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ABSTRACT It is known that Co(OH), can be crystallized into a
layered structure with two polymorphs: o and £3. The single-layer
a-Co(OH), nanosheet has been prepared by exfoliating directly o
phase layered Co(OH),. However, due to theoretical barriers, a
single-layer 3-Co(OH), nanosheet has not been achieved so far. In
this article, phase transformation during exfoliation of layered
Co(OH), from o to /3 is observed and a single-layer 3-Co(OH),

OH), Nanocones
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nanosheet with a thickness of ~1.1 nm is prepared through phase transition of layered a.-Co(OH), nanocones in a mild wet chemical process for the first

time, with a nearly 100% yield. The as-prepared single-layer 3-Co(OH), nanosheets are assembled with graphene oxide to form an all-two-dimensional

materials-based composite for use as an electrode for the pseudocapacitor. The reduced graphene oxide//3-Co(OH), composite exhibits a high specific

capacitance up to 2080 F/g scaled to the total mass of the electrode or 3355 F/g scaled to the active mass of 5-Co(OH), nanosheets at the current density of

1 A/g. The electrode also demonstrates the excellent rate performance and long cycle life.
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ecent research has shown that, in
Raddition to the composition and ar-

rangement of atoms in materials, di-
mensionality plays a crucial role in deter-
mining their fundamental properties. This
has been most strikingly highlighted by
two-dimensional (2D) graphene over the past
few years, which exhibits exotic condensed-
matter phenomena that are absent in bulk
graphite." ™ The rapid pace of progress in
graphene and the methodology devel-
oped®~?in preparing ultrathin layers of other
types of materials with/without lamellar
structures similar to that of graphite, such
as transition metal dichalcogenides,'®~"®
germanium,'®"” layered transition metal
(hydro) oxides,’® %> and so on, 23 have
received significant attention.

Co(OH),, a member of layered transition
metal hydroxides, can be crystallized into a
layered structure with two polymorphs: o
and .38 In o phase, a pair of Co tetrahedral
sites is occupied by the anion and is gener-
ated both above and below one octahedral
vacancy, sharing three hydroxyl ions with
other neighboring octahedrals. It consists of
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a positively charged layer with anions and
water molecules residing in the gallery to
restore charge neutrality. The 5 phase pos-
sesses a brucite-like origin, where octahe-
dral with divalent cobalt cations six-fold
coordinated by hydroxyl ions share edges
to produce 2D charge-neutral layers stacked
one over the other without any anion. In
principle, layered a-Co(OH), could be exfo-
liated into single-layer a-Co(OH), nanosheets
(NSs) directly. Very recently, the pure phase
of single-layer a-Co(OH), NSs was obtained
through exfoliation of layered o-Co(OH),
nanocones by Ma and co-workers, who de-
monstrated their unique optical property.>
Unfortunately, due to the theoretical barrier,
where layered f3-Co(OH), has a close struc-
ture and the host layers are held together by
robust van der Waal's force, layered 3-Co(OH),
is considered difficult to exfoliate into single-
layer -Co(OH), NSs.***' To date, there is no
report about preparation of single-layer 5-Co-
(OH), NSs. Due to different crystal structure
from single-layer o-Co(OH), NSs, there is a
reason to believe that single-layer 5-Co(OH),
NSs probably own astonishing properties.
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Scheme 1. Preparation of single-layer 3-Co(OH), NSs. Optical photograph and the structure models along the b* axis of
layered o-Co(OH), nanocones and single-layer 3-Co(OH), NSs, respectively.

As a member of transition metal hydroxide, Co(OH),
is a promising pseudocapacitive material, which could
deliver a very high theoretical capacitance during two
steps of reversible redox reactions of cobalt ion (Coll <
Colll <= ColV). Recent advances in nanotechnologies
have greatly achieved the development of Co(OH),-based
high-performance pseudocapacitor electrodes.*>~>°
Despite significant progress, however, techniques to
realize the full potential of electrode materials by
achieving simultaneously tailored electrode structure
and conductivity are still required and have become
a goal. As pseudocapacitance arises from revers-
ible redox reactions, it is highly desirable to reduce the
size and increase the surface area of Co(OH), so that
the diffusion length for electrons and ions in a single
particle is shortened and a high flux of electrons and
ions is allowed. Therefore, it is expected that single-
layer Co(OH), NSs would exhibit a superior capacitance
when used as pseudocapacitive materials than the
bulk Co(OH),.>" Although a-Co(OH), phase could be
exfoliated into single-layer, the coordinated anions
on Co tetrahedral sites would decrease specific
capacitance due to their lack of electrochemical activ-
ity. Instead, the non-anion-coordinated single-layer
p-Co(OH), NSs with rational designed structure
should be able to display an excellent electrochemical
performance.

In this work, we report for the first time the synthesis
of single-layer -Co(OH), NSs with the thickness of
~1.1 nm by a wet chemistry process and investigation
of the performance of 3-Co(OH), NSs as a pseudoca-
pacitive material. Considering that Co(OH), is an in-
sulator, hybridizing Co(OH), with conductive materials
could be an effective way to improve conductivity so as
to obtain higher specific capacitance. Owing to the
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intrinsic properties of lightweight, good conductivity,
and large surface area of reduced graphene oxide
(RGO),>** the [5-Co(OH), NSs are thus assembled
with RGO to form an all-2D materials-based composite
for the use of electrode material for pseudocapacitors.
Recent results also showed that the RGO could be
stabilized both the electrochemical and mechanical
properties of Co(OH),.***° As a consequence, the
electrode exhibits an unprecedentedly high specific
capacitance of 2080 F/g scaled to the total mass of the
electrode or 3355 F/g scaled to the active mass of
Co(OH), at current density of 1 A/g.

RESULTS

Scheme 1 demonstrates the optical images and the
structural model of as-prepared layered a-Co(OH),
nanocones and S3-Co(OH), NSs. As is shown, the o
phase consists of positive charge layers with various
anions (the anion is dodecyl sulfate in this work) and
water molecules residing in the gallery to restore
charge neutrality. This causes a substantial expansion
in the interlayer spacing (>8 A), and the color is green.
On the contrast, the 8 phase possesses a brucite-like
origin, and the color is pink. The synthesis route from
layered a-Co(OH), nanocones into single-layer 3-Co-
(OH), NSs is as follows: (i) layered a-Co(OH), nano-
cones were first synthesized, and (ii) then they are
exfoliated in formamide at 80 °C under nitrogen gas
protection. In the exfoliation process, a color change of
solution from green, which corresponds to layered a-
Co(OH), nanocones, to pink, which corresponds to
single-layer 3-Co(OH), NSs, could be observed, indicat-
ing the occurrence of phase transformation of Co(OH),.

Figure 1 depicts the structure and morphology char-
acterization of as-prepared layered o-Co(OH),. A large
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Figure 1. Structural characterization of as-prepared layered a-Co(OH), nanocones. (a) TEM, (inset) HRTEM, (b) SEM image,

and (c) XRD pattern.

amount of nanocones with uniform structure and
smooth surface are observed in transmission electron
microscopy (TEM) images (Figure 1a). The nanocones
have an average bottom diameter of approximately
0.5 um and a length of around 3 um. Inset of Figure 1a
is a high-resolution TEM (HRTEM) image which shows
an ordered multilayered structure with adjacent-layer
spacing of 2.4 nm. Figure 1b clearly demonstrates that
the nanocones possess multilayered structure with
hollow interior. The formation of layered o-Co(OH),
nanocones is assumed to undergo a similar process as
described in previous work>® Dodecyl sulfate interca-
lated lamellar structures with few layers are first formed
and then curl up at the edge, which produce a conical
angle rather than a tubular structure owing to their
morphological feature and lower energy barrier. The
ordered multilayer structure of a-Co(OH), nanocones is
also confirmed by X-ray diffraction (XRD) (Figure 1c).
Previous results have confirmed that the thickness of a
single layer of layered hydroxide NSs is ~0.8 nm.*' There-
fore, the distance between adjacent layers of layered
a-Co(OH), nanocones is calculated to be 1.6 nm. When
the molecular length of dodecyl sulfate (calculated to
~1.9 nm) is taken into consideration, it is inferred that the
dodecyl sulfate ions arrange perpendicularly to cobalt
hydroxide nanosheets with a tilt angle of ~25°>°

The synthesis of layered o-Co(OH), nanocones and
exfoliation of them into single-layer a-Co(OH), NSs has
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recently been reported by Ma et al.° Different from his

process, we achieved in this work the exfoliation of
layered a-Co(OH), nanocones into single-layer 5-Co-
(OH), NSs by slightly changing the experimental con-
dition where layered o-Co(OH), nanocones were first
synthesized by refluxing hexamethylenetetramine
(HMT) for 5 h, and exfoliation was then conducted in
formamide at 80 °C under nitrogen gas with contin-
uous stirring. During the exfoliation process, a color
change from green solution, which corresponds to
a-Co(OH),, to pink solution, which corresponds to
B-Co(OH),, within 15 h could be observed (Figure 2a),
indicating the occurrence of phase transformation of
Co(OH), from a to f. Corresponding UV—vis absorp-
tion of the solutions with reaction time shows that the
peak for tetrahedral coordination of Co around 630 nm
disappears after 15 h (Figure 2b). To further prove the
formation of 3-Co(OH), NSs, a-Co(OH), NSs were also
prepared according to a previously reported method.
The UV—vis absorption spectra of a-Co(OH), NSs and
B-Co(OH), NSs are shown together in Figure 2c for
comparison. It can be seen that, for a-Co(OH), NSs, two
peaks around 520 and 630 nm are observed due to the
octahedral and tetrahedral coordination of Co. For
B-Co(OH), NSs, only one peak around 520 nm is ob-
tained and no absorption around 630 nm ascribed
to tetrahedral coordination of Co*" in o phase is
observed.*® This means that o phase Co(OH), has
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Figure 2. Optical characterization of the exfoliation of layered a-Co(OH), nanocones. (a) Color evolution during exfoliating
process of layered o-Co(OH), nanocones. (b) Variation of UV—vis absorption spectra of layered a-Co(OH), nanocone
dispersion with exfoliation time. (c) UV—vis absorption spectra of single-layer o-Co(OH), NSs (black line) and single-layer
[3-Co(OH), NSs (red line). The insets are the digital photographs of the two dispersions correspondingly.

converted to 3 phase Co(OH), completely. It is note-
worthy that the pink color corresponding to 5-Co(OH),
NS solution is highly stable even for a half of a year. In
contrast, exfoliation of a-Co(OH), nanocones in for-
mamide at room temperature instead of 80 °C was also
carried out. It was found that the color change from
green to pink could also occur but took a much longer
time of up to 7 days under this condition. It reveals that
the higher exfoliation temperature is advantageous to
shorten the exfoliation time. From another point of
view, this result also shows that the phase transforma-
tion from a to S follows the Ostwald's rule of stages,
which says that crystal always transforms from thermo-
dynamically unstable phases to thermodynamically
stable phase.>® The a phase of Co(OH), is a metastable
crystalline feature as compared to 5 phase.*° The phase
transformation from o to 8 during exfoliation is a
process from thermodynamically unstable to thermo-
dynamically stable.

To further investigate the phase transformation
from a to 8 phase, layered o-Co(OH), was also pre-
pared by a hydrothermal method (see Supporting
Information for detailed description). The morphology
of the as-prepared layered o-Co(OH), with conic shape
is similar to those prepared by our reflux method and
reported by others®® (Figure S2). It is acknowledged
that reflux process usually produces a material with
lower crystallinity than microwave and hydrothermal
method. Therefore, single-layer o-Co(OH), NSs could
be obtained by exfoliating the layered o-Co(OH),
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nanocones prepared by the hydrothermal method
due to the improvement of the stability of crystalline
structure. However, we found that such single-layer
a-Co(OH), NSs are not stable enough for a long time
even at room temperature. The color of the dispersion
of single-layer a-Co(OH), NSs changes gradually from
yellow-green (caused by octahedral and tetrahedral
coordination of Co*™) to pink (caused by tetrahedral
coordination of Co®") after ~30 days, indicating the
phase transformation from a to . At a high tempera-
ture (such as 80 °C), the phase transformation becomes
much faster. The phase transformation from a to 8
could be complete within ~3 days. We thus conclude
that, whether the layered a-Co(OH), nanocones are
prepared by the hydrothermal method or reflux meth-
od, single-layer 3-Co(OH), NSs are the final product
after exfoliation and remain stable for long-term.
Meanwhile, the morphology transformation was also
characterized during exfoliation (Figure 3). The expan-
sion of a Co(OH), nanocone after 3 h exfoliation can be
clearly seen. Many wrinkles could be observed on the
surface of the nanocone (Figure 3b). After exfoliation
for 6 h, the conic structure is hard to distinguish and a
sheet-like structure appears (Figure 3c). After exfolia-
tion for 9 h, there is no sign of conic structure and
morphology transformation is completed. Combining
with the data of UV—vis spectra, as shown in Figure 2,
we conclude that the phase transformations from a to
B and the morphology transformations from cone to
sheet are carried out simultaneously.
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Figure 3. SEM images of layered o-Co(OH), nanocones during exfoliation at initial (a) and after 3 h (b), 6 h (c), and 9 h (d).
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Figure 4. Structural characterization of single-layer 3-Co(OH), NSs. (a) AFM and height profile, (b) TEM and SAED images

(inset of b).

The obtained 3-Co(OH), NSs were further examined
by TEM and atomic force microscopy (AFM). The sheet-
like structures with lateral size from several tens to
several hundred nanometers and thickness in the
range of 0.9—1.3 (1.1 & 0.2 in average) nm are clearly
seen in a wide visual range (Figure 4). The selected
area electron diffraction (SAED) image taken from an
individual nanosheet corresponds to the crystalline
structure of [3-Co(OH), (inset of Figure 4b). These
results prove the formation of crystalline single-layer
-Co(OH);, NSs.

GO/f-Co(OH), NS composite was prepared by di-
rectly mixing 3-Co(OH), NSs dispersed in formamide
and GO dispersed in water. Clear Tyndall light scatter-
ing is discerned for the two dispersions, indicating the
presence of well-dispersed colloidal sheets in forma-
mide and water (Figure 5a,b). As 3-Co(OH), NSs are
positively charged and GO could be considered to be
negatively charged due to the presence of carboxylate,
the GO/3-Co(OH), NS composite could be produced
spontaneously under the electrostatic attraction force
by mixing the two dispersions as shown in Figure 5c.
The zeta-potentials of the two dispersions are 47 mV
for 5-Co(OH), NSs and —49 mV for GO (Figure S3), indi-
cating they have matched surface charges. In principle,
the electrostatic interaction between GO and single-
layer 5-Co(OH), NSs could create a layered assembly of
two types of sheets. The obtained GO/f3-Co(OH), NS
composite was finally reduced to the RGO/-Co(OH),

WANG ET AL.

Figure 5. Digital photographs of the dispersions of GO
(a), single-layer 3-Co(OH); NSs (b), and mixture of GO/
B-Co(OH), NSs (c).

NS composite at 180 °C under Ary/H, mixing gas
(5 wt % H,) for use as a pseudocapacitive electrode.
The morphology and composition of RGO/3-Co(OH),
NS composites were characterized as shown in Figure 6.
The SEM and TEM images show clearly the multilayer
structure composed of sheet-like components, espe-
cially at the edge site of the composite (Figure 6a,b).
SAED taken on the composite shows a diffraction
circle and several diffraction dots which correspond
to 3-Co(OH), and RGO, respectively (inset of Figure 6b).
Dark-field scanning transmission electron micros-
copy (DF-STEM) image and corresponding elemental
mapping images demonstrate that the elements C, O,
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Figure 6. Morphology characterization of RGO/3-Co(OH), NS composite. (a) SEM, (b) TEM and SAED (inset of b), (c) DF-STEM
and corresponding elemental mapping images, and (d) C 1s XPS spectra of GO/3-Co(OH), NS composite and RGO/[3-Co(OH),

NS composite.

and Co are evenly distributed in the whole sample
(Figure 6¢). X-ray photoelectron spectroscopy (XPS)
was used to investigate the degree of reduction of
GO in the composite, as shown in Figure 6d. The as-
prepared GO/f3-Co(OH), NS composite gives three C 1s
peaks located at 284.6 eV to C=C of sp>-hybridized
carbon atoms, 286.8 eV to C—OH and/or C=0 bond,
and 288.8 eV to COOH bond. After reduction, there are
almost no oxygenated species of C 1s peaks, revealing
the reduction of GO to RGO. Thermogravimetric anal-
ysis (TGA) was used to determine the mass ratio of
RGO and f-Co(OH), in the composite. It is calculated
that the mass ratio of RGO and [-Co(OH), in the
composite is 38:62 (see Figure S4 and detailed descrip-
tion therein).

Electrochemical measurements were made on a
three-electrode cell setup that consists of a working
electrode, a platinum wire counter electrode, a calomel
reference electrode and 2 M KOH aqueous solution as
electrolyte. First, the electrochemical properties of
layered a-Co(OH), nanocones, single-layer 3-Co(OH),
NSs, and RGO/f-Co(OH), NSs composite-based elec-
trodes were measured (Figure 7). It is worthy to note
that the preparation of RGO/o-Co(OH), NS composite
did not succeed due to unmatched surface charges
between GO dispersion (zeta-potential = —49 mV) and
single-layer a-Co(OH), NS dispersion (zeta-potential =
32 mV) (Figure S3). Figure 7a shows their cyclic voltam-
metry (CV) curves. Apparently, all three electrodes
show two current peaks which correspond to redox
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faradic reaction, indicating the pseudocapacitive char-
acteristic of metal hydroxide-based electrode materi-
als. This is distinct from that of the electric double-layer
capacitance which usually produces a CV curve close
to a smooth rectangular shape. The appearance of
two redox peaks also reveals that pseudocapacitive
Co(OH), contributes mainly to the capacitance of the
composite electrode. The observation of two redox
peaks means that there are two quasi-reversible elec-
tron-transfer processes in the electrode. The potential
differences in the two pairs of anodic peaks and
cathodic peaks are both larger than 0.1 V. Theoretically,
for a reversible single-electron-transfer redox process
in solution, the potential difference in a pair of anodic
peaks and cathodic peaks is expected to be 0.058 V.
Therefore, there are two plausible reactions for all three
types of electrodes as shown below:

Co(OH); +OH = = CoOOH+H,0+e (1)

CoOOH+OH™ = Co0O; +H,0+e ()

Our previous work shows that the electrochemical
performance of layered Co(OH), is inseparable from
their morphology.” In this work, the interlayer dis-
tance of layered o-Co(OH), nanocones is ~1.6 nm,
which could serves as “ion-buffering reservoirs” of elec-
trolyte ions during the electrochemical process. Two
electrons could be transferred during the electroche-
mical process, resulting in higher pseudocapacitance
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Figure 7. Comparison of electrochemical properties of layered o-Co(OH), nanocones, single-layer 3-Co(OH), NSs, and RGO/3-
Co(OH), NS composite-based electrode. (a) CV curves at a scan rate of 5 mV/s. (b) Nyquist plots. Inset of panel a shows the
blowup of CV curves, and inset of panel b shows the R, and R(s, 1) values corresponding to the three electrodes.

than one-electron transfer. As for single-layer 3-Co(OH),
NSs, all active atoms (Co*") are exposed on surfaces
and prone to contact directly with electrolyte. There-
fore, both single-layer 3-Co(OH), NS-based electrodes
and RGO/$-Co(OH), NS composite-based electrodes
exhibit superior electrochemical activity and display an
obvious two-electron transferring process. Among
them, RGO/B-Co(OH), NS composite-based electrodes
show the best electrochemical activity with the largest
CV area, indicating the biggest capacitance. To inves-
tigate the electrode kinetics, the activation energy of
the three electrodes was measured from electroche-
mical impedance spectra (EIS). Figure 7b shows the
Nyquist plots of the three electrodes. Their ohmic
resistance of the electrolyte and cell components
(R are 2.56,2.92,and 0.72 Ohm for layered a-Co(OH),
nanocones, single-layer (3-Co(OH), NSs, and RGO/
[-Co(OH), NS composite-based electrodes, respectively.
The R, values of layered a-Co(OH), nanocones and
single-layer f3-Co(OH), NS-based electrodes are very
closed, but the R of RGO/-Co(OH), NS composite-
based electrodes is only 0.72 Ohm. The impedance
could be ascribed to the combination of surface and
charge-transfer resistance R,y due to the appear-
ance of a single semicircle. The R,y values are 6.5,
4.5, and 1.72 Ohm for layered o-Co(OH), nanocones,
single-layer 3-Co(OH), NSs, and RGO/f3-Co(OH), NS
composite-based electrodes, respectively. It indicates
that the RGO/-Co(OH), NS composite-based electro-
des have a faster charge-transfer process than the
other two electrodes. Apparently, the introduction of
RGO could improve both R and Ry greatly.
Galvanostatic charge—discharge curves for the three
electrodes were tested as shown in Figure 8. The RGO/
B-Co(OH), NS composite-based electrode gives the
largest capacitance of 2080 F/g. The capacitance for
layered a-Co(OH), nanocones and single-layer 3-Co-
(OH), NS-based electrodes is 1055 and 1197 F/g, res-
pectively. It shows that the capacitance of a single-layer
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Figure 8. Charge/discharge curves of layered a-Co(OH),
nanocones, single-layer 3-Co(OH), NSs, and RGO//3-Co(OH),
NS composite-based electrodes at the current density of
1A/g.

B-Co(OH), NS-based electrode is only slightly larger
than that of layered o-Co(OH), nanocone-based elec-
trodes. This is because the single-layer 3-Co(OH), NSs
with high surface energy are prone to restack after
drying."® The restacking will cause the loss of the elec-
trochemical surface area of single-layer 5-Co(OH), NSs.
The introduction of RGO into 3-Co(OH), NSs could
effectively avoid the stacking of nanosheets and give
rise to an excellent electrochemical performance.
Figure 9a shows CV curves of RGO/f-Co(OH), NS
composite-based electrodes at various scan rates from
5 to 100 mV. Due to the excellent electrochemical
activity of RGO/3-Co(OH), NS composites, the redox
peaks can be clearly observed even at a higher scan
rate up to 100 mV. Figure 9b displays the galvanostatic
charge—discharge plots of RGO/f-Co(OH), NS compo-
sites at different current densities. All the curves show
symmetric triangular charge—discharge curves with
well-defined plateaus, suggesting their good pseudo-
capacitive behaviors. The specific capacitance of the
sample at different current densities was calculated
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Figure 9. Electrochemical properties of RGO/3-Co(OH), NS composite-based electrode. (a) CV curves at different scan rates,
(b) charge—discharge curves, (c) specific capacitance at different current densities, and (d) specific capacitance vs cycle
number of the composite at a current density of 10 A/g (inset of panel d is galvanostatic charge—discharge curves with time).

based on the galvanostatic charge—discharge curves
as presented in Figure 9c. The specific capacitances
of 2080, 2011, 1900, 1798, 1720, 1620, and 1530 F/g
corresponding to the current densities of 1, 2, 5, 10, 15,
20, and 25 A/g are obtained when considering the
total mass of the electrode. If scaled to the mass of
B-Co(OH); NSs, the specific capacitance up to 3355 F/g
at the current density of 1 A/g is obtained. Moreover,
the RGO/f-Co(OH), NS composite-based electrode
exhibits an excellent long-life-cycle stability. The gal-
vanostatic charge and discharge curves show that
there is no obvious decrease of specific capacitance
at a current density of 10 A/g after more than 4000
cycles (Figure 9d). The superior performance of RGO/
B-Co(OH), NS composite-based electrodes is due to
two important aspects. One is the use of single-layer
B-Co(OH), NSs as active material and another is the
function of RGO as an electron conductor. It has been
acknowledged that only surface atoms or a very thin
layer of active materials play a key role during the
pseudocapacitive process. The charge/discharge pro-
cess can only be localized in a finite volume near the
conductive additive. In most of the nanostructured
electrodes with a certain volume, electron transport
from interior to exterior of active materials is prohibited
more or less due to internal resistance, which causes a
low utilization of active electrode materials, especially
at high charge/discharge rate. Therefore, a quick
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potential drop across the electrode is often observed.
In 3-Co(OH), NSs, all Co atoms are exposed on the
surface and there are no redundant components. The
alternative face-to-face assembly of 3-Co(OH), NSs and
RGO gives rise to a maximum contact of Co and RGO
basal plane. Once a faradic redox reaction occurs in
Co(OH),, all electrons could be transported onto RGO.
As a result, the utilization of faradic redox reaction to
capacitance for $-Co(OH), NSs could be maximized.
The RGO is another key step to improve the electrical
conductivity of the whole electrode, thus to achieve
high electrode performance. The good conductivity of
the electrode is advantageous to depress the loss of
specific capacitance at higher current density. For our
RGO/B-Co(OH), NS composite, a 26.5% loss of the
specific capacitance from 2080 to 1530 F/g is obtained
when the current density increases from 1 to 25 A/g.
This decrease rate is much smaller than previously
reported Co(OH),-based electrodes, indicating the im-
portance of RGO as electron conductor.

DISCUSSION

Since at least Yangshao Culture (Neolithic, 5000—
3000 B.C.), where the ancient Chinese used layered
clays to make pottery, people have been harnessing
the properties of layered materials.>® This gradually
developed into scientific research, leading to the elu-
cidation of the laminar structure of layered materials,
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understanding their properties, and eventually fabri-
cating them into individual, atomically/molecularly
thin NSs. Recently, due to the inspiration from gra-
phene, 2D materials have attracted great attention and
show great potential in many engineering applica-
tions, given the excellent in-plane mechanical, struc-
tural, thermal, and electrical properties. Nowadays,
many layered materials were successfully exfoliated
including transition metal oxides, transition metal hy-
droxides, transition metal dichalcogenides, and other
2D compounds such as BN, Bi,T3, Bi,Ses, and so on.>’
Apparently, the future prospect for 2D materials is
huge, covering a massive range from the most insulat-
ing one to the most conductive one and from the
strongest one to the softest one. At present, how to use
or what should be used for this magic morphology
efficiently becomes the major issue.®®° Considering
that most 2D materials are based on transition metal, it
is reasonable to assume that they would be useful in
the field of energy conversion and storage due to the
good electrochemical activity of transition metals.
However, materials for energy conversion or storage,
including supercapacitors, lithium ion batteries, and
fuel cells, always need to be electrically conductive.
Most transition-metal-based 2D materials are electrical
insulators or have poor electrical conductivity. In addi-
tion, 2D materials are prone to restack owing to their
large surface energy. These two aspects block their
function in practical application. As demonstrated in
this work, the single-layer 3-Co(OH), NS-based elec-
trode shows similar electrochemical performance to
the a-Co(OH), nanocone-based electrode due to the
restacking of single-layer $-Co(OH), NSs. Apparently,
an appropriate assembly or integration method is vi-
tally important for the efficient utilization of transition-
metal-based 2D materials. Graphene, as a good
electrical conductive 2D material with large surface

METHODS

Preparation of a-Co(OH), Nanocones. In a three-necked flask
filled with nitrogen gas, CoCl,-6H,0, sodium dodecyl sulfate
(SDS), and hexamethylenetetramine (HMT) were dissolved in 1L
of deionized water to give the final concentrations of 5, 20, and
15 mM, respectively. The reaction solution was then heated to
95 °C under magnetic stirring. After 5 h, a green suspension was
produced. The product was filtered and washed with deionized
water and anhydrous ethanol for several times and finally air-
dried at room temperature.

Exfoliation of a-Co(OH), Nanocones into Single-Layer £3-Co(OH), NSs.
o-Co(OH), nanocones (0.5 g) were mixed with 1 L of formamide
and stirred under nitrogen protection at 80 °C for 15 h. To purify
exfoliated product, the resulting solution was centrifuged at
8000 rpm for 10 min in order to remove nonexfoliated parts. Our
results showed that there is almost no nonexfoliated nanocones
remaining in the bottom of the centrifuge tube, and the ex-
foliation yield is nearly 100%.

Preparation of RGO/-Co(OH), NS Composites. GO was prepared
by Hummers' method with little modification (see Supporting
Information). Two hundred milliliters of GO water dispersion
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area, is a perfect mate for transition-metal-based 2D
materials. Furthermore, assembling the two types of
2D materials by face-to-face form could maximize the
contact area for both individuals. This sandwich struc-
ture can offer even greater scope by combining the
different characteristics of individual layers and tailor-
ing the properties with atomic precision to fit an
enormous range of applications. RGO/single-layer co-
balt—aluminum hydroxide NS heterostructure has
been demonstrated recently by our group as the first
model system, which showed very promising electro-
chemical characteristics.>' Due to a lack of electroche-
mical activity of aluminum, single-layer cobalt—
aluminum hydroxide NSs are replaced by single-layer
cobalt hydroxide NSs in this work. As a result, the RGO/
-Co(OH), NS composite exhibits greatly enhanced
electrochemical performance. The self-assembly meth-
od driven by natural electrostatic force of materials
could be easily extended to other 2D materials to
design a hybrid structure on demand.

CONCLUSIONS

In summary, we described in this work a new single-
layer 3-Co(OH), NS for the first time and a novel all-2D
materials-based pseudocapacitive electrode com-
posed of two kinds of single-layer atom-thick NSs
including RGO and 3-Co(OH),. The designed electrode
material exhibited superior electrochemical properties,
excellent rate performance, and cyclic stability. Our
results demonstrated the rationality of our strategy for
designing an electrode as a pseudocapacitor and the
all-2D materials-based electrodes, which might be
one of the most promising candidates for achieving
high-performance supercapacitors. Moreover, the two-
dimensional characteristic of our electrode gives it an
advantage over the other electrodes with porous
architectures when considering volume capacity.

(0.5 mg/mL) was added to 200 mL of 3-Co(OH), NS (0.5 mg/mL)
formamide dispersion. After that, the precipitate was collected
by centrifuging at 6000 rpm for 10 min and washed three
times with Milli-Q water. For reduction of GO, the collected
product was put in a tube furnace and heated at 180 °C for 1 h
under Ar,/H; (5 wt % H,) mixed gas sphere.

Electrochemical Measurement. Electrochemical measurements
were carried out in 2 M aqueous KOH in a half-cell setup
configuration at room temperature. Platinum wire and a stan-
dard calomel electrode (SCE) served as a counter electrode and
a reference electrode, respectively. The working electrode was
prepared by casting the slurry containing active materials,
carbon black, and polyvinylidene fluoride (PVDF) in a weight
ratio of 80:10:10 onto a 1 cm x 1 cm Ni foam (the area for slurry
coating is 0.2 cm x 1 c¢m). The electrodes were dried in vacuum
at 80 °C for at least 12 h. The resulting electrode was pressed at
5 MPa for the electrochemical test. The mass of active materials
was accurately determined using a microbalance with 0.001 mg
resolution (Sartarious). CV curves were recorded with a potential
window of —0.2 to 0.6 V vs SCE. EIS was collected by applying a
perturbation voltage of 5 mV in a frequency range of 100 kHz to
10 mHz.
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