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Abstract: A conceptually new all-solid-state asymmetric
supercapacitor based on atomically thin sheets is presented
which offers the opportunity to optimize supercapacitor
properties on an atomic level. As a prototype, b-Co(OH)2

single layers with five-atoms layer thickness were synthesized
through an oriented-attachment strategy. The increased den-
sity-of-states and 100 % exposed hydrogen atoms endow the b-
Co(OH)2 single-layers-based electrode with a large capaci-
tance of 2028 Fg�1. The corresponding all-solid-state asym-
metric supercapacitor achieves a high cell voltage of 1.8 V and
an exceptional energy density of 98.9 Wh kg�1 at an ultrahigh
power density of 17981 Wkg�1. Also, this integrated nano-
device exhibits excellent cyclability with 93.2 % capacitance
retention after 10000 cycles, holding great promise for
constructing high-energy storage nanodevices.

The current energy demand has greatly stimulated research
on developing new electrode materials for advanced energy-
storage devices.[1] In this regard, supercapacitors have
received considerable attention as high-performance energy
storage devices since they can provide superior capacitance,
high power density, and long cycle life.[2] However, the
commercially available capacitors usually suffer from an
inferior energy density, which is lower than that of lead-acid
batteries, Ni metal hydride (Ni-MH) batteries, or lithium-ion
batteries.[3] Hence, fabricating a supercapacitor that can store
as much energy as the lithium-ion batteries will be considered
as a breaktrough in the field of energy technology.

Generally, improvement of energy density (E) can be
achieved by maximizing the cell voltage (V) and the specific
capacitance (C) according to Equation (1):

E ¼ 0:5 C V 2 ð1Þ

To improve the cell voltage, a promising strategy is to develop

an all-solid-state asymmetric supercapacitor consisting of
a battery-type Faradaic electrode and a capacitor-type
electrode. Such a device has the potential to provide
a maximum operation voltage up to 2.0 V and hence greatly
improve the energy density. On the other hand, to improve
the specific capacitance, various materials, such as metal
hydroxides, have been widely investigated as cathodes in
asymmetric supercapacitors.[4] Among them, b-Co(OH)2 is
one of the most promising candidates owing to its high
theoretical capacitance of 3460 Fg�1 and natural abundan-
ce.[5a] However, the capacitances of b-Co(OH)2-based pseu-
docapacitors are still much lower than their theoretical
value.[5] This is mainly ascribed to the poor electrical
conductivity and insufficient amount of electroactive sites in
the previously prepared b-Co(OH)2 samples, which lead to
sluggish electrode kinetics and low specific capacitances.[6]

Thus, it is desirable to fabricate a novel cathode material with
abundant active sites and increased conductivity.

Herein, a conceptually new all-solid-state asymmetric
supercapacitor based on atomically thin sheets is presented,
offering increased specific capacitance and cell voltage, and
hence increased energy density. The b-Co(OH)2 material
consisting of five-atom layers not only features a shorter ion
diffusion path but also provides 100% exposed hydrogen

Figure 1. a,b) Calculated density-of-states for a) b-Co(OH)2 single-
layers and b) bulk b-Co(OH)2. The shadowed region highlights the
increased states density at the valence band edge of the b-Co(OH)2

single-layers. c,d) Charge density waves for the valence band maximum
of c) b-Co(OH)2 single-layers and d) bulk b-Co(OH)2, plotted from 0
(blue) to 0.1 e��3 (red).
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atoms to serve as the electroactive sites, thus
favoring Faradaic redox reactions, and hence
achieving large storage capacitance and fast rate
capability.[7] In addition, our systematic studies
reveal that the atomically thin sheets possess
much increased density-of-states (DOS) near the
Fermi level as compared to their bulk counter-
parts, which could enhance their electrical con-
ductivity.[7a, d] The calculated DOS in Figure 1a,b
clearly reveals that the b-Co(OH)2 single-layers
display remarkably increased states density at the
valence band edge relative to the bulk material.
This is further confirmed by the corresponding
charge density wave in Figure 1 c,d. The increased
DOS facilitates electrons transport along the two-
dimensional conducting channels to react with
OH� ions, thus achieving fast diffusion kinetics.[7d]

Here, a simple room-temperature 2D oriented
attachment approach is proposed to realize the
first large-scale synthesis of b-Co(OH)2 single-
layers with five-atom thickness (Scheme S1 in the
Supporting Information, SI). The XRD pattern in
Figure 2a can be readily indexed to brucite-like b-
Co(OH)2 (JCPDS No. 74-1057),[8] with the exclu-
sive presence of the (00l) diffraction peaks. This
reasonably reveals the preferred (001) orienta-
tion, in fair agreement with the HRTEM and fast-
Fourier transform image in Figure 2e,f. More-
over, the XPS spectra in Figure S2a–c indicate
that the as-prepared products consist of the
elements Co and O, indicating the formation of
pure b-Co(OH)2. This is further verified by the
corresponding Raman spectrum and FT-IR spec-
trum in Figure S2d and Figure S3. In addition, the
nearly transparent appearence of the nanosheets
and the distinct Tyndall phenomenon in Figure 2b
clearly show the ultrathin and flexible nature of
the obtained products. The AFM image and
corresponding height profiles in Figure 2c,d
depict smooth 2D nanosheets with an average
height of 0.47 nm, which is consistent with the 0.46 nm
thickness of a single-layered b-Co(OH)2 slab along the c-axis
direction (inset in Figure 2a and Figure S1), confirming the
formation of b-Co(OH)2 single-layers with five-atom thick-
ness. The above results clearly demonstrate that clean b-
Co(OH)2 single-layers with five-atom thickness were success-
fully synthesized.

To explore the formation mechanism of the flexible b-
Co(OH)2 single-layers, time-dependent morphology evolu-
tion experiments were carried out by HRTEM. In an initial
stage, part of aminoethanol hydrolyzes to produce NH3

+-
(CH2)2OH and OH� ions.[9] After the injection of amino-
ethanol solution into the CoCl2 solution, the OH� ions enable
the Co2+ to form many small 2D b-Co(OH)2 seeds without
obvious orientation (Figure 3a). NH3

+(CH2)2OH tends to
adsorb on the (001) facet of the b-Co(OH)2 seeds to further
reduce the surface energy,[10] owing to the fact that the low
surface energy renders the (001) facet much more stable than
the (100) and (010) facets with high surface energy (Fig-

ure 3e,f). The presence of NH3
+(CH2)2OH confers the (001)

facet with a positive charge. Driven by electrostatic inter-
actions and hydrogen-bond interactions between the NH3

+-
(CH2)2OH adsorbents,[11] the small seeds organize into nano-
sheets through an oriented attachment process. A close
inspection of Figure 3 b identifies that three small 2D seeds
merge into one nanosheet, indicating that the nanosheets are
formed directly from the small 2D b-Co(OH)2 seeds by
oriented attachment.[12] As the oriented attachment process
continues, the small 2D nanosheets ultimately evolve into
large 2D nanosheets (Figure 3c,d). After 36 h, the distinct
interplanar d-spacing of 0.27 nm matches well with the {100}
lattice plane of hexagonal b-Co(OH)2, evidencing that b-
Co(OH)2 single-layers with exposed (001) planes were
prepared (Figure 2b,e and f). Therefore, the combination of
crystal anisotropy and surfactant effects plays an important
role in the formation of the flexible b-Co(OH)2 single-layers.

A structural analysis of the obtained hexagonal b-
Co(OH)2 shows that the five-atom thickness enables the b-

Figure 2. a) XRD pattern of a single-layer b-Co(OH)2 film fabricated by a layer-by-
layer assembly strategy; the inset shows the corresponding crystal structure in (001)
orientation. b) Transmission electron microscopy (TEM) image of single-layer b-
Co(OH)2 and colloidal ethanol dispersion displaying the Tyndall effect. c) Height
profiles derived from the atomic force microscopy (AFM) image in (d). The numbers
1 to 3 in (c) correspond to 1 to 3 in (d). e) High-resolution TEM (HRTEM) and
f) the corresponding fast-Fourier transform image.
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Co(OH)2 single-layer to expose all hydrogen atoms on its
surface. As shown in Figure S6, the single-layer b-Co(OH)2

electrode shows a high specific capacitance of 2028 Fg�1

compared with the 7 nm thick nanosheet b-Co(OH)2

(998 Fg�1) and bulk b-Co(OH)2 plate electrodes (525 Fg�1).
An all-solid-state asymmetric supercapacitor was fabricated
consisting of our single-layer b-Co(OH)2 cathode and an N-
doped graphene-based anode.[13] As shown in Figure 4a, the
cyclic voltammetry (CV) curves of the single-layer b-
Co(OH)2 all-solid-state asymmetric supercapacitor exhibit
rectangular shapes even at a high scan rate of 100 mVs�1,
indicating ideal capacitive behavior and fast charge/discharge
properties.[14b, 15] The typical charge–discharge curves in Fig-
ure 4b show a nearly linear variation with potential, proving
its capacitor-like behavior.[14d] The specific capacitances
calculated from the galvanostatic charge–discharge curves
are 241.9, 236.3, 231.8, 225.7, and 219.6 Fg�1 at current density
of 1, 2, 5, 10, and 20 Ag�1, respectively (Figure 4b). This
specific capacitance of the integrated asymmetric supercapa-
citor is comparable to the 251.3 Fg�1 of the N-doped
graphene-based electrode in Figure S7b, further demonstrat-
ing the high capacitance of the single-layer b-Co(OH)2

electrode.
High specific capacitance and large cell voltage are crucial

to realize a high-efficiency supercapacitor with high energy
density and high power density based on the Equation (1) as
well as Equation (2):[14b]

P ¼ E=Dt ð2Þ

where E, P, and Dt are the specific energy density (Whkg�1),
power density (kWkg�1), and discharge time (s), respectively.

Figure 4c shows the Ragone plots of our single-
layer b-Co(OH)2 all-solid-state asymmetric
supercapacitor in the voltage window of 0–1.8 V
at various current densities. The specific energy
density decreased from 108.9 to 98.9 Whkg�1

based on the total mass of active materials,
while the power density increased from 0.9 to
17.98 kWkg�1 as the current density increased
from 1 to 20 Ag�1. To the best of our knowledge,
such an energy density of 98.9 Whkg�1 and power
density of 17.981 kWkg�1 at high current density
of 20 Ag�1 for an integrated asymmetric super-
capacitor can compete with the world�s highest
energy density for supercapacitors (Figure 4c).[14]

Also, a high energy density of 43.9 Whkg�1 could
be obtained for the integrated asymmetric super-
capacitor based on the total mass of the inte-
grated nanodevice (73.6 mg), which is still com-
parable with Ni-MH batteries.[3] Moreover, its
capacitance was 93.2 % of the initial capacitance
at a scan rate of 20 mVs�1 after 10 000 cycles
(Figure 4d), indicating an excellent cycling sta-
bility, which could be further proved by the
corresponding CV curves in the inset of Fig-
ure 4d. Such cycling performance is highly com-
petitive in comparison with some other asym-
metric supercapacitors.[14b–f, 16]

Obviously, the ultrahigh energy density of the single-layer
b-Co(OH)2 all-solid-state asymmetric supercapacitor can be
ascribed to the elevated cell voltage of 1.8 V and high specific
capacity of 241.9 Fg�1, according to formula (1). The presence
of the single-layer b-Co(OH)2 cathode and N-doped gra-
phene-based anode helps to greatly extend the cell voltage of
the integrated device up to 1.8 V, thus drastically improving
the energy density. Also, the specific capacitance of the full
device is significantly enhanced by the ultrahigh specific
capacity of 2025 Fg�1 of the single-layer b-Co(OH)2 cathode
(Figure S8a). The perfect specific capacitance of the b-
Co(OH)2 single-layer can be assigned to its ultrathin thickness
and the 100% exposed hydrogen atoms. It was reported that
the charge/discharge process of b-Co(OH)2 is a quasi-adsorp-
tion/desorption process of surface hydrogen atoms,[5b] imply-
ing that an architecture with more exposed hydrogen atoms
would favor the electrochemical redox reactions. The five-
atom thickness of our b-Co(OH)2 single-layers enable 100%
hydrogen atom exposure on the surface (Figure 4e). Com-
pared with bulk b-Co(OH)2 plates and 7 nm thick b-Co(OH)2

nanosheets (Figures S4 and S5), the 100% exposed hydrogen
atoms of the b-Co(OH)2 single-layers provide much more
chance for hydrogen desorption and hence efficiently facil-
itate the Faradaic redox reactions according to reactions (3)
and (4):

CoðOHÞ2 þOH� Ð CoOOHþH2Oþ e� ð3Þ

CoOOHþOH� Ð CoO2 þH2Oþ e� ð4Þ

which contribute to higher capacitance and superior rate
capability.[1b, 17] Also, the huge specific surface area provides

Figure 3. HRTEM images of the intermediate products at different reaction stages:
a) 5 h; b) 10 h; c) 18 h. d) Schematic of the 2D oriented attachment strategy for the
formation of the flexible b-Co(OH)2 single-layers. e) Planar (001) facet and f) lateral
(100) or (010) facets of hexagonal b-Co(OH)2 showing calculated surface energies of
76 and 141 mJm�2.
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an enlarged electrolyte-accessible area, while the ultrathin
thickness facilitates diffusion of the electrolyte ions at the
high rates. The excellent electrochemical kinetics are further
shown by the increased specific current compared with the
7 nm thick b-Co(OH)2 nanosheets and the bulk b-Co(OH)2

plates electrodes (Figure S6a).[7c,18] Moreover, the enhanced
DOS of the b-Co(OH)2 single-layers (Figure 1) facilitates
electron transport along the two-dimensional conducting
channels to react with OH� ions, which is favorable for fast
diffusion kinetics.[7d, 17b] Also, the 2D configuration endows the
b-Co(OH)2 single-layers with a much better grain boundary
connectivity and intimate contact with the electrolyte, thus
ensuring fast interfacial charge transfer and fast electro-
chemical reactions as well as low corrosion rates.[7d, 12] This
could be verified by their lower resistance of ca. 1.0 W in the
high-frequency region and their steeper slope in the low-
frequency region of the Nyquist plot, compared to that of the
7 nm b-Co(OH)2 nanosheets and the bulk b-Co(OH)2 plates

electrodes in Figure S9.[1b, 7c] Accordingly, the
above several advantages endow the single-layer
b-Co(OH)2 electrode with prominently improved
specific capacitance and faster electrode kinetics,
thus providing an ideal platform for the fabrica-
tion of asymmetric supercapacitors with a wider
voltage range and hence higher energy density.

In summary, a conceptually new all-solid-state
asymmetric supercapacitor based on an atomi-
cally thin-sheet electrode was described, showing
high energy density due to abundant active sites
and increased electrical conductivity. As a proto-
type, large-scale flexible b-Co(OH)2 single-layers
with five-atom thickness were synthesized
through a facile oriented attachment method.
The five-atom thickness and 100 % exposed
hydrogen atoms facilitate the hydrogen desorp-
tion process, while the increased DOS at the
valence band edge favors electron transport along
the 2D conducting channels. These advantages
enable the single-layer b-Co(OH)2 electrode to
achieve excellent electrochemical kinetics and
perfect capacitance of 2028 Fg�1. Benefiting from
these features, an all-solid-state asymmetric
supercapacitor fabricated from single-layer b-
Co(OH)2 displayed a high energy density of
98.9 Whkg�1 at an exceptional power density of
17981 W kg�1, which is comparable to that of
lithium-ion batteries. Furthermore, this inte-
grated asymmetric supercapacitor achieves excel-
lent cycling life, with 93.2% capacity retention
after 10 000 charge/discharge cycles.
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