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Olivaceous two-dimensional (2D) multi-layer graphene-like
Co030,4 thin sheets (CQU-Chen-Co-O-1) with vertically
aligned nanosheet as basic building units were first prepared
on a large scale by direct hydrothermal decomposition of the
mixed aqueous solution of cobalt (II) nitrate and acetic acid
without the assistance of any template or surfactant. The
resulting products exhibited excellent pseudocapacitive
performance with high specific capacitance of 1752 and 1862
F-g'at5mV-s' and 1 A-g”, respectively, as well as good rate
capability (63.64% capacitance surplus) and high cycling
performance (99.5% surplus after 2000 cycles).

1. Introduction

With the expense of resource, energy depletion and
environmental pollution, urgent attention has been focused on
clean and green energy storage and conversion technology,
especially clean and high efficient electrochemical energy
storage devices." Among which, supercapacitors (SCs), also
known as electrochemical capacitors (ECs), have been
regarded as a promising electrochemical energy device due to
their high power density, fast charge and discharge capability,
high specific capacitance, long cycle life and excellent
cycling stability.” In general, major electrode materials
reported for SCs are divided into three types including carbon
mateials, metal oxides/hydroxides and conducting polymers.’
Carbon-based materials utilize the capacitance from
electrochemical double layer SCs (EDLCs) arising from the
electrostatic adsorption of eletrolyte ions on the surface of
active materials. In contract, metal oxides/hydroxides and
conducting polymers store charge by pseudocapacitors (PCs)
through faradaic process associated with surface or near-
surface redox reaction. In general, PCs can provide higher
capacitance values than EDLCs owing to fast redox reaction
and the performance of PCs largely depends on the electrode
materials.

Because of their unique structures, excellent properties
and potential applications in adsorbent, separation, catalysis
and energy storage, transition metal oxides with micro- and
nano-structures have attracted a great deal of attention over
the past decade. Among various transition metal oxides
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available for SCs, Co030, is one type of attractive electrode
materials for PCs due to its low cost, environmental
compatibility and especially high theoretical specific
capacitance, as well as well defined electrochemical redox
activity.” Recent research results indicate that the specific
capacitance of Co3;0, electrode is critically dependent on their
surface and crystalline property for the
pseudocapacitors store charge in the first few nanometers
from the surface.>® And many solid state and solution
strategies have been explored to prepare various two-
dimensional (2D) and 3D complex Co30, nano-architectures
for PCs, where the building blocks are nanoparticles,
nanowires or nanosheets with diameter tens and hundreds of
nanometers. And fine controlling the nano-architectures of
Co0304 will combine the features of micro- and nanostructures,
which will improve the interface contact efficiency between
active sites and electrolytes, serve as reservoirs for electrolyte
ions to facilitate electrons and ions transport, and provide
spaces for volume expansion during the cycling process.>®
Recently, it was reported that 2D thin nanosheets with porous
structure is favorable to efficient ion and electron transport,
and can better accommodate the structure change in
electrochemical reaction.” By two steps of ionothermal and
annealing, mesoporous Co3;0, sheet is obtained, which
displays a specific capacitance of 238.4 F-g™' at 2 A-g™'.®
Porous Co03;0, sheets which exhibit a maximum specific
capacitance of 288 F-g™' at 1 A-g™' can be fabricated by an
alternating voltage induced method.” Ultralayered Co;0,
structures with high porosity and specific capacitance of 548
F-g' at 8 A-g' have been synthesized by a facile
homogeneous precipitation process under hydrothermal
conditions.!® More recently, sub-3 nm Co0;0,4 nanofilms with
maximum specific capacitance of 1400 F-g™' at 1 A-g™' are
prepared via a nonsurfactant and substrate-free hydrothermal
method."" Up to date, the urgent demand is to develop high
quality 2D Co30,4 thin sheets with nanostructures in high
volumes by means of simple methods without the assistance
of any template or surfactant to create PCs with high
performance.

Herein, a simple route for 2D multi-layer graphene-like
Co030, thin sheets (CQU-Chen-Co-0O-1) with vertically

structure
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Fig. 1 Schematic illustration of the hydrothermal synthesis of the CQU-Chen-Co-O-1 from the mixed aqueous solution of cobalt (II) nitrate and AA and
s corresponding digital photography of the samples (a-c) in 50 ml beaker after hydrothermal reaction.

aligned nanosheet as basic building units was developed by
direct hydrothermal decomposition of the mixed aqueous
solution of cobalt (II) nitrate hexahydrate (Co(NOs), 6H,0)
1wand acetic acid (AA). The as-prepared products exhibit
olivaceous sheet-like structures on a large scale in solution
with digital photography in Fig. la-c. The CQU-Chen-Co-O-1
could be ideal candidates suitable for constructing energy
storage devices with the advantages as follows: the 2D and
153D complex nano-architectures could make it easier to
establish stable contacts for better electron transportation in
the electrochemical electrodes and the high porosity of the
materials composed by vertically aligned nanosheets
generated on their surfaces may further offer efficient
20 pathways for ion diffusion. The electrochemical properties of
the materials are therefore evaluated by using them as
building blocks to fabricate SCs.
The simple and facile hydrothermal process like our recent
report for CQU-Chen-OA-Co-1-1'* is  schematically
25 illustrated in Fig. 1. All the regents were purchased from
Sinopharm Chemical Reagent Co. and used as received
without further purification. Co(NOs3), 6H,0 as the source of
cobalt, AA was used as the organic carboxylic acid, and
Water as the solvent. In a typical procedure, 1 M
30 Co(NO3),"6H,0 and 2 M AA in water solvent are first mixed
under ultrasonics and mechanical agitation for half an hour
and then hydrothermally treated. All the reactions were
performed in Teflon-lined stainless steel autoclaves (50 mL)
with a filling rate of 60 %, which was maintained at 200 °C
3s for 24 h and then cooled to room temperature naturally.
Olivaceous products were collected by centrifuging and
washed with water and absolute ethanol several times.
Subsequently, these precipitates were frozen for 2 h followed
by freeze-drying overnight. Impressively, the as-obtained
40 CQU-Chen-Co-0O-1 exhibited high specific capacitance and
remarkable cycling stability as an electrode material for SCs.

Hydrothermal

Solution C CQU-Chen-Co-0-1

200°C 24 h

2. Results and discussion

The crystal structure and phase purity of the CQU-Chen-
Co-0O-1 are investigated by X-ray powder diffraction (XRD)
ss as shown in Fig. 2a. Almost all the diffraction peaks at (111),
(220), (311), (222), (400), (422), (511), (440) and (531) of the
product can be indexed to the standard Co;0, crystal structure
(sys: Cubic, lattice: Face-centered, cell parameters: a = 8.083
A, JCPDS card no. 42-1467). As shown in Fig. 2b of the
so crystal structure, Co304 is a normal spinel based on a cubic
close-packing array of oxide ions where one-eighth of
tetrahedral interstices are occupied by high-spin Co”* ions,
and one-half of octahedral interstices are occupied by low-
spin Co®" ions at room temperature.'® Fig. 2c and S2 display
ss the Raman spectra of the products. Three obvious peaks are
located at 460, 506, and 658 cm!, which are correspond to
1E,, Fzg1 and 1 A;, Raman active modes of the Co30,4. The
phonon symmetries of the Raman peaks are caused by the
lattice vibrations of the spinal structure, in which Co®" and
o Co®" cations are situated at tetrahedral and octahedral sites in
the cubic lattice." In addition, the composition of the as-
prepared CQU-Chen-Co-O-1 was investigated through the
energy dispersive X-ray analysis (EDX) in Fig. 2d. Obviously,
the element of Au came from the prinkled Au for SEM
investigation of the sample, while the ratio of Co and O is
identical with the composition of Co30,. All the results
indicate that pure Co30, has been successfully synthesized via
a simple hydrothermal method.
The morphology and structure of the as-prepared CQU-
70 Chen-Co-O-1 were investigated by field emission scanning
electron microscopy (FE-SEM) and transmission electron
microscopy (TEM) in Fig. 3. Fig. 3a-d show different
magnification SEM images of the CQU-Chen-Co-O-1. As
shown in Fig. 3a of low magnification SEM image, large-
75 scale of sheet-like products were obtained with the width of
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Fig. 2 (a) XRD patterns of the products and the simulated XRD patterns
of Co304, (b) Crystal structure of spinel Co30s, (c) Raman spectra and (d)
EDX spectra of the products.

hundreds of micrometerials, which is consistent with the
digital photography in Fig. 1. From high magnification SEM
images in Fig. 3b-d, the as-prepared CQU-Chen-Co-O-1
exhibits sheet-like structures with vertically aligned nanosheet
as basic building units and obvious porous structures with
aperture of tens of nanometers composed by vertically aligned
nanosheets with thickness of about 20 nm can be seen from
SEM image in Fig. 3¢ and d. The porosity will provide
efficient pathways for ion diffusion during the
electrochemical testing process. Furthermore, TEM images in
Fig 4a-c further indicate that the as-prepared CQU-Chen-Co-
O-1 displays 2D fold-shaped and multi-layer graphene-like
structures with width of hundreds of micrometerials and
thickness of about 20 nm, which agrees with the SEM results.
In addition, the corresponding selected-area electron
diffraction (SAED) pattern of the CQU-Chen-Co-O-1 inset in
Fig. 4c shows well-defined diffraction rings revealing the
polycrystalline features of the cubic Co;04 phase, which is
consistent with the XRD patterns in Fig. 2a.

The electrochemical properties of the CQU-Chen-Co-O-1
as electrode materials for SCs were evaluated by cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD)
measurement and electrochemical impedance spectroscopy
(EIS) in 6.0 M KOH solution using a three electrode system at
room temperature. Fig. 5a shows the CV curves at various
scan rates ranging from 5 to 100 mV-s™' in a potential range
of 0.0 to 0.35 V versus SCE. The shapes of the present CV
curves are distinctly different from the CV curves of EDLCs
and a couple of redox peaks are visible in the CV curves,
which shows oxidation (anodic) and reduction (cathodic)
events of PCs. This indicates that the electrochemical
capacitance of the Co3;04 electrode mainly results from the
pseudocapacitance behavior caused by the following two
faradic redox reactions'

Co0304+ OH + H,0 — 3CoOOH + ¢~ (1)

CoOOH + OH™ — Co0O, + H,O + e~ 2)
wherein, the potential difference between anodic and cathodic
peaks increased due to the polarization of the electrode under
a high scan rate. Additionally, the peak current increases with
an increase in the scan rate, which suggests its good
reversibility during the fast charge—discharge process. At a
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scan rate of 5 mV-s™', the CV curve exhibits a shoulder peak
at around 0.25 V, and a corresponding cathodic peak at about
0.16 V. As the scan rate increases, anodic peaks shift to
higher potential and cathodic peaks shift to lower potential
and the current density peaks increase with increasing scan
rate which may caused by the limitation of the ion diffusion
rate to satisfy electronic neutralization during the redox
reaction. Moreover, as a result of insufficient faradic redox
reaction at higher scan rate, the capacitance of Co0304
decreases inevitably. The specific capacitance of the
supercapacitor was calculated from the CV according to
equation (3):
c-Q_ 1
AV mv(V, =V,) "
where C (F-g') is the specific capacitance of the electrode
materials, m (g) is the mass of the electrode materials, v
represents the scan rate, V', and V), refer to the high and low
potential limit of the CV curves, I(V) is the instant current on
CV curves and AV is the potential window. Fig. 5b shows
that there are linear relationships between the currents of both
cathodic and anodic redox peaks and the square root of the
scan rate, which indicates that the electrochemical process is a
diffusion-controlled process of OH™ with rapid redox reactions
of the CQU-Chen-Co-O-1. Furthermore, Fig. 5¢ demonstrates
the specific capacitance of the CQU-Chen-Co-O-1 from the
CV curves at different scan rates. At the scan rates of 5, 10,
20, 30, 50 and 100 mV-s', the corresponding specific
capacitance is 1752, 1370, 1077, 949, 811 and 651 F-g’l,
respectively. It was found that specific capacitance decreases
with the increase of scan rate, suggesting the measured
capacitance is mainly associated with the redox reaction. At a
low scan rate, both the inner and outer surface of the material
could be reached, whereas with the increase of the scan rate,
the diffusion of the ions might more likely happen on the
outer rather than inner surface of the nanostructure.
Nevertheless, the not sharp decrease of the specific
capacitance demonstrates that the porous and nanostructured
products might act as a buffering reservoir to accommodate
OH™ which in turn shortens the path of the ionic transport and
relieves the fading of specific capacitance.

The GCD curves of the as-prepared CQU-Chen-Co-O-1
electrode at different current densities in the potential range
from 0.0 to 0.35 V are shown in Fig. 5d. Among which, the
two discharge flats of each curve are in accordance well with
the two pairs of redox peaks in the CV curves, further
confirming the pseudocapacitance property of the as-prepared
products.The specific capacitance was also calculated from
GCD curves according to equation (4):

C, =IAt/(mAV) C))
where C (F-g™') is the specific capacitance of the electrode
materials, m (g) is the mass of the electrode materials, / is the
current during the discharge process, At (s) is the discharge
time and AV is the potential window. From which, the
corresponding specific capacitance is 1862, 1615, 1485, 1342
and 1185 F-g{1 at current densities of 1, 2, 3, 5, and 10 A-gfl,
respectively, as plotted in Fig. Se. And 63.64 % of the initial
capacitance could be retained when the current density
increased from 1 to 10 A-g', indicating the excellent rate

j 1YV (€)
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capability of the as-prepared electrode.'® In general, the boost
of current density would result in fading in the capacitance
value possibly owing to the internal resistance and
10 polarization of the electrode. With increasing scan rate, the
specific capacitance decreases gradually, which can be
attributed to electrolytic ions diffusing and migrating into the
active materials at low scan rates. At high scan rates, the
diffusion effect, limiting the migration of the electrolytic ions,
1s causes some active surface areas to become inaccessible for
charge storage. This result indicates the excellent capacitive
behavior and high-rate capability of the products.
As for SCs, the specific energy and power densities are
the two important factors for the practical applications. The

o g
500nm

,iu

Fig. 4 (a)-(c) TEM images of the as-prepared CQU-Chen-Co-O-1 at various magnifications, inset of the corresponding SAED pattern.

20 agone plot of the estimated specific energy and specific power
of the as-prepared CQU-Chen-Co-O-1-base electrode is
shown in Fig. 5f at various charge—discharge rates from Fig.
5d. The specific energy density (E) and power density (P) are
calculated from the following equations of (5) and (6):

s E=1/2[C(AV)’] (©))

P=E/At (6)
where E (Wh-g') is the energy density, P (W-g") is the
power density and AV is the operating of potential window,
At (h) is the total discharge time. The excellent capability of

30 delivering high specific power and energy densities indicates
that the as-prepared thin sheets is suitable for SCs."’
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s Fig. 5 Electrochemical performance of the CQU-Chen-Co-O-1-based electrodes: (a) CV curves at different scan rates of 5, 10, 20, 30, 50 and 100 mV-s™;
(b) the variation of current densities of the cathodic and anodic peaks as a function of the square root of scan rate; (c) the correlation profiles of the scan
rate and specific capacitance; (d) charge—discharge profiles at various current densities of 1, 2, 3, 5, 10 and 20 A-g'; (e) the correlation profiles of current
density and specific capacitance; (f) Ragone plots of the estimated specific energy and specific power of the samples at various charge—discharge rates; (g)
cycling performance at a constant current density of 5 A-g™'; (h) Nyquist plots over the frequency range of 0.01 Hz to 100 kHz and (i) the phase angles for
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impedance plots before and after 2000 cycles at 5 A-g ™.

The cycling performance of the CQU-Chen-Co-O-1-based
electrode is evaluated under GCD measurement at a current
densities of 5A-g™" for 2000 cycles (in Fig. 5g). The specific
capacitance of the as-prepared electrode keeps 95.5 % of its
initial value after 2000 cycles, evidently indicating its
superior cycling stability.

The electrochemical process is further investigated by
electrochemical impedance spectroscopy (EIS) which was
conducted to determine the electrode kinetics by applying an
AC voltage with an amplitude of 5 mV in a frequency range
from 0.01 Hz to 100 kHz, where Z’ and Z’’ are the real and
imginary parts of the impedance, respectively. Fig. 5h shows
the Nyquist plots of the CQU-Chen-Co-O-1 electrode before
and after 2000 cycles. From which, both of the two Nyquist
plots display a small semicircle in the high-frequency region
and a straight linear part in the low-frequency region. Among
which, the semicircle with the diameters representing the
charge-transfer resistance (Rct) in the high frequency region
is attributed to the three sections: electrolyte, electroactive
material and the contact resistance between the electroactive
material and the current collector, and the straight line is
related to the diffusive resistance. In general, a smaller

40

45

9
3

semicircle at high-frequency region means a minor charge—
transfer resistance and the more vertical the line at low-
frequency region, the more closely the supercapacitor behaves
as an ideal capacitor.'® Furthermore, the intercept of Z' at very
high frequencies represents equivalent series resistance (ESR)
including the inherent resistance of the electroactive material,
the bulk resistance of electrolyte, and the contact resistance at
the active material/current collector interface.'® Moreover, the
intersection of the plot at the X-axis represents the solution
resistance (Rs), which is composed of the KOH electrolyte
resistance, the intrinsic resistance of the electroactive
materials and the contact resistance between the active
material and the current collector. Measured from the the
magnifying EIS spectra inset in Fig. 5h, the calculated Rs and
Rct values of the CQU-Chen-Co-O-1 electrode before and
after 2000 cycles are 0.28 and 0.29 Q as well as 5.7 and 5.9 Q,
respectivity. In addition, Fig. 5i shows the phase angles for
impedance plots of the CQU-Chen-Co-O-1 electrodes before
and after 2000 cycles. Both the two phase angles are near 70°
in the low frequencies clearly, which reveals that the CQU-
Chen-Co-0-1 allow ions or electrolyte transfer to occur.”” All
these results reveal that there is no obvious differences of the

This journal is © The Royal Society of Chemistry [year]
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Table 1 Comparison of various 2D and 3D Co;04 nanostructures used as electrode materials for PCs synthesized via various methods without any
supporting template.
Dimension Nanostructures Synthesis Electrolyte SC (F'g') Current density  Cycling performance Ref.
2D Hexagonal sheets Thermal decomposition 3 M KOH 92 5mA-cm? 93 % from 5 to 20 22
mA-cm™
Layered structures withHydrothermal-calcination 6 M KOH 263 1Ag! 89.4 % over 1000 cycles at 23
rectangular flakes 3Ag!
Mesoporous sheets Ionothermal-calcination 2 M KOH 238.4 2Ag"! 94.4 % over 4000 cycles at 8
2Ag!
Porous sheets Alternating voltage induced 2 M KOH 288 1Ag" 79.0 % over 2000 cycles at 9
method 1A-g!
Hexagonal platelets Solvothermal 2 M KOH 476 05Ag" 82.0 % over 2000 cycles at 24
25Ag"
Rectangular flakes Precipitation-hydrothermal 1 M KOH 548 8Ag! 98.5 % over 2000 cycles at 10
16 A-g™!
Sub-3 nm atomic layersHydrothermal 2 M KOH 1400 1Ag! 97.1 % over 1500 cycles at 11
nanofilms 2A-g!
3D Oval-shaped Hydrothermal-calcination 2 M KOH 111 2.5mA-cm?  88.2 % overl000 cycles at 25
microparticles 2.5 mA-cm™
Mesoporous tubes Biomorphic synthesis OH 128.3 1Ag! 91.7 % over 3000 cycles at 26
1A-g!
Porous structures Solid-state thermolysis 2 M KOH 150 1Ag! Recycling  stability over 15
3400 cyclesat 1 A g™
Dendrite-like Calcination 3 M KOH 207.8 0.5A-g" 97.5 % over 1000 cycles at 27
nanostructures 1.8 Ag!
Tunable hierarchicalCalcination 6 M KOH 218 1.25A-¢" 1000 cycles without 28
morphologies degradation
Multi-shelled hollowLow-temperature 2 M KOH 394.4 2Ag" 92 % over 500 cycles at 2 29
microspheres Solution-aneal A-g'!
Brush-like structures Multistep hydrothermal 6 M KOH 407.5 1A g 97.5 % over 2000 cycles at 30
1A-g!
Flower-like structures ~ Hydrothermal 3 M KOH 483.8 1Ag"! 89.5 % over 2000 cycles at 31
10A-g"
Hierarchical macro-Sol-gel 2 M KOH 742.3 0.5A-g" 87.2 %over 2000 cycles at 32
mesoporous structures 20mV-s™!
Urchin-like twin-spheres Calcination KOH 754 1A-g"! 97.8 % over 1000 cycles at 33
4A-g"!
Enoki mushroom-likeReflux 6 M KOH 787 1A-g"! 94.5 % over 1000 cycles at 34
structures 10A-g"
Nanonet hollowCalcination 6 M KOH 820 5mV-s’ 90.2 % over 1000 cycles at 35
structures 5Ag!
Hierarchical structures  Precipitation-thermal 6 M KOH 896 1Ag! 94.8 % over 5000 cycles at 36
treatment 10A-g"
Hierarchical Calcination 6 M KOH 982 1Ag"! 92.3 % over 1000 cycles at 37
nanostructures 4A-g"!
Nanonet-like structures ~ Solvothermal 6 M KOH 1063 10mA-cm?  90.8 % over 1000 cycles 38
at10 mA-cm™
Porous hollow rhombicCalcination 3 M KOH 1110 125A-g"  Almost no changes after 39
dodecahedral structures 2000 cycles at 6.25 A-g™!
2D/3D  CQU-Chen-Co-O-1 Hydrothermal 6 M KOH 1752and  5mV-s'and 1 99.5 % over 2000 cycles at Our work
1862 Ag”! 5Ag!
s EIS spectra before and after 2000 cycles, which indicates that multi-layer graphene-like and porous thin sheets with

the CQU-Chen-Co-O-1 electrode is suitable for SCs.
Nanoscale design of the structure and chemistry of
electrode materials may enable us to develop a new
generation of devices that approach the theoretical limit for
10 electrochemical storage and deliver electrical energy rapidly
and efficiently.21 Various 2D and 3D Co3;0, nanostructures
synthesized without using any supporting template have been
reported for the electrode materials of PCs listed in Table 1.
Compared with the reported results, the CQU-Chen-Co-O-1-
1s based  electrode  displays  superior  electrochemical
performance attributed to its distinctive structures of 2D

vertically aligned nanosheet as basic building units, which
fcilitates electron transportation and ion diffusion during the
20 electrochemical testing process for PCs.

3. Conclusions

In summary, we have developed a simple route for 2D
multi-layer graphene-like Co;0, thin sheets (CQU-Chen-Co-
O-1) via direct hydrothermal decomposition of the mixed

»s aqueous solution of Co(NO;), and AA. The CQU-Chen-Co-
O-1 with vertically aligned nanosheet as basic building unit
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exhibits excellent electrochemical behaviors for PCs. In
prospect, such a route will undoubtedly become an essential
synthetic strategy in the design and synthesis of 2D multi-
layer graphene-like metal oxide nanostructures and bring
rapid development of new electrode materials with high
performance for SCs.
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Graphic Abstract

Engineering 2D Multi-Layer Graphene-like Co3;04 Thin Sheets with
Vertically Aligned Nanosheet as Basic Building Units for Advanced
Pseudocapacitor Materials

Lingyun Chen**’, Liying Xuan‘, Qingqing Yang*, Xiaohuan Hou’, Yugian Jiang’, Qing Zhang® and Yuan
Yuan*

Abstract
Olivaceous 2D multi-layer graphene-like Co304 thin sheets (CQU-Chen-Co-O-1) with vertically

aligned nanosheet as basic building units were first prepared on a large scale by direct hydrothermal
decomposition of the mixed aqueous solution of cobalt (II) nitrate and acetic acid and exhibit excellent

pseudocapacitive performances.
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