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ty and Ins
[18_TD$DIFF]A B S T R A C T

By integrating themerits of lanthanide elements and quantum dots, we firstly design CeO2 quantum dots
doped Ni-Co hydroxide nanosheet via a controllable synthetic strategy, which exhibits a large specific
capacitance (1370.7 F/g at 1.0 A/g) and a good cyclic stability [19_TD$DIFF](90.6% retention after 4000 cycles).
Moreover, we assemble an aqueous asymmetric supercapacitor with the obtainedmaterial, which has an
extremely high energy density (108.9 Wh/kg at 378W/kg) and outstanding cycle stability (retaining [20_TD$DIFF]

88.1% capacitance at 2.0 A/g after 4000 cycles).
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
It is widely known that transition metal hydroxides (TMHs) are
attractivematerials for the design of electrodes with application in
electrocatalysis [1–6], electrochemical analysis [7–9] and electro-
chemical energy storage [10–18], arising from their metal hydroxyl
host layers and anions that can balance the charges in their
crystalline galleries. Both Ni and Co are important members of the
transition elements, which means they are not expensive and
suitable for applying as high-performance electrodes. Thus, Ni and
Co based materials have become a popular cathode material for
electrochemistry [19], particularly for electric energy storage [20–
23]. That is probably because of Faradaic oxidation-reduction
reactions with hydroxyl anions and large theoretical surface area.
In a case, Wang’s group synthesized [21_TD$DIFF]2-methylimidazole-derived
Ni-Co LDH nanosheets and used for high-performance electrode
material in hybrid supercapacitors [24]. Li and his group used CoSx/
Ni-Co LDH nanocages with rhombic dodecahedral structure for
high-performance electrode of asymmetric supercapacitors [25].
Nonetheless, the poor intrinsic conductivity and low ion conduc-
tive rate of transition metal hydroxides restricted their actual
application.

In recent years, quantum dots have attracted intensive
researches in many fields, which are microscopic semiconductor
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particles of a few nanometers, having optical and electronic
properties. They differ from normal particles owing to quantum
mechanics [26], involving the interaction of electrons with a
pseudopotential or random matrix [27]. Because of the unique
electronic and physicochemical properties, such as their strong
and tunable fluorescence emission properties, quantum dots have
been widely applied in luminescence [28,29], bioimaging [30],
solar cells [31] and photo-electrocatalysis [32]. Besides, due to
their small size, quantum dots usually display very high-level
exposure of active sites [33], which would bring accelerated
electroactivity. Arising from the extraordinary characteristics of
lanthanide elements, such as allowing faster electrons and protons
transfer, when doped in poor conductors, their intrinsic conduc-
tivity usually can be enhanced [34]. That makes lanthanide
elements been such widely applied in electrochemistry [35]. As an
important member of lanthanide elements, Ce is widely applied in
electrochemical energy storage [36] particularly because of the
excellent oxidation-reduction abilities.

By integrating the merits of both lanthanide elements and
quantum dots, herein CeO2 quantum dots doped Ni-Co hydroxide
nanosheet (denoted as CQNCH)was designed for thefirst time via a
controllable synthetic strategy. CeO2 particles in the form of
quantum dots were homogeneously dispersed on ultrathin Ni-Co
hydroxide nanosheets, which could remarkably boost the electro-
chemical performance. The CQNCH showed an outstanding
specific capacitance (1370.7 F/g at 1 A/g) and a good cyclic
stability. In addition, we assembled an aqueous asymmetric
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. (a) XPS spectrum of CQNCH. (b) High-resolution of Ce 3d XPS spectra.
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Fig. 3. (a, b) SEM image of the as-prepared CQNCH. (c) TEM image and elements
mapping images of CQNCH. (d) TEM image of CQNCH. (e, f) HRTEM image of CQNCH.
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supercapacitor (ASC) with CQNCH, presenting an extremely high
energy density, which was up to 108.9 Wh/kg. Furthermore, this
strategy can also be used to the controllable fabrication of other
rare-earth elements oxides quantum dots doped transition metal
hydroxides that could promote the development of electrochemi-
cal energy storage.

CQNCH was fabricated via a convenient method and schemati-
cally showed in Fig. 1 (more synthetic details in Supporting
information). We found that the doping of CeO2 particles in
quantum dots size homogeneously dispersed on Ni-Co hydroxide
nanosheets, which obviously changed the morphology and
electrochemical properties.

X-ray diffraction (XRD) characterized the structure of CQNCH
(Fig. S1a in Supporting [22_TD$DIFF]information). The pattern confirmed the Ce-
doped Ni-Co hydroxide nanosheets that consisted of Ni(OH)2
(JCPDS No.14-0117), Co(OH)2 (JCPDS No. 51-1731) and CeO2 (JCPDS
No. 34-0394), which exhibited three main diffraction peaks
corresponding to (001) plane of Ni(OH)2, (001) and (002) planes
of Co(OH)2. Similar with our previous work, the strong character-
istic peak in region of low angle contributed from the interlayer
intervals, which suggested CQNCH a layered structure [ [23_TD$DIFF]37]. As
shown in Fig. S1b, there were also two weak diffraction peaks,
which corresponded to (111), (200) planes of CeO2.

The oxidation state and chemical composition of CQNCH were
analyzed by X-ray photoelectron spectroscopy (XPS). The survey
spectrumwas shown in Fig. 2a, indicating that Ni, Co, Ce, O, C and a
small amountN(fromammoniumandnitrate)wereevident. Fig. S2a
(Supporting information) showed the high-resolution of Ni 2p
spectrum. It suggested two clear-cut peaks at 855 and 873 eV,which
wereassignedtotheNi2p1/2 andNi2p3/2 [24_TD$DIFF]signalsofNi(Ⅱ) [38], aswell
as the two satellite peaks located at 861 and 879 eV. As shown in
Fig. S2b (Supporting information), the high-resolution of Co 2p
spectrumdisplayed two peaks at 781 eV and 796 eV,which could be
assigned toCo2p3/2 andCo2p1/2 [[25_TD$DIFF]39]. Therewere sixpeaks inFig.2b,
referringtothreepairsof spin-orbitdoublets,whichweredenotedas
v, v’’, v’’’ that were contributed from Ce(Ⅳ) 3d5/2 and u, u’’, u’’’ that
were fromCe(Ⅳ) 3d5/2.Other signatures (denotedasv0, v’, u0, andu’)
were ascribed to Ce(Ⅲ) [[26_TD$DIFF]27]. It is probably because the Ce(Ⅳ) was
partly reduced to Ce(Ⅲ) by dodecylamine.

The morphological features of CQNCH were revealed by
scanning electron microscopy (SEM). [27_TD$DIFF]Figs. 3a and b showed the
SEM images of as-synthesized samples, which revealed the layered
structure, in line with the result of XRD. Transmission electron
microscopy (TEM) further disclosed the morphological features of
CQNCH. The TEM images at different resolutions were shown in
Figs. 3c and d, which further confirmed the paper-like layered
structure. What [28_TD$DIFF]is more, according to Fig. 3e, it clearly
demonstrated that the CeO2 was homogeneously dispersed on
the surface of Ni-Co hydroxide nanosheets in the form of quantum
dots. Comparing with Ni-Co hydroxide nanosheets (Fig. S3 in
Supporting information), the doping of CeO2 could make Ni-Co
hydroxide nanosheets dispersed and prevent aggregation, which
enabled CQNCHmore exposure of active sites. The high-resolution
TEM was shown in Fig. 3f, which unraveled one obvious lattice
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Fig. 1. Schematic illustration of the fabrication processes of CQNCH.
fringe with an interplanar gap of 0.271 nm, completely corre-
sponding to (200) plane of CeO2. The corresponding elements
mapping imageswere shown in Fig. 3c, which displayed Ni, Co and
Ce were almost uniformly distributed in the CQNCH.

Different electrochemical analytic methods can be utilized to
examine the electrochemical property of CQNCH. Cyclic voltamme-
try (CV) is a crucial technique to investigate the redox behavior of an
electrodematerial, and the result was shown in Fig. S6a (Supporting
information). The result of CV at scan rates ranging from 10mV/s to
50mV/s in a 3mol/L KOHexhibited complex redox peaks, indicating
the redox behavior consisted of Co(OH)2 and Ni(OH)2, with the
existence of hydroxide ions. The clear redox peaks and large area of
CV curves indicated the excellent faradic electrochemical reaction
process, which led to a good pseudocapacitive performance.

The galvanostatic charge-discharge (GCD) curves of CQNCH
within a voltage window of 0 to 0.4 V at 1.0–5.0 A/g were shown in
Fig. S6b (Supporting [22_TD$DIFF]information), in which the large current
density peaks at all scan rates suggested the good pseudocapa-
citive behavior. The plateaus in the GCD curves indicated the
presence of Faradaic processes, which were consistent with the CV
scanning results. According to the GCD curves, the specific capacity
of CQNCH was calculated to 1370.7, 1231.0, 1172.6, 1141.8 and
1120.5 F/g at current densities of 1.0, 2.0, 3.0, 4.0 and 5.0 A/g,
respectively (Fig. S6c in Supporting [22_TD$DIFF]information). For comparison,
Fig. [29_TD$DIFF] S5 showed the GCD curves of Ni-Co hydroxide nanosheets and
the specific capacitance was also displayed in Fig. S6c, which
demonstrated the doping of Ce obviously enhanced the super-
capacitor performance of pristine Ni-Co hydroxide nanosheets.

It is significant for energy storage appliances to work with
safety and stability in a long time, so the cycling stability test is
very meaningful. As shown in Fig. S6d (Supporting information),
we tested the cycling stability of CQNCH via constant cycling
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(charge and discharge) at 2.0 A/g. In the first cycle, the capacitance
of CQNCH was 1202.2 F/g. As the cycle number increased, the
capacitance gradually enlarged and got themaximumof 1230.8 F/g
at the 6th cycle. When cycled 1000 times, the capacitance declined
to 1174.6 F/g. With the further increase of cycle number, the
descending rate slowed down slightly. After 4000 cycles it finally
faded to 1083.8 F/g, retainingmore than [30_TD$DIFF]90.1% of its initial capacity
at 2.0 A/g.

Additionally, we assembled the aqueous asymmetric super-
capacitor device whose positive and negative electrodes were
consisted of CQNCH and activated carbon, respectively (denoted as
CQNCH//AC). The CV and GCD curves of CQNCH//AC at divergent
scan rateswere shown in Figs. 4a and b. The CQNCH//AC reached an
ultrahigh energy density of 108.9 Wh/kg at 378W/kg and
remained 62.2 Wh/kg even at 4381W/kg, which is significantly
better than previously reported ASCs, such as CCO-NS//HCP-CNF
(25.4 [31_TD$DIFF]Wh/kg at 400W/kg) [40], EC@NiCo2S4//EC (46.4Wh/kg at
801W/kg) [ [32_TD$DIFF]41], CoNiSe2//AC (46.5 Wh/kg at 160.1W/kg) [ [33_TD$DIFF]42],
NCNs-0.1//AC (43.02 Wh/kg at 820.29W/kg) [ [34_TD$DIFF]43], NA-LDH-OA-2//
AC (40.26 Wh/kg at 943W/kg) [8], PPC-800�2//PPC-800�2 (16.97
Wh/kg at 200W/kg) [ [35_TD$DIFF]44]. Fig. 4c showed the corresponding
comparison Ragone plots. What is more, the CQNCH//AC also
exhibited satisfying cycling stability that retainedmore than [20_TD$DIFF]88.1%
after 4000 cycles at 2 A/g (Fig. 4d). After stability test, the positive
electrode materials were characterized by XRD again (Fig. S7 in
Supporting [22_TD$DIFF]information). According to Fig. S7, the peaks had no
significant change, which suggested that the materials kept the
initial structure after the stability test. The CV andGCD curves of AC
were shown in Fig. S8 (Supporting [22_TD$DIFF]information), which showed the
capacity of 115.5 F/g at 1 A/g.

In conclusion, we fabricated a paper-like layered CeO2 quantum
dots doped Ni-Co hydroxide nanosheets via a simple one-step
solvothermal method, which is low-cost, environment benign and
convenient. The consequences exhibited that CQNCH presented an
enhanced supercapacitor performance. CQNCH as an electrode
material displayed an outstanding specific capacity of 1370.7 F/g at
1 A/gwithmore than [36_TD$DIFF]90.6% capacitance retention after 4000 cycles
at 2 A/g. Moreover, the aqueous asymmetric supercapacitor
(CQNCH//AC) device was assembled, which displayed an ultrahigh
energy density of 108.9Wh/kg at a power density of 378W/kg and
[(Fig._4)TD$FIG]

Fig. 4. (a) Cyclic voltammetry within a 0.15–0.55 V range at a scan rate 10–50mV/s
on the electrode in 3.0mol/L KOH at room temperature. (b) Galvanostatic charge–
discharge curves with current densities of 0.5–5.0 A/g. (c) Ragone plots of CQNCH//
AC compared with those of the previous asymmetric supercapacitors; (d) Charge-
discharge cycling test at 2.0 A/g.
the capacitance retained [20_TD$DIFF]88.1% at 2 A/g after 4000 cycles. What is
more, this strategy can be utilized to the controllable fabrication of
other rare-earth elements oxides quantum dots doped transition
metal hydroxides, which would accelerate the improvement of
electrochemical energy storage device.
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Appendix A. Supplementary data

Supplementarymaterial related tothis article canbe found, in the
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