram of preparation
Bi-doped ZnO sol-gel.
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After aging the gel, the fused gquartz
substrates were carefully cleaned by Rado
Corporation of America {ARC) process and
coated on the fused quartz substrates
(size 24.5x24.5 mm?) by using a spin coater at
500 rpm for 15 sec. and at 3000 rpm for
4 sec., n::ipl:cl:iﬂ.-l}'. The thin films were dred
at 250 °C for 30 minutes for 1 laver. Zn0:Bi
multilayers were performed to obtain more
film thickness with high quality of film.
Optimal of film layers thus to lead to high
properties were verified.  Finally, the films
were annealed ar varying remperarures
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berween 350 °C and 530 °C in forming gas

ambient for 2 hours.

3. RESULTS AND DISCUSSION
3.1 Surface Morphology

Nanocrystalline Zn(:Bi films Frcpa.n:d
successtully by the st:ll-g-d solunion withour
using additive surfactant were Pn:s:ntr_'d in
our previous work [12]. Even thnugh Bi
atoms incorporating in-phase with ne:Zn()
showed the high crystallite quality, their
surface qualites were not good enough for

{rpt[r:]u:m:nic applications,

Figure 3. FESEM images in 20k and 100k magnifications of Zn(:Bi surface morphologies
with coating layers ar (a)(d) 4 layers, (bj(e) 5 lavers, and {c)(f) 6 layers, respectively.
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In this work, the :ml—gc:l process and
its solution thus have been developed with
using snitable additive surfactant (CTAB).

Figure 3 (a), (b}, and (c) shows the
FESEM images (20k magnification) of
Zn:Bi films. which annealed at 550 °C
with different repear coatings ar 4, 5, and 6
layers, respectively. It is found that pores
and cracks are not appeared on surface of
all film but distinctive p:tal-likc surface
murpl'mlugi::ﬁ are occurred. In Figure 3 id),
{e), and (f) with 100k magniﬁczriun,
high::r density of ﬁph::riml nanocrystalline
Zn(¥Bi particles (~10-20 nm diameter sizes
as shown in the inset) are found when
film coatings increase from 4 w 6 layers.
More coatings are available to provide
the increase in thickness of 118, 157,
202 nm, respectively. Roughness of surface
morphology was found similarly with Zn()
nanostructure produced by rf-sputtering
technique [16]. Spherical Zn0) nanoparticles
with average diameter size of several
ten nanometers were a formed by other
preparation methods with using different
dnpants [17-18]. Sph:rical nec-Zn(d:Bi
m:jrpl‘l{:l::g}' is the most promising to
ncrease Iight-tmppd.ng potential, which wall
be leading to enhance solar cell quantum

efficiency.

3.2 Transmittance and Reflectance
Properties

Figure 4 shows the transmittance spectra
in the wavelength range of 300-800 nm for
ne-Zn(:Bi films compaosing of the different
number of Etmtirlg Ia}':rﬁ at tcmpl:mtun:ﬁ
preparation conditions. It is found that all
films exhibit transmittance over than 800 % in
waw:l:ngth range of 390-800 nm in range of
3N0-800 nm. In the UV range (300-380 nm)
nc- Zn(:Bi films affects a steep decline in
(= 20%) the transmirtance spectrum as

shown in Figure 4(a)-(h). Meanwhile, the larger
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number of coatings affects a decrease in

transmittance spectrum in the wavelength

range berween UV and blue light.
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Figu.ﬂz 4. Transmittance spectra ofnc-Zn(:Bi
thin films with varying temperature conditions
for (a) 5 ]z}trﬁ(h] b layers and {c] va.h_.'in.g

Euating layers.

Figure 5 presents the low effective
reflectance that is less than 17% for all
ne-Zni:Bi films due to requirement of
high light—ahﬁurptinn which is inversely
Frupnrtiurla.l to reflectance. Low Iig'l'lt—
reflectance of film can provide the most
promising light-tra.pping p:rﬁ}mmcl: and
reduce optical loss in solar cell approach.
The 350 °C condition for preparing effective
samples has no seeong effect on the significant



increase of reflectance as shown in Figuree 5
(2)-{b), while the larger number of coatings
affects the increase of reflectance, comsiderakbly
as observed in Figure 5 (c).
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i
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wavgiefigihiren)
Figure 5. Reflectance spectra-of ne-Zn(hBi
thin films with varying termpetature conditions
for (1) 5 layers (b) 6 bavers and (o) varping
coating layers.

3.3 Optical Band Gap

As a result of ne-ZnCrBi behaving as a
direct band gap semiconductor, photon lEght
that is more than optical band gap {El]
of ac-ZnCrBi can produce electron-hole
pairs without much momentum loss. Thus,
F." implies the minimum energy which can be
absorbed in a semiconductor material and s
carriers can be excited w become free cartiers.
F." can be estimated by an exrrapolaion of
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the linear curve porstion as a function of
abzorption coefficient (5) depending on

photon energy (i) [19].
(b = C{be - E) m

where C is a constant for a direct
transition and photon energy.

The optical absorption coefficient of the
prepaced thin films can be caloulated by [20].

e b (TETETH)

where f is the thickness of the flm,
T and K are the transmittanoe and reflectance
of the film, respectively.

Figure & (a)-(b) flluserates the plot of
the relationship berween (00 and hn for
ac-ZoCrBi films with varving temperature
conditions It & noted that the estimated E
of 5-and G-laver ac-Znl:Bi films slighty
shifis at lower energy from 3.38 eV m 333
when they were annealed at higher temperature
fram 350 *C m 550 *C. The difference of
E‘ about 400-300meV with temperature
dependence was observed in other reports
[21-23]. The extension of E: with decreasing
temperature is most lkely due o quantum
size effect from smaller coysullite size as
referred from study in the density functional
theory [24].

In Figure 6fc), there is no change of
E, for ne-Zn(kBi films composed of the
different number of coating lavers between
3 and 8 layer ar 550 ®C. It is revealed that
the crystallinity become fully independent
from the number of coating lavers of the
ne-Zn{rBL These results show the similariey
with the previous research to prove by
FESEM [25]. As a result of wide energy
band gap, E, thus spherical nc-Za0:Bi flm
is a high performance candidate for laver
im anlar eell
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Figure 6. plot of (55)5)* vs. hn for ne-ZnO:Bi
thin films with varying temperature conditions
for (a) 5 layers (b) 6 layers and (c) varyving
coating layers.

3.4 Electrical Properties

Figure 7 presents J-V curve in semi-log
scale of nc-ZnO:Bi films with varying number
of coating layers and annealing temperatures
under dark and illumination tests. It is
significantly noted that the thin films with all
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preparation conditions measured in
illumination condition show the increasingly
gain of photocurrent density comparing

with dark current.
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Figure 7. The plot of |-V curve in various
annealing temperature and coating layers for
nc-ZnO:Bi films with (a) 5-layer, (b) 0-layer
and (c) layer dependence annealed at 550 °C.

As observed in Figure 7 (a)-(b) the
nc-ZnO:Bi films annealed at 550 °C provide
the maximum photocurrent whereas films
prepared at low temperature (<500 °C)
contribute less photocurrent. These results
have agreement with previous work found
less amount of ZnO:Bi crystallite [12].
The optimum number of nc-ZnO:Bi coatings
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of 5-layer is able to provide the maximum
photocurrent as shown in Figure 7 (c).
It is mostly due to the existence of
distinctive petal-like surface morphologies
of nc-ZnO:Bi film with its appropriate
spherical nanoparticles.

The photocurrent gain comparing with
its dark current is presented in Figure 8
under the various coatings and annealing
temperature conditions. In Figure 8 (a),

« | ZnO:Bi Annealed at 550 °C | 400
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350

£ 15010 - /
g , - p300 2
= . 2
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“1 100
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photocurrent gain increases with higher
annealing temperatures. It is clearly found
that a large number of photocurrent gain of
nc-ZO:Bi film is above 1x10* times for
optimum 6-layer sample as illustrated in
Figure 8 (b). Owing to roughness of spherical
nc-ZnO:Bi surface, it is mostly available to
result in further light-trapping performance
and observed high photocurrent density.

2.0x10' ,- 800
1.5x10° /" 6 Layer
500

- 1.0x10"4
& sox0° SLever s
T r4o0 g
g 00 . — 3
=] w
o 3 -
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£ 100" | 2
& = . 6 Layer

N ] ~= . 200

1510 -""-—-__,___? Layer
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Temperature (°C)
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Figure 8. Photocurrent gain for nc-ZnO:Bi with (a) various anneal preparation conditions,

coating layer dependence and (b) varying coating layers annealed at 550 °C.

Table 1. Comparison of current density of different metal oxide films with our nc-ZnO:Bi

film.
Reference J (mA/cm?) Preparation method Material
Sasinska A. et.a/[25] 9x10" (at 0.8 V) | Atomic layer deposition TiO,
Randeniya LK. e£a/[26] | 5.5%10" (at 0.8 V) | Plasma assisted chemical TiO,
vapor deposition )
Hwang Y] et.al [27) 3x107" (at 0.5V) | Atomic layer deposition | n-Si/n-TiO,
Mi Y. et.al [28] 910" (at 0.8 V) | "Atomic layer deposidon | AZO/TiO,
nanocone arr;l)r
Chakrabotty M. eta/ [29]| 2x10" (at 0.8V) hydrothermal Zn0O nanorod
This work 3.98x10” (at 0.8V) Sol-gel nc-ZnO:Bi

High photosensitivity of nc-ZnO:Bi
films (6 cm? area size) was obtained in the
range of 8 -28 A/mW. Table 1 details the
comparison of photocurrent density values
of other metal oxide films and nc-ZnO:Bi
film. At low applied voltage (0.5 and 0.8 V)

photocurrent density of nc-ZnO:Bi film is
able to provide the highest value. Thus,
the formation of densely spherical nc-ZnO:Bi
at the film surface is able to enhance
optoelectrical performance for perovskite
solar cell and opto-sensor devices.
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4. CONCLUSIONS

Spherical nanocrystalline ZnO:Bi films
successfully coated on the fused quartz
substrate have been prepared by sol-gel
method. Distinctive petal-like surface
morphology was occurred with in spherical
nc-ZnQO particles size of 10-20 nm. Optimal
morphology roughness of 6-coating layer
film annealed at 550 °C resulted in the
less reflectance, photocurrent gain and
photosensitivity performances which are
able to contribute electron transport layer
availability for perovskite solar cell.
Moreover, wide energy band gap, Eg
(3.33-3.38 V) of nc-ZnO:Bi film indicates
high responsibility of wide range of photon
energy which is a good property for window
layer of solar cell.
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Abstract

In this work, spinel MnCo-0, nanoparticles with a particle size of about 40-160 nm were prepared by a simple polymer solution
method. The resulting precursor was caleined at 500 °C, 600 °C, 700 “C, and 800 °C to obtain a spinel MnCo,04 phase. The
results of X-ray diffraction and transmission electron microscopy with selected electron diffraction analysis indicated that the
MnCo,0, nanoparticles have a cubic structure. The X-ray absorption near edge structure and X-ray photoelectron spectroscopy
spectra have confirmed the mixed valence state of Mn™*/Mn** and Co”*/Co™ in all samples. The electrochemical properties were
investigated by using a three-electrode cell system in 6.0 M KOH electrolyte. The sample calcined at 600 °C exhibits the highest
specific capacitance value of 282 F/g and 208 F/g at a scan rate of 2 mV/s and at a current density of 1.0 A/g, respectively, and the
best capacitance retention with long-term cycling stability over 70% after 1000 cycles. Clearly, calcination temperatures affect to
the specific surface area and pore diameter, which can improve the electrochemical performance of the MnCo, O, nanoparticles.

Keywords MnCo,0, nanoparticles - Electrochemical properties - X-ray absorption near edge structure - X-ray photoelectron
spectroscopy

Introduction [1]. The increasing demand for energy which has resulted in

the development of electrode materials for supercapacitors is
Nowadays, supercapacitor-based energy storage devices have  receiving increasing attention. Two types of the
advantages, i.e., their high power density and energy density,  supercapacitors are classified according to charge collection
fast charging and discharging, and excellent cycling stability  mechanism: (i) electric double-layer capacitive materials with
a high specific surface area (activated carbon), achieving sep-
aration of the charges in a double layer on an electrode, and (ii)

This publication has been presented at IUMRS-1ICA2018, Bali, Indonesia pseudocapacitive materials (metal oxides, conductive poly-
October 31-November 2, 2018,

mers, etc.), which use a faradaic charge-transfer processes at
electrode surfaces [2]. In particular, pseudocapacitive mate-
rials such as MnO, [3], NiO [4], and Co;0, [5] have been
inspected as electrode materials with a high capacity perfor-
mance. Among them, the Co;0, has exhibited high conduc-
tive properties and high specific capacitance. Moreover, the
expense and toxicity of Co;0y has limited its practical use.
Recently, mixed transition metal oxides with a spinel structure
o o . of AB,O, type, such as MnCo,0y4 [6-8], NiCo,0, [9-12],
F‘ta‘r—ar:lzrt?::t::lm{;i::nl::n_?rllJr:(l]:t'lrl\Ll:ilt:fd:t‘ltI:::\I:Zt\uwuj\lakh:m and ZnCo,0 [13. 14]. have received increasing interest as
Ratchasima. Thailand o alternative electrode materials for energy storage devices due
to their lower cost, excellent performance, and environmen-
tally friendly characteristics. Among these ternary cobaltiles,
MnCo,0, has been verified as the most promising electrode

1 Omuma Kalawa
omuma_kalawa @ hotmail.co.th

School of Physics, Suranaree University of Technology, Nakhon
Ratchasima, Thailand

Synchrotron Light Rescarch Institute (Public Organization), Nakhon
Ratchasima, Thailand

Thailand Center of Excellence in Physics, Chiang Mai, Thailand

SUT Center of Excellence on Advanced Functional Materials,
S University of Technology, Nakhon Ratchasima, Thailand

Published online: 17 August 2019 &) Springer


https://doi.org/10.1007/s11581-019-03197-w

92

lonics

materials for supercapacitors. So far, several kinds of methods
including hydrothermal [ 15-17], solvothermal [7. 18], sol-gel
[19], combustion [20], and electrodeposition [8, 21] were
employed to synthesize MnCo,0, materials. However. the
simple polymer solution method, which has many benefits
such as homogeneity and purity in products, and very fine
powders with a high specific surface, has never been used to
prepare MnCo,0O4 materials previously. Improvement of cal-
cination temperature used to enhance surface area or pore
diameter that affects the electrochemical performance of the
clectrode material. Kong et al. and Tholkappiyan et al. pre-
pared and studied the electrochemical properties of the
MnCo,04 nanoparticles by sol-gel method and hydrothermal
route and combustion calcined at 200-350 °C and 400 °C,
respectively [19, 20]. However, the effect of calcination tem-
perature to porosity is not clear for understanding the mecha-
nism influenced to the electrochemical properties of
MnCo,0, nanoparticles.

As mentioned above, this research chooses a facile poly-
mer solution technique to prepare the spinel MnCo->Oy
nanoparticle used polyacrylonitrile (PAN) as a polymer
source. The precursor samples were calcined at various
temperatures of 500 to 800 “C for 2 h in air to improvement
of the electrode materials for high-performance
supercapacitor. The effect of calcination at various temper-
atures on the electrochemical properties of the MnCo,0,
clectrodes was investigated. The electrochemical perfor-
mances were investigated by cyelic voltammetry (CV),
galvanostatic charge/discharge, and electrochemical im-
pedance spectroscopy (EIS). revealing that the MnCo»0y
electrodes exhibit good clectrochemical propertics.

Experimental method
Material preparation

In this work, MnCo,0O4 nanoparticles were synthesized by a
simple polymer solution. Cobalt(I) nitrate hexahydrate
(Co(NO3)>-6H,0), manganese(ll) nitrate hydrate
(Mn(NO3)>'xH>0). polyacrylonitrile (PAN, MW
150,000), and N,N-dimethylformamide (DMF) were used
as the precursor materials. The PAN/DMF solutions were
prepared by dissolving 10 ¢ PAN in 100 ml DMF. The 2 g
metal source including Co(NO;),-6H>0 and Mn(NO3),-
xH->0 with a mole ratio of 2:1 was mixed into a PAN/
DMEF solution. The precursor solution was stirred at room
temperature for 2 h, and then the mixture was sonicated for
45 min. After that, the mixed solution was subsequently
stirred overnight at 60 °C, until all water is removed. The
resulting precursor was dried at 70 °C in the oven and the
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precursor was ground to a fine powder. Finally, the
MnCo,04 nanoparticles were obtained by calcination at
500 °C, 600 °C, 700 °C, and 800 °C for 2 h in air.

Material characterization

The X-ray diffraction (XRD) patterns of the nanoparticles
were studied using a D2 Advance Bruker (Cu K, and A=
0.15406 nm). The field emission scanning electron microsco-
py (FE-SEM: JEOL JEM 7800F) and transmission electron
microscopy (TEM: Zeiss, West Germany) were used to inves-
tigate the morphologies of the calcined samples. The valence
state of the MnCo,04 nanoparticles was investigated by using
the X-ray absorption near edge structure (XANES) at the XAS
beamline (BL5.2) and X-ray photoelectron spectroscopy
(XPS) technique at XPS beamline (BL5.3). the Synchrotron
Research Institute (SLRI), Thailand. XANES spectrum was
measured in the electron energy of 1.2 GeV with a beam
current of 80-150 mA. XPS technique was conducted on a
PHI 5000 Versa Probe 11 XPS system (ULVAC-PHI. Japan)
with Al K radiation as the excitation source, and the C Is peak
at 284.6 eV was used as the standard to calibrate the binding
energy. After degassing at 120 °C for 12 h, the N5 adsorption-
desorption isotherms were recorded under the temperature of
liquid nitrogen (77 K) by using the automatic specific surface
area/pore size distribution analyzer BELSORP-mini II. The
Brunauer-Emmett-Teller (BET) method and the Barret-
Joyner-Halenda (BJH) model were used to obtain the specific
surface areas and the pore size distributions, respectively.

Electrochemical characterization

All the electrochemical measurements were performed in a
three-clectrode system including a platinum counter elec-
trode. an Ag/AgCl reference electrode. and a working elec-
trode. The working electrodes were prepared by mixing
10 wt% acetylene black, 10 wt% polyvinylidene fluoride
(PVDF). and 80 wt% MnCo,04 NPs as the conducting
agent, binder, and the active material, respectively. The
mixture was dispersed in N-methyl-2-pyrrolidone (NMP)
solvent, and the slurry were dropped on a nickel foam plate
(surface, 1.2 % 1 ¢cm). To remove the NMP solvent, the as-
formed electrodes were dried at 60 °C for 12 h in the oven.
After the drying process. these electrodes were compressed
with a pressure of 10 MPa for 5 min. The formed electrodes
have the mass of the active electrode material of about 2 mg.
In this study. the measurement was performed using a
Modulab (Solartron Analytical) electrochemical worksta-
tion. The CV, galvanostatic current charge/discharge, and
EIS were used to evaluate the electrochemical properties
of the MnCo,0, electrodes in 6 M KOH electrolyte at room
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temperature. In this study, the potential window in the range
of = 1.0 and 0.4 V was used. The potential window has
chosen a range that is not over — 1.0 and 0.4 V to avoid
occurring of oxygen and hydrogen evolution, which may
cause damage to the electrode. The potential range in this
work is consistent with several studies, which have reported
both positive and negative [6, 7, 22-25]. The EIS was car-
ried out from the frequency range of 0.1 Hz—100 kHz with
0.01 V (vs. SCE).

Results and discussion
Structural and morphology characterization

The XRD patterns of the precursor and calcined samples are
shown in Fig. 1. The XRD peaks of the samples calcined at
500 °C, 600 °C, 700 °C, and 800 °C can be indexed to the
MnCo,0, phase with cubic structure (JCPDS No. 23-1237)
which indicates that the material is crystallized MnCo,0,.
However, the impurity phase of MnO> with cubic structure
can also be seen in the sample calcined at 500 °C. The crvs-
tallite sizes of MnCo,0, were calculated using the Scherrer
equation as follows.

0.89\
[Jcosf!

ki = (1)

where D, is the crystalline size, A is the X-ray wavelength
(Acuga=1.5418 A), 7 is the full width at half maximum
(FWHM) of the diffraction peak. and ¢ is the Bragg diffraction
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Fig. 1 XRD pattems of precursor and MnCo0y nanoparticles calcined

for 2 h in atmosphere at different calcined temperatures

angle. The calculations were carried out on the same set of
(311) planes because they had the strongest line for all
MnCo,0, samples. The crystallite size of MnCo,0, was
found to range from 26 to 43 nm. as can be seen from
Table 1. The variations of the crystallite size at the calcination
temperature were nonlinear. The crystallite size tends to in-
crease at higher calcination temperature, except the samples
calcined at 500 °C, which is higher than the crystallite size at
600 °C. This may be due to the present and overlapping of the
diffraction peak of the MnO, secondary phase in the 500 °C
sample. The d-spacing values of the MnCo,0, phase for (311)
the crystalline planes can be determined using Bragg’s law as:

2dsinf) = n\ (2)

where o 1s the d-spacing, A is the X-ray wavelength, 6 is the
Bragg diffraction angle, and »n is the order of the diffraction
peaks. The results show that the d-spacing values are 2.470,
2.471, 2.472, and 2.463 A at calcination temperatures of
500 °C, 600 °C, 700 °C, and 800 °C, respectively. It is evident
that the d-spacing values are lower than the standard value (d-
.=2.480 A) of a cubic MnCo>Q. (JCPDS No. 23-127). The
crystal structure of MnCo,QOy cubic with lattice parameter “a™
can be estimated from the XRD data as follows:

1 V4P )
dia a

where d)yy 1s the interplanar spacing and Akl are the Miller
indices, which is obtained from the XRD peak (311) position.
The results show that the lattice constants were 8.193, 8.192,
8.197. and 8.167 A at calcination temperatures of 500 °C,
600 °C, 700 °C, and 800 °C, respectively. Clearly, the values
of the lattice parameters are 9 very close to 8.26 A of the
hierarchical porous MnCo,0, [26]. The morphologies and
structures of the MnCo,0O, nanoparticles were explored using
FESEM and TEM. as shown in Figs. 2 and 3. The FESEM
images reveal that the size of MnCo,0, nanoparticles also
tended to increase with an increase in the calcination temper-
ature. The TEM bright field images show that the size distri-
bution of the MnCo-O, nanoparticles is about 40-63, 60-130,
60-140, and 65-160 nm for the samples calcined at 500 °C,
600 °C, 700 °C, and 800 °C, respectively. The crystallite sizes
acquired from the XRD pattern are smaller than the particle
sizes obtained from the TEM results. The corresponding
SAED patterns reveal the polycrystalline characteristic of the
MnCo,0, nanoparticles, which is according to the results of
the X-ray diffraction analysis.

The XANES measurements were conducted to examine
the valence states of Co and Mn in the prepared nanoparticles.
The normalized Co K-edge XANES spectra recorded from
MnCo,04 nanoparticles and reference samples of Co foil
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Table 1 Summary of erystallite

sizes (D) from XRD, d-spacing MnCo,0, samples

Crystallite sizes [ (nm)

d-spacing d (A) Lattice constant @ (nm)

(), and lattice constant (a) of

MnCo,Oy nanoparticles at Precursor -

different calcined temperatures 500 °C 26.5
600 °C 223
700 °C 27.7
800 °C 434

2.470 8.193 £0.030
2471 8.192£0016
2472 8.197 + 0.009
2.463 R.167+£0.016

(Co"™), CoO (Co™), and Co30y4 (Co™***) are presented in
Fig. 4. Basically, the shift of K-edge energy was investigated
of the valence states of the elements in the compound. When
the K-edge energy shifts to higher energies, the oxidation
states of the elements increase. The edge positions of Co K-
edge XANES spectra for all the MnCo,0, samples are be-
tween CoO (Co*) and Co;0, (Co”***) reference samples as
shown in Fig. 4a. The results imply that Co ions in all of the
MnCo,0, samples were mixed oxidation state of Co**and
Co", as confirmed by the first derivative plot (Fig. 4b) and
the edge energy (Table 2). Similarly. Mn K-edge XANES
spectra for all MnCo,0, samples are positioned between
Mn,0; (Mn**) and MnO, (Mn**) reference samples, as
shown in Fig. 4¢. These findings indicate that the oxidation
states of Mn ion exist both of Mn™* and Mn** in all the
MnCo-0, samples. The first derivative plot and edge energy
can be used to confirm the mix oxidation state of Mn ion, as
shown in Fig. 4d and Table 2, respectively.

The composition of the elemental and the oxidation state of
MnCo0,0,4 nanoparticles were examined by XPS measure-
ment. The binding energies associated with Co 2p, Mn 2p,
and O Is are presented in Fig. 5. For a high-resolution Co
2p spectrum, two main peaks at ~779.5 eV and ~795.0 eV
were observed in all the MnCo,0, samples that conform to
the core level of Co 2p; 5 and Co 2p, » with the separation of
~15.5 eV (Fig. 5a). In general, the energy gap between the Co
2p main peaks and satellite peaks was used to identify the
oxidation state of Co ion. The energy gap in the range of ~
3.5t0 6.5 and ~9 to 10 ¢V is a feature of the Co”*and Co®*
cations, respectively. as reported in the literature [7,26-29]. In
this study, the Co 2p spectrum of all the MnCo,0, samples
was best fitted with two spin-orbit doublets and four shake-up
satellite peaks (denoted as sat.) by using a Gaussian fitting
method. These can be employed to confirm the coexistence
of the Co™ and Co™ cations in the MnCo-0; products ob-
tained. For the Mn 2p XPS spectrum, the electronic configu-
ration of Mn atoms in 2p;» and 2p, » states were observed at
the binding energy of ~642.0 and ~633.7 ¢V, respectively,
with spin-orbit splitting of ~ 11.7 eV (Fig. 5b). After fitting,
the Mn 2p spectrum could be fitted into four sub-peaks, sug-
gesting that all the MnCo,0, samples present consist of two
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Mn ions. The two main peaks of binding energy at ~642.0
(Mn 2p;) and ~ 653.5 ¢V (Mn 2p, ) are referred to Mn** and
the other two peaks that were observed at binding energy of ~

644.6 (Mn 2p;») and ~655.8 eV (Mn 2p, ») indicate that the
Mn*" has existed in all the MnCo,O, samples [29-32]. As
shown in Fig. 5c, the Ols spectrum can be fitted into three
peaks. The large peak at a binding energy of ~ 529.7 eV refers
to the lattice oxygen in the spinel structure (denoted as I), and
the other two peaks (I and I1I) correspond to the oxygen atom
ol OH ions and the oxygen atom of the adsorbed water mol-
ecules. respectively [6. 7. 20, 27, 28]. Consequently, the XPS
results confirm that all the MnCo,0,4 samples have mixing of
Co” and Co* and Mn™" and Mn** in all samples correspond-
ing to the XANES analysis. The coexistence of the Co” and
Co and Mn™* and Mn** may provide the electrochemical
activity that led to an improvement in the electrochemical
properties.

To study the specilic surface areas and pore character in
MnCo,0, nanoparticles, the adsorption/desorption of N> was
measured at the temperature of 77 K. Figure 6a d shows the
adsorption/desorption isotherms of N, and pore size distribu-
tions (inset) of all the calcined samples. The results reveal that
the N, adsorption/desorption isotherms of all the MnCo,0,
samples display a hysteresis loop appearing in the range of 0
to 1, which presents the typical feature of a mesoporous struc-
ture. The BET specific surface areas were determined to be
25.56, 71.92, 33.88, and 27.26 m*/g for the samples calcined
at 500 °C, 600 °C, 700 °C, and 800 °C, respectively. The mean
pore diameters of the MnCo,0,4 nanoparticles are 5.54, 4.39,
7.98. and 8.08 nm for the samples calcined at 500 °C. 600 °C,
700 °C, and 800 °C, respectively. The pore size distributions
of all the calcined samples (Fig. 6a d, inset) reveal that all the
calcined samples exhibit a pore size distribution in the range
of about 2.42 to 10 nm. According to IUPAC notation, porous
materials are divided into three types by their size, namely,
microporous materials (average pore diameters: d <2), meso-
porous materials (average pore diameters: 2 <d > 50), and
macroporous materials (average pore diameters: d >50).
Also, that the obtained MnCo,0,4 products are mesoporous
materials. Moreover, the volume of the pores was calculated
as 0.042, 0.095, 0.084, and 0.063 cm*/g for the samples
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Fig. 2 FESEM images of

MnCo,0y nanoparticles calcined
for 2 h in atmosphere at a 500 °C,
b 600 °C, ¢ 700 °C, and d 800 °C

calcined at 500 °C, 600 °C, 700 °C, and 800 °C, respectively.
The BET specific surface areas, mean pore diameters. and
pore volumes are summarized in Table 3. Generally, a high
specific surface area can bring about a high specific capaci-
tance because large active sites can provide multiple redox
reactions, demonstrating good electrochemical capacitance
[29]. Therefore, the MnCo,0,4 nanoparticles calcined at dif-
ferent calcination temperatures with the differences in BET
results of specific surface area, mean pore diameter, and pore

volume exhibited different electrochemical performances,
which will be discussed in the “Electrochemical properties™
section.

Electrochemical properties
The studies of electrochemical properties of the MnCo,04

nanoparticles, cyclic voltammetry, and galvanostatic charge/
discharge techniques were also investigated. The CV curves

Fig.3 TEM images with corresponding SAED of MnCo,0, nanoparticles calcined for 2 h in atmosphere at a, b 500 °C, ¢. d 600 °C, e. f 700

°C. and g. h 800 °C
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Fig. 4 Nomualized X ANE spectra and their commesponding fistderivative of MnCoa Oy nanoparticles at a, b Co K-edge and ¢, d Mn K-edge, respectively

of the MnCo0, electrodes, which wene examined within po-
tential window from — L0 and 0.4 W with vanous scan rates in
the range 2 to 60 mV/s in 6 M KOH elsctrolyte at room
temperature, are shown in Fig, Ta—d. The results indicate that
the redox peaks at the potentials of about =02 and — 0.5 were
found in the CV curves for all the MnCoo Oy samples, which
present the typical feature of pseudocapacitive slectmde ma-
terial. In the charge/discharge pmocess, the faradaic change
transfer 15 accompanied by a very fast reversible famdmc re-
dox and intercalation of protons at the surface of the
MnCo-0y electmodes, The Co and Mn oxidation states were
able to tnsfr Fom Co~Co™ and M Mn™ as Teported
[17—19, 21, 33]. The reversible redox resctions ars described
us follows [9, 16, 33]:

MnCo:04 + Hy 0 + OH ++2Co00H + MnOOH + & (4)
MnOOH  OH «sMnO; + HyO + & (5)
CoOOH + OH ++Cols + H20 4 & (6)

The shifting positions of the anodic and cathodic peaks
with an increasing s@n mte were found in all the MnCoz O
electmdes, suggesting pood electrochenucal reversibility and

&) Springer

high-rate performance [34]. The specific capacitance of the
MnC oy, electmdes can be calculated by usimg the following
formula [ 18]:

C,. ="
T mAV

[Edt (7)
where I (A} is the discharge cumrent, AV (V) is the potential
window, and mr (g) is the mass of the active material. The
calculatad specific capacitance as a function of scan mte of
all electmdes is plotted in Fig 9. The specific capacitance of
all the MnC o Oy samples was found to decrease with increase
of the scantalg from 5 to 60 mV/s This phenomenon s also
presentin pseudocapacitive electrode matenial becase of the
time that was constrained at high scan rate leading to the ion
diffusion that is lmited at the surface of the MnCoo0y elec-
trode. Among the samples, the MnCoo0, eledrode caleined at
B0 C exchibits the highest speafic capacitance of 282 Figata
scan rate of 2 mVs that may due o lagest pore volume,
smmallest pore diameter, and highest BET specific surface area
This results in the high specific capacitmes becmse mpmov-
ing the contact areas between electmlyie and electrode brings
about the mensasing of acive sites for faradaie rsdox reactions

as reported [18, 35-37).
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Table 2 Edge energy and

oxidation state of the standard Samples Edge element Absorption edge (eV) Oxidation state
samples and MnCoOy
nanoparticles CoO Co 7716.30 2
Co;04 Co 7717.32 3
MnOs Mn 6548.82 3
MnO- Mn 6552.22 4
MnCo-0,_ 500 °C Co 7716.90 +2,+3
Mn 6550.16 +3, +4
MnCo,0,4_600 °C Co 7716.95 +2,+3
Mn 6550.20 +3, +4
MnCo-0,_ 700 °C Co 7717.10 +2, 43
Mn 6550.26 +3,+4
MnCo-04_ 800 °C Co 7717.20 +2,+3
Mn 6550.34 +3, +4

The galvanostatic charge/discharge curves of all the
MnCo-0, electrodes at a function of the current densities with
range from 1 to 20 A/g are shown in Fig. 8a-d. The nonlinear
galvanostatic charge/discharge curves correspond to the redox
peaks which were observed from the CV curves that can be
interpreted as a pseudocapacitance behavior of the MnCo-0,
clectrodes. For the galvanostatic charge/discharge testing, the
specific capacitance values of the MnCo,0, electrodes were
estimated from the discharge curve by using the following
equation [18]:

A

S — 8
mAV (8)

Cep

where Cep (F/g) is the specific capacitance, [ (A) is the
discharge current, At (s) is the discharge time, m (g) is the
mass of the active material, and AV (V) is the potential
window. Using the above equation. the specific capaci-
tance of all the samples decreases with increases of the
current density as shown in Fig. 9b. This may be owing to
the increase of the polarization and the internal resistance

e o= o
(a) "800 C (b) 800 (C) I 800 °C
nom
T 700°C
-y & 18 o
= T = T m
= = =
o o v
‘;:'& ;f." :‘ T T T T
£ = z : 600°C
< o ]
- - -
= = =
1
e
1
m
770 780 790 00 810 635 640 645 630 655 660 524 526 SI8 530 532 SM 536 538
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 5 XPS spectra of the MnCo,0y nanoparticles: a Co 2p, b Mn 2p, and ¢ O s
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Fig. 6 Nitrogen adsorption/desorption isotherms and pore size distribution (inset) of MnCo,0O, nanoparticles calcined at a 500 °C, b 600 °C, ¢ 700 °C,

and d 800 °C

of the MnCo-0, electrodes. For low current densities of
1 A/g, the samples calcined at 500, 600, 700, and 800 °C
demonstrate the specific capacitance of 121, 208, 154,
and 150 F/g, respectively. This is consistent with the spe-
cific capacitance found from the CV measurements as
well. The samples calcined at 500 °C with lowest specific
surface area and pore volume exhibit the lowest specific
capacitance. As for the samples without a secondary
phase which were calcined at 600 °C, 700 °C, and
800 °C, the specific capacitance decreases with increases
in the calcination temperature. This may due to the in-
creasing of crystal size, which leads to the lower BET
specific surface area and smaller active sites for the fara-
daic redox reactions. Interestingly, the 600 °C electrode
with highest surface area exhibits improved electrochem-
ical properties such as the highest specific capacitance and
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capacity retention, which is the result of the improving of
the structure of the electrode material.

Additionally, the cycling stability of the MnCo,04
electrodes were investigated by measuring the continuous
charge-discharge for 1000 cycles at the current density of
2 A/g with the potential window in the range of — 1.0 to
0.4 Vin 6 M KOH solution. Figure 10a shows the capac-
itance retention of all the MnCo,0Oy electrodes at different
calcination temperatures. The increasing of the capaci-
tance retention was found in the range of 10 to 30 cycles.
This indicates that the MnCo-0, electrodes have a com-
plete activation [38]. After 1000 cycles of charge-dis-
charge, the MnCo,0, electrodes calcined at 500 °C,
600 °C, 700 °C, and 800 °C exhibit a capacitance reten-
tion of 55%, 80%. 66%, and 65%, respectively. These
results suggest that the MnCo,0, electrode was calcined
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Table 3 Structural parameters of

BET specific surface arca {m:,’g}

BJH pore volume (cm’/g) Mean pore diameter (nm)

spinel MnCo,Oy Samples
500 °C 25.56
600 °C 71.92
700 °C 33.88
800 °C 27.26

0.042 554
0.095 4.39
0.085 798
0.063 B.08

at 600 °C which reveals a higher specific capacitance and
a better capability rate. However, the capacitance value
decreases with increases in the cycling number owing to
the electrochemical stability of the MnCo,0, electrode
material. In order to understand about mechanism of en-
ergy storage of MnCo,0,. electrochemical impedance
spectroscopy (EIS) experiments were carried out from
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the frequency range of 0.1 Hz-100 kHz with 0.01 V
(vs. SCE). An incomplete semicircle was observed in
the high-frequency region of EIS curves of all MnCo,0,
electrodes which is characteristics of the resistance at the
oxide-electrolyte interface as shown in Fig. 10b. The
equivalent series resistance (Rpsp) or solution resistance
(R,) is obtained from the intercept on the real axis at high
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Fig. 7 CV curves at various scan rates of MnCo-0, nanoparticles calcined at a 500 °C, b 600 °C, ¢ 700 °C, and d 800 °C
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frequency. The values of R, are 1.07, 0.38, 0.42. and
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Fig. 9 Comparison of the specific
capacitance at various calcination
temperatures of MnCo, 0,
nanoparticles as a a function of
scan rate and b current density
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respectively. Clearly. the lowest and highest value of the
R, and R, can provide highest and lowest specific capac-
itance value for 600 °C and 500 °C, respectively.
However, the R, and R, of 700 °C and 800 °C electrode
are slightly different. The low-frequency area, the slope of
the straight line for samples calcined at 600 °C, is signif-
icantly higher than that of the author electrodes, indicating
a lower diffusion resistance (Warburg impedance) of the
electrolyte ions in host material. A comparison of the
electrochemical properties for the supercapacitors of the
MnCo,04 nanostructures was prepared using the different
methods as presented in Table 4. The MnCo-0, electrode
material in this work exhibits lower specific capacitance
value than MnCo,0O4 nanowire [16], MnCo,0O4 nanopar-
ticles [20], flower-like MnCo,04 [7]. and mesoporous
MnCo->0, [18]. However. the MnCo,0,4 nanoparticles
prepared by a simple polymer solution method with a
calcination temperature of 600 °C have high specific ca-
pacitance value, which close to MnCo->0, nanostructures

in other research [19, 21, 24]. Thus, the MnCo,0,4 nano-
particle electrodes in this work have a potential as the
next-generation supercapacitor for energy storage
applications.

Conclusion

The MnCo,0, nanoparticle was successfully synthesized
by the simple polymer solution method. The MnCo,0,
electrode material exhibits pseudocapacitive behaviors.
The calcination at different temperatures can affect the
structure, surface area, and the electrochemical perfor-
mance of the prepared MnCo,0y spinel nanostructure.
The electrode material calcined at 600 °C exhibits the
highest specific capacitance due to smallest pore diameter
and highest specific surface area for the faradaic redox
reactions. It is expected that the MnCo,0, electrode

Table 4 Comparison of
supercapacitor performance of the

MnCo,0,-based electrode
materials

Material Synthesis method Specific capacitance (F/g) Refl.
Flower-like MnCo,0, Solvothermal 539(1 Alg) [7

1D MnCo, 0, nanowire Hydrothermal 3498 (1 Alg) [16]
Mesoporous MnCo.0, Solvothenmal 346 (1 Alg) [18]
MnCo,0y nanoparticles Sol-gel 405 (1 mA/em?) [19]
MnCo,0y4 nanoparticles Hydrothermal 671 (5 mV/s) [20]
MnCo,0y 5 urchin-like microspheres Hydrothermal 151.2(5 mV/s) [24]
MnCo,0y nanosheet Electrodeposition 290 (1 mV/s) [21]

MnCo,Oy_500 °C nanoparticles
MnCo,O,_600 °C nanoparticles
MnCo,0,_700 °C nanoparticles
MnCo-0,_800 °C nanoparticles

Polymer solution 169 (2 mV/s)
282 (2 mV/s)
260 (2 mV/s)

195 (2 mV/s)

This work
Polymer solution This work
This work

This work

Polymer solution

Polymer solution

@ Springer
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material can be considered as a candidate for electrochem-
ical applications.
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ARTICLE INFO ABSTRACT

Keywords:

Hybrid composite
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Power density

Shorea robusta derived activated carbon decorated with MnO; was successfully prepared. Thus prepared acti-
vated carbon was characterized by Thermogravimetric Analysis (TGA)/Differential Scanning Calorimetry (DSC),
Scanning Electron Microscopy (SEM), X-ray diffraction (XRD), Raman spectra, Fourier Transform Infrared
Spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), and X-ray Photoelectron Spectroscopy (XPS). Results re-
vealed that prepared material was found to be amorphous having oxygenated surface functional groups with the
specific surface area 1270m” g™ ' ( = 0.57%). Electrochemical characterization was also performed by three-
electrode system where carbon electrode was used as working electrode, platinum plate was used as counter
electrode and Ag/AgCl electrode was used as a reference electrode. The experiments were performed in 6 M
aqueous KOH using Cyclic Voltammetry (CV), Galvanostatic Charge-Discharge (GCD) and Impendance
Spectroscopy (EIS). The specific eapacitance acquired from GCD at 1Ag~" was found to be 136.3Fg~'
(= 0.15%) with 0.44 € ( % 0.02%) ESR. The 97% capacitance retention was observed after 1000 cycles. The
energy density of carbon electrode was found to be 3.0 ( £ 0.25%) Whkg ™" at 100.5 ( = 0.20%) W kg ™" power
density. The working carbon electrode was replaced by “hybrid composite electrode” which showed the ideal
capacitive behaviors having 480.4 ( = 0.20%) Fg~ ! capacitance, 24 ( * 0.26%) Whkg ™ ? specific energy den-
sity and low ESR value of 0.41 ( + 0.02%) €. The results showed that the desirable electrochemical capacitive
performances enable the hybrid composite to act as a new bio material for high-performance supercapacitors
and energy storage devices,

1. Introduction

Shorea robusta is a huge tree, belonging to the family of
Dipterocarpaecea. It is an indigenous plant of Nepal, Myanmar, India
and Bangladesh. In Nepal, it is mostly available in the terai region,
particularly, in the churia range in the subtropical climate zone. This
tree is believed to be the most valuable among tree species for the rural
population of Nepal for their day to day life [1]. It is the major source of
fuel wood as well as raw material for construction and carpentry works.
From the carpentry work, waste byproducts like sawdust and splinters
of wood are achieved. In fact, these byproducts consist of high carbon
content in lignocellulosic form and have got distinctive chemical
composition such as low content of inorganic materials and

* Corresponding author,
E-mail address: armila@cdew.edu.np (AR, Nyachhyon).
URL: hup://armila3@yahoo.com (AR Nyachhyon).

https://doi.org/10.1016/).jece. 2019, 103227

comparatively high content of volatile matters. Hence, in this research
work, these wood residues have been used as a precursor for the pre-
paration of activated carbon. Subsequently, these materials are used to
investigate their electrochemical capacitive performances.

In recent years, electrochemical supercapacitors, have fascinated
ineredible attention due to their noble characteristics, including rapid
charging—discharging rate, high power density, and longer cycle of life
[2,3]. The higher power density of electrochemical supercapacitor leads
to their wide-ranging of commercial applications such as electrical
batteries, electronic gadgets like laptop, mobiles and in energy storage
vehicles [4-7]. On the basis of specific energy storage mechanism, su-
percapacitors are divided into two main categories [8-10]. The first one
is electrical double layer capacitors (EDLCs) and the second one is
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pseudocapacitors.

The EDLC materials such as activated carbon powder/fibers/fabrics,
CNTs, graphene, aerogel, mesoporous carbon, store energy on their
porous structures where electrostatic charge adsorption takes place at
the electrode—electrolyte interface [11,12]. Activated carbon fibers
having very high surface area and sufficiently functionalized have been
used as high performing electrode by several researchers [13-19].
Among the diverse variety of carbons, the activated carbons (ACs) have
been investigated most extensively [20] due to its large surface area
having porous structures. The surface area and porosity of the carbon
has been tailored by utilizing different carbonaceous precursors as well
as preparation methods [21]. The larger surface area
(~1000-2500m” g ") having micro-porosity have got large specific
capacitance (100-350F g Y in comparison to CNTs, CNFs, fullerene,
graphene [20]. However, the microporous activated carbons displayed
poor rate capability and cycle life [22]. On the other hand, the meso-
porous carbons offer the excellent rate capability [23,24]. For that
reason, the carbon electrodes containing large proportion of meso-
porosity along with their microporous texture are fundamentally
needed to fabricate EDLCs offering larger specific capacitance with high
rate performance. In addition to this, pseudocapacitive behavior plays a
role to generate faradiac capacitance. The pseudocapacitors are gen-
erally fabricated using transition metal oxides due to their layered type
of structure and they exhibited in more than one oxidation states. Ru0.,
MnQ,, Ni0, Ni{OH),, CoO,, Co(0H),, VO,, and FeO, are some examples
that have reported for supercapacitor application [25-34]. The surface
modification of materials is very important to improve their perfor-
mance or endow novel functions [35-37]. Among them mussel-inspired
chemistry is an important surface modification method to prepare
multifunctional composites for various applications, including the bio-
medical applications, environmental adsorption and energy storage and
conversion [38-41]. In these days, manganese dioxides (MnO.) are
considered to be favorable supercapacitor materials and are used
widely to modify electrochemical performance due to their low price,
natural abundance, rich redox behaviors, and non-toxicity conditions
[42-44]. Moreover, MnO, is a good dielectric material and exhibits
faradaic capacitance as well.

Here, intercalation and deintercalation in MnOs layer plays a role to
have faradaic capacitance which was also proposed by Pang et al. [45]
and Athouel et al. [46]. It has stated that the mechanism involves the
intercalation of alkali metal ions (K*) in the bulk of the material when
it gets reduced and then deintercalation occurs when it gets oxidized.
This mechanism is shown in Eq. (1)

MnO, + K* + e~ « MnOOK (1)

The other possible mechanism is surface adsorption of (K™) on
MnO; (Eg. (2)). Such mechanism was also described by Lee and
Goodenough [47].

(MnOs)sueface + K* + &7 = (MNO2K " Jyuesace (2)

Here, both mechanisms involve a redox reaction between the I1I and
IV oxidation states of Mn. Brousse et al. [48] have also conveyed the
charge storage mechanism of manganese dioxide compounds with
various structures. It exposed that the capacitance of all amorphous
compounds was due to faradaic processes localized at the surface and
subsurface regions of the electrode. The other fact was oxidation of
interlayer spacing of the MnO; birnessite structure due to deintercala-
tion of alkali metal cation and the intercalation of H,O. Conversely, a
foremost disadvantage of MnO., is its poor conductivity. To increase its
conductivity, MnO, is generally integrated with carbonaceous materials
[49,50], which deliver high electroactive surface area and consistent
electrical connection.

Literatures revealed that preparation of hybrid electrode by adding
electrochemically active materials in carbon-particle-based electrode
demonstrate higher specific capacitance and energy density [12,51,52].

1 Chemical
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The attention has been given to generate a single-supercapacitor, by
accommodating both the EDLC and pseudocapacitance in one compo-
nent. Hybrid composite materials of activated carbon along with MnO,
nanoparticles can be a good component. Activated carbon here behaves
non-faradiac EDLC and MnO, shows faradaic pseudocapacitance. Wang
et al. [53] had prepared hybrid composite of activated carbon and
MnO, which demonstrated the high specific capacitance of 324.3Fg ™!
at 0.1 Ag~ ! using three-electrode system however impedance or charge
transfer resistance was found to be 0.92€ which is high. Similarly,
Maryati et al. [54] also fabricated composite of activated carbon and
MnOs nanoparticle which showed the specific capacitance of 372F g !
at the scanning rate of 10 mV in 3M KOH. It has got charge transfer
resistance of 0.88€Q. Concerning to this, extensive works have been
undergoing to get better performance supercapacitor with high power
density and energy density, long life time and low charge transfer re-
sistance but still a new materials are in search [55]. In this study, we
prepared hybrid composite of 5. robusta derived activated carbon and
Mn0O, in different compositions. It was subjected to electrochemical
capacitive test using three-electrode system in 6 M aqueous KOH solu-
tion. Thus prepared hybrid composite showed better specific capaci-
tance of 480 ( = 0.20%) Fg ™" at 1 Ag~" with very low charge transfer
resistance of 0.41 ( = 0.02%) Q. These results are far better than the
values reported by Wang et al. [53] and Maryati et al. [54].

2. Experimental

All the chemicals and reagents used were of analytical grade.
Phosphoric acid (85% H;PO,), was purchased from Fischer Scientific,
India. Carbon black, polyvinylidine fluoride (PVDF), N-methyl pyroline
(NMP) were purchased from Sigma-Aldrich (USA) and manganese di-
oxide from Wako Pure Chemical Industries Ltd. The three-dimension-
ally porous, corrosion resistant and highly electrical conductor Ni-foam
was obtained from PRED MATERIALS, International (USA), splinters of
S. robusta were collected from local carpentry, Kathmandu, Nepal.

2.1. Preparation of activated carbon from S. robusta

Splinters of S. robusta was washed with distilled water and dried.
The dried material was crushed and grinded to fine powder in an
electric grinder. The particle size was controlled by sieving through
150 pum sized sieve. Thus obtained sawdust powder was used as a pre-
cursor for the preparation of activated carbon (AC). Then precursor was
activated chemically with H;PO,. The ratio of precursor to activating
agent was 1:1 (w/w). They were left for 24 h at room temperature for
proper soaking. After that, the impregnated sample was evaporated to
dry at 110°C for 2h in an oven. Then it was inserted into the horizontal
electric tubular furnace and carbonized at 400°C for 3h under the
continuous Nz flow of 100 mL/min. Then carbonized samples were
cooled to room temperature maintaining inert atmosphere of nitrogen.
The cooled sample was washed with hot distilled water for several
times to dissolve impurities faster for removal and finally with cold
distilled water till neutral pH. It was finally dried at 110°C. The dried
sample was then grinded and used for advanced characterization and
electrochemical characterization. It was named as activated carbon (Sa-
H3PO,).

2.2, Preparation of hybrid composite

The hybrid composites were prepared by mechanically mixing ac-
tivated carbon (Sa-H;POQ,) and MnQ, in different mass ratios such as
1:1, 1:2 and 2:1. These hybrid composites are named as 1:1 (Sa-
H3PO4:Mn0O;), 1:2 (Sa-H3PO4:MnO,) and 2:1 (Sa-H3PO,:MnO) hybrid
composites respectively.
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2.3. Fabrication of electrodes

2.3.1. Activated carbon electrode

A mixture of 8 mg of activated carbon (Sa-HzP0O,) powder, 1 mg of
carbon black and 1 mg of polyvinylidine fluoride (PVDF) were grinded
in a mortar. Then 200 uL N-methyl pyroline (NMP) solution was added
to disperse PVDF. The mixture was again grinded thoroughly to get
slurry. The 70 L of slurry was dropped on Ni-foam of size 1 em® Then
it was dried in an oven at 70°C for overnight. Here, carbon black was
used as conductor, PVDF as binder and Ni-foam as an electrode sub-
strate and current collector.

2.3.2. Hybrid composite electrodes

The three different hybrid composite electrodes have been prepared
namely 1:1 (Sa-H;PO4:MnO,) hybrid composite electrode, 1:2 (Sa-
H3PO4:MnO2) hybrid composite electrode, 2:1 (Sa-H3PO4:MnOz) hy-
brid compasite electrode.

The (Sa-H3P04:Mn0O,) hybrid composite electrode was prepared by
mixing 4mg activated carbon (Sa-11;P0,), 4mg MnO,, 1 mg carbon
black and 1 mg of PVDF in a mortar. A 200 uL NMP solution was added
to it and mixed homogenously using pestle. The mixture was trans-
ferred into a micro tube and shaken for 48 h continuously. Then 70 uL
of this mixture was dropped on to Ni-foam of size 1 cm?, and dried in an
oven at 70 °C for overnight. Then a wire was connected at the bottom
for electrical connection. Thus 1:1 (Sa-HzPO4;MnOz) hybrid composite
electrode was fabricated. In the same way, 1:2 and 2:1 hybrid compo-
site electrodes namely 1:2 (Sa-H;PO.,:MnO;) hybrid composite elec-
trode and 2:1 (Sa-H3P04:MnO,) hybrid composite electrode were also
fabricated by varying ratio of activated carbon (Sa-H;PO.) and MnO,
respectively.

2.3.3. Mn0O, electrode

The 8 mg of MnO., powder, 1 mg of carbon black and 1 mg of PVDF
were mixed together. Then 200 uL NMP solution was added to disperse
PVDF. The mixture was thoroughly grinded in a mortar. Then the 70 puL
mixture was dropped on Ni-foam of size 1 cm?, and dried in an oven at
70°C for overnight. Then a wire was connected at the bottom for
electrical connection. Thus MnO. electrode was fabricated.

All these laboratory fabricated electrodes were then pressed at
10 kPa pressure for 1 min and soaked overnight in 6 M aqueous KO
solution prior to measurement.

2.4. Material characterization

The activated carbon (Sa-H3;POs) was characterized by different
instrumental techniques. Thermal analysis of the material was done by
Thermogravimetric Analysis (TGA)/Differential Scanning Calorimetry
(DSC) (SDT Q600 V20.9 Build 20 USA). The Scanning Electron
Microscopy (SEM) (Mini SEM nanoeyes, Korea) was used to investigate
surface morphology of the carbon sample. The surface area was mea-
sured by Brunauer-Emmett-Teller (BET) (Micromeritics ASAP 2020
system USA) method. Then X-ray diffraction (XRD) (RIGAKU Xray
diffractometer, Japan) was utilized to study the phase state of carbon
sample. Defects were investigated by Raman spectra (labRAM HR800
France, JOBIN YVON Finland). Then surface functionality was ex-
amined by Fourier Transform Infrared Spectroscopy (FTIR) (BRUKER -
OPTIK GMEBH, Germany, VERTEX 70/80, USA) and X-ray Photoelectron
Spectroscopy (XPS) (MultiLab 2000, Thermo Fischer Scientific, USA)
system with an Al Ka source at 15 kV and 200 W.

2.5. Electrochemical characterization

The electrochemical characterization of laboratory prepared elec-
trodes was tested in 6 M aqueous KOH solution, using three electrode
experimental set up. As prepared electrodes were used as working
electrodes, the Pt-plate as counter electrode and the Ag/AgCl as
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Fig. 1. TGA/DSC curves of raw sawdust powder (Sa-Raw).

reference electrode. The cell was connected to “Metrohm Autolab
(PGSTAT 302 N) potentiostat/galvanostat” system to perform the ex-
periment under room temperature. Three well known electrochemical
measurement techniques such as (1) CV, (2) GCD and (3) EIS were
employed to evaluate the electrochemical capacitive behaviors.

The CV was measured within potential window of (-1.0to —0.2V)
under a scan rate of 2, 5, 10, 20, 50 and 100 mV s~ ', The GCD testing
was also observed over the same potential window whereas CV mea-
surements were carried out at different current densities such as 1, 2, 3,
5,10, 15 and 20 Ag ! To study the cyclic stability, “% retention” has
been investigated using GCD. The EIS was monitored over the fre-
quency range 100 klz to 0.1 Hz at the perturbation signal of 10 mV.

3. Results and discussion
3.1. Structural analysis of activated carbon (Sa-H3P0,4)

3.1.1. Thermogravimetric  Analysis  (TGA)/Differential
Calorimetry (DSC) of raw sawdust powder

Thermal decomposition behavior of raw sawdust powder (Sa-Raw)
was displayed by TG/DSC curve which is shown in Fig. 1. Three dif-
ferent phases could be seen in Fig. 1.

The first phase is at around 60-100°C under the Ny flow of 60 mL/
min. This phase shows the slight loss of weight, which is probably due
to desorption of residual moisture. It was further confirmed by a sharp
endothermic peak of DSC curve at 100 °C. The second phase is at
around 200-300 °C under the N, flow of 60 mL/min It demonstrates the
major reduction of weight by 70%. It may be due to decomposition of
hemicellulose [56]. The third phase could be seen at around 300-400 °C
of under the N, flow 60 mL/min in TG curve. This is attributed to the
decomposition of cellulose/lignin into carboxyl, lactone, and carbonyl
[57]. It may be due to the desorption of CO, and CO by converting
cellulose into volatile organic matters present in powder of 5. robusta.
This could also be seen in endothermic peak of DSC curve at 390 °C.
Above 400 °C, no significant weight loss occurred which illustrates the
completion of carbonization process. Hence, in this study, 400 °C tem-
perature has been used to carbonize sawdust powder. Similar carbo-
nization temperature has been reported by Wang et al. [58].

Scanning

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR) analysis

The FTIR spectra of raw sawdust powder (Sa-Raw) and activated
carbon sample (Sa-H3PO,) are shown in Fig. 2. As can be seen in Fig. 2,
both spectra show a strong wide adsorption band at around 3323 cm ™ .
The position of the band is characteristics of the stretching vibration of
hydroxyl groups of carboxyl, phenol, alcohol. Such —OH band can also
be correlated with adsorbed water present in raw sample as indicated
by TG/DSC analysis, where, at around 100°C, weight loss was clearly
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Fig. 2. FTIR spectra of activated carbon (Sa-H;PO,) along with raw sawdust
powder (Sa-Raw).

seen indicating the evaporation of water molecules. The band at around
2951 cm ™' is assigned to asymmetric and symmeltric C—H bands pre-
sent in alkyl groups such as methyl and methylene groups. The band at
around 1558 cm ™ is due to olefinic C=C vibrations in aromatic rings.
The band at around 1192cm ™! is due to asymmetric stretching of
—C—0 bond in acids, alcohols, phenols, ethers and esters. The band at
around 658 em ™" is attributed to C-C stretching in fingerprint region.
Similarly, in case of activated carbon (Sa-H3PO;), the band at around
3323cm ! was obviously due to —OH functional group which was
found to be enriched in comparison to raw sample, It clearly pointed
out for the functionalization occurred in raw sample after activated
with H3PO,. The other band at around 1558 and 1192 cm ' was also
seemed to be enhanced in comparison to raw sample (Sa-Raw). It also
indicates for the enhanced surface functionality occurred in raw
sample. This might be due to the breakdown of cellulose into carboxyl,
lactone and lacto groups [59]. The band at around 1003 ¢m ' was
drastically reduced. This is due to the decomposition of the organic
matter in sawdust and breakage of bonds. After the activation with
HsPO,, some phosphate compounds might remain on the activated
carbon surface. The new bonds at 1100-1600 cm ™" are attributed to
P—0 vibration [58]. These results are in good agreement with the
findings of many investigators [60,61]. The FTIR results clearly express
that the as prepared activated carbon (Sa-HsPO4) was fully functiona-
lized with oxygen containing functional groups such as carboxylic,
phenolie, lactonic, ether groups by the use of activating agent.

3.1.3. X-ray Photoelectron Spectroscopy (XPS)

Fig. 3(a) depicts the XPS survey spectrum of activated carbon (Sa-
H3P0O,), showing the presence of carbon, oxygen and phosphorus.
Fig. 3(b) shows high-resolution XPS spectra of C 1s excitation having a
broad peak which was deconvoluted into three peaks at binding energy
(BE) 284.5eV for C—C which is of pure or unfuntionalized carbon.
285.7 eV for ether and alcohol (R—0—R/—0H) and 288.2 eV for ketone
and aldehyde (C=0/—CHO). Similarly, a broad peak at 532.6 eV for O
1s could be seen in Fig. 3(c), indicating the presence of different che-
mical states of oxygen. The three deconvoluted peaks for oxygen (O 1s)
at 531 eV for phosphatic oxygen (PO,* ), 533.04 eV for hydroxyl group
(—OH) and 533.12eV for silicon dioxide (Si0;). The broad peak at
531 eV and 533.04 eV indicates the overlap of hydroxide and phosphate
functional group. From Fig. 3(b) and (c), it is confirmed that as pre-
pared activated carbon (Sa-H3P0,) was well functionalized after HsPO,
activation and consists of more acidic functional groups as aldehydes/
ketones, ethers, hydroxides|621. Likewise, Fig. 3(d) shows the presence
of peak at 133.9 eV for phosphatic phosphorus. This might be due to the
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residual phosphate after activation process [63]. This is in agreement
with FTIR results, where activated carbon (Sa-H;PO,) showed high
intensities for hydroxyl (—OH), aldehyde/ketone (—CHO/C=0) and
ether (C—0-C) functional groups. The results revealed that carboni-
zation temperature and activating agent played important role to
functionalize the raw precursor.

3.1.4. X-ray diffraction (XRD) measurement

Fig. 4 represents the XRD profiles for activated carbon (Sa-HsPOy,)
and raw sawdust powder (Sa-Raw). There are two broad peaks at
around 16" and 22°, which are attributed to the reflection from the
(002) and (100) planes respectively. The (002) peak indicates
stacking structure of aromatic layers of cellulose, while the (1 00) peak
indicates the structure formed by sp® hybridized carbon [64]. But in the
case of activated carbon (Sa-H3PO,), those two sharp peaks completely
disappeared. But another broad peak was seen at around 26, 28 degrees
corresponding to (00 2), suggesting the disordered structure of layer.
The broad peaks also indicated for the amorphous nature of carbon
[65]. No any other sharp peaks were observed which indicates the
absence of degree of graphitization [66]. However, some insignificant
peaks could be seen, that may be due to presence of some impurities or
moisture associated with the sample.

3.1.5. Raman spectra analysis

Fig. 5 represents the Raman spectra of activated carbon (Sa-H;P0,)
where, two relatively sharp peaks are clearly seen at 1592cm ™! and
1354 ¢cm™ " which is assigned for G and D band respectively. The re-
lative intensity ratio of D band to G band was found to be 1, which
indicates the irregularity in lattice space or a disordered carbon struc-
ture. Hence the amorphous nature of carbon as shown by XRD was
further confirmed by Raman spectra.

3.1.6. Scanning Electron Microscopy (SEM) analysis

Fig. & illustrates the SEM micrographs of activated carbon (Sa-
H3PO,) at the magnification of 20 pm. It exhibited honeycomb like
internal structure with well-developed pores. The pore development on
the surfaces of the activated carbon (Sa-H;PO,) might be due to de-
hydration of HyPO,, and then react with oxygen to generate phosphoric
anhydride (P,05). P2O5 sublimated from solid to gas at the temperature
of 360 °C and gaseous P»05 escaped from the surface of the activated
carbon to create pores [67]. Also during washing step, remaining P05
hydrolyses and removed, creating vacant space which includes micro
and mesopores with a volume that corresponds to that of the removed
phosphoric acid [68,69].

3.1.7. N, adsorption/deserption isotherm

Nitrogen adsorption/desorption isotherm is a beneficial means in
the characterization of amorphous materials [39]. The N, adsorption/
desorption isotherms of activated carbon (Sa-HzPO,) at 77 K are shown
in Fig. 7.

In Fig. 7, type II isotherm [67] could be seen. At relatively lower
pressure P/p° = 0.1), the isotherms showed a minor uptake of ni-
trogen signifying the presence of a few micropores in Sa-H;PO,. How-
ever, at around P/P” = 0.4, the amount of nitrogen uptake has in-
creased significantly showing hysteresis loop during adsorption and
desorption of nitrogen. The adsorption volume of activated carbon (Sa-
HsPO,) increased with the relative pressure until P/P”=0.6. The
widely opened knees and the slight hysteresis loops at the relative
pressure of 0.6-1.0 indicated the presence of a considerable amount of
mesopores in prepared activated carbon (Sa-H;PO,). From the iso-
therm, it revealed that carbon sample consists of a large amount of
mesopores, along with some micropores [70]. Such pores are quite
obvious in SEM image also (Fig. 6).

Then BET specific surface area, pore size and pore volume of acti-
vated carbon (Sa-H3P0,4) have been measured and results are presented
in Table 1.
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Fig. 3. XPS spectra of activated carbon (Sa-HzP0O,). (a) Survey spectrum, (b) C 1s spectra, (¢) O 1s spectra and (d) P 2p spectra.
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Fig. 4. XRD pattern of activated carbon (Sa-H3PO,) along with raw sawdust
powder (Sa-Raw).

The surface area was significantly high of 1270 ( = 0.15%)m*g ™
pore size was found to be 5.1 ( * 0.16%) nm and pore volume was 1.1
( =+ 0.3%) ecm? This type of porosity could be correlated with SEM
images (Fig. 6), containing honey comb like structure with porosity. It
may be due to escape of P,O5 during carbonization and washing steps,
creating pores. At that time, oxidation of carbon no more restrained.
This is the reason why activated carbon has the largest BET surface area
[62].

3.2, Electrochemical performance

3.2.1. Cyclic Voltammetric (CV) study of activated carbon (Sa-HzPOy)
Fig. 8 shows the cyclic voltammogram of activated carbon (Sa-
H4PO,) at different scan rates such as 2mvVs~', 5mVs~', 10mvVs~!,
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Fig. 5. Raman spectra of activated carbon (Sa-HzP0,) along with raw sawdust
powder (Sa-Raw).

20mVs~', 50mVs~"' and 100mVs~" using the potential window of
(—=1to —0.2V) in 6 M aqueous KOH electrolyte.

The curves in Fig. 8 are nearly rectangular in shape which is the
characteristic of a electrical double layer capacitor (EDLC). Interest-
ingly, the shape of the CV curves was retained even at higher scan rates.
At 100 mV s~ !, the CV curve of activated carbon (Sa-H3P0O.) behaved
nearly as rectangular as an ideal capacitor without significant redox
peak. Such performance is expected to facilitate easy and smooth
transport of electrolyte ions. Hence, the charge storage mechanism for
activated carbon (Sa-H;PO,) seems to be due to electrochemical double
layer mechanism, as no redox peaks were observed in the CV curves.
Such mechanism is in agreement with the results of carbonized bio-
mass reported by other research groups [71,72].

Here, the current density was found to be about 13 Ag~! which is
also significantly high and is even higher than commercial carbon
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Fig. 6. SEM image of activated carbon (Sa-H,POy).
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Fig. 7. N2 adsorption/desorption isotherms at 77 K of activated carbon (Sa-
HzPO4).

electrode (Fig. 9) [59].

Fig. 9(a) and (b) are CV eurves compared with commercial carbon
electrode at low scan rate of 5mVs™ ! and high scan rate of 100 mVs™"
respectively. It showed significantly high eurrent density in the case of
prepared activated carbon (Sa-HsPO,4). This revealed that, as prepared
activated carbon (Sa-H;PO,) electrode exhibited better electrochemical
performance than commercial carbon electrode. However, the value is
not very significant in comparison to other literature values [60].
Therefore, in order to enhance electrochemical performance of acti-
vated carbon (Sa-H3P0,), hybrid composites (Sa-H;PO4;MnO,) were
prepared by mixing activated carbon (Sa-H;PO,) with MnO, and then
electrochemical capacitive behaviors were investigated.

3.2.2. Cyclic Voltammetric (CV) study of hybrid composites (Sa-
H3PO:MnO2)

First of all, to get best potential window, CV curve of hybrid com-
posites (Sa-H3yPO,:Mn0O;) at different potential windows, i.e. (—1.2 to

Table 1
BET specific surface area, pore size and pore volume of Sa-H;PO,.

Journal of Envir [ Chemical Engi

ering 7 (2019) 103227

15+ Sa-H3POy4 (at -1 to-0.2 V)

10+

5= 2mVis

—SmV/is

Current (A g‘l)

10 — 0 mV/s
i e 20 m Vs
—S0mV/s

154

100 mV /5]

T T T T T T

19 08 06 04 02
Potential (V vs Ag/AgCl)

Fig. 8. CV measurement of activated carbon (Sa-H,P0Oy) electrode ar different
scan rates at potential window (=1 to =0.2V).

0V), (=1 to —0V)and (-1 to —0.2V) (Fig. not shown.) has been
investigated using current density (Ag~') versus potential (V vs Ag/
AgCl). Among the three potential windows, the potential window of
(=1.2 to 0V) was found to be the best one, since it showed the EDLC
behavior as well as redox behavior, which is shown in Fig. 10(a)-(c).

The rectangular EDLC curve as well as redox peak were obvious in
all the three (1:1, 1:2 and 2:1) hybrid composite electrodes. However, it
was noticeable that when the amount of Mn0O, was increased to double,
the capacitance was decreased, which either may be due to the ag-
gregation of the MnO, particles within the composite or due to higher
value of bulk resistance of pure MnO; (Fig. 10(b)) [73].

This fact was further explained in EIS analysis (Section 3.2.5) and
the resistance values are given in Table 2.

Nonetheless, when the amount of MnO, was reduced to half
(Fig. 10(c)), the redox peak almost disappeared and the rectangular
shape of EDLC became dominant. It demonstrated that the redox fea-
ture of the composite electrodes almost depends on the amount of
Mn(; as redox reactions arose on MnO; which was described in Eqgs. (1)
and (2). Here, the introduction of MnO, imparts the pseudocapacity.
However, optimum redox behavior could be observed in 1:1 (Sa-
H:PO4:MnO.). It may be due to saturation of MnO, particles within the
composite.

3.2.3. Galvanostatic Charge/Discharge (GCD) studies of hybrid composites
(Sa-H3P04:Mn0O2)

The electrochemical properties of composites were further studied
using Galvanostatic Charge/Discharge (GCD) process in (—1.2 to 0V)
potential window. GCD curves are shown in Fig. 11(a)-{(c).

As can be seen in Fig. 11(a)-(c), at low current density, GCD curve
appears to have nearly triangular. A bending nature could also be ob-
served similarly as in the case of pseudocapacitor material [74], which
is mainly caused by internal oxidation-reduction reaction in the ma-
terial. However, the curve still showed good symmetry, indicating good
charge-discharge reversibility of the material. Here, the discharge time
of 1:1 (Sa-H3PO4:MnO;) hybrid composite was found to be 600s
whereas 5005 in the case of 1:2 and almost 500 s for 2:1. The specific
capacitance was also calculated and results are presented in Table 2.
The specific capacitance was found to be 480.4 ( +0.15%), 418.8
( +0.52%) and 404.4 ( + 0.49%) Fg" in 1:1, 1:2 and 2:1 (Sa-

Specifie surface area (m”g ")
1270 + 0.57

Sample
Sa-HaPO,

Pore size (BJH Ads) (nm)
51 = 015

Pore volume (BJH Ads) (cm®g ")
1.1 = 0,03
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Fig. 9. Comparative study of CV of activated carbon (Sa-HzP0,) electrode and commercial carhon electrode at (a) low scan rate of 5mVs ' and (b) high scan rate of

100mVs™t

H3PO,:Mn0O,) hybrid composites respectively. These values are also
compared with the value of activated carbon (Sa-H,P0,) and pure
MnO.. The 1:1 (Sa-HzPO4MnO.) hybrid composite showed better
specific capacitance value which may be due to porous nature of acti-
vated carbon (Sa-H3P0O,) as indicated by SEM image (Fig. 6) and high
surface area 1270 ( = 0.57%)m*g '. It may also be due to low re-
sistance which is discussed in EIS analysis (Section 3.2.5). Here, the
specific capacitance (Csp) was calculated using the following equation
[75]:

TAt

Cor = LAV ®)

where, I (A) is the discharge current, At (s) is the discharge time con-
sumed in the potential window of AV (V) and m (g) is the mass of active
material.

3.2.4. Power and energy densities of hybrid composites (Sa-HzP04:Mn0O3)
Energy and power densities are calculated by using Eqgs. (4) and (5)

[76]:

E= l(‘. Ap?

. (4)
E

p=
At (5)

where E is the energy density in Whkg ™', P is the power density in
Wkg !, Csp is the specific capacitance in Fg ', AV is the potential
window (V), whereas At (s) is the time of discharge.

Fig. 12 shows the Ragone plot of 1:1, 1:2 and 2:1 hybrid composites
(Sa-H,P04:Mn0O,), activated carbon (Sa-H;P0,) and pure MnO, at po-
tential window range of (—1.2 to 0 V).

The results were presented in Table 2. The energy density of 1:1, 1:2
and 2:1 hybrid composites (Sa-H;POgMnO;) was found to be 24
[+ 0.26%), 21 ( £ 0.21%) and 20 ( = 0.15%)Whkg ! which was
significantly higher than the value of activated carbon (Sa-Hs;PO,)
which was found to be 3.0 Whkg ™', Similarly, power density was also
found to be increased in hybrid composites than activated carbon (Sa-

- Sa-HsPO,:MnO, (L:1,at-12t0 0V)  (a) ol Sa-HzPO MnO; (1:2,at-12t00V) ()
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‘g 104 'ep 104
2 <7
- 04 B o
—2mVis
-104 —5mV/s
. — 10 mV/s -104
— 20 mV/s —20 mVis
-204 —50 mV/s 204 —50mVis
— 100 mV/s =100 mV/s
12 09 0.6 0.3 0.0 12 10 -08 06 -04 -02 00
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
20 Sa-H3PO4MnO;y (21, at-12t00V) (0
-—lﬂ 1
'mg 104
s
b 0
=
& —2mVis
- —5mV/s
6 -104 —_10mVis
—WmVis
—50mV/s
-204 —100mVis
12 0.9 0.6 -03 0.0
Potential (V vs Ag/AgCl)

Fig. 10. (a)-(c) CV of hybrid composite electrode of (Sa-H;P04:Mn0,) in three different ratios (1:1, 1:2 and 2:1) at same potential window (—1.2 to 0 V) respec-

tively.
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Table 2

Journal of Envir 1 Chemical Engi

ing 7 (2019) 103227

Specific capacitance, energy density, power density, capacity retention and ESR value of activated carbon (Sa-HsPO,) electrode, (Sa-HP0O,4:MnO,) hybrid composite

electrodes and MnO, electrode.

Ratio of compaosite (Sa-H;PO,-45:Mn0;)

Patential window (V) Specific capacitance (Fg™')  Energy density (Whkg™") Power density (Wkg™')  ESR (Q)
L:0 (—lted 136 = 0.16 3.0 £ 0.25 1005 = 0.20 0.44 = 0.02
1:1 (=1.2100) 480 + 0,20 24 + 0,26 149.3 + 0.26 0.41 = 0.03
12 (~1.2t00) 404 + 0,32 21 + 0.26 1495 + 0.26 063 £ 0.03
21 (=1.2100) 417 + 0.49 20 = 0.26 149.2 + 0.26 0.49 = 0.02
0:1 (~1.2100) 362 + 0.33 72 = 0.30 597.0 = 0.30 072 = 0.01
H;P0O,). Here MnO; in hybrid composite played the major source of 10°
pseudocapacitive characteristics and stores energy through fast and &-S52HPO,
reversible faradiac surface [24,25]. This type of behaviors could be due i . +5=-HP°.:!=°, ()
to layer structure of MnO, where intercalation and deintercalation of En 107y LPOAO, (1)
B . . . ~¥—S5aHPO:MnO, (1)
alkali metal occurs during redox reaction between the 1Il and IV oxi- o—AnO
dation states of Mn. The surface adsorption of (K*) on MnO, may also 5 :
be other possible mechanism. Such type of the mechanisms has also 10 ]
explained by Lee and Goodenough [47]. The other reason may be due ‘n
to the use of higher range of potential window. é 1021
-
3.2.5. Electrochemical Impedance Spectroscopy (EIS) analysis of (Sa- g y
H3PO4:MnQOy) hybrid composite electrodes s 10 1
Electrochemical Impedance Spectroscopy (EIS) of activated carbon ]
(Sa-H3PO4) electrode, hybrid composite (Sa-H;PO4:Mn0O,) electrodes 10°
and pure MnO. electrode were performed to investigate the resistive 102 i'{}l "l';lo "1"']1 ;;]2 "i"ﬂg
component involved in electrochemical system and was measured in ) -1
the frequency range of 100 kHz to 0.1 Hz at the perturbation signal with Ener gy denslty ( Wh kg )

10mV AC voltage in 6 M KOH aqueous solution. Fig. 13 represents the
Nyquist plot of EIS measurements of electrodes. In the plot, the vertical
axis is 2" imaginary component of the impedance and horizontal axis is
the Z’ real component.

EIS data were then analyzed in terms of equivalent circuit in order
to match the measured data. In Fig. 13, the points are the experimental

Fig. 12. Ragone plots of hybrid composite electrodes of (Sa-HzPO4.Mn0O,)
along with Sa-HzPO4 and MnO.
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Fig. 11. (a)-(c) GCD of hybrid composite electrode of (Sa-H;PO,:MnO,) at three different ratios (1:1, 1:2 and 2:1) at same potential window (—-1.2 to 0V)

respectively.
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Fig. 13. Nyquist plot of hybrid compaesite electrodes of (Sa-H;PO,:MnO2) along
with activated carbon (Sa-H;PO,) electrode and MnO; electrode at frequency

range of 100 kHz to 0.1 Hz at the perturbation signal with 10 mV AC voltage in
6 M KOH aqueous solution.

R,

Fig. 14. Equivalent circuit model.

data. At high frequency region, a small semicircle loop could be seen
which was related to total effective series resistance (ESR) including
solution resistance (Rs) and electrode resistance [75]. Al mid frequency
region, a parallel combination of (i) charge transfer resistance (Ret)
which was related to electrochemical reaction layer at the interfaces of
active materials and (ii) double layer capacitance (Cdl) indicating
stored charges on the electrode/electrolyte interfaces which is propor-
tional to the electroactive surface area. The knee at low frequency re-
gion is a consequence of the semi-infinite linear diffusion and trans-
porting of electrolyte to/from the electrode plane as well as in the
porous electrode which is called as Warburg impedance (W). Behind W,
at low frequency region, a vertical line having ~45 slope is a constant
phase element (CPE) indicating the non-ideal capacitance of the double
layer [77] and also represents the internal structures that are com-
pletely wetted by the electrolyte [78,79].

The proposed equivalent circuit model is shown in Fig. 14.

The lines in Fig. 13 show the fitted results by using equivalent cir-
cuit (Fig. 14). Tt is obvious that a good fitting was obtained in all fre-
quency range. From the fitted data, the fitted parameters are obtained
and are presented in Table 3.

The Rs of the electrodes were found to be in the range of
(0.41-0.72 £2), which is attributed to the resistance of KOH electrolyte,
indicating high electronic conductivity of the electrode. The Ret of all

Table 3
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Fig. 16. Life cycle assessment of hybrid composite electrodes of (Sa-
H:zPO4:MnO2) along with activated carbon (Sa-HzPO.) electrode and MnO.
electrode.

the electrodes were found to be < 1€ Such a lower Ret value leads to
the shortening of the ion diffusion path which reflects the higher
charge-discharge performance. The W value of activated carbon (Sa-
H3PO.), hybrid composite (Sa-H;P0.:MnO,) electrodes were found to
be < 5€ which is relatively smaller and is the indication of the fast
electron transfer within the mesopores of the electrode [80] whereas in
MnO; electrode it is relatively high. The Cdl value of hybrid composite
(Sa-H;PO4:Mn0O,) electrodes was found to be 300-583 pF. Among them
1:1 hybrid composite (Sa-H3PO;:MnO,) electrode exhibited high Cdl
value of 583 yF. The CPE 86.4 m Mho was also observed in 1:1 hybrid
composite (Sa-HzPO4:Mn0O;) electrode which was consistent with the
preceding specific capacitances of GCD results. Fig. 15 represents the
composition dependence of electrode capacitance and electrode/solu-
tion resistance for different electrodes.

The 1:1 hybrid composite (Sa-H3;PO,;:Mn0,) electrode which con-
tained 50% MnQO.,, showed the high specific capacitance and low

Fit parameters obtained from the Nyquist plot recorded for five different electrodes in KOH solution.

Sample Cs(Fg Y

Rs (L) Ret (52) W) cdl (mF) CPE (mMho)
Sa-HaPO4 136 + 0.16 0.44 = 0.01 0.11 * 0.02 4.3 = 0.06 54.3 = 1.62 1.53 = 0.03, 24.6 = 0.73
Sa-HaPO:MnO, (1:1) 480 & (.20 0.41 = 0.01 0.12 £ 0.02 2.8 = 0.04 0.583 & 0.02 819 & 1,63
Sa-HaPO: MnO; (2:1) 404 = 0.32 0.63 = 0.02 0.12 * 0.02 3.4 = 0.05 0.316 * 0.01 86.4 = 1.72
Sa-HyPO:MnO; (1:2) 417 + 0.49 0.48 = 0.01 0.16 + 0.03 4.3 = 0.06 0.546 + 0.02 42.9 + 0.85
MnO; 362 + 0.33 0.72 = 0.02 0.98 + 0.02 25 = 0.37 5.64 = 0.17, 0.101 = 0.003
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resistance in comparison to 1:2 and 2:1 hybrid composite electrodes
which consists of 67% and 33% MnO, respectively. It is obvious that
the specific capacitance seems to be decreasing when the mass percent
of MnO, was varied. In the same way, resistance goes on decreasing
when the mass percent of MnO; was varied. The MnO, electrode con-
tains 100% MnO, which showed relatively high resistance. In conclu-
sion, capacitance and resistive component of the electrode depends on
the composition of the electrode.

3.2.6. Life cycle assessment

Fig. 16 shows the life cycle assessment of 1:1, 1:2, 2:1 (Sa-H;PO.-
MnO.;) hybrid composites, activated carbon (Sa-H;P0O,) and pure
MnO.. As can be seen in Fig. 16, activated carbon (Sa-H;PO,4) showed
97 percent capacity retention, almost no decay up to 1000 cycles, while
pure MnO; exhibited 61 percent only. The retention capacity was
slightly affected by the amount of MnO, in the (Sa-H;P04:MnO2) hy-
brid composites. However, in all three 1:1, 1:2 and 2:1 (Sa-
H;PO,:MnO,) hybrid composites, 90 percent capacity retention was
observed indicating good electrochemical stability due to excellent
electrical conductivity. The effect of ESR values on capacity retention
was obvious. It is assumed that cycling of potential leads to degradation
of active materials, presumably increasing the ESR value and de-
creasing the percentage retention capacity [80].

4. Conclusion

Activated carbon materials were successfully prepared from splin-
ters of S. robusta through carbonization followed by H;PO, activation.
The resulting activated carbon showed good specific capacitive beha-
vior. However, hybrid composites showed prominently high specific
capacitance and high energy density as well. 5. robusta is considered to
be the most well known representative tree for Nepal, we think that
waste wood of other tree species could be used to prepare activated
carbon via same route and they should have high capacitive behavior.
The availability corresponding to S. robusta wood would act as a po-
tential bio material source for the preparation of high-performance
supercapacitive and low cost energy storage devices.
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Abstract

This work describes the preparation process of crystalline silicon composite ink (Si ink) from waste
silicon wafers as raw material through a grinding technique. Crystalline Si powders were
homogeneously distributed in sol-gel solution via an ultrasonic shaker. The thin films of silicon dots
bound with phosphorus silicate glass were produced from Si ink under drying at low-temperature by a
low-cost technique as a screen printing. Micro-crystalline (ic) Si particle sizes and surface morphology
of Si dots film were imaged by laser size analyzer and scanning electron microscopy, respectively. In
this paper, these pc-Si dots films coating on quartz substrates were characterized by X-ray diffractometer
and micro Raman spectroscopy techniques which are non-destructive optical 1o0ls to study micro- and
nano-structural properties. XRD analysis revealed that ~80nm crystalline Si size in the films with
relative intensity at (111) plane of 60-64-: simultaneously exists into the films during the preparation at
100-400°C sintering condition. Meanwhile, the obtained Raman spectroscopy results suggest that
residue stress mainly effects to the Raman asymumetric peak strongly down shifted rather than dominated
by (< 10 nmy small size effect.

Keywords: Silicon ink, silicon quantum dots, wider band gap, and tandem silicon photovoltaic.

1. Introduction

A multi-band gap approach for an increased efficiency of tandem PV cells usually involve the use
of quantum confinement in Si quantum dots (SiQDs). The decrease of nanocrystalline silicon (ne-Si)
particle size affects to energy band gap enlarging for nc-Si quantum confinement of carrier leading to
stronger light absorber due to quasi-direct band gap behavior (11. The previous researches demonstrated
confined energy levels of 1.7 eV for 2 nm diameter QDs embedded into its oxide matrix to be the
optimum energy for an upper tandem cell element (2-3). However, SiQDs preparation processes are
almost based on high vacuum and high temperature (1000°C) procedure steps and there are also
application limitations due to properties change of c-Si p/n junction at high temperature and low light
absorption. In the last few decades, extensive work has been carried out on the means, which involved
low-temperature and -cost process optimization and Si ink fabrication i4-51.

Synthesizes of Si nanocrystals at low temperature less than 1000 °C with high reaction yield, high
quality, and high synthetic reproducibility have been investigated intensively in order to achieve
significant blueshift of bandgap absorption and photoemission with enhanced energy conversion
efficiency 6-71. Nonetheless, there are no reports considerable to being concerned about synthesis of ne-
Si filmat low-temperature and high vield with low-cost technique using waste-silicon wafers, We foresee
that a massive scale of decadent Si solar cells, which will become economic and environmental
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problems will be potentially reused for applying in the third-generation solar cell. Thus, this study
approaches Si wafers reusability with transmogrifying their structure into Si microstructure.

In this work, the simple production process of Si powder and fabrication procedure of Si composite
ink are described. Microcrystalline Si que-Siy particles were bound together with silica to form the crucial
part of Si dots thin films by using a screen printing technique. Furthermore, these crystalline Si
properties of films were characterized by X-ray diffraction (XRD), micro Raman spectroscopy, and
scanning electron microscope (SEM) techniques in order to obtain more insights of knowledge in
qualitative nanocrystalline Si under low annealing temperature conditions.

2. Experimental Details

2.1 Preparation of Si powder and phosphorus silicate glass (PSGsol-gel

Crystalline silicon (c-S1) wafers as a raw material were transmogrified through a grinding technique.
Subsequently, the prepared Si powder in ethanol solution was sieved to ensure that the small Si particle
sizes was obtained. The Si particle suspension formed fine Si powder after being dried at 100°C to
evaporate a the volatile substance. Fine Si powders were sieved once again to ensure the uniformity of
fine Si powders. Particle size distribution of pc-Si powder was verified by laser diffraction method
performed by Horiba LA-950 model.

Phosphorus silicate glass PSG) sol-gel as a binder material was prepared for functionality of Si
dots matrix element, which is composed of tetra ethyl orthosilicate (TEOS, SicOC:Hs)4, 98¢), ethanol
(EtOH, C;HsOH), othophosphoric acid (H;PO.. 85%) hexadecyltrimethylammonium bromide (CTAB,
CioHu:BrN), ethelene glycol (EG, C:HsOo, alpha-terpineol (TP, CyoHsO. 97¢), and ethyl cellulose EC,
C:H;s0, 482, Firstly, TEOS and EtOH were mixed by a volume ratio of 5:1. The TEOS mixture was
stirred at 70°C for 30 minutes after that H;PO4 was added in prepared TEOS mixture by a volume ratio
(TEOS mixture: HsPOy of 7:1 then the solution mixture was stirred for 30 minutes to allow well mixing.
Finally, CTAB that was dissolved in EG to achieve 0.52 weight. It was dropped slowly in the solution
mixture and the solution was then stirred for 30 minutes to ensure homogeneity of complete PSG sol-
gel. The process steps were are shown in Figure 1

2 &
L S TR

Adding TEOS and EtOH Stirring at 70°C for 30min Dropping H;PO, slowly
Stirring at RT for 30min Dropping CTAB slowly Stirrmg at 70°C for 30min

Figure 1 Procedures for preparing PSG solution

22 Preparation of silicon composite ink and ric-Si composite films
An organic solution consisting of terpineol (TP) and ethyl cellulose (EC)was mixed in Si-powder in
avolume ratio of 1:0.22:0.28 and it was solvent by baking at 100°C for 20 minutes. PSG was dropped in
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the mixed solution and shacked by ultrasonic to obtain homogenous silicon composite ink. Si ink as a
crucial part that composed of micro-Si particles and phosphorus silicate sol-gel was coated on quartz
substrate by screen printing technique. The pc-Si composite film was annealed at various low
temperatures ( 100°C. 200°C, 400°C and 600°C) in air and oxygen ambient conditions for 30 minutes.
The obtained films consisting of jic-Si particle enclosed with PSG were denoted as «Si dots film~. For
example, the samples sintered at 200°C in air and oxygen ambient conditions were denoted as »200_A
Si dots" and «200 O Si dots~, respectively. It is expected that the higher temperature is prone to O-Si
surface oxidation and related to surface passivation due to the presence of oxygen. Oxidation at the
surface of the Si nanocrystals can create surface localized states which may facilitate energy absorption
and recombination processes [8].

The qualitative determination of crystallinity approximated nanocrystal is characterized by X-ray
diffraction technique. XRD measurements were carried out with Cu x-ray source with the wavelength
of 1.5418A performed by a XRD D-8 Advance Bruker. Coupled two thetatheta scan type was used in
order to verify both the surface and inside the film. 2 theta was scanned between 20° and 80° at 0.02°
steps and 0.2 second per step. In nanocluster study, the Bragg peaks from XRD pattern are broadened
due to a diffracting crystallographically coherent region becomes spatially smaller. The full width at
half maximum (FWHM) value B of a Bragg peak in a 26 scale is related to the crystallite volume size
of the diffracting region ) through the Scherrers formula: [9-10]

kA

. N )
Bcos( g;)

where d is an average crystallite size, & is a Scherrer's constant given by 0.9, / is a wavelength of x-ray
of 1.5418 A, Bis a full width half maximum (FWHM) value of the preferential orientation peak and &5
is the position of significant plane.

The Raman scattering experiments were carried out using Dispersive Raman Microscope
(SENTERRA, Bruken with integrating mode. An excitation source at 532 nm wavelength was used at
normal incidence of laser power at 5 mW for minimizing sample heating. The resolution was 5 em™.

3.Results and Discussion

The pic-Si powder transmogrified in this work has yields up to 802. As observed in Figure 2, it is
found that at 50 undersize the large amounts of particles obtained the average size of 4 um as
corresponding to the peak amount of each size by volume known as Q. Thissimple technique is very

1
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Q (%)
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Undersize (%)
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1 ‘ 10 100
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@

Figure 2 (@) Si powder and (b) particle size analysis of ¢-Si powder
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cost effective to produce pic-Si powder while other expensive techniques have been used through high-
temperature thermal processing [11], non-thermal plasma [12] or laser pyrolysis [13]. Si nanocrystals
obtained under all complex means and high temperature procedures (1000°C) have been found to have
compatibility problems with industrial manufacture,

@ ) ©
Figure 3 @ Product of Si composite ink, (o) SEM image of the surface morphology of as prepared Si
dots film after drying at 100°C and (c) fine Si dots thin film on a quartz

Figure 3 (a) and (by show Si composite ink and a SEM image of the surface morphology of Si dots
thin film after sintering. respectively. Surface roughness and average Si particle size of 4 um are
observed from SEM image. At this stage the Si dots thin film coated on quartz substrate are not peeling
off as shown in Figure 3 «c) due to TP and EC components used for improving high adhesion of the film.
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Figure 4 XRD patterns of Si dots films for study of annealing temperature dependence

In figure 4 all data shows three peaks are broadening and very close to 28 = 28.3°, 47.1° and 56.0°
corresponding to (111, 220)and (31 1) planes of ¢-Si, respectively. It is due to a decrease in the crystallite
size causes an increase in the width of the diffraction [14] Therefore, nanocrystalline Si in the thin films
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under low annealing temperatures are presented in this work. The small additional peaks at 26 = 47.1°
220y and 56.0° (311) can be connected with some metastable Si states. All XRD patterns show the
strongest growth orientation along (111) to prove that the films consist of nanocrystalline Si with
preferential (111) orientation. The XRD peaks represent the (111 crystallographic planes of the simple
cubic structures of Si. The crystallite average size of Si dots films was evaluated by considering the
highest (111) plane.

The crystallite sizes and related parameters were calculated from Scherrer s equation which uses
the significant peaks of (111) planes as listed in Table 1. The results are revealed that 200 A and 200 O
Si ink samples prepared under air and oxygen at 200°C show the similarity of the XRD pattern. The
difference of ambient annealing conditions is independent with the average crystallite size of 85 nm.
Meanwhile, as observed in SEM image the average size of granulated Si powder is around 4 um due to
the aggregates of small particles.

Table 1. Parameters calculated by XRD data

FWHM 26 Crystallite do p Relative intensity %=

Condition @ © size & A Tnad+Ia20+1311)

(nm) (111 2200 31D
100_A Si-dots 0100 28382 8194 3145 5447 60.1 276 122
200_A Si-dots 0096 28402 8536 3142 5443 646 241 114
200 O Sidots 0.096 28382 8536 3145 5447 624 258 118
400_0O Si-dots 0.094 28382 8717 3.145 5447 600 274 126
600_0O Si-dots 0093 28137 8806 3171 5493 558 298 144

The higher annealing temperature from 200°C to 600°C in oxygen ambient has an effect to a
gradual increase in average crystallite size from 85.36 nm to 88.06 nm as shown in Table 1. This is
possibly due to increasing agglomeration of various small nanocrystal with 600°C annealing
temperature. Nevertheless, for 600_0O Sidots sample annealed at 600°Cthe (111) peak largely shifts from
284° (JCPDS 00-027-1402 card of c-Si bulk) relating toa more expansion of lattice constant @ = 5.493
A and leading to lower (111)relative intensity of 55.8=. This shift (111) peak is most possibly related to
Si cluster uniformly stained in tension and the stretching of Si-Si bonds [15]. The XRD results in this
work revealed that Si dots films can be formed under low temperature preparation (100-400°C) by using
Si composite ink and obtained average crystallite size in the range of 82-88 nm with high (111) relative
intensity above 60%. Accordingly, the synthesis of Si dots films in order fo gain high-yield at low
temperature process can be developed toward the large-scale engineering production of nanocrystals
and scalable process [16,17]. Thus, Si dots films achieved by powder grinding technique can approach
forapplication in a new solar cell generation owing to low temperature preparation (100-400°C) and low-
cost technique.

Figure 5 shows the Raman spectra of Si dots films for study of annealing temperature dependence
on local atomic arrangements through bond frequencies and lattice-vibration (phonon) frequencies of Si-
Si bond. It is found that all samples have no indication of Raman frequency spectrum with a broad
hump at around 480 cm corresponding to amorphous silicon (a-Siy portion. Meanwhile, the shape line
relating to the main first-order Raman peak (Transverse optical, TO mode) around 520 cm™ is found to
indicate crystalline silicon (c-Si) portion. The Raman asymmetric peak to down shift from ~520 cnr’ to
~507 em'! with some tailing toward lower frequencies is observed. The peak asymmetry has been
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assigned by some authors to a reduced phonon correlation length. related to small or defective
crystalline domains [2,18-19]. However, this result closely corresponds to 2 effects: firstly, «finite size
effect~ of crystallite size < 10 nm due to localization of phonons in nanocrystals results in uncertainty
in the phonon momentum [7, 18-19]. Secondly, “residue stress effect- is due to the lattice change of
Raman frequency which is very sensitive to mechanical stress [20-21]. On the contrary, around 80 nm
of crystallite size from XRD estimation will not attribute a phenomenological phonon confinement
leading to ~finite size effect~ due to our samples exhibiting large grains. We point out that this result of
the down shift of Raman asymmetric peak is most likely to take into account “residue stress effect in
Si dots enclosed with PSG. This work highlights the effect of lattice stress in the Si dots films on Raman
frequency shift according to the following equation:

oMPa) =-250Ancm’) 2)
where phonon frequency shift Ao = o« o, ®: is the wave number of the stressed sample and o 1s the

wave number of the stress free single crystal. The calculation results are in rather good agreement with
those measured by profilometry, assuming an error of about 102 in the case of Paillard V. work [20].

.=532 nm
T=300K

600_0O Si-dots

400_0O Si-dots

200_0O Si-dots

Relative intensity

200_A Si-dots

100_A Si-ink
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Figure 5 Raman spectra of Si dots thin films with varying temperature annealed
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In Figure 6, the result suggests that an increase in annealing temperature results in an increased
peak shift and implies an increased residual stress. Oxygen ambient attributes the more peak shift to the
increased stress in 2000 Si dots compared with 200A Si dots in ambient air. The temperature-
dependence has agreement with increased down shift of Raman peak for Si nanowire study [22].

14 4000

- - -1
is | —m— Peak shift (cm™) / - 3500
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Figure 6. Annealing temperature dependence on Raman peak shift and residue stress of Si dots films

In this hypothesis, stress contribution to the Raman line shift in Si dots films would be more
dominant than phonon confinement from small crystalline domain due to all Si dots films obtaining
large grains (~80nm.

4. Conclusion

We have prepared Si composite ink in house) from waste silicon wafers as a main resource for
producing Si dots thin film by a screen printing method. In our samples, we observed strong XRD peak
of 3 main planes as-prepared sample dried at 100°C and prepared at higher annealing temperature at
600°C in O; ambient. The results from Raman peaks and XRD patterns indicate that the films consist
of ~80 nm crystalline Si grains. Meanwhile the Raman asymmetric ‘peak strongly down shifted
corresponding to stress induced wave number shift of TO mode peak rathet than be dominated by < 10
nmy small size effect. ‘The result suggests that higher temperature annealing results in the increased
residual stress. At low temperature, ambient oxygen attributes the more peak shift to the increased stress
comparing with Si dots annealed in ambient air. We conclude that Si composite ink is able to be a
candidate for new nanomaterial with low-cost technique by using low temperature preparation to form
Si dots film for further nanostructural solar cells.
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This work presents a synthesis of mixed transition metal spinel ferrite nanoparticles (Ni;_xMgxFe,04)
where x = 0, 0.25, 0.5, 0.75, and 1.00 by a hydrothermal route in an aloe vera extract solution. The
prepared nanoparticles revealed a mesopore size with specific surface area between 57.11 and 145.16 m?/
g. An analysis of the lattice parameter, chemical composition and oxidation state confirm that Ni** and
Mg?* ions were successfully partially substituted in spinel ferrite. The electrochemical measurement of
Ni;_xMgxFe;04 nanoparticles was performed in 6 M of KOH electrolyte. The most outstanding perfor-
mance of the electrodes was noticed in the MgFe;04and Nig.25Mgo.75Fe204 electrodes with specific
capacitance of 259.89 F/g and 133.95 F/g at 0.5 A/g current density, respectively. These high specific
capacitances are due to the high ratio of Fe ions in the spinel structure. Another significant improvement
was in electrode stability which strongly depends on the ratio of (Ni, Mg) to Fe ions since the efficiency of
a fast redox reaction of Fe ions declines with longer usage cycles due to the irreversible redox reaction.
After testing 1000 cycles, the specific capacitance of MgFe,0; was maintained at 71.76% while
Nig.25Mgo.75Fe204 was as high as 88.79%. Meanwhile, the most durable electrode was the
Nig.75Mgo.25Fe;04 electrode of which the specific capacitance gradually increased from its initial value by
4.25% in terms of the highest ratio of Ni and Mg per Fe.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the problems of global warming and the
shortage of fossil fuels have received worldwide attention. There-
fore, sustainable and renewable energy, such as wind power and
solar energy, have become of increasing interest because they are
economically friendly and have low carbon emission systems.
However, these systems cannot produce energy continuously so
energy storage devices such as capacitors, supercapacitors, battery
and hydrogen storage are of great importance for the storage of
energy.

Of the various types of energy storage, the supercapacitor is
known as one of the best energy storage devices. Recently, the
attraction of the supercapacitor has increased due to their high

* Corresponding author. School of Physics, Institute of Science, Suranaree Uni-
versity of Technology, Nakhon Ratchasima, 30000, Thailand.
E-mail address: santimaensiri@g.sut.ac.th (S. Maensiri).

© 2020 Elsevier B.V. All rights reserved.

power density and excellent cycle stability [1-3]. These factors
make the supercapacitor a strong candidate for becoming the next
generation of energy storage devices. The charge storage mecha-
nism of a supercapacitor can be divided into three types: a double-
layer capacitor (an electrostatically stored charge using a Helmholtz
layer), an electrochemical capacitor or pseudocapacitor, which
stores a charge electrochemically by a Faradaic charge transfer, and
a hybrid capacitor, which stores a charge both by electrostastical
and electrochemical mechanisms [4—8]. In general, the construc-
tion of a supercapacitor consists of four main parts which are the
current collector, electrode, electrolyte and separator. To obtain a
high performance supercapacitor, the development of each part is
needed, and the electrode materials need to be modified to take a
supercapacitor to the next level.

The transition metal oxides show promise as electrode mate-
rials for the electrochemical capacitor (pseudocapacitor), due to
their fast and reversible faradaic redox reactions [4]. This mech-
anism is the reason for the high capacitance and low resistance of
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a pseudocapacitor. Thus, transition metal oxides are an essential
key to simultaneously construct high energy and high power
supercapacitors with a fast redox reaction rate [9,10]. RuO; is the
best known pseudocapacitor materials which has a remarkably
high capacitance from 720 to 900 F/g, and provides a high per-
formance supercapacitor. However, RuO; is not suitable for com-
mercial applications because of its high cost and high toxicity
[9,11]. Its outstanding performance and the problems mentioned
have made RuO; transition metal oxides well-known in super-
capacitor studies. Consequently, various transition metal oxides
such as ZnO, NiO, Co304, Fe203, MnO2, and V;0s5 have been elec-
trochemically studied as potential materials for a supercapacitor’s
electrode [12—19].

The previous electrochemical performances of spinel ferrite
(Fe304) nanoparticles in a synthesis by a solvothermal method
produced a specific capacitance of 197 F/g at 3.0 A/g; however,
after 1000 cycles were tested, the specific capacitance only
remained at 43.24% [20,21]. This poor electrode stability was
resolved by introducing the idea of a mixed transition metal spinel
ferrite. The mixed metal oxides such as spinel ferrites (MFe,04
where M is a metal transition) were reported as having fascinating
properties such as low electrical losses, high electrical resistivity,
physical and chemical stabilities, low inherent toxicity simplicity
of synthesis and electrochemical stability [4,22,23]. The mixed
metal transition materials also exhibit different redox states in the
structure of each cation which make them suitable electrode
materials for application in supercapacitors [4]. In particular, the
electrochemical properties of several spinel ferrites, such as nickel,
cobalt, manganese and copper ferrite were reported to have fast
and reversible redox reactions [4,24—26]. The most efficient
approach to enhance the performance of supercapacitors is to
increase the surface area of the active materials. In order to modify
spinel ferrites, samples with high surface areas can be prepared by
decreasing the particle sizes to nano-size by various techniques,
such as co-precipitation, hydrothermal, sol—gel, and thermal
decomposition [27—30]. Consequently, as a result of their mixed
oxidation states and extremely small size, the mixed transition
metal spinel ferrites offer richer redox reactions and higher sur-
face areas which significantly improve the performance of a
supercapacitor.

In this work, nanoparticles of the mixed transition spinel
ferrites (Nij-xMgxFe;04) were synthesized by using aloe vera
extract as an aqueous solution in a hydrothermal process. In
characterizations, crystal structure, microstructure and chemical
composition of samples were studied by XRD, TEM, EDX and
FTIR. The oxidation state was examined by XAFS, XANES while
the specific surface area was examined by the N, adsorption-
desorption technique. The electrochemical performances were
evaluated by the three electrode method in 6 M KOH using cyclic
voltammetry, galvanostatic charge discharge and electrical
impedance techniques.

2. Experimental methods
2.1. Preparation of samples

Ni;_xMgyFe,04 nanoparticles were synthesized by a hydrother-
mal method. First, stoichiometric amounts of starting materials,
Fez(S04)3-xH20 (97% SIGMA-ALDRICH), H4N3NiOgS;:-4H,0 (98%
SIGMA-ALDRICH) and MgS04-6H,0 (> 99% SIGMA-ALDRICH), were
dissolved in aloe vera extract solution. Second, they were me-
chanically stirred by using a magnetic stirrer for 30 min at room
temperature. Then, the aqueous sodium hydroxide was vigorously
added until the solution reached pH 12. After that, the heteroge-
neous mixture was continuously stirred for 2 h to get a

homogeneous solution. Next, the solution was transferred to a
Teflon-lined stainless steel for the hydrothermal treatment at a
constant temperature of 220 °C for 8 h. Finally, the product ob-
tained was washed for several times in deionized water before
being dried in an oven at 80 °C for 24 h prepared for further
characterization.

2.2. Preparation of electrodes

A working electrode was prepared by using Nij_xMgxFe,04
nanoparticles as active material, carbon black as a conductive ma-
terial and polyvinylidene difluoride (PVDF) as a binder between
active materials and the current collector and the mixing weight
ratio was 70: 20: 10, respectively. The mixing compound was then
mixed with 0.15 mL N-Methyl-2-pyrrolidone (NMP) by mechanical
gliding in mortar and pestle to obtain a homogeneous slurry. Then,
the slurry was coatedonal x 1 cm? square shape current collector
(Ni foam). After that, the pre-electrode was dried in an oven at 70 °C
for 24 h and was pressed by a hydraulic press at 20 MPa for 5 min.

T T T T T T T T T T T
Ni_ Mg Fe O
Tl gx 274
s A g & = %
_ = 2 g £ T =
= | ' M |
= MgFe O icard ne. 71-1232)
— 14
o =1.00
» o~ il
.E =0.75
w I A £
E i we=il. 50
E IS S, S S W
| .25
x=0.00
NiFe O, (cand no. 74-2081)
Il I " ' 1
P T T T i P -

w15 W0 25 3 35 40 45 50 55 60 65 70

20 (degree)

Fig. 1. XRD patterns of Ni;.xMgxFe,04 nanoparticles (x = 0, 0.25, 0.50, 0.75, and 1.0)
and database of NiFe,04 (JCPDS No.74-2081) and MgFe,04 (JCPDS No.71-1232).
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Fig. 2. FT-IR spectra of Ni;.xMgyFe;0,4 nanoparticles (x = 0, 0.25, 0.50, 0.75 and 1.0).
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Finally, the prepared electrode was immersed in 6 M of potassium
hydroxide (KOH) electrolyte for 24 h before the measurement of its
electrochemical properties.

2.3. Characterization

The phase structure and crystal structure were studied by using
a powder X-ray diffractrometer (XRD), PhilipsXPertmpd (USA)
diffractrometer, with CuKe radiation of A = 0.15406 nm generated
at 30 kV and 30 mA. The microstructure and chemical composition
were examined using a transmission electron microscope (TEM),
FEI tecnaiT20 (USA), equipped with energy dispersive X-ray spec-
troscopy (EDX). The chemical elements were observed by the
transmittance of infrared spectra from a Fourier transform infrared
spectrophotometer (FT-IR, Bruker TENSOR27) from 4000 to
400 cm~ . The X-ray absorption near edge structure (XANES) was
performed at the beamline 5.2 (SUT-NANOTEC-SLRI beamline), the
Synchrotron Light Research Institute (SLRI), Thailand. The XANES
was operated in transmission mode with Ge (220) at energy edge of
Ni (8330 eV) and Fe (7112 eV) K-edge. The reference standards of Ni
foil, NiCl, NiSOy, Fe foil, FeSO4, Fe304 and Fe,(SO4)swere used to
calibrate the edge energy and specify the oxidation state of the
samples. The surface properties were revealed by the N,
adsorption-desorption technique and the specific surface area was
calculated using the BET theory.

Table 2

The electrochemical measurements were carried out by poten-
tiostat and galvanostat (Metrohm-Autolab PGSTAT 302 N) in a
three-electrode electrochemical cell. The three-electrode cell con-
sists of a platinum wire, Ag/AgCl and prepared active materials
which are a counter electrode, a reference electrode and a working
electrode, respectively. The measurements were performed in 6 M
of KOH electrolyte with three different measurement techniques:
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). The CV was per-
formed within potential windows from —1.25 to —0.40 V with
scanning from 2 to 200 mV/s while in GCD technique was tested at
various current densities of 0.5,1, 2, 3 and 5 A/g and EIS method was
examined under a frequency range from 10 mHz to 100 kHz at 0.1 V.
All the electrochemical measurements were controlled by Nova
1.10 software. The supercapacitor performances were evaluated
according to equations (1)—(4):

1dv

Cov=imav (1)
It

Coon =1 av (2)

Atomic percentages, ratio of Mg and Ni to Fe, and chemical composition from EDX analysis of Ni;_\MgFe,04 nanoparticles (x = 0, 0.25, 0.50, 0.75, and 1.0).

Sample Average atomic % (Ni, Mg): Fe Chemical composition
o] Mg Fe Ni

NiFe;04 65.35 - 26.42 8.22 0.31 Nig.712F€2.28804-0
Nio.75Mgo.25Fe204 66.69 1.40 2425 7.64 037 Nio.688Mgo. 126F€2.18604-
Nig.50Mgo.50Fe204 66.79 3.49 24.50 5.19 035 Nio.470Mgo.316F€2.21404-,
Nig.25Mgo.75Fe204 67.74 535 24.68 221 0.31 Nig.20sMgo.408F€2.29704-4
MgFe,04 67.47 534 27.17 - 0.20 Mgo.a92Fe 50804.0
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Fig. 4. XANES spectra of Ni;_\MgyFe,04 nanoparticles (x = 0, 0.25, 0.50, 0.75, and 1.0), standard metals, and compounds (a) Fe K-edge and (b) Ni K-edge.
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Table 3
Summarized table of the valence state information of an absorbing atom in Ni;.
«MgxFe,04 nanoparticles (x = 0, 0.25, 0.50, 0.75, and 1.0), and standard elements.

Sample/reference* Edge energy  Oxidation state  Absorption edge (eV)

NiFe,04 Ni 2+ 8344.62
Fe 2+, 3+ 7125.80
Nig7s Mgos Fe:04  Ni 24 834433
Fe 24,3+ 7124.85
Nig.50Mgo.50Fe204 Ni 2+ 8344.45
Fe 24,3+ 7124.85
Nio.25Mgo.75Fe;04 Ni 2+ 8344.84
Fe 2+, 3+ 7125.20
MgFe,04 Fe 24,3+ 7125.10
Ni foil* Ni 0 8333.00
NiCly* Ni 2+ 8343.36
NiSO4* Ni 2+ 8345.99
Fe foil* Fe 0 7112.00
FeSO4* Fe 2+ 7122.10
Fe304* Fe 2+, 3+ 7123.20
Fey(S04)3* Fe 3+ 7127.48
Note: * represents standard metals and compounds.
p_G(AV)? 3)
2-3600
p=t @

where Ccy is the specific capacitance from CV curve (F/g), Ccp is
the specific capacitance from GCD curve (F/g), I is current (A), m is
sample mass (g), V is scan rate (mV/s), 4V is potential windows (V),
t is duration time (s), E is energy density (Wh/kg) and P is power
density (W/kg) [31].

3. Results and discussion
3.1. Characterization of Ni;_xMgyFe;04 nanoparticles

XRD patterns of prepared Nij_xMgyFe,04 nanoparticles
compared with diffraction peak of NiFe,04 (JCPDS No.74-2081) and

MgFe;04 (JCPDS No.71-1232) are plotted in Fig. 1. The observed
results show the diffraction positions (20) of planes, (111), (220),
(311),(222), (400), (422), (511) and (440) which are consistent with
the standard data of NiFe,04 and MgFe,04. This clarifies prepared
nanoparticles as a pure cubic structure of spinel ferrite. With regard
to the shifting of the diffraction peak to a lower angle, the altered
position relates to the reduction of the lattice parameter with
increasing Mg content. As the amount of Mg increases, the calcu-
lated lattice parameters expand from 8.35 to 8.42 A because the
larger Mg+ ions (0.570 A at the tetrahedral site and 0.720 at the
octahedral site) substitute for the smaller Ni>* ions (0.550 A at the
tetrahedral site and 0.690 at the octahedral site). It should be noted
that x = 0.25, 0.5 and x = 0.75, 1.00 when the lattice parameter is
8.38 A and 8.42 A, respectively. The reason for this is due to the
lower ratio value of (Ni, Mg): Fe, which will be explained in the EDX
chemical composition analysis.

FT-IR spectra of Nij_xMgxFe;04 nanoparticles were examined as
shown in Fig. 2 where the four major absorption peaks were clearly
observed. The main peaks indicate the existence of functional
groups of aloe vera where the two main absorption peaks are the
phenolic-OH group and carboxyl (C=0) found at 3400 and
1600 cm ™, respectively [32]. Note that the weak signal of absorp-
tion peaks at 3700 cm ™ is the phenolic-OH group as the same of
main absorption position peaks at 3400 cm ' While the other
absorption peaks found at 600 and 400 cm " relate to the metallic
functional group vibrations at tetrahedral and octahedral coordi-
nation of cubic spinel ferrite structure [33—35]. The apparent ab-
sorption peaks of the lattice vibrations emphasize that the crystal
structure of the prepared nanoparticles is that of cubic spinel
ferrite. Additionally, the shifting of the absorption peaks to a higher
energy level was found and this confirms the substitution of
lightweight Mg ions into heavyweight Ni ions since the lattice vi-
bration energy is reciprocal of the atomic weight [33].

The TEM and EDX results were key to the study of the micro-
structure and chemical compositions of Ni;_xMgxFe,04 nanoparticles
as shown in Fig. 3(a)—(e). TEM images show two morphologies: cubic
and slightly rectangular. The randomly selected 300 nanoparticles of
each sample from the TEMs micrograph were represented as whole
particles to measure the particle-size distributions by using Image]J
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desorption isotherm of all samples. (b) Mesopore distribution of the samples.
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The parameter of Ni;_xMgyFe,04 nanoparticles (x = 0, 0.25, 0.50, 0.75, and 1.0) obtained by BET surface area analysis.

Sample Sger (Mg ') Dy (nm) Viotal (cm’g 1) Vinesopore (cm’g ")
NiFe,04 80.309 11.732 02356 02392
Nio 75Mgo.25Fe;04 57111 14,024 02002 02026
Nio.soMgo.soFe204 85.404 12,618 02694 02706
Nio 25Mgo.75Fe;04 145.16 10.801 03920 03912
MgFe,0, 116.66 14.493 04227 0.4202

software. The average particle sizes of samples obtained have a nar-
row range of 9.40—11.21 nm as listed in Table 1. Comparatively, the
miller indices set of diffraction ring, (111), (220), (311), (222), (400),
(422), (511), and (440), from the SAED pattern analysis are consistent
with the XRD patterns of a cubic ferrite structure. According to Table 2
the EDX results show that the element compositions are not equal to
the stoichiometric ratio. The results show the ratios of Ni:Mg:Fe:0
where were found to be Nig.712Fe2.28804-4, Nig.688Mgo.126F€2.18604-4,
Nig. 470Mgo-316F€2.21404-5, Nio.205Mgo-498F€2.29704.4, and
Mgo.492Fe2.50804-4. The results demonstrate that the ratio of (Ni, Mg):
Fe is less than half of the spinel ferrite stoichiometric ratio and this
confirms that the Ni** and Mg?* ions are partially substituted in the
host structure. This scenery is similar to the partial substitution of Nij-
xZnyxFe;04, Coj«<NixFe;04 and Coj-xZnyFe,04 compositions [36—38]
as illustrated by the following equations in (5) and (6).

the large surface area can produce richer redox reactions and store
more ions at the materials’ interface. The N, adsorption-desorption
technique is employed to determine the surface area of active
materials and the results of all samples are shown in Fig. 5. Fig. 5 (a)
shows hysteresis loop features of N, adsorption-desorption iso-
therms of N, adsorbed volume as a function of partial vapor pres-
sure per saturated pressure (P/Po) of adsorbate gas, which are
characteristic of mesopores (2-50 nm) materials. The presences of
micropores and mesopores in particles estimated by the micropore
(MP) method are shown by the pore size distribution curve of Area
distribution (dVp/drp) as a function of micropore radius (rp) in Fig. 5
(b). Table 4 shows the specific surface area (Sggr), the mean pore
diameter (D), the total pore volume (Vioal), and the meso pore
volume (Viesopore) Of the Nij_xMgxFe,04 nanoparticles. The results
indicate that the samples can be mostly categorized as of mesopore

tet t
(re™) N Niﬁ*FeﬁxFe3+)°° 04 (6)

The results indicate that the ratio of (Ni, Mg): Fe in
Nip.50Mgo.50Fe204 is less than in Nig.75Mgp.25Fe;04; similarly, this
ratio in MgFe,0y4 is also less than in Nip.50Mgp.50Fe04. This can be
explained by the reduction in the replacement of smaller Ni**
cations by larger Mg?* cations, resulting in the same values of the
lattice parameter as mentioned in the lattice analysis.

The XANES technique was studied only at Ni and Fe K-edge
while Mg K-edge was ignored because of the beamline limitation.
Generally, XANES spectra will shift to A higher energy level when
an absorbing atom valence state is excited to a higher state. The
edge and pre-edge energy of the spectra were compared with
reference standards to evaluate the valence state information of an
absorbed atom. The observed XANES spectra and the valence state
associated with standard metals compounds is shown in Fig. 4 and
Table 3. With regard to the K edge, the edge energy position of each
sample is located between the energy positions of Fe304 and
Fe(S04)s, and more specifically, closer to the Fey(SO4)3 position.
Meanwhile, the edge energy position at the Ni K-edge is near that of
the edge energy of NiSO4 (Ni**) standard. It can be concluded from
these results conclude that the valence states of Fe ions are 2+ and
3+ while the Ni ions valence state is 2+ which is consistent with
the idea of partial substitution of Ni ions in the spinel ferrite
structure. The partial substitution in this circumstance is that some
of the Fe?* cations are substituted by Ni?* at the octahedral site
resulting in NiZ*Fe?*, Fe3*0,.

Normally, high performance energy storage devices are pro-
duced by using high specific surface area active materials because

size with specific surface areas in the range of 57.11-145.16 m?/g.
The Nig.75Mgo.25Fe204 exhibits the highest surface area of
145.16 m? g! and the lowest mean pore diameter of 10.801 nm.
Clearly, a comparison of total pore volume with meso pore volume
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can imply that the pores all samples filled with meso pore, which
may be able to improve the electrochemical properties of this
materials. The specific surface area values are not related to the size
of the particles, but are due to the agglomeration of samples.

3.2. Electrochemical performances of electrodes (Nij.xMgyxFe;04
nanoparticles/carbon black/PVDF)

Basically, the hydrated ionic radius and the electrolyte concen-
tration directly affect the electrochemical properties of the super-
capacitors and the KOH (6 M) electrolyte is recommended as the
most suitable for ferrite-based supercapacitors [1]. Therefore, the
electrochemical properties of the samples were studied in 6 M of
KOH electrolyte solution.

The CV measurement was started at a potential of -1.25
to —0.4 V. The cyclic voltammogram of the Ni;_xMgxFe,04 elec-
trodes at the lowest scan rate of 2 mV/s are shown in Fig. 6. The
anodic and cathodic peaks corresponding to the redox reaction of
ions in the samples are clearly shown in the MgFe;O4 and
Nig.25Mgo.75Fe204 samples where other samples show significant
small reaction peaks combined with a double layer loop. The
notable anodic and cathodic features observed in Fig. 6 are char-
acteristic of a pseudocapacitor and described as pseudocapacitive
behavior. The two anodic peak positions are presented in both
MgFe;04 (12" and 11a’) and Nig.5Mgp.75Fe204 (I1a and 11a) while the
two cathodic peaks, Ic’ and IIc’, only appear in MgFe;04. While
Nig.25Mgo.75Fe204 only has an Ic peak as shown in Fig. 6 because of
the limitation of the potential window. The redox peaks of Ia and Ilc
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relate to the oxidative transformations between Fe® and Fe?* ions
and transformations between Fe?* and Fe3* as listed below [39,40];

Fe® = Fe?* (7)
or
Fe(OH),4, = Fe(OH), (8)

while the redox peaks of Ila and Ic relate to

Fe?t < Fe3* (9)
or
Fe(OH), = FeOOH (2FeO0H = Fe;03.H,0) (10)

The observed CV curves of Nij_xMgyFe,04 nanoparticles were
investigated as shown in Fig. 7. The CV's specific capacitance was
calculated from the equation shown in (1). The specific capacitance
values decrease with a faster scan rate as shown in Fig. 8 and
Table 5. The trend of the specific capacitance decreases with a
higher scan rate due to the fact that the time of diffusion and
movement of the electrolytic ions are limited to a shorter time
which directly affects the accessibility of electrolytic ions on certain
active surface areas of the active electrodes [41]. Specifically, the
results also indicate that the MgFe;0O4 electrode exhibits the
highest specific capacitance of 178.34 F/g at the lowest scan rate of
2 mV/s. The high specific capacitance of this material depends on
the large contain of Fe ions ratio confirmed by chemical composi-
tion from EDX analysis. Cleary, the samples are pseudocapacitive
behavior, which store charge from faradaic mechanism by trans-
formations between Fe® and Fe?" ions and transformations be-
tween Fe?* and Fe>* as shown in the CV curve.

The GCD measurements of samples is shown Fig. 9. The spe-
cific capacitances calculated from the GCD profile according to
the equations in (2) are summarized in Table 6. The declining
trend of the GCD’s specific capacitance corresponds with an
increasing current density because at a higher current density,
the charge-discharge time is shortened, and this limits the
chemical reaction time of active materials yielding a lower spe-
cific capacitance. This limitation in chemical reaction time from
the current density is similar to the effect of the scan rate in CV
measurement. As a result of the trend of the specific capacitance
shown in Fig. 10, it can be concluded that the specific capacitance
depends on both the ratios of Fe:Ni,Mg ions and their specific
surface areas. The GCD’s specific capacitances are summarized in
Table 6; the results show that the MgFe,04 electrodes possesses
the highest specific capacitances at 259.89 F/g with a current
density of 0.5 A/g since it has the highest Fe ions content and
specific surface area.

In addition, the specific capacitance retention of Nij.
xMgxFe,04 nanoparticles was examined for 1000 cycles at a
current density of 3.0 A/g as shown in Fig. 11. The cycling stability
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of Nij_xMgyFe;04 electrodes tends to increase with higher Ni
content which is related to the decrease in Fe ion ratios and vice
versa. The explanation of this mechanism is that while the cycle
number is increasing, the efficiency of the reversible redox re-
action of Fe ions is declining. The Nig.75Mgg.25Fe204 sample
shows the highest charge-discharge cycle stability of 104.25%
after 1000 cycles. The gradual increase of the specific capacitance
is about 4.25% after 1000 cycles which may be due to the
reduction in the agglomeration of the active materials, the
expansion of the interfacial area between active materials and
electrolyte, and the reduction of the reaction time [42].
Remarkably, the Nig.,5Mgg.75Fe204 sample can be an effective
supercapacitor electrode candidate since it retains a high specific
capacitance value even after 1000 cycles.

In order to compare this system with other energy storage
systems, the specific capacitance values obtained were converted
into energy density (E) and power density (P) according to
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equations (3) and (4), respectively, as summarized in Table 7. The
highest specific capacitance, 259.89 F/g, of MgFe,04 leads to the
highest energy density of 11.96 W h/kg at a power density of
143.9 kW/kg. Afterwards, the energy and the power density of the
Nij_xMgxFe,04 samples were plotted in a Ragone plot which is a
well-known tool for comparing the performances of energy storing
devices. According to Fig. 12, the sample’s performance is in the
supercapacitor regime.

The EIS data and the analysis of the Nyquist plots demon-
strates the performances of the electrode materials. The calcu-
lated Nyquist plots reveal a semi-circle and a line with a slope
close to 90° at high and low frequencies as shown in Fig. 13. The
interception of the semi-circle at the x axis (Z’) is a real part of
the impedance which represents the equivalent series resistance
(ESR). The ESR are employed to interpret the resistance of the
electrolytes, the active electrode materials and the current col-
lector [4,43—46]. Then, the ESR values are used to determine the
maximum power density according to the equation in (11)

V2

Pmox =35 F5R an

where Ppax is the maximum power density (W), V is the initial
voltage (V) and ESR is the equivalent series resistance (Q).

The ESR values are summarized in Table 8 where the MgFe,04
electrode shows the highest ESR value of 0.655 Q which leads to the
lowest power density; however, a slope line at the low frequencies
of the MgFe;04 and Nig.,5Mgg.75Fe204 electrodes is closer to 90°
than Nigs5oMgo.50Fe204, NiFey04 and Nig.75Mgo.25Fe04, respec-
tively. This illustrates the better capacitance behavior of MgFe,04
and Nig.o5Mgg.75Fe204 [4] which corresponds to the specific
capacitance results of the CV and GCD measurements.

Finally, it should be noted that although pseudocapacitive ma-
terials such as Fe304, Fe203 Co304, MnOy, Ni(OH),, and NiO have a
high value of specific capacitance, they are poor at electrode
endurance especially over long-term usage. By comparing with
other works found that the maximum specific capacitance values of
the maximum value of the MgFe,04 nanoparticles in this work
(178.34 F/g) at scan rate of 2 mV/s is higher than NiFe,04 nano-
particles (127 F/g) [47], MnFe,04 nanoparticles (102.4 F/g) [48],
MnFe;04-carbon black composite material (63.4 F/g) [49], Fe304
(1.2 F/g) [48] and CoFe;04 (7.1 F/g) [48], but the values is lower than
NiFe,04 nanoparticles (1040 F/g) [50]. However, the results in this
work may be different from other works due to the difference of
particle size, surface area, electrolyte and conditions of the mea-
surement. In this work, we show that partial substitutions of Nickel
and Magnesium in mixed transition spinel ferrites (Ni;_xMgxFe,04)
nanoparticles benefit overall electrochemical performance. These
benefits are confirmed by XRD, EDX and XAS which reveal that this
substitution directly affect the electrochemical properties of ma-
terials as illustrated by their electrochemical performances. In
particular, the specific capacitances calculated from both the CV
and GCD profiles significantly depend on the ratio of Fe ions in the
structures while the improvement in cycling stability is due to the
ratio of Ni, Mg to Fe ions which vary as a result of partial substi-
tution. The most significant results were observed in MgFe,04
which had a high specific capacitance of 259.89 F/g while the
lowest specific capacitance was as low as 24.56 F/g as found in
Nig.75Mgo.25Fe204. Intriguingly, Nig.75Mgo.25Fe204 has the best
electrode stability since it retained its specific capacitance of
104.25% compared to its initial value after 1000 tested cycles. This
improvement in cycling durable ability depends on the ratio of Ni,
Mg to Fe ions because electrode stability improves with an increase
in the substitution content of Ni. Consequently, Nip.75sMgp.25Fe204
has the most durable electrode stability. However, we propose that
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