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Abstract

Because of its higher power density than other energy storage devices, such as
lithium-ion batteries, supercapacitors are suitable for applications requiring high
power bursts, but their energy density is lower than that of lithium-ion batteries and
fuel cells. Limits the possibility of its practical application. In order to simplify and
practically explore the application of supercapacitors, this study used a simple
chemical bath deposition method to grow a high theoretical volume, low cost, good
redox capacity and environmentally friendly cobalt trioxide nanowire on the substrate.
In addition, the material properties and electrochemical properties associated with this
nanostructure are also analyzed.

The results of this study have a high specific surface area of 66.33 mg-1, which is
beneficial to the insertion and electron transport of electrolyte ions, and the high
specific surface machine provides more charge storage. And the excellent specific
capacitance value of 850 Fg-1 at a scan rate of 5 mVs-1, and the long-term cycle
stability of the capacitor retention rate of 86% over 5000 cycles. Moreover, the
selection of the substrate avoids interface defects and uneven growth caused by the
adhesive.

Keyword : Chemical bath deposition(CBD) ~ C0304 ~ C0304 nanowires ~ Symmetric
supercapacitor
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Abstract

In present work, Co;0, nanowire is successfully prepared on stainless steel substrate by simple chemical bath deposition
method and studied the supercapacitor application. The prepared Co;0, nanowire is analyzed by X-ray diffraction, X-ray
photoelectron spectroscopy, field emission scanning electron microscopy and Brunauer—-Emmett-Teller techniques. Co;0,
nanowire offers high specific surface area of 66.33 m? g~! for the intercalation of electrolyte ions. Co;0, nanowires exhibit
outstanding electrochemical performance with a high specific capacitance of 850 F g™ at scan rate of 5 mV s™', and excel-
lent long-term cycling stability (86% over 5000 CV cycles). The symmetric solid-state supercapacitor device is fabricated by
accumulating two electrodes of Co;0,4 nanowire, which shows superior electrochemical performance with specific capaci-
tance of 127 F g™', specific energy of 24.18 Wh kg ™" and excellent cycling stability (85% over 3000 CV cycles).

1 Introduction

The growing energy crisis and envitonmental problems
explored many low-cost, high-performances, environmen-
tally friendly and ligh[wefght energy storage devices like
supercapacitors, Li-ion batteries for sustainable and renew-
able power sources with intensive development [1—4]. In
recent years, supercapacitors have attracted considerable
attention for emerging energy source applications such as
hybrid electric vehicles, portable electronics, regenerating
brake systems, etc. due to their favorable features of high
power density, fast charge/discharge rates and ultra long
cycle life [5]. The charge—discharge properties of super-
capacitors are faster than Li-ion batteries and their energy
density is much higher than conventional capacitors [3]. The
performance of supercapacitors is significantly depends on
the properties of electrode materials used. Carbon-based
materials and transition metal oxides are extensively used
electrode materials for supercapacitors. However, carbon-
based materials always suffer from low specific capacitance,
which restricts its consumption in growing requirements

for renewable energy storage devices and the poor electric
conductivity of some transition metal oxides also restricts
their practical use for supercapacitors [6]. Therefore, in
order to meet the requirement of supercapacitors for large
scale practical application, it is highly desirable to explore
advanced electrode material, which not only possess high
energy density but also good conductivity, improved specific
capacitance and excellent chemical stability to fulfill the
capable practical application in portable electronic devices
and hybrid electric vehicles.

The different kinds of active materials have been devel-
oped for supercapacitors, including transition metal oxides

like MnO,, WO,, M0oO,, V,05, NiO, Co;0, etc. as they
possess multiple oxidation states favorable for fast redox

reactions and enhances electrochemical performance [6-10].
Among all the transition metal oxides Co,0, is considered
as one of the better alternate materials to other hazardous

materials due to its environmental friendliness, high theo-

retical capacitance (3560 F ¢™"), controllable size and shape,

tunable surface and structural properties, good electrochemi-

cal performance in alkaline solutions due to its ability to

interact with electrolyte ions not only at the surface, but also
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throughout the bulk, low cost and favorable pseudocapaci-

tive characteristics [10]. Wang et al. [11] reported a specific
capacitance of 373 F g~' for Co;0, nanowires at a scan rate
of 3 mV s~'. Wang et al. [12] described the hydrothermal
synthesis of Co;0, nanorods with a specific capacitance
of 281 F g™ at a scan rate of 5 mV s™'. Xia et al. [13]
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fabricated hollow Co;0, nanowire arrays by seed mediated
hydrothermal method which showed a specific capacitance
0f 599 F ¢! at a constant current density of 2 mV s™'. Thus
the reported specific capacitance is less than that of theo-
retical value of 3560 F g™' to increase the value of specific
capacitance Co;0, nanowire is synthesized using chemical
method [10]. The nanowire-like morphology have higher
charge storage capacity, is attributed to the high surface to
volume ratio, plenty of edges, better crystallinity and exist-
ence of vacancy-like defects [14].

The present report focuses synthesis of Co;0, nanow-
ires on stainless steel by a simple chemical bath method
(CBD). The effects of synthesis parameters and morphol-
ogy on electrochemical properties of Co;0,4 nanowires are
systematically investigated using cyclic volttametry, galva-
nostatic charge discharge and electrochemical impedance
spectroscopy study. The portable symmetric device of Co;0,
nanowires is fabricated and its performance evaluated for
energy storage application.

2 Experimental details
2.1 Chemicals

Cobalt nitrate (Co(NO;),-6H,0), urea (CO(NH,),), and
potassium hydroxide (KOH) were purchased from Sigma
Aldrich and further purification is not required.

2.2 Synthesis of Co;0, thin film

Co;0, thin film was prepared by CBD method. 0.1 M cobalt
nitrate [Co(NO;),-6H,0] and 0.2 M urea (CO(NH,),) was
mixed in double distilled water (DDW). The cleaned stain-
less steel substrates were immersed in reaction bath, which
kept at 363 K in constant temperature water bath for 3 h.
During the precipitation of solution, heterogeneous reaction
occurred on the substrate surface leading to deposition of
Co;0, [8]. The substrate coated with Co;0, were removed
from reaction bath after 3 h, washed with DDW and dried in
hot air [9]. The possible reaction mechanism for synthesis of
Co;0, is given bellow,

CO(NH,), + 6H, O — 4NH, + 6CH,0 o)

2Co* +40H™ — 2Co(OH), | )

Firstly, Co*t is produced after Co(NO,), dissolved into
distilled water. Urea is an important molecule, which decom-
pose and release OH™ in an indirect manner. Then, Co**
is released and gradually converted into COOOH via the
chemical reaction [15]. The deposited Co(OH), thin film
further annealed at 623 K to obtain Co;0; .

@ Springer

2.3 Fabrication of Co;0, based symmetric

supercapacitor device )
A\
To evaluate supercapacitive performance of Co;0, elec-
trodes were deposited on a large area (3x3 cm_l)(ﬁcxiblc
(SS) substrate] To fabricate symmetric device using Co;0,
electrode edges were sealed with adhesive tape to avoid any
short. Then,(polyvinyl acetate (PVA)/KOH gel electrolyte
was painted on Co;0, electrodes and using two electrodes
supercapacitor device was assembled%Thc pressure was
applied on supercapacitor device to make good contact.

v

0
\

2.4 Characterization techniques

The structural study of Co;0, thin films were characterized
by X-ray diffraction (XRD) (Bruker D8, A=1.54 A). The
surface morpho]ogic;f study of electrode materials was done
by field emission scanning electron microscopy (FE-SEM),
JEOL JSM 6390. The bounding in Co;0, thin films were
studied using Fourier transforms Raman (EI'»R/amzm} spec-
troscopy. X-ray photoelectron spectroscopy (XPS) was used
to detect the oxidation sates of electrodes on Thermo Scien-
tific, K-Alpha set up. The specific surface area and porosity
were determined by Brunauer—-Emmett-Teller (BET) analy-
sis. The electrochemical measurement of Co;0, thin film
electrodes were carried out in an aqueous solution of 1 M
KOH electrolyte using three electrode system consisting of
Co;0, thin film, platinum, and standard calomel electrode
(SCE) as working, counter, and reference electrodes, respec-

Q/WJQ %' ;}} tively. Electrochemical properties of Co;0, thin film and

symmetric device were tested using automatic battery cycler

., (WBCS3000). Electrochemical impedance spectroscopy

.(EIS) measurement was performed using electrochemical
workstation (ZIVE SP 5).

3 Results and discussion
2KRD DRSSPI S B R A Al WX

Figure 1a shows a typical XRD pattern of cobalt oxide thin
ﬁlm.f’[’he XRD pattern shows the formation of polycrystal-
line cobalt oxide with cubic structure) It is seen that XRD
pattern exhibits a major XRD peak reflection along (220)
plane. Other peaks corresponding to (311) and (511) planes
are observed with low relative intensity. The absence of any
other impurity peak suggests high purity of Co,0,. The
planes are in good agreement with standard JCPDS data
file (Card No: 78-1969) of Co,0,4. Kadam et al. [16] have
obtained polycrystalline Co;0, films by spray pyrolysis
method. Shinde et al. [17] obtained nanocrystaline Co;0,
films using spray pyrolysis. The crystallite size 46 nm is
observed for (220) plane calculated by Scherrer formula [18,

+ Ttm
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Fig.3 a, b FESEM images at magnifications of x5000, and x10,000, respectively and ¢, d TEM image and SAED pattern for Co;0, thin film

TEM micrograph revealed the average diameter of cobalt
oxide nanocrystals. The corresponding SAED pattern is
shown in Fig. 3d. The blurred bright electron diffraction
rings for cobalt oxide film showed that the cobalt oxide film
is nanocrystalline. This fact is also supported by the XRD
results, where the peak intensities of cobalt oxide film were
small. The FESEM study is further supported by BET sur-
face area analysis as shown in Fig. 4.

Co,0,4 nanowire is characterized by BET measurement.
The powder sample is collected from stainless steel Co;0,
thin film{ The energy density of supercapacitors greatly
depends on available specific surface area and proper
pore size distribution as it provides more active sites for
electrolyte ions for intercalation and de-intercalation dur-
ing electrochemical redox reactions)Figure 4 presents N,
adsorption—desorption isotherms for Co;0, sample and
insect of Fig. 4 shows Barrett-Joyner—Halenda pore size
distribution plot. The N, adsorption—desorption isotherms
for Co;0, sample displays type IV isotherm. The pore size
distribution for Co,0, sample is in the range of 1-10 nm
with mean radius of 1.43 nm, which is useful for diffusion

and transportation of electrolyte ions and offer enormous
electrochemically active sites [21]. The observed surface
area for Co;0, is 66.33 m? g™, Xiong et al. [22] reported
a BET surface area of 25.12 m* g~' for Co;0, nanosheets.
Meher and Rao [23] reported the synthesis of mesoporous
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Fig.4 Nitrogen adsorption—desorption isotherm and inset show pore
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Co;0, nanowires with BET surface area of 60 m* g~'
BET surface area value obtained for the nanowires in the
present study is higher than these reported values. This
high value of surface area is favorable for better superca-
pacitor performance of the composites.

194 %
249983

(voV)

e o el

10 b

“

FH R E2ES AR 54 ePaper(2019 4F)




Journal of Materials Science: Materials in Electronics (2018) 29:16401-16409

IR B A e L St mOoRGER &

16403

{(@) (b)
Ca;l),; i

4 i .‘L
; 4 § = 51 ‘I-E
: T s §
a7 ] ! 3 2 1 ? %
2 i oS E .E
E 1 it 1 T 3
S - B

o ! :

20 40 60 80 200 300 400 500 600 700 800

20 (degree) Raman shift (cm")

Fig.1 a XRD pattern and, b Raman spectrum of Co;0, thin film

19]. The Raman scattered light was collected to form a file
containing a Raman spectrum for each individual sample
point. The computer is programmed to make a map of the
surface. This map showed the intensity of a given Raman
peak at each point. The Raman spectrum was measured
between the limit of 200-800 cm™" for the cobalt oxide films
is shown in Fig. 1b. The peaks marked by arrow at 482 and
690 cm™" are for cobalt oxide [20].

Figure 2a, b shows XPS spectra of Co;0, thin film. Fig-
ure 2a shows the satellite peaks observed at 784.2 belonged
to Co 2p,,; and at 798.1 and 803.3 are belongs to Co 2p;,
[13]. Co 2p has peaks at 784.2 eV which indicates Co>* cat-
ion species [14]. The two weak satellite peaks at 798.1 and
803.3 belongs to Co™*, which further confirms formation
of Co30,. Figure 2b shows O 1s spectrum is fixed by three

Gaussian peaks. The peak centered at 531.2 eV is attributed
to oxygen in Co;0, phase. O, peak at 531.2 eV is assigned
to surface adsorption oxygen (O™, O,~ or O) species. The
peak at 533.3 eV is generally accredited to adsorbed water
or surface carbonate [15].

Figure 3a, b shows the surface morphology of Co;0,4
thin film at magnifications of x5000, and x10,000. FESEM
images revealed that the formation of porous nanowires-like
structure of Co;0, thin film. This nanowire-like morphol-
ogy is useful for supercapacitor application. Figure 3c, d
shows transmission electron micrograph (TEM) and corre-
sponding selected area electron diffraction (SAED) pattern
of cobalt oxide film.|From Fig. 3c it shows that the film is
composed of agglomeration of nanocrystals which confirms
the nanocrystalline natureXof annealed cobalt oxide ﬁlms.)
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Fig.2 XPS spectrum of a Co 2p, and b O Is core levels of Co;0, thin fi
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observed in the CV curves of Co;0, which results from
reversible transition among Co;0,, CoOOH, and CoO,.
The corresponding redox reactions are given below [24].

Co30; + OH™ + H,0 < 3CoOOH + ¢~ 3)

CoOOH + OH™ « Co0, + H,0 + e~ 4)

The specific capacitance according to CV curves at dif-
ferent scan rate is calculated from the following formula,

: X 1) d
2 Ll Do .
mv (Vimax — Vmin)

Vmin

s

®)

where C, is the specific capacitance (F g™'), m is the mass
of deposited material (g), V,,ux = Viyin 18 the potential win-
dow (V), I is the average current for unit area dipped in
the electrolyte. Figure 5b represents the specific capaci-

tance according to CV curves at different scan rates. The
maximum specific capacitance of 850 F g~ is obtained at

The long-term cycling stability is essential requirement
for practical application of supercapacitor. Therefore, the
cycling stability of Co;0, electrode is tested in the potential
range of — 0.2 to +0.45 V/SCE at a scan rate of 100 mV s™'
by repeating 5000th CV cycles. The corresponding CV
curves for 1Ist, and 5000th cycles are depicted in of Fig. 5e.

Figure 5f shows that Co;0, electrode exhibits capacity

retention of 86% over 5000th CV cycles. The CV curve
for 5000th does not show change in shape which reveals
excellent electrochemical stability with good rate capability.
Overall, the superior electrochemical properties of Co;0,
electrode are mainly due to the unique hybrid structure with
large specific surface area and mesoporosity that facilitate
charge transport process more prominently. The open struc-
ture of this Co;0,4 nanowire is excellent for easy accession of
electrolyte ions and electron transport during electrochemi-
cal reactions. Also, the direct growth of nanowire on stain-
less steel without use of binder and additives reduces the

scan rate of S mV s~'. Tt is observed that the Cs of Co,0,
nanowire decreases with the increase of scan rates from 5
to 100 mV s™'. The Cs observed for is higher than that of
Co;0, nanowire synthesized by hydrothermal method [12,
13]. This is mainly due to the insufficient charge transfer and
limited diffusion of electrolyte at active electrode material
which is not adequate to satisfy the electrochemical reac-
tions at higher scan rates [20].

The GCD measurement is further performed to get more
information about electrochemical properties Co;0, elec-
trode. Figure 5c presents GCD curves of Co;0, electrode

at different current densities of 2, 4 and 6 mA cm . The
discharge curves deviate considerably from the straight
line, which indicates that capacitance is mainly due to the
faradic redox reactions, suggesting typical pseudocapaci-
tive characteristic of Co;04 electrode [11]. The specific
capacitance from discharge curves for different current
densities is calculated from following equation,

1, x T,

CS=AVX m

(6)
where AV is the potential (V), I is the discharge current
density (mA cm™2) and Ty is discharge time (s). The plot of
specific capacitance at different discharge current density

other undesirable interfaces and defects in the nanostructure
[22]. This ensures the utilization of all active material in the
electrochemical redox reactions, thus enhancing the electro-
chemical performance.

EIS technique is used to understand the electrochemi-
cal behavior of an electrode material in an electrolyte. A
Nyquist plot is the plot of the imaginary component (Z") of
the impedance against the real component (Z') in the fre-
quency range of 1 Hz—1 MHz, as shown in Fig. 6a./The
Nyquist plot shows a small semicircle at higher frequency
regions, which can be attributed to the charge transfer pro-
écsijS]. The equivalent series resistance (ESR) is cal-
culated from the X-intercept of Nyquist plot, and ESR of
Co;0, electrodes is 0.7 Q. At the low frequency range, the
straight line nature is attributed to the ion diffusion in the
electrolyte is Warburg impedance [24]. It is observed that,
R; corresponds to the resistance of the electrolyte (0.7 Q)
which is independent of the frequency and R, is the charge
transfer resistance (2.4 Q). The phase angle at a higher fre-
quency range is inferior because of the ionic resistance of
electrolyte corresponds to lower capacitance (Fig. 6a). Phase
angle reaches toward — 90° at lower frequency range denote
capacitive behavior of Co,0, electrode (Fig. 6b). Overall
performance of Co;0, electrode shows promising positive
electrode material for SSSCs device.

is shown in Fig. 5d. The maximum specific capacitance of

825 F g~ is obtained at a current density of 2 mA cm™2. The
specific capacitance gradually decreases with the increase
of discharge current density. This is due to the increase of
potential drop and only outer active material involved in
electrochemical redox reactions at higher current densities
[21]. This clears that Co;0, electrode demonstrate supe-
rior rate capability, revealing its potential for supercapacitor
application.

@ Springer
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3.2 Electrochemical properties of Co;0, symmetric
solid-state (SSS) supercapacitor device

Figure 7a shows the effect of scan rate on supercapacitor
properties of Co;0,4 SSS device is studied within the poten-
tial window of —0.8 to +0.8 V. The current density under
curve CV-curves is slowly increased with scan rate [25].
This shows that voltammetric current is directly proportional
to scan rate of CV, which is one of pesdocapacitive behavior
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3.1 Electrochemical properties of Co;0, electrode

Furthermore, to evaluate electrochemical behavior of
Co;0, electrodes for supercapacitors, cyclic voltammetry
(CV) and galvanostatic charge-discharge (GCD) meas-
urements were performed in 1 M KOH aqueous solution
using conventional three electrode system at room tem-
perature. Figure 5a shows the CV measurement of Co;0,

electrodes in a potential window of from —0.2 to +0.45 V/
SCE at scan rates of 5-100 mV s, respectively. The area
integrated inside CV curves increases with the increase
with scan rate. The CV curves of Co;0, electrode shows
peaks in curves which indicate psudocapacitive nature of
Co;0, electrode [15]. From CV curves it is seen that the
area under the curves increases with the increase of scan
rate from 5 to 100 mV s™'. Two sets of redox peaks were

(a) 160 — Vs (b) oo
804 — 1omvs' - 8504 @
& — 20mys’ ) %
] 601 — somvs’ = 3004 \
4 100mvs’ @
% i~ —
T 204 s C)
= ‘S 7004
g 04 g
- & 6504
2 -204 :
E 404 g 6004
= 3
O 604 g‘ . 550
w
80 T T T T T T T T 500 ¥ ¥ v v T T
-300 -200 -100 0 100 200 300 400 500 o 20 40 60 l80 100
Potential (mV/SCE) Scan rate (mVs™)
(c) (d) s00
4004 — 2mAcm™
o — 4mAcm —; 9,
3 —GmAcmﬁ v 8004
(2} - @
> 2004 2
£ 8 ?
Y S 7004 \
5 g .
S o o
= 5 e,
@
o
"
e 500 - , .
0 10 20 30 40 5 6 70 80 2 4 6
() Time (s) " Current density(mm:m—z)
& o
1004
g 601 1eyeie o,
< th = =0 ¢
E 304 5000 cyde :ao.
E’, S
2
Z 04 § 604
s e
[ d
= -30- 2 409
: 2
204
5 -601 3
T T T T ™ 0 ¥ - T -
030 -0.15 0.00 0.15 030 045 1000 2000 3000 4000 5000

Voltage (V/SCE)

Fig.5 a CV curves at various scan rate, b variation of specific capac-
itance with scan rate, ¢ GCD curves at various current density, d vari-
ation of specific capacitance with different current density, e stability
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Cycle Number

study at 100 mV s~ scan rate, f capacitive retention at different cycle
number of Co;0 thin film
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[26]. The variation of specific capacitance with scan rate
is shown in Fig. 7b which reveals that Co;0, SSS device
exhibit maximum C; of 127 F g™ at scan rate of SmV s™".
The high C, value is observed due to nanowires-like mor-
phology of Co;0, electrode [27].

GCD study for Co;0, SSS device is performed at dif-
ferent current density within constant potential window
of —0.8 to 0.8 V. Figure 7c¢ shows GCD curve divided in
to two parts, st is resistive part arises due to the sudden
voltage drop shows internal resistance (IR), and second
part is capacitive related to voltage change with respect

to change in energy within the capacitor [28]. The C, of
symmetric device is 112 F g™" at current density of 6 mA.
The change in C, of symmetric device with current density
is shown Fig. 7d. Ragone plot of specific energy (SP) and
specific power (SE) is shown in Fig. 7e. Evaluated val-
ues of specific energy and specific power for Co;0,4 SSS
device are 24.18 Wh kg™', and 8.50 W kg™'. Figure 8a
shows the cyclic stability of Co;0, SSS device at scan
rate of 100 mV s™' for 3000th cycles. Co;0, based SSS
device shows stability of 85% over 3000 cycles (Fig. 8b).
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It indicates that the material behave reversibly as an excel-
lent capacitor material for large number of cycles [29].
EIS technique is used to study the electrochemical behav-
ior of Co;0, SSS device. Figure 8¢ shows Nyquist plot con-
sisting of imaginary impedance component (Z") against the
real impedance component (Z') in the frequency range from
1 Hz to 1 MHz for Co,0, SSS device. Nyquist plot obtained
is divided in to low and high frequency regions. In the high
frequency region, it shows indistinct semi-circle indicating
good supercapacitive behavior [30]. The observed equivalent
series resistance (R;) and charge transfer resistance (R,,) of
1.85 and 1.34 Q cm™>, respectively are determined from
Nyquist plot. Figure 8d shows Bode plots which show the
phase angle of 62°. The phase angle tends to 90° confirms
supercapacitor behavior of Co,0,4 SSS device [31].

4 Conclusions
The nanowires-like structure of Co;0, thin film is depos-

ited on stainless steel substrate with simple chemical bath
deposition route at different deposition temperatures. Co;0,

@ Springer
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t different cycle number, ¢ Nyquist plot and, d Bode plots of phase angle

thin film deposited at 363 K shows high crystallanity, and
nanowires-like morphology, which is useful in energy stor-
age application. The electrochemical storage performance
of Co,0, electrode is studied in 1 M KOH electrolyte which
shows high specific capacitance of 850 F g™ at S mV s~'.
The symmetric supercapacitor device shows high energy
density of 24.18 Wh kg™,
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TR B T FeRutn XIS asiroments Tor e U0 2 (4) 485 O T8
) coee Sevels for the Co/0, namembosts

about 0.46 nm corresponds 1o the value of the (111) planc of
cubic Co,0,. which is in agreement with the powder XRD
result

To investigate the speaific surface arcas and the porous
nature of the Coy0, nanosheets and microspheres further,
Brunavcr-Emmett-Teller (BET) gas sorption measurements
were Nitrogen isotherms
of these porous nanostructares are shown in Figure 8, and
the inscts illustrate the corresponding Barreti-Joyncr-Ha
lenda (BJH) pore size dstribution plots. These sotherms
can be categorized as type IV, with a distinct hysteresis loop
observed in the range 0.5-1.0 pip, (Figure 8). The BET spe-

cific surface arcas and micropore arcas of the samples were
2512 and 280 m'g ' for the Coy0, nanoshects and 21.53
and 129m'g for the Co0, microspheres, respectively,
which shows that there is clearly a difference in the specific
surface arca and the micropore arca between the two types
of morphology. The average pore diamcters were 26.7 and
235 nm, respectively, according 1o the BII plots caleulated
from the nitrogen isotherms of the porous Co,0, nanoshects
and microspheres and indicate that all of the samples con
tain mesoscale pores. The results arc in good agrecment
with the value detcrmined by the high-magnification TEM
obscrvations discussed above. The mesoporous Co,0, nano-

Tiguee 7. 3)-8) FESIM images of mesopore Co0, namcabocts, ) amd
1) FESEM images of Con, microngheres, g) & high-magnifica-
Goa TEM image of & single Co,0, nannboet, snd ) snd §) the coere-
spoading high-resolution trammision cloction microscopy (HRTEM)
and (st Fourice tramform cloctron diffraction (FFTED) patiers of the
individual mesoporous Co,0), ausosheet

structures could reduce tramsport limitation in catalysis,
leading 10 higher activitics and well-controlied selectivity,
and have potential spplications in the fickd of surface
catalysis
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curbonate crystallites and induce the growth of munowire  presence of aggregates of platche puticles with sbt shape
structores. Since the initially formed crystallites pores." This i further verified from the BJH pore size distribo-

eswentially
detcrmine the nanowire dimensionality, the method of beating tion plots in Figure 4B which clearly show that the pores are in
employed in the synthesis can have immense offcct on the  the micro and meso size region with multimodal and bimodal
th ‘balt-hydroxide-carbon: 1

ks o the re mchod i the conventins st respectively. The pore sise dutribution muxiems of the Co,0¢

treatment_approach, cobalt hydroxide-carbooate crystallites e sample are centered at ~3 and 2 nm and that of the Co, O
form ndauk-«a&cnmpo««kmm ref sample at ~3, 8, and 18 am. The higher mesopore fraction in
the sarfactant cestricts the three-dimensional agglomeration  the Co,Oemw xample can simultancomly be established from
and peomstes o of ptal the of N, atthe (p/p,) = 09~ 10 for
u«m h Co.Om-mwudtho.O.tdm*m*m
. I the microwave-encdisted synthesis, otherms """ The multimodal porosty of the samples i 4
mbulkk-pumelmsm dierent as compared contribution from varous factors such as

pocosity,

to the conventional heating process.”**" This is doe to 2 unique -mmumnmwmw.iu,o

m«&mzmmmuhuu and CO,
4 ,

8 olmhmnﬂ
«mdu&vm-«h-‘mﬂmﬁm“‘ does not affect the crystalline continuity of the Co,0, nanowire
This doc to hiy dth <cobalt-hydeosddo-carbo-

high
of - The BET sarface ares of the Co, O ref and
tribute to the formation of moce crystalline cobalt-hydraxide-
carboaste in miccowave synthess as observed @ the XRD
mly\- (Fi;nu 1A Fm.’&:z:n the localred heating TG analysss (Figere IB":hl &:gﬂw:

arborate coytalies s ol v ghly bghe
P s P :

o;a-«pcm‘mmnwbyh_ebar erating more surface asea and pore volume i the Co,0,-mw

b of th sample d 10 the Co,0ref sarmple.™** However, the
mdrmm»mmdh@a of
siomaliy, Further, due to the creation of localized “hot surface™ 10 nm and 2 lower fraction of mesopores beyond 10 nm in the
on the unprotected tp of aumowires the microwave CoyOprel - to the CoOpmw
e e s £ B BT oo e e

sixdment/agrepion to prodece Menedical prves spce and pore volume of Cor Oy ref sample. "
the cffect

Th o the manowires on their bind energy states, cptical
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PR EARARIRE LIRS AR A RS LSO NUE - L
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REGARA A NUERASTARESS LNACAAALS
KARAZE RAMAREEMESE XELANAAKATL
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