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Carbon quantum dot regulated electrochemical
activation of Co0.03Ni0.97LDH for energy storage†
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The valence and coordination structure of transition metals in electrode materials play a crucial role in the

electrochemical energy storage process. However, it is still challenging to modulate the chemical

environment of transition metals in multi-metal-based electrode materials because of the presence of

charge exchange between the different metal ions. Here, a bimetallic-based electrode material,

Co0.03Ni0.97LDH, with low electrochemical activity is transformed into a highly active one through a

simple and efficient electrochemical activation process with the assistance of carbon quantum dots

(CQDs). It reveals that CQDs can provide a fast charge transfer channel for the unique valence regulation

between Co and Ni, resulting in the generation of high concentrations of Co3+ and Ni2+, which is ben-

eficial for upgrading the energy density of the electrode material and mitigating the Jahn–Teller distortion

during the conversion of Ni2+/Ni3+. Moreover, the distinctive 5-coordination structures of Co can effec-

tively stabilize the active sites of both Ni2+ and Co3+. The activated CQD-modified Co0.03Ni0.97LDH com-

posites (A-CQD/Co0.03Ni0.97LDH) deliver a high specific capacity of 2408 F g−1 at 1 A g−1 and maintain a

high capacity retention of 90% after 2000 cycles at 10 A g−1. The assembled asymmetric supercapacitor

and the aqueous Ni–Zn battery show a high energy storage density of 0.25 mW h cm−2 at a power

density of 2.25 mW cm−2 and 1.44 mW h cm−2 at 0.72 mW cm−2, respectively. The impressive results

provide a feasible strategy for the rational design of multi-metal-based electrode materials.

Introduction

An urgent need exists for developing a high-performance
electrochemical energy storage device to solve the energy crisis
and environmental problems as the demand for energy is
increasing.1–3 Electrode materials play a crucial role in the
design of electrochemical energy storage devices. The develop-
ment of high-performance electrode materials has become a
major research focus for materials scientists and
technicians.4–6 Among the many electrode materials available,
transition metal hydroxides (M(OH)y, M = Fe, Co, Ni, etc.) are
excellent battery-type electrode materials due to their abun-
dant redox reactive sites and high theoretical capacity.7–9

However, the slow ion transport and electron transfer
dynamics of transition metal hydroxides during energy storage
results in large internal resistance and poor rate perform-
ance.10 In addition, the volume change during ion embedding
and the Jahn–Teller distortion cause crystal structure distor-
tion in the electrode material, leading to poor cycling
stability.11,12 These problems are serious obstacles to the
further application of M(OH)y in energy storage. To overcome
these inherent limitations, there is an urgent need for a
simple and effective strategy to enhance the electrochemical
performance of M(OH)y for next generation energy storage
devices.

Electrochemical activation technology, also referred to as
electrochemical reconstruction or electrochemical conversion,
is a simple and efficient approach to improve the electro-
chemical performance of electrode materials.13 After the
process of electrochemical activation, materials with poor
electrochemical properties, even inert materials, could be con-
verted into highly active materials to significantly increase
their energy storage capacity.14 In situ or ex situ measurements
revealed that electrochemical activation is primarily achieved
by modulating the microstructure15 and/or elemental compo-
sition of the electrode material16 with the aim of increasing
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their energy storage capabilities. So far, transition metal
hydroxides,17 phosphides,18 sulphides,19 and nitrides20 have
been employed extensively as electrochemical activation
materials. Among them, cobalt/nickel double hydroxide
(CoNiLDH), a typical electrochemically activated material, has
been extensively investigated for its electrochemical activation
mechanisms.21 During the electrochemical activation, the
transformation of the morphology22 and dynamic changes16 in
the content between Ni2+ and Ni3+, Co2+ and Co3+ are the criti-
cal factors affecting the energy storage performance of
CoNiLDH. The previous work23 reported that the increased
Co3+ content via electrochemical activation could improve the
electrochemical performance of CoNiLDH. Meanwhile, the
low-spin Co3+ can provide a positive contribution to diminish
the structural distortions induced by high-spin Ni3+.24

According to the redox reaction of CoNiLDH, Ni2+ is the main
active species for charge storage.25 However, Co3+ with stronger
oxidation can oxidize Ni2+ to Ni3+, resulting in the reduction of
energy storage capacity. Eventually, the two high-spin sites of
Ni3+ and Co2+ would induce the structural collapse of
CoNiLDH because of the Jahn–Teller distortion during the
energy storage process. To date, most of the studies have high-
lighted the dominance of Co3+ at the expense of the effect of
Ni3+ on the electrochemical properties of CoNiLDH. Therefore,
the generated Ni3+ from the oxidation of Ni2+ by Co3+ during
the electrochemical activation of CoNiLDH needs to be further
investigated.

In the electrochemical activation process, the introduction
of appropriate heteroatoms into the structure26,27 or composit-
ing with other active substances28 in advance usually takes
place with a view to improving the effect of electrochemical
activation. Compared with pure CoNiLDH, the modified
materials exhibited a rougher surface structure and more
defects after electrochemical activation, which effectively short-
ens the electron and ion transfer pathways, thus accelerating
the reaction kinetics. As a typical zero-dimensional carbon
material, carbon quantum dots (CQDs) have received wide-
spread attention in electrode materials in recent years due to
their unique electronic properties and the capability of carry-
ing various elements on their surface.29,30 The reported litera-
ture suggested that the introduction of CQDs could not only
optimize the microstructure of CoNiLDH to effectively accom-
modate the strain from the volume change during long-term
cycling31 but also create more defects in CoNiLDH to acceler-
ate the reaction kinetics and improve the rate performance of
the material.32 To date, the information about the valence
regulation between Ni and Co in CoNiLDH by CQDs is still
lacking. In addition, the effect of highly reactive functional
groups on the surface of CQDs on the coordination number of
Ni and Co in the CoNiLDH structure has not yet been reported.
Furthermore, the maintenance of a high content of both Ni2+

and Co3+ as the two active sites for energy storage in CoNiLDH
by the regulation of the Ni and Co coordination environment
needs to be further investigated.

Therefore, to reveal the effect of the dynamic changes of
Co2+/Co3+ on Ni2+/Ni3+ and the mechanism of valence regu-

lation of Co and Ni by CQDs during the electrochemical acti-
vation of CoNiLDH, herein, CQD/Co0.03Ni0.97LDH nanosheets
were prepared by a one-step hydrothermal method using metal
ion modified CQDs (M/CQDs, M = Co, Ni) and nickel nitrate as
raw materials (see the ESI† for details). The metal ion-modi-
fied CQDs were obtained through the adsorption of Co2+ ions
on S-doped CQDs. Further electrochemical activation using
200 cycles of cyclic voltammetry (CV) was carried out to
prepare activated CQD/Co0.03Ni0.97LDH (abbreviated as A-CQD/
Co0.03Ni0.97LDH). The XPS and XAFS results revealed that the
excellent electron transport properties of CQDs enable the pre-
ferential oxidation of more Co2+ to the highly reactive Co3+

during electrochemical activation, while Ni3+ would be
reduced to Ni2+ benefiting from the reductive nature of CQDs.
EXAFS revealed the presence of Co–C/S bonds after electro-
chemical activation. Density functional theory (DFT) calcu-
lations showed that CQDs could regulate the charge distri-
bution of Co0.03Ni0.97LDH, which solves the problem of
difficult coexistence of high concentrations of Co3+ and Ni2+,
upgrading the capacity and relieving the Jahn–Teller distortion
of Co0.03Ni0.97LDH. Moreover, A-CQD/Co0.03Ni0.97LDH exhibi-
ted a lower OH− adsorption energy and redox reaction energy
barrier than those of A-Ni(OH)2 and A-Co0.03Ni0.97LDH.
Consequently, A-CQD/Co0.03Ni0.97LDH delivered a high specific
capacitance of 2408 F g−1 at 1 A g−1 in 6 M KOH, much greater
than that of A-Ni(OH)2 (1094 F g−1) and A-Co0.03Ni0.97LDH
(1026 F g−1). Moreover, the assembled asymmetric super-
capacitor could deliver a high energy storage density of
0.25 mW h cm−2 at a power density of 2.25 mW cm−2 and the
assembled aqueous Ni–Zn battery could deliver a high energy
storage density of 1.44 mW h cm−2 at a power density of
0.72 mW cm−2. The above results provide a new understanding
on the effect of CQDs on the enhanced electrochemical per-
formance of bimetallic hydroxides.

Experimental
Materials

Carbon cloth (CC, WOS1002) was purchased from Taiwan
Carbon Energy. Zn(CH3COO)2 (>99%), Co(NO3)2·6H2O
(>98.5%), Ni(NO3)2·6H2O (>99.5%), KOH (>85.0%), citric acid
(>99.5%), thiourea (>99%), urea (>99%), concentrated nitric
acid (HNO3, 65.0–68.0%), concentrated sulfuric acid (H2SO4,
98%), concentrated hydrochloric acid (HCl, 34–37%) and
KMnO4 (99%) were purchased from Shangtou Xilong
Scientific. Co(CH3COO)2·4H2O (>99.5%) and Ni
(CH3COO)2·4H2O (>99.0%) were acquired from Shanghai
Macklin Biochemistry. All chemical reagents were used
without further refinement.

Synthesis of S/CQDs

S/CQDs were prepared by a hydrothermal method reported in
the previous work with minor modification.33 3 g of citric acid
and 1.5 g of thiourea were completely dissolved in 30 mL of de-
ionized water and stirred for 0.5 h at room temperature. The
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above mixture was then transferred to a 50 mL PTFE stainless
steel autoclave and held at 200 °C for 10 hours. After the com-
pletion of the reaction, the autoclave was cooled naturally to
room temperature. The resulting brownish yellow suspension
was centrifuged at 8000 rpm for 30 min to remove large par-
ticles and the supernatant was collected to obtain the S/CQD
solution.

Synthesis of M/CQDs

0.1 g of M(NO3)2·6H2O (M = Co, Ni) was dissolved in 100 mL of
deionized water and stirred for 0.5 h at room temperature. The
above solution was then slowly added dropwise to 30 mL of S/
CQD solution and stirred at room temperature for 1 hour.
Then, the obtained precipitate of M/CQDs was collected by
centrifugation and freeze-dried.

Synthesis of CQD/Co0.03Ni0.97LDH

0.1 g of Co/CQD powder was uniformly dispersed in 50 mL of
deionized water. Then, 0.2488 g of Ni(CH3COO)2·4H2O and
0.24 g of urea were dosed into the above dispersion. After stir-
ring for 0.5 hours, the obtained reaction solution was trans-
ferred to a 100 ml PTFE-lined stainless-steel autoclave and
held at 150 °C for 6 hours. After the completion of the reac-
tion, the autoclave was cooled to room temperature naturally
and the precipitate was collected and washed several times
with distilled water and ethanol. The final product was freeze-
dried and labelled as CQD/Co0.03Ni0.97LDH.

Synthesis of CoXNi1−XLDH

0.2438 g of Ni(CH3COO)2·4H2O, 0.0050 g of Co
(CH3COO)2·4H2O and 0.24 g of urea were completely dissolved
in 50 mL of deionized water and stirred at room temperature
for 0.5 h. The resulting reaction solution was transferred to a
100 mL PTFE-lined stainless-steel autoclave and held at 150 °C
for 6 hours. The autoclave was cooled naturally to room temp-
erature and the precipitate was then collected and washed
several times with distilled water and ethanol. The final
product was freeze-dried and labelled as Co0.03Ni0.97LDH. For
comparison, the Ni(OH)2, Co0.2Ni0.8LDH, Co0.3Ni0.7LDH,
Co0.4Ni0.6LDH, Co0.5Ni0.5LDH, Co0.7Ni0.3LDH and Co(OH)2
samples were also prepared using the above preparation
process through changing the molar ratio of the Ni salt and Co
salt.

Preparation of an activated carbon cloth (ACC) electrode

The plasma-treated CC was activated in a mixture of 20 mL of
concentrated HNO3, 40 mL of concentrated H2SO4, and 6 g of
KMnO4 for 24 h at 0 °C. The activated CC (ACC) was washed
with deionized water and soaked in concentrated HCl for 12 h.
Finally, the ACC was washed, dried, and used as the negative
electrode.

Material characterization

The morphology and structure were observed using an FEI
Quanta 250 scanning electron microscope (SEM) and an FEI
Talos F200X transmission electron microscope (TEM). The

phase was characterized on a Bruker D8 Advance XRD diffract-
ometer (XRD) with Cu Kα radiation (λ = 1.5406 Å). The metal
elements were determined using inductively coupled plasma
mass spectrometry (ICP-MS, Thermo Fisher, iCAP RQ-MS). The
elements and chemical states were analysed by Kratos Axis
Ultra X-ray photoelectron spectroscopy (XPS). Fourier trans-
form infrared spectroscopy (FTIR) was performed on a Bruker
VERTEX70 FTIR spectrometer. The pore structure of the as-pre-
pared samples was analysed using N2 adsorption/desorption
isotherms at 77 K obtained on a surface area & pore size analy-
ser (Micromeritics TriStar II 3020). The XAFS tests were carried
out at the Shanghai Synchrotron Radiation Centre facility, with
Co or Ni K-edge absorption spectra in transmission mode and
all XAFS spectra calibrated using Co or Ni foils. The EXAFS
data were processed using the Athena module of the EXAFS
software package and the quantitative curve was fitted using
the Artemis module.34

Electrochemical measurements

The active material, conductive carbon black and polyvinyli-
dene fluoride (PVDF) were mixed with N-methyl-2-pyrrolidone
in a mass ratio of 8 : 1 : 1 to form a slurry. The resulting slurry
was then coated onto a carbon cloth substrate of 1 cm × 1.5 cm
(active area is 1 cm × 1 cm) after N2-plasma treatment and
dried at 60 °C for 12 hours. Electrochemical measurements
were carried out on a Chenhua CHI760e electrochemical work-
station using a three-electrode system in 6 M KOH aqueous
solution at room temperature (25 ± 2 °C). Herein, the as-fabri-
cated electrode, platinum plate (1 cm × 1 cm) and Hg/HgO
electrode were used as the working electrode, the counter elec-
trode, and the reference electrode, respectively. Cyclic voltam-
metry (CV), galvanostatic charge–discharge (GCD) analysis and
electrochemical impedance spectroscopy (EIS) were performed
to evaluate the electrochemical properties of the as-prepared
electrodes. The mass capacity (Cm) of the as-prepared samples
in the three-electrode system was calculated according to eqn
(1), and the areal capacity (Ca) was calculated according to eqn
(2), respectively.

Cm ¼ IΔt
mΔV

ð1Þ

Ca ¼ IΔt
SΔV

ð2Þ

where I, Δt, ΔV and m are the discharge current (A), discharge
time (s), potential window (V) and mass loading of the active
materials (g), and S is the area of the active substance of the
electrode (cm2).

In addition, an asymmetric supercapacitor device (ASC) was
assembled using a piece of glass fiber filter paper as the
separator, A-CQD/Co0.03Ni0.97LDH as the positive electrode,
ACC as the negative electrode, and 6 M KOH as the electrolyte,
respectively. The ACS was sealed with a PVC film, and its thick-
ness was 1.7 mm. The electrochemical properties of the ASC
were tested on a CHI760e electrochemical workstation and a
CT2001A battery test system at room temperature (25 ± 2 °C).
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The energy density and power density of the ASC were calcu-
lated through the following eqn (3) and (4), respectively:

Ea ¼ CaðΔVÞ2
7:2

ð3Þ

Pa ¼ 3600Ea
Δt

ð4Þ

where ΔV (V) is the operating voltage range and Δt (s) is the
discharge time.

The electrochemical performance of the assembled water-
based Ni–Zn battery was tested using a two-electrode system.
The CR2025 cells were assembled using a zinc flake and an as-
prepared electrode as the anode and cathode, respectively. A
solution of 0.2 M Zn(CH3COO)2 and 6 M KOH was used as the
electrolyte and glass fiber filter paper was the separator. In
addition, the mass loading of the active materials on the
collect were about 3 mg cm−2 in the above three-electrode
system, ACS and Ni–Zn battery.

Results and discussion
Characterization

The CV curves at the scan rate of 50 mV s−1 for the electro-
chemical activation process are shown in Fig. 1a–c. During the
CV cycling, the intensity of the redox peaks and the area of the
CV curve gradually increased, indicating that the specific
capacity increased with CV cycling. It is evident that both Ni
(OH)2 and Co0.03Ni0.97LDH reached the electrochemical stabi-
lity earlier in comparison with CQD/Co0.03Ni0.97LDH. The
reconstruction of Ni(OH)2 occurred mainly in the first 10 CV
cycles, after which the capacity did not change obviously.
Although Co0.03Ni0.97LDH eventually achieved excellent capaci-
tive performance compared to Ni(OH)2, it required longer acti-
vation time as well, becoming steady after 100 CV cycle acti-
vation. Likewise, CQD/Co0.03Ni0.97LDH involved longer acti-
vation times, and its capacity increased greater than that of Ni
(OH)2 and Co0.03Ni0.97LDH after 10 cycles.

After 200 CV cycles, CQD/Co0.03Ni0.97LDH possessed the
best specific capacity, implying its irreversible change distinct
from Ni(OH)2 and Co0.03Ni0.97LDH. It indicates that the acti-
vated CQD/Co0.03Ni0.97LDH (A-CQD/Co0.03Ni0.97LDH) could
deliver exceptionally high electrochemical activity. To observe
the effect of the electrochemical activation process on the
electrochemical properties of the individual electrode
materials, the specific capacity calculated from the CV is
shown in Fig. 1d. After 200 CV cycles, the obtained
A-Co0.03Ni0.97LDH delivered a slightly improved specific
capacity than that of A-Ni(OH)2, suggesting that only low dose
doping (3%) of Co is insufficient to increase the electro-
chemical performance of Ni(OH)2. Furthermore, A-CQD/
Co0.03Ni0.97LDH exhibited a high specific capacity being
approximately 2.5 times that of A-Co0.03Ni0.97LDH, indicating
that the introduction of CQD significantly improves the
efficiency of electrochemical activation for the
Co0.03Ni0.97LDH.

In addition, an irreversible oxidation peak at about 0.12 V
can be observed in the first CV cycle for CQD/Co0.03Ni0.97LDH.
To determine the origin of this peak, the 1st–200th CV curves
of Co/CQD and CQD/Ni(OH)2 (Fig. S1†) were obtained. The
results show that the irreversible oxide peak has originated
from Co2+ to Co3+. However, the oxide peak in Co0.03Ni0.97LDH
(Fig. 1b) is not observed. Therefore, the 1st–200th CV curves of
CoNiLDH with different Ni to Co ratios were acquired and are
shown in Fig. S2.† Obviously, the irreversible oxide peak
appears only in the 1st CV curve of the bimetallic CoNiLDH.
However, the oxide peak of Co2+/Co3+ is reversible in bare Co
(OH)2 (Fig. S2f†). Fig. S3a and b† display a part of the 1st CV
curve and the correlations between the peak current and the
Ni to Co ratio. The peak current increased with the increase of
the Co amount until the Co/Ni ratio is equal to 1 (Fig. S3b, c
and Table S1†), which is consistent with the previous report
that the optimal electrochemical performance is achieved at
the Co/Ni ratio of 1 (Fig. S4†).35 Then, the current decreased
with the continual increase of the Co amount, which is attribu-
ted to the decrease from Co2+ to Co3+ caused by the reduced Ni
content. The high positive correlation of R2 = 0.947 in Fig. S3c†
indicates that the peak current at about 0.12 V would be used
to estimate the conversion from Co2+ to Co3+ in Co/Ni bi-
metallic LDH when the Co/Ni ratio is less than 1. The 1st CV
curves of Co0.03Ni0.97LDH and CQD/Co0.03Ni0.97LDH indicate
that the introduction of CQDs can efficiently improve the
transformation from Co2+ to Co3+, resulting in the high con-
centration of Co3+ in A-CQD/Co0.03Ni0.97LDH.

Generally, different crystalline phases of electrode materials
have different electrochemical activity.36 The XRD patterns of
electrode materials before and after electrochemical activation
were obtained to reveal the possible crystalline phase trans-
formation process that might have occurred during the CV
cycle. As shown in Fig. 2a, both Ni(OH)2 and A-Ni(OH)2 show
(003), (006), (101), (015) and (110) characteristic crystal planes
of α-Ni(OH)2, corresponding to a shift in the standard card
(JCPDS No. 38-0715), which is mainly due to the interlayer
CO3

2−.37,38 After the electrochemical activation, only crystalli-

Fig. 1 CV curves of 200 cycles of activation at 50 mV s−1 for different
electrode materials: (a) Ni(OH)2, (b) Co0.03Ni0.97LDH, (c) CQD/
Co0.03Ni0.97LDH. (d) Mass capacity at different activation cycle calculated
from the CV curves.
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nity reduced, and no phase change occurred in A-Ni(OH)2.
Similarly, the XRD pattern of Co0.03Ni0.97LDH does not display
the characteristic peaks of Co(OH)2 and the electrochemical
activation could influence the crystallinity rather than phase
transformation. The XRD pattern of CQD/Co0.03Ni0.97LDH still
shows a broad peak between 25 and 45°, which can be attribu-
ted to the CQDs (Fig. S5a†), and the characteristic peaks of
α-Ni(OH)2. A-CQD/Co0.03Ni0.97LDH also only exhibited reduced
crystallinity. The above results confirm that the improved
electrochemical capacity after the electrochemical activation
process is not attributed to the phase transformation. SEM
was used to observe the morphology and structural changes of
the electrode materials after electrochemical activation. Fig. 2b
shows a sheet-like structure of Ni(OH)2 with little cross-linking
between the individual nanosheets. After the CV activation
(Fig. 2c), these large Ni(OH)2 nanosheets were converted to
fine A-Ni(OH)2 nanosheets closely stacked together. Fig. 2d
displays the Co0.03Ni0.97LDH nanosheets, which are thinner
than the Ni(OH)2 nanosheets and exhibit obvious curls at the
edges. After the electrochemical activation, small
A-Co0.03Ni0.97LDH nanosheets were formed and clustered
together like A-Ni(OH)2 (Fig. 2e). Fig. 2f indicates that the
CQD/Co0.03Ni0.97LDH nanosheets were self-assembled to a
flower-like structure possibly because of the inducing effect of
the CQDs. After 200 cycles of CV activation, the flower-like
structure was destroyed and these nanosheets were broken up
to create tiny nanosheets, as shown in Fig. 2g. What is more,
the specific surface area of the three electrodes does not
change significantly after electrochemical activation (Fig. S6
and Table S2†). Fig. S7† displays the typical TEM images of Co/
CQD. To observe the presence of CQDs, the TEM images of
CQD/Co0.03Ni0.97LDH and A-CQD/Co0.03Ni0.97LDH are shown
in Fig. S8 and S9.† Fig. S8a† exhibits the flower-like structure
assembled by CQD/Co0.03Ni0.97LDH nanosheets. The HRTEM
images (Fig. S8b–d†) show the obvious lattice fringe of 0.24
and 0.21 nm, corresponding to the (111) plane of
Co0.03Ni0.97LDH and the (100) plane of CQDs.39 The EDS
mapping presented in Fig. S8e† indicates that the CQDs are

uniformly dispersed on the surface of the Co0.03Ni0.97LDH
nanosheets. After the electrochemical activation, the flower-
like structure was destroyed and these large nanosheets were
transformed into tiny nanosheets (Fig. S9a†). CQDs can still be
observed on the surface of the tiny nanosheets (Fig. S9b–d†).
The EDS mapping in Fig. S9e† further confirms the uniform
existence of CQDs. The above SEM and TEM observation indi-
cate that all three hydroxides tend to shift towards thinner
nanosheets, which will give a larger specific surface area and
provide more active sites for electrochemical reaction, result-
ing in the improvement of energy storage density.

XPS was performed to analyse the chemical elemental com-
position and valence information before and after the electro-
chemical activation. Fig. 3a shows the Co 2p3/2 high resolution
XPS spectra of Co0.03Ni0.97LDH and CQD/Co0.03Ni0.97LDH,
where 784.6 eV belongs to the satellite peak of Co (Sat.) and
the broad main peak at 779.2 eV can be attributed to the 2p3/2
signal of the element Co. The 2p3/2 signal can fitted into two
peaks at 778.9 eV and 780.8 eV corresponding to Co3+ and Co2+

species, respectively.40 Before activation, both Co3+ and Co2+

species could be observed, and the content of Co3+ in
Co0.03Ni0.97LDH was up to 57.5% (Fig. 3b) but only 28.9% in
CQD/Co0.03Ni0.97LDH, which is mainly attributed to the reduci-
bility of CQDs inhibiting the oxidation of Co2+ during the
hydrothermal reaction (Fig. S10a†). After CV activation, the
content of Co3+ increased in A-Co0.03Ni0.97LDH and A-CQD/
Co0.03Ni0.97LDH owing to the irreversible oxidation of Co2+.23

Unexpectedly, the Co3+ content in A-CQD/Co0.03Ni0.97LDH was
70.7%, which is higher than that of A-Co0.03Ni0.97LDH (62.1%).
This may be due to the strong interaction between CQD and
Co,41 which accelerates the charge transport on the Co atom in
the electrochemical process, resulting in more Co2+ being oxi-
dized to Co3+. During the process of energy storage, Co3+ can
be transformed into Co4+ with higher energy density resulting
in enhanced energy storage performance of the electrode
material.42 Therefore, the produced high concentration of Co3+

will be conducive to improving the electrochemical perform-
ance of A-CQD/Co0.03Ni0.97LDH.

Fig. 2 (a) XRD patterns before and after CV activation. (b) and (c) SEM
images of Ni(OH)2 and A-Ni(OH)2. (d) and (e) SEM images of
Co0.03Ni0.97LDH and A-Co0.03Ni0.97LDH. (f ) and (g) SEM images of CQD/
Co0.03Ni0.97LDH and A-CQD/Co0.03Ni0.97LDH.

Fig. 3 XPS spectra of (a) Co 2p3/2 and (c) Ni 2p3/2 of Ni(OH)2,
Co0.03Ni0.97LDH and CQD/Co0.03Ni0.97LDH before and after electro-
chemical activation. (b) Co3+ content and (d) Ni2+ content calculated
from XPS spectra. (e) C 1s and (f ) S 2p XPS spectra of CQD/
Co0.03Ni0.97LDH before and after electrochemical activation.
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Fig. 3c displays the XPS spectra of Ni 2p3/2. The broad peak
at 855.5 eV can deconvoluted into two species of Ni2+ at 855.3
eV and Ni3+ at 856.8 eV.43 Before activation, the Ni2+ content in
Ni(OH)2 (65.6%) and Co0.03Ni0.97LDH (69.9%) was closer
(Fig. 3d). However, 55.3% of Ni2+ for CQD/Co0.03Ni0.97LDH was
lower than the previous two samples due to the oxidation of
Co3+ (Fig. S10a†). After electrochemical activation, the fitted
peaks corresponding to the Ni2+ and Ni3+ species were still
located at 855.3 and 856.8 eV, indicating that no change had
occurred in the chemical environment of Ni2+ and Ni3+.
However, the original equilibrium of Ni2+/Ni3+ was destroyed
and the Ni2+ content in both Ni(OH)2 and Co0.03Ni0.97LDH
decreased after CV activation (Fig. 3d). In Ni(OH)2, 13.4% of
Ni2+ was converted to Ni3+ because of the irreversible oxidation
during the CV cycle. Owing to the synergistic effect of irrevers-
ible oxidation reaction during CV and the oxidation of Co3+

available (Fig. 3a), 16.3% of Ni2+ was oxidized to Ni3+ in
A-Co0.03Ni0.97LDH. Unlike Ni(OH)2 and Co0.03Ni0.97LDH, the
concentrations of both Co3+ and Ni2+ species increased in
A-CQD/Co0.03Ni0.97LDH, and 77.9% of Ni2+ is much more than
that in A-Ni(OH)2 and A-Co0.03Ni0.97LDH. This unique
phenomenon may be attributed to the reducibility and high
conductivity of the CQDs.44 During the CV activation process,
Co2+ is oxidized to Co3+, one electron lost in Co2+ is preferen-
tially transmitted through the CQD with high conductivity due
to the close connection between Co2+ and the CQD.44

Ultimately, the electrons in the CQDs are retransmitted to the
surrounding Ni3+ to generate Ni2+, forming a mechanism of
electron transfer based on CQDs. Furthermore, the possible
bonding between Co3+ and CQD would reduce the oxidation
ability of Co3+, allowing high concentrations of Co3+ and Ni2+

to co-exist in A-CQD/Co0.03Ni0.97LDH.
To further investigate the role of CQDs in the electrochemical

activation, the XPS spectra of C 1s for CQD/Co0.03Ni0.97LDH are
shown in Fig. 3e. Three characteristic peaks for C–C (284.8 eV),
C–O (285.7 eV) and CvO (288.8 eV) are assigned to the CQDs
(Fig. S10b†).45 The appearance of the π–π* peak may be attributed
to the rearrangement of the sp2 carbon network in CQDs during
the hydrothermal reaction. After CV activation, the π–π* peak dis-
appeared mainly because of the bonding between C and Co. In
addition, the obviously decreased peak of CvO and the
increased intensity of the C–O peak as well as the appearance of
the O–CvO peak indicate that part of the CvO in CQD was oxi-
dized to C–O and O–CvO during the activation process, further
confirming that CQD participates in the activation process of
Co0.03Ni0.97LDH. Fig. 3f presents the XPS spectra of S 2p, which
fit to S–O (168.6 eV), C–S (164.1 eV) and metal–S (M–S, 162.4 eV).
Compared with the S 2p signal of pristine Co ion-modified CQDs
(Co/CQD) shown in Fig. S10c,† the intensity of the C–S and
metal–S peaks decreased after the hydrothermal reaction,
suggesting that the adsorbed Co ions on the CQDs were trans-
ferred into the structure of LDH. Moreover, as shown in
Fig. S11,† most of the S species in the CQDs were oxidized into
SO4

2− during the hydrothermal reaction and the following CV
activation.22 However, the relative intensity of the C–S and M–S
signals increased after CV activation.

XAFS measurements were carried out to reveal the coordi-
nation environment of Ni and Co in CQD/Co0.03Ni0.97LDH
before and after electrochemical activation. The X-ray absorp-
tion near-edge structure spectra of the Ni K-edges in A-CQD/
Co0.03Ni0.97LDH shifted to lower energy compared to that in
CQD/Co0.03Ni0.97LDH (Fig. 4a), suggesting that more Ni3+ had
been converted to Ni2+ after the electrochemical activation. It
demonstrates that the introduction of CQDs can effectively
promote the transformation from Ni3+ to highly active Ni2+

during electrochemical activation. With the increase of Ni2+

amount in the A-CQD/Co0.03Ni0.97LDH, the electron spin
density in the dx2−y2 orbital of Ni

2+ can be distributed over the
Ni–O slabs and hence relieve the Jahn–Teller distortion caused
by Ni3+ and Co2+.46,47 As evident in the inset of Fig. 4b, the
shifting of the Co K-edge position towards higher energy after
CV activation indicates an increase of Co3+ in Co element,
which is consistent with the XPS results. The k3x oscillation
curves of the Ni K-edges in CQD/Co0.03Ni0.97LDH and A-CQD/
Co0.03Ni0.97LDH (Fig. 4c) exhibit only a slight decrease in the
oscillation amplitude, denoting that the change in the coordi-
nation environment of the Ni atoms is weak during the electro-
chemical activation process. In contrast, the Co K-edge k3x
oscillation curve (Fig. 4d) varies considerably after CV acti-
vation, illustrating that the coordination environment of Co
atoms undergoes significant changes after CV activation.
Fig. 4e and f demonstrate the wavelet transition (WT) of the Ni

Fig. 4 XANES spectra of (a) Ni K-edge and (b) Co K-edge for CQD/
Co0.03Ni0.97LDH before and after electrochemical activation. (c) Ni
K-edge EXAFS oscillation functions k3χ(k) and (d) Co K-edge EXAFS
oscillation functions k3χ(k). Wavelet transform EXAFS spectra of (e and f)
Ni K-edge and (g and h) Co K-edge. Fourier transform (FT) k3-weighted
χ(k) function of the EXAFS spectra for (i) Ni K-edge and ( j) Co K-edge.
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K-edge, where the two WT maximum signals near 1.48 and
2.59 Å can be associated with Ni–O and Ni–metal (Ni–M)
bonds, respectively.48 The scattering path signal intensity at
1.48 Å for A-CQD/Co0.03Ni0.97LDH is not different from that of
CQD/Co0.03Ni0.97LDH, whereas the intensity of the signal at
2.59 Å increases, suggesting that the Ni–M bond in A-CQD/
Co0.03Ni0.97LDH had improved. The obvious signal at 1.43 Å in
the Co K-edge EXAFS WT analysis (Fig. 4g) is attributed to the
Co–O bonding in CQD/Co0.03Ni0.97LDH. After CV activation
(Fig. 4h), the Co–O bond strength of A-CQD/Co0.03Ni0.97LDH
increases significantly after electrochemical activation.
Moreover, the signals of Co–C/S and Co–metal (Co–M) appear
at 1.87, 2.25 and 2.64 Å,49 demonstrating the presence of
strong bonding between Co and the functional groups on the
CQDs after CV activation. The Fourier transform k3χ(k) oscil-
lation function can be used to study in-depth the changes in
the coordination environment of Ni and Co before and after
activation. Fig. 4i shows the Ni–R spatial curves. Fig. S12 and
Table S3† give the fitting results and detailed information
about the Ni coordination. There is only one characteristic
peak at 1.48 Å in the first path, which is the scattering path of
the Ni–O bond. The coordination number of Ni–O before and
after activation has no obvious change and close to 6.
Similarly, the coordination number of Ni–M at the 2.59 Å path
is slightly elevated from 5.8 to 6.1 mainly since some of the Co
enter the Ni(OH)2 lattice after electrochemical activation. The
Co–R space curve (Fig. 4j) exhibits a prominent Co–O peak at
1.43 Å and a weak Co–C/S peak at 1.87 Å in CQD/
Co0.03Ni0.97LDH. It suggests that the Co atoms are mainly
bonded to O atoms in CQD/Co0.03Ni0.97LDH. The fitting
coordination number of Co–O is approximately 5 (Fig. S13 and
Table S4†). The weak intensity of Co–C/S indicates that the
interaction between Co and CQD is unstable before the electro-
chemical activation. After the electrochemical activation, the
intensity of Co–O in A-CQD/Co0.03Ni0.97LDH shows a clear
increase, implying the improved bonding between Co with O.
Moreover, the intensity of the Co–M peak increases, which can
be attributed to the increase in the number of edge-sharing
CoO6 octahedra formed after partial Co substitution for Ni.50

Furthermore, the increased intensity of Co–C/S peaks suggests
tighter bonding between Co and CQD instead of separating
from CQD after the electrochemical activation, which is condu-
cive to the transport of electrons from Co to CQD, resulting in
the generation of greater numbers of stable Co3+. In addition,
the fitting calculations indicate a 5-coordination structure of
Co in A-CQD/Co0.03Ni0.97LDH consisting of 3-coordination of
Co–O and 2-coordination of Co–C/S. This 5-coordination struc-
ture of Co has the best redox energy barrier, which is condu-
cive to reversible charge storage and high redox activity,15

leading to the improved electrochemical performance of
A-CQD/Co0.03Ni0.97LDH.

To further elucidate the intrinsic mechanism of CQD for
enhancing energy storage of Co0.03Ni0.97LDH, density func-
tional theory (DFT) calculations were performed (Text S2†), as
shown in Fig. 5. Fig. 5a–c show the optimized structures of
A-Ni(OH)2, A-Co0.03Ni0.97LDH, and A-CQD/Co0.03Ni0.97LDH,

respectively. The coexistence of Co3+ and Ni2+ in A-CQD/
Co0.03Ni0.97LDH is further revealed by the 3D differential
charge density shown in Fig. 5d and Fig. S14.† The Hirshfeld
charge of Ni2+ in A-Ni(OH)2 is 0.14e. The charge of Ni2+ is
increased to 0.17e in A-Co0.03Ni0.97LDH, indicating that a little
Co3+ doping can improve the oxidation of Ni2+ to form Ni3+.
However, the charge of Ni2+ in A-CQD/Co0.03Ni0.97LDH only
increases slightly to 0.15e in the presence of Co3+. In addition,
the Hirshfeld charge of Co3+ in A-CQD/Co0.03Ni0.97LDH is
0.09e, which is much lower than that in A-Co0.03Ni0.97LDH
(0.17e).

The above results indicate that the bonding between CQDs
and Co can efficiently optimize the charge distribution of Co3+

formed after the electrochemical activation, so that it can exist
more stably. Furthermore, the stable Co3+ in A-CQD/
Co0.03Ni0.97LDH does not cause a significant increase in the
charge of the surrounding Ni2+; therefore, the high concen-
tration of Ni2+ can be maintained in A-CQD/Co0.03Ni0.97LDH.
The total density of states (TDOS) and the contribution of each
element are shown in Fig. 5e. Compared to A-Ni(OH)2 and
A-Co0.03Ni0.97LDH, A-CQD/Co0.03Ni0.97LDH displays a higher
TDOS at the Fermi energy level, which is mainly contributed
by CQDs and Ni, indicating that the introduction of CQDs can
enhance the metallicity of the material as well as improve the
conductivity to promote electron transfer,51 which facilitates
the mitigation of the Jahn–Teller distortion.52 To evaluate the
difficulty of the electrochemical reaction, the adsorption
energy of OH− and the free energy for protonation reactions
are shown in Fig. 5f and g. The lowest adsorption energy of
OH− (−5.6 eV) for A-CQD/Co0.03Ni0.97LDH indicates that
A-CQD/Co0.03Ni0.97LDH adsorbs OH− more readily than A-Ni

Fig. 5 (a–c) Structural model diagrams for A-Ni(OH)2, Co0.03Ni0.97LDH
and A-CQD/Co0.03Ni0.97LDH. (d) Hirshfeld charge for Co and Ni, (e)
corresponding total density of states diagram. (f ) Adsorption energy for
OH−, (g) free energy diagram of charging storage. (h) Mechanism
diagram.
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(OH)2 and A-Co0.03Ni0.97LDH to carry out the reactions as
shown in the following processes.53

� þ OH� Ð OH � þe� ð5Þ
OH � þOH� Ð O � þH2Oþ e� ð6Þ

The free energy of both reactions is positive on A-Ni(OH)2
and A-Co0.03Ni0.97LDH. Moreover, the energy required for
A-Co0.03Ni0.97LDH is lower than that for A-Ni(OH)2, confirming
that the doping of Co can effectively improve the ability of pro-
tonation during the energy storage process. The modification
of CQDs to form A-CQD/Co0.03Ni0.97LDH can decrease the free
energy further from positive to negative values of −1.4 and −2.1
eV, respectively. It indicates that A-CQD/Co0.03Ni0.97LDH exhibits
the lowest redox reaction energy barrier among all samples,
resulting in the best redox activity and the highest electro-
chemical capacity. According to the above characterization and
theoretical calculations, we propose the CQD-based electro-
chemical activation mechanism shown in Fig. 5h. During the
activation process, the electrons generated during the oxidation
of Co2+ to Co3+ are transported to Ni3+ through highly conductive
CQDs, causing the reduction of Ni3+ to Ni2+ again. In addition,
the strong interaction between CQD and Co can optimize the
charge distribution of Co3+, resulting in the coexistence of high
concentrations of Co3+ and Ni2+. CQDs act as an electron trans-
port bridge and valence stabilizer during the whole process. Even
though CQDs themselves have poor energy storage activity, their
electrochemical activation can modulate the generation of more
Co3+ and Ni2+, which are the active sites for energy storage.
Moreover, the redox barrier of the reaction system is decreased.
These are the reasons for CQDs enhancing the synergistic effect
between Ni and Co in bimetallic LDH.

Electrochemical properties in the asymmetric supercapacitor

Electrochemical properties of A-Ni(OH)2, A-Co0.03Ni0.97LDH and
A-CQD/Co0.03Ni0.97LDH were evaluated in 6 M KOH using a
3-electrode system. Fig. 6a displays the CV plots at the scan rate
of 3 mV s−1. The obvious redox peaks indicate that the three
materials are battery-type electrode materials. In addition, two
oxidation peaks can be observed in A-Co0.03Ni0.97LDH and
A-CQD/Co0.03Ni0.97LDH. The oxidation reaction at higher poten-
tial can be attributed to the oxidation of Co3+ to Co4+, and the
peak current in A-CQD/Co0.03Ni0.97LDH is significantly higher
than in A-Co0.03Ni0.97LDH, indicating more conversion from Co3+

to Co4+, which is beneficial for the improved capacity perform-
ance of A-CQD/Co0.03Ni0.97LDH. The Faraday reactions are shown
in the eqn (7)–(9).

NiðOHÞ2 þ OH� Ð NiOOHþH2Oþ e� ð7Þ
CoðOHÞ2 þ OH� Ð CoOOHþH2Oþ e� ð8Þ
CoOOHþ OH� Ð CoO2 þH2Oþ e� ð9Þ

As shown in Fig. S15,† the bigger area of A-CQD/
Co0.03Ni0.97LDH suggests that its specific capacity is higher
than that of A-Ni(OH)2 and A-Co0.03Ni0.97LDH. Fig. 6b shows
the GCD curves at 1 A g−1. The clear redox plateau further con-

firms their battery-type characteristic. These GCD curves hold
the symmetry during charge and discharge, denoting their
good reversibility and superior Coulombic efficiency.
According to the discharge curves, the specific capacities of
A-Ni(OH)2 and A-Co0.03Ni0.97LDH are almost the same, illus-
trating that the low amount of Co doping is insufficient for
improving the capacity of Ni(OH)2. Compared with A-Ni(OH)2
and A-Co0.03Ni0.97LDH, A-CQD/Co0.03Ni0.97LDH displays sig-
nificantly longer discharge time, further confirming its higher
capacity. At a current density of 1 A g−1, the specific capacity of
A-CQD/Co0.03Ni0.97LDH is 2408 F g−1, much more than that of
A-Co0.03Ni0.97LDH (1026 F g−1) and A-Ni(OH)2 (1094 F g−1). To
clarify the contribution of the high capacity, Fig. S16† illus-
trates the capacity performance of A-Co/CQD, in which the low
specific capacity of 75 F g−1 at 1 A g−1 indicates that the high
capacity of A-CQD/Co0.03Ni0.97LDH has mainly originated from
the highly active Co0.03Ni0.97LDH. Similarly, the electro-
chemical performance of A-CQD/Ni(OH)2 had only slightly
improved, suggesting that the effect of CQDs on Ni(OH)2 is
more limited and much less than that of Co/CQD (Fig. S17†).
Furthermore, A-CQD/Co0.03Ni0.97LDH continued to possess a
high specific capacity of 1665 F g−1 at 10 A g−1 in comparison
with 830 and 880 F g−1 for A-Ni(OH)2 and A-Co0.03Ni0.97LDH at
10 A g−1 (Fig. 6c and Fig. S18†). Electrochemical impedance
spectroscopy (EIS) was performed to analyse the role of Co
doping and CQD modification on the electron/charge transfer

Fig. 6 (a) CV curves at 3 mV s−1. (b) GCD curves at 1 A g−1. (c) Mass
specific capacity and (d) Nyquist plots of A-Ni(OH)2, A-Co0.03Ni0.97LDH
and A-CQD/Co0.03Ni0.97LDH electrodes. (e) Capacitance contribution of
A-CQD/Co0.03Ni0.97LDH. (f ) Cycling stability of A-Ni(OH)2,
A-Co0.03Ni0.97LDH and A-CQD/Co0.03Ni0.97LDH electrodes at 10 A g−1.
(g) CV curves of ACC and A-CQD/Co0.03Ni0.97LDH electrodes at
3 mV s−1. (h) CV and (i) GCD curves of A-CQD/Co0.03Ni0.97LDH//ACC
ASC under different voltage windows. ( j) Specific capacity of the ASC at
different current densities. (k) Ragone plot of the ASC compared to pre-
vious reported. (l) Cycling stability of the ASC at 30 mA cm−2.
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of A-CQD/Co0.03Ni0.97LDH. Fig. 6d and Fig. S19† present the
obtained Nyquist plots, including an arc in the medium and
high frequencies and a straight line in the low-frequency.
Based on the equivalent circuit (Fig. S20†), the calculated
internal resistance (Rs) and charge transfer resistance (Rct) are
listed in Table S5.† The large Rct (2.3 Ω) of A-Ni(OH)2 is
reduced to 2.0 Ω of A-Co0.03Ni0.97LDH because of Co doping,
and further obviously decreases by the increase of Co. It indi-
cates that Co doping is mainly responsible for the improve-
ment of charge transfer capability to accelerate the reaction
kinetics of electrode materials. For A-CQD/Co0.03Ni0.97LDH, Rs

and Rct reduce to 1.1 and 0.9 Ω, respectively, which shows that
the modification of CQD can effectively improve the conduc-
tivity of Co0.03Ni0.97LDH. To further understand the electro-
chemical kinetics of A-CQD/Co0.03Ni0.97LDH, the diffusion-
controlled contribution and the capacitive contribution are
analysed according to the equations in Text S1.†54 As shown in
Fig. S21,† the b-value is obtained by fitting the slope of the
linear line of lg(ν) to lg(i) in the CV curve. When the b value is
1, it indicates a capacitive behaviour; as b value is 0.5, it
means a diffusion-controlled behaviour. The b values of 0.375
and 0.339 for A-CQD/Co0.03Ni0.97LDH indicate that the battery-
type redox kinetics dominate the charge storage process in
A-CQD/Co0.03Ni0.97LDH and the kinetic behaviour mainly is
controlled by diffusion. In addition, the methods as proposed
by Pu et al.55 were used to quantify the contribution of capaci-
tive or diffusive-controlled contributions. The approaches of
eliminating residual currents and reducing polarization can
better distinguish the capacitive and diffusive contributions,
improving the reliability of quantifying results.56 The capaci-
tive contribution of A-CQD/Co0.03Ni0.97LDH is shown in
Fig. S22.† At the scan rate of 3 mV s−1, the diffusion-controlled
contribution is 89.4% for the capacity of A-CQD/
Co0.03Ni0.97LDH (Fig. 6e), and the proportion of the diffusion-
controlled contribution decreases with the increase of scan
rate. As the scan rate increases to 20 mV s−1, the diffusion-con-
trolled contribution decreases to 57.3%. The previous work
reported that the diffusion-controlled behaviour at high scan
rates failed to achieve rapid ion transfer for fast electro-
chemical reactions.57 However, A-CQD/Co0.03Ni0.97LDH can
maintain a high diffusion-controlled contribution at high scan
rates, indicating that the synergistic effect of CQD modifi-
cation and the low Co doping can effectively improve the rapid
charge/ion transfer at the electrode to achieve fast reaction
kinetics and complete an efficient redox reaction. The cycling
stability of each electrode was further investigated using a con-
tinuous GCD test at 10 A g−1 as shown in Fig. 6f. After 2000
cycles, the specific capacity of A-Ni(OH)2 decreases seriously to
300 F g−1, A-Co0.03Ni0.97LDH can remain 520 F g−1, indicating
that the low Co doping can improve the stability of the elec-
trode, but still unsatisfactory. The A-CQD/Co0.03Ni0.97LDH elec-
trode shows an excellent cycling stability with a high specific
capacitance of 1500 F g−1 after 2000 cycles, which indicates
that the combination of CQD introduction and low Co doping
can efficiently improve the electrochemical performance of Ni
(OH)2.

For verifying the practical application prospects of the elec-
trode materials, the asymmetric supercapacitors (ASC) were
assembled using A-CQD/Co0.03Ni0.97LDH electrodes as the
positive electrode, activated carbon cloth (ACC) as the negative
electrode, 6 M KOH as the electrolyte and glass fiber filter
paper (GF) as the separator, denoted as A-CQD/
Co0.03Ni0.97LDH//ACC (Fig. S23†). The electrochemical pro-
perties of ACC are shown in Fig. S24.† ACC exhibits a large
double layer capacitance between the voltage window of −1 V
and 0 V. The areal capacity of ACC reaches 1.8 F cm−2 at 3 mA
cm−2 and remains 1.3 F cm−2 at 30 mA cm−2, showing
superior capacitance retention. Fig. 6g shows the CV curves of
the A-CQD/Co0.03Ni0.97LDH@CC and ACC electrodes. No sig-
nificant polarization indicates that the device has a stable
operating voltage window from 0 to 1.5 V (Fig. 6h and i). The
nearly rectangular shape containing a clear redox peak
suggests the presence of both double layer and battery-type
capacity at 0 to 1.5 V. With the increase of scan rate, no defor-
mation occurred for the CV curves suggests that the device has
an ideal rate capability (Fig. S25a†). According to the GCD
curves of A-CQD/Co0.03Ni0.97LDH//ACC ASC presented in
Fig. S25b† and Fig. 6j, the calculated areal capacity is 0.82 F
cm−2 (290 F g−1) at 3 mA cm−2 and still maintains 0.68 F cm−2

(243 F g−1) at 30 mA cm−2. The Ragone plot (Fig. 6k) shows
that the assembled device possesses a high energy density of
0.25 mW h cm−2 at a power density of 2.25 mW cm−2 and still
maintains an energy density of 0.2 mW h cm−2 even at power
densities up to 22.5 mW cm−2. Compared to the recently
reported CoNiLDH-based asymmetric devices (Table S6†), the
A-CQD/Co0.03Ni0.97LDH//ACC ASC demonstrates superior per-
formance. The cycling stability of the ASC was tested using gal-
vanostatic GCD at 30 mA cm−2. After 2000 cycles, the device
still delivers an areal capacity of 0.64 F cm−2, suggesting excel-
lent cycling stability (Fig. 6l).

Electrochemical properties in a Ni–Zn battery

The electrochemical properties of A-CQD/Co0.03Ni0.97LDH were
further evaluated in an aqueous Ni–Zn battery. Fig. 7a shows
the schematic diagram of the assembled Ni–Zn battery, where
A-CQD/Co0.03Ni0.97LDH and a commercial zinc flake is the
anode and cathode, 6 M KOH + 0.5 M Zn(CH3COO)2 aqueous
solution is the electrolyte and GF is the separator. A pair of
obvious redox peaks in CV curves (Fig. 7b) for A-Ni(OH)2//Zn
and A-CQD/Co0.03Ni0.97LDH//Zn batteries at 0.1 mV s−1 can be
attributed to the following electrochemical reactions.

Cathode:

Znþ 4OH� Ð ½ZnðOHÞ4�2� þ 2e� ð10Þ

Anode:

NiðOHÞ2 þ ½ZnðOHÞ4�2� Ð NiOOHþ Zn2þ þ 3OH� þ e�

ð11Þ
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CoðOHÞ2 þ ½ZnðOHÞ4�2� Ð CoO2 þ Zn2þ þ 2H2Oþ 2OH� þ 2e�

ð12Þ

The redox peaks of both batteries show good symmetry,
illustrating their good reversibility. The CV area of A-CQD/
Co0.03Ni0.97LDH//Zn is obviously higher than that of A-Ni
(OH)2//Zn. Fig. 7c shows the GCD curves for A-Ni(OH)2//Zn and
A-CQD/Co0.03Ni0.97LDH//Zn at 0.1 A g−1. Both batteries have a
high discharge plateau (approximately 1.6 V–1.7 V). According
to the discharge curve, the A-CQD/Co0.03Ni0.97LDH//Zn delivers
a higher capacity of 213 mA h g−1 than 117 mA h g−1 of the A
Ni(OH)2//Zn at a current density of 0.1 A g−1. As shown in
Fig. 7d and e and Fig. S26,† with the increase of the scan rate
from 0.1 to 1 mV s−1 and current density from 0.1 to 1 A g−1,
CV and GCD curves for the A-CQD/Co0.03Ni0.97LDH//Zn battery
exhibit smaller deformation than those of the A-Ni(OH)2//Zn,
indicating its higher rate capability.

To evaluate the rate performance of the batteries in-depth,
the two batteries were tested using the continued GCD method
(Fig. 7e and Fig. S26b†). The reversible capacities of the
A-CQD/Co0.03Ni0.97LDH//Zn battery (Fig. 7f) are 148, 127, 96,
and 58 mA h g−1 at the current densities of 0.2, 0.3, 0.5 and 1
A g−1, respectively, which are much higher than those of the
A-Ni(OH)2//Zn battery (Fig. S26c†). After 25 cycles, the A-CQD/
Co0.03Ni0.97LDH//Zn battery still delivered a reversible capacity
of 165 mA h g−1 at 0.1 A g−1. Fig. 7g displays the cycling per-
formance of the A-CQD/Co0.03Ni0.97LDH//Zn and A-Ni(OH)2//Zn
batteries. At a current density of 0.3 A g−1, the A-CQD/
Co0.03Ni0.97LDH battery exhibits 95.7% capacity retention after
500 cycles, which is better than 76.9% retention for A-Ni(OH)2//
Zn battery. Fig. 7h shows a comparison of the energy density-

power density curves of the two batteries. The A-CQD/
Co0.03Ni0.97LDH//Zn battery achieves an energy density of
1.44 mW h cm−2 at a power density of 0.72 mW cm−2 and retains
an energy density of 0.36 W h cm−2 even when the power density
reaches 7.2 W cm−2, significantly better than that of the A-Ni
(OH)2//Zn battery and other Ni–Zn batteries (Table S7†).
Furthermore, to evaluate the potential in practical applications,
two A-CQD/Co0.03Ni0.97LDH//Zn batteries connected in series can
successfully light up six different coloured LED lamps (Fig. 7i).

Conclusions

In summary, A-CQD/Co0.03Ni0.97LDH nanosheets were success-
fully fabricated using the CV cycle activation process. The high
electrochemical activity of A-CQD/Co0.03Ni0.97LDH is mainly
attributed to the optimized valence and coordination structure
of Ni and Co in Co0.03Ni0.97LDH during the electrochemical
activation. XPS spectra indicated that the high concentrations
of Co3+ and Ni2+ can coexist in Co0.03Ni0.97LDH because of the
excellent electron transfer of CQDs. EXAFS revealed the change
from the originally 6-coordinated Co to 5-coordinated Co and
strong valence bonding (Co–C/S) with CQDs after electro-
chemical activation. The DFT results further confirmed that
CQDs play a crucial role in regulating the charge distribution
of Ni and Co, which ensures that Co3+ and Ni2+ can be present in
high concentrations simultaneously, thereby mitigating the
adverse effects of the Jahn–Teller aberration. Furthermore, the
excellent conductivity of CQDs not only can enhance the electron
transport capability of A-CQD/Co0.03Ni0.97LDH but also can
improve the adsorption of OH− and reduce the energy barrier for
redox reactions. Benefiting from the above optimization, A-CQD/
Co0.03Ni0.97LDH exhibited a high capacity of 2408 F g−1 at 1 A g−1

and retained 1665 F g−1 at 10 A g−1. In addition, A-CQD/
Co0.03Ni0.97LDH delivered excellent cycling stability with a
capacity retention of 1500 F g−1 after 2000 cycles at 10 A g−1. The
assembled asymmetric supercapacitors and aqueous Zn–Ni bat-
teries also exhibit excellent electrochemical performance. This
work uncovers the CQD-induced mechanism for valence regu-
lation and coordination optimisation in the electrochemical acti-
vation process, which provides a novel insight into the perform-
ance enhancement mechanism of CQD-modified bimetallic
LDH. Moreover, it also provides an inspiration for the design and
application of high-performance electrode materials through
electrochemical reconstitution.
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Fig. 7 (a) Structure of the A-CQD/Co0.03Ni0.97LDH//Zn battery. (b) CV
curves (c) GCD curves of the A-Ni(OH)2//Zn and A-CQD/
Co0.03Ni0.97LDH//Zn battery. (d) CV curves at different scan rates. (e)
GCD curves at different current densities and (f ) rate performance of
the A-CQD/Co0.03Ni0.97LDH//Zn battery. (g) Cycling stability. (h) Ragone
plots of A-Ni(OH)2//Zn and A-CQD/Co0.03Ni0.97LDH//Zn batteries. (i)
Photograph of LED lamps powered by the A-CQD/Co0.03Ni0.97LDH//Zn
battery.
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