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ABSTRACT: Cobalt hydroxide (Co(OH),) has received extensive attention for its
exceptional splendid electrical properties as a promising supercapacitor electrode
material. Co(OH), study so far prefers to crystal instead of amorphous, in spite of
amorphous impressive electrochemical properties including the ability to improve the
electrochemical efficiency based on the disorder structure. The amorphous Co(OH),
nanostructures with excellent electrochemical behaviors were successfully synthesized by
a simple and green electrochemistry. Our as-prepared Co(OH), electrode exhibited
ultrahigh capacitance of 1094 F g™' and super long cycle life of 95% retention over 8000
cycle numbers at a nominal 100 mV s™' scan rate. The united pseudo-capacitive
performances of the amorphous Co(OH), nanostructures in electrochemical capacitors
are totally comparable to those of the crystalline Co(OH), nanomaterials. These findings
actually open a door to applications of amorphous nanomaterials in the field of energy

storage as superior electrochemical pseudocapacitors materials.
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With the continuous growth of demand for energy, there
is an urge to develop new type of energy storage devices
with high power and energy density."” Supercapacitors or
electrochemical capacitors, as a new type of energy storage
devices, have stimulated considerable interest recently for their
desirable properties including short charging time, super-long
cyclic lifetime, high power density, and low maintenance
cost.>® Considering the charge storage mechanism of
supercapacitors, two kinds can be determined, one is electrical
double-layer capacitors (EDLCs) and the other is pseudocapa-
citors.’ Although EDLCs such as carbon-based EDLCs have
long-term electrochemical stability, their charge mechanism
limits their specific capacitances in a range of low values (lower
than 300 F g™').” Contrarily, pseudocapacitors exhibit hi%her
specific capacitances through surface redox reactions.'®”"
Excellent redox reaction capability of electrochemical electrode
materials can improve the performance of energy storage
device. Transition metal hydroxides such as cobalt hydroxide
(Co(OH),) have attracted intensive attention to investigating
the performance of crystalline nanomaterials with three-
dementional architectures as advanced pseudocapacitors
materials.'*"'* However, electrode materials with amorphous
phase are usually evaluated to be unsuitable for electrochemical
capacitors because of poor performance.'>'® As a matter of fact,
amorphous nanomaterials have rather unique electrochemical
behaviors.'” In this contribution, the amorphous Co(OH),
nanostructures have been fabricated by a simple, facile, green,
and low-cost electrochemistry technique,'® and the amorphous
Co(OH), electrochemical behaviors have been investigated.
Interestingly, our measurements demonstrate that our as-
prepared amorphous Co(OH), nanostructures exhibit excellent
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electrochemical performances with ultrahigh capacitance (1094
F g™') and super-long cyclic lifetime (95% retention over 8000
cycle numbers), which are totally commensurate with that of its
crystalline phase materials. Thus, these results substantiate
amorphous nanomaterials applications as advanced electro-
chemical pseudocapacitor materials.

The amorphous Co(OH), nanostructures are synthesized on
a graphite flake (10 X 10 mm in size) by a unique
electrochemistry technique in high-purity deionized water
without any chemical additives.'® A pure cobalt target is placed
on the center of a chamber bottom. The fabrication is carried
out in a constant voltage of 100 V for 1.5 h and the fabrication
is performed at room temperature. Before the experiment, the
cobalt target and graphite flakes should be cleaned with ethanol
and water several times. The detail experiment and the
formation mechanism can be seen in our previous paper.17

The structural properties of the amorphous cobalt hydroxide
electrode materials are characterized by field-emission scanning
electron microscopy (SEM) (JSM-6330F), transmission
electron microscopy (TEM) and selected area electron
diffraction (SEAD) (JEM2010-HR, 200 KV), X-ray photo-
electron spectroscopy (XPS) (ESCALab250, Thermo VG), IR
spectroscopy (EQUINOX SS), and Raman spectroscopy
(Renishaw inVia). We can calculate the mass of prepared
samples according to the gravimetric cobalt, which can be
measured by inductively coupled plasma-atomic emission
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Figure 1. (3, b) SEM images of the as-synthesized amorphous Co(OH), nanostructures on graphite electrodes, (c) TEM images of the sample and
the corresponding SAED pattern, and (d) XRD patterns of the products.

spectrometry (TJA, IRIS-DUO-HR). Cyclic voltammetry (CV)
and galvanostatic charging/discharging tests are carried out on
a CHI 660D electrochemical workstation in a three-electrode
system to characterize the electrochemical capabilities of our
amorphous Co(OH), electrode. A Pt foil and a saturated
calomel electrode (SCE) are treated as counter electrode and
reference electrode, respectively. The electrochemical tests are
conducted in 1 M KOH solution.

A typical SEM image with low-magnification in Figure la
shows the entire surface of our as-synthesized sample. From the
SEM image with high magnification in Figure 1b, we can see a
single flowerlike particle with diameter of about 500 nm and a
wrinkled surface. In other words, the as-synthesized nano-
particles possess a three-dimensional surface. Further morpho-
logical characterizations of the flowerlike nanoparticles are
carried out by high-resolution TEM (HRTEM). As shown in
Figure 1c, HRTEM images reveal high-density wrinkled
surfaces. The inset of Figure lc, the corresponding SEAD
pattern taken from the areas in Figure 1c, shows a broad and
diffused halo ring, definitely suggesting an amorphous phase. In
addition, X-ray diffraction (XRD) pattern is used to character-
ize the structure of the as-synthesized sample. Figure 1d shows
the XRD patterns of as-prepared samples (black line) and the
blank graphite substrate (red line), which reveals no proof for a
crystalline phase since no other extra peaks appeared in the
XRD of Co(OH),/graphite.

XPS, a reliable technique, is usually used to investigate the
atoms chemical states of material surface by measuring the
binding energy. In our case, XPS is used to study the chemical
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states of compounds. Figure 2a shows the complete survey XPS
spectrum of the as-prepared sample. Three main peaks, C 1s, O
1s, and Co 2p, are exhibited in the spectrum. These results thus
suggest our prepared sample is pure without chemical
contaminations. The peaks located at 284.5 and S31.5 eV can
be attributed to the characteristic of C 1s and O 1s representing
the bound hydroxide groups (OH~), corresponding to the
previously reported works.””™>' The high-resolution XPS
spectra of Co 2p the sample is shown in the inset of Figure
2a. Two binding energies located at 781.12 and 786.3 eV in the
Co 2p XPS spectra correspond to Co 2p3/2, yielding a
characteristic of the Co>" state, which matches with the
previous reference.'” Therefore, XPS spectroscopy studies
reveal the Co(OH), phase formation with amorphous
nanostructure.

To further confirm the XPS analysis, we examined the
composition of the as-synthesized sample by Raman spectra in
the range of 100—1000 cm™' (Figure 2b). Clearly, six broad
peaks located at 191, 463, 482, 519, 579, and 689 cm™ can be
found. These peaks are in agreement with those reported by
Yang et al."’ The strongest band at 519 cm™' is due to
vibrations of the Co—O (Ag) symmetric stretching mode.'***
In addition, the band of 579 cm™ corresponding to the Co—O
stretching mode is broadened comparing with the crystalline
phase'? since disorder structures within the amorphous phase.
The bands at 463 and 482 cm™' can be attributed to an O—
Co—0 bending mode. Furthermore, the 463 cm™" peak can be
observed at 431 cm™' in the IR spectrum (Figure 2c). The
peaks of 689 and 191 cm™" can be attributed to the Ay, and E,
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Figure 2. (a) XPS spectra and corresponding high-resolution XPS
spectra of Co 2p and (b) Raman and (c) IR spectra of the amorphous
Co(OH), nanostructures.

mode, respectively. Compared with the crystalline phase, the
bands of amorphous Co(OH), are broaden and shifted with a
small range. A large number of disorder and defects are
distributed in the amorphous Co(OH),, and the disorders and
defects can be result in Raman band shifts.

IR spectroscopy is carried out over a range of 400—4000
cm™ to further verifies the chemical species of the amorphous
sample. The IR spectrum of our prepared samples (Figure 2c)
displays some peaks at 431, 515, 582, 939, 1363, 2850, and
2919 cm™. The bands located at 431 and 939 cm™ are due to
an in-plane Co—O—H bending vibration and OH deformation
mode, respectively. The bands of 515 and 582 cm™ are
attributed to Co—O stretching vibrations."”” The 1363 cm™
band is assigned to the vibration vc_q of the absorbed CO,
molecules.'” Those bands are shifted and broadened due to the
amorphous phase containing lots of disorder and defects. The
2919 and 2850 cm™' may be caused by the infrared active
vibrations of the absorbed H,0.>*">* On the basis of the above
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results and analysis, the amorphous Co(OH), with flowerlike
nanostructures are fabricated successfully in our work.

To investigate the charge storage mechanism and electro-
chemical performance of the as-synthesized amorphous Co-
(OH), nanostructures, we employed cyclic voltammetry (CV)
measurement in alkaline electrolyte with a three-electrode
system. Typical CV curves for the amorphous Co(OH),
electrode at a series of scan rates (1—100 mV s™') with
potential range of —0.2 to 0.4 V are presented in Figure 3a. It
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Figure 3. (a) CV curves, (b) specific capacitance of the amorphous
Co(OH), nanostructures, and (c) CV curves of the blank electrode at
various scan rates.

can be easily found that CV curves contain two pairs of
prominent redox peaks. The curves’ shape suggests that the
capacitance of amorphous Co(OH), is faradic pseudocapaci-
tance, produced by the redox reactions near the electrode
surface. For electric double-layer capacitance, produced by the
charge separation at the interface between electrolyte and
electrode, the shape of CV curve would be close to rectangular.
High redox current and obvious redox peaks imply excellent
pseudocapacitive behavior for the amorphous Co(OH),
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electrode. According to the literature, Faradaic redox reactions
occurring on the surface of Co(OH), electrode can be
described as follows'>'*?¢

Co(OH), + OH™ < CoOOH + H,0 + e~

CoOOH + OH™ < Co0O, + H,0 + ¢~ (1)

The characteristic symmetric of the anodic and cathodic peaks
suggests excellent electrochemical reversibility for Co(OH),
nanostructures as active electrode. It can be easily found that
the CV curves perform little alteration in shape with increasing
scan rate, which suggests excellent electron conduction within
nanoparticles. As the scan rate increased, the cathodic and
anodic peaks shifted in more negative and positive potential as
a consequence of the internal resistance of the electrode. We
can estimate the specific capacitance C (F g™") by the following
formula®’

1 Ve
mu(V, = V,) fv v (2)

where v (mV s7") is the potential scan rate, m (g) is the active
material mass, I (A) is the response current density, and V, (V)
and V, (V) are the starting and ending potential, respectively.
The Co(OH), nanostructures are deposited on the graphite
substrate with a loading density of 0.124 mg cm ™2 Thus, the
specific capacitance at a scan rate of 1 mV s™" is estimated to be
1094 F g_l. When the scan rate increases to 100 mV s, the
obtained specific capacitance is 435.4 F g~', which represents
only a 60% decrease of that at a low scan rate of 1 mV s™". A
series of specific capacitances calculated from CV curves of
Figure 3a are presented in Figure 3b. It can be easily found that
the capacitance is negative correlated with the scan rate, i.e., the
capacitance increases with the decrease of the scan rate. The as-
prepared amorphous Co(OH), exhibits excellent electro-
chemical performance with high-rate competence and high
capacitance. This phenomenon is caused by the limitation of
the electrolytic ions diffusion and migration within the active
electrode effectively at high scan rates.'” Moreover, the
capacitance obtained in our work is higher than that of the
reported crystalline Co(OH), nanomaterials such as graphene-
Co(OH), nanocomsites (972.5 F ¢7')*® and Co(OH),
nanowire (624.5 F g™').%

Figure 3c displays the electrochemical behaviour of blank
graphite electrode without any samples deposited. The current
density of the graphite is about ~0.004A g~'. Compared with
the value of ~90 A g~' produced by the amorphous Co(OH),/
graphite electrode, the value of ~0.004A g~' can be neglected.
In other words, the magnified capacitance resulting from the
graphite substrate (0.180 g cm™) can be ignored.

The galvanostatic charge—discharge measurement is another
dependable technique to investigate the electrochemical
capacitive behaviour. Figure 4a illustrates the charging-
discharging curves of the amorphous Co(OH), nanostructures
at various current densities (16.7 to 50 A g™*) with a potential
widow from —0.2 to 0.4 V. It can be easily found that charging
curve is in nearly symmetrical relationship with its correspond-
ing discharging curve, which implies the excellent reversibility.
These results thus substantiate the result of the CV curves. The
specific capacitance can be estimated by the following
equation13

1At
mAV
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Figure 4. (a) Charge—discharge curves of the amorphous Co(OH),
nanostructures at various current densities (ranging from 16.7 to 50 A
g™") and (b) cycle performance of the amorphous Co(OH), sample
measured at a scan rate of 100 mV s™* for 8000 cycles.

where AV (V), m (g), At (s), and I(A) are the potential drop
during discharge, active material mass, discharge time and
discharge current, respectively. The specific capacitances
calculated from the charge-discharge curves (Figure 4a) are
621,512, and 475 F g~ at 16.7, 33.4, and S0 A g, respectively.
It can be easily concluded that the capacitance is in negative
correlation with the current density.

Taking account of the superior cycling stability, a require-
ment for high-performance electrochemical capacitors, a cycle-
life measurement was performed on our amorphous Co(OH),
electrode. The cycle capability of our Co(OH), sample at 100
mV s™' scan rate for 8000 cycle numbers are presented in
Figure 4b. Afterwards, the specific capacitance loss after 8000
consecutive cycles is negligible (about 5% loss), which indicates
an superior long-term cycling-life for our amorphous Co(OH),
sample. Additionally, this value is highly comgarable to that of
the reported crystalline Co(OH), materials.'*"*

Thus, these results above demonstrate that the amorphous
Co(OH), nanomaterials are promising materials as positive
electrode in electrochemical pseudocapacitor because of their
high specific capacitance and excellent electrochemical stability.

We consider the following reasons for the amorphous
Co(OH), nanostructures having excellent electrochemical
properties because the electronic conductivity and surface
structure of materials impact their electrochemical capabilities.
The first point is the pure surface of our as-prepared samples,
which can make Co(OH), interact with electrolytes effectively.
The next point is that the three-dimensional surfaces for these
nanostructures present a larger specific surface area than that of
the smooth nanospheres. High specific surface area can help
electrolytic ions in solution to be adsorbed on the electrode.
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The third point is the amorphous structures. In fact, the
disorder structures in cobalt hydroxide could greatly improve
the electrochemical efficiency.’® Additionally, a material having
poor crystallinity or amorphous phase may result in more
transportation channels than that of a highly crystalline one.
Lastly, the flowerlike Co(OH), nanostructures are self-
assembled on the graphite substrate directly, which can lead
to splendid electrical conductivity between nanoparticles and
the substrate, and that is favorable to the electrolytic ions
diffusion and migration.

In conclusion, we have successfully fabricated the amorphous
cobalt hydroxide nanostructures with three-dimensional surface
structure by a simple and green electrochemical approach, and
demonstrated that the as-prepared amorphous cobalt hydroxide
nanostructures possess excellent electrochemical performance
with ultrahigh specific capacitance and super-long cycle life as
promising positive electrode materials for pseudosupercapaci-
tors. Importantly, their integrated electrochemical perform-
ances in supercapacitors are totally commensurate with those of
the cobalt hydroxide materials with crystalline phase. Therefore,
the results in our study actually open the door to applications of
the amorphous Co(OH), nanomaterials in constructing high-
performance electrochemical capacitors as well as other energy
storage devices.
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