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As a kind of zero-dimensional material, carbon dots (CDs) have become a kind of promising novel material
due to their incomparable unique physical and chemical properties. Despite the optical properties of CDs
being widely studied, their surface chemical functions are rarely reported. Here we propose an interesting
insight into the important role of surface chemical properties of CDs in adjusting the structure of the layered
double hydroxide (LDH) and its energy storage performance. It was demonstrated that CDs with positive
charge (p-CDs) not only reduce the size of the flower-like LDH through affecting the growth of LDH
sheets, but also act as a structure stabilizer. After calcination, the layered double oxide (LDO) maintained
the morphology of the LDH and prevented the stacking of layers. And the superiority of the composite in
lithium-ion batteries (LIBs) was demonstrated. When used as an anode of LIBs, composites possess
outstanding specific capacity, cycle stability and rate performance. It presents the discharge capacity of
1182 mA h g~ and capacity retention of 94% at the current density of 100 mA g~ after 100 cycles. Our
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1. Introduction

As a new zero-dimensional carbon-based material, carbon dots
(CDs) have attracted much attention because of their excellent
properties such as good water solubility, environmental
friendliness, low toxicity and wide source of raw materials.™?
They possess abundant surface functional groups and amor-
phous or nanocrystalline cores with dimensions below 10 nm.?
Since the discovery of CDs, various methods have been used to
prepare the functional material, such as laser ablation, arc
discharge, microwave synthesis, hydrothermal method and so
on.*® While the optical properties of CDs including fluores-
cence,® phosphorescence,” up-conversion luminescence,® and
near-infrared luminescence® were largely studied, their chem-
ical functions are rarely reported.

Recently, some prospective studies have shown the great
potential value of the chemical functions of CDs. Compared
with other template regulators, CDs are non-toxic, easily
removed and low cost.'®" Because the surface of the CDs carries
a large number of groups, they can achieve surface wettability

‘Key Laboratory for Biobased Materials and Energy of Ministry of
Education/Guangdong Provincial Engineering Technology Research Center for
Optical Agriculture, College of Materials and Energy, South China Agricultural
University, Guangzhou, 510642, China. E-mail: liangyr@scau.edu.cn; mtzheng@
scau.edu.cn

*Maoming Branch, Guangdong Laboratory for Modern Agriculture, Maoming 525000,

China

© 2021 The Author(s). Published by the Royal Society of Chemistry

work demonstrates the important chemical functions of CDs and expands their future applications.

and firmly adhere to inorganic materials.*>** Then they induce
and control the composite material through various groups on
the surface, changing its size and even shape. It has been found
that CDs can induce materials to form different morphology
(e.g, flower,">*® sphere'” and tremella'®) to tailor their physical
and chemical properties, thus meeting specific requirements.
In addition, the chemical surface properties of CDs can be
adjusted by doping various heteroatoms, such as N, F, B, S and
Mg to improve their performance.">* It has been demonstrated
that the CDs attached to the composites can not only increase
the ion transport interface between the electrode and electro-
lyte, but also improve the conductivity of the composite mate-
rial through edge effect and quantum constraint, effectively
improving the specific capacitance and specific capacity, as well
as cycling stability.**** For example, Hou et al. synthesized
carbon quantum dots (CQDs) and their derivative 3D porous
carbon frameworks and applied them to sodium ion batteries,
which had a long cycle life and excellent multiplier perfor-
mance.”® Lv et al. synthesized CDs-induced MnO, nanowires to
enhance the wettability between electrode and electrolyte, thus
delivering high specific capacitance and good stability.””
Despite the above progresses, the diversity of CDs in tailoring
structure and performance still needs to be further explored.
In this work, we propose an interesting insight into the
important role of surface chemical functions of CDs in adjust-
ing the nanostructure of layered double hydroxide (LDH) and its
energy storage performance. It is found that as a structural
regulator, CDs could use their positively charged properties to
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hinder the growth of LDH sheets, thereby inducing smaller
flower-like structure, which is conductive to shortening the rate
of ion conduction. Compared with the template method and
chemical deposition method commonly used in other work,
this method has the advantages of low cost and simple opera-
tion. After calcination, LDO/p-CDs composite exhibited a high
discharge capacity of 1182 mA h g” ! and capacity retention of
94% at the current density of 100 mA g~ " after 100 cycles. These
outstanding performances were derived from the high surface
area, suitable nanostructure and unique three-dimensional
morphology of composites. This work not only provides the
chemical regulation effect of CDs, but also offers new insights
on energy storage.

2. Experimental section

2.1. Materials

NiCl,-6H,0, MnCl,, NH,F was purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China). Hexamethylene tet-
ramine and ethylenediamine (EDA) was obtained from
Guangzhou Chemical Reagent Factory. Citric acid monohydrate
was procured from Shanghai Lingfeng Chemical Reagent Co.,
Ltd. (China). Ethanolamine (EA) was obtained from Tianjin
Fuyu Fine Chemical Co., Ltd. (China).

2.2. Preparation of p-CDs

2.1 g citric acid monohydrate and 482 pl EA were dissolved into
20 ml deionized water at room temperature. The solution was
mixed thoroughly by ultrasonication for 30 min. Then the
uniform solution was put into the Teflon-lined stainless-steeled
autoclave with heating 4 h at 200 °C, hence producing the p-CDs
solution.

2.3. Preparation of n-CDs

The preparation of n-CDs was based on Zhu's study.”® 0.42 g
citric acid monohydrate and 536 ul EDA were added into a 30 ml
Teflon-lined stainless-steel autoclave, with the increase of 10 ml
water. After heating 5 h at 200 °C, the autoclave was cooled
down to room temperature. Finally, the CDs solution was dia-
lyzed in a length of dialysis bag with 1000 ml deionized water for
3 d and the water was changed every 24 h.

2.4. Synthesis of LDO/CDs

For synthesis of layered double oxides (LDO), hydrothermal
reaction and calcination treatment were used in this process.
The molar ratio of Ni**/Mn®" was 3:1. In a typical course,
0.75 mmol NiCl,-6H,0 and 0.25 mmol MnCl, were dissolved in
60 ml deionized water. 1.25 mmol NH,F, 1 mmol hexam-
ethylene tetramine and 2 ml CDs were put into the above salt
solution under stirring. At the same time, the liquid was treated
with N, for half an hour. After that, the mixed solution was
transferred into a 100 ml Teflon-lined stainless steel autoclave
and kept at 100 °C for 12 h. The sediments were obtained after
centrifugation, washing by water and vacuum-drying overnight.
The NiMn-LDH/CDs was obtained. Then the sediments were
put into the porcelain crucible and heated at 400 °C for 2 h in air
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by a heating rate of 2 °C min~ ' to acquire the LDO/CDs. The
preparation process of LDO was as same as LDO/CDs, excepting
the addition of CDs. According to the variety of CDs, the prod-
ucts were labeled as LDO/p-CDs and LDO/n-CDs.

2.5. Characterization

The morphology and microstructure of LDO, LDO/p-CDs and
LDO/n-CDs were characterized by the high-resolution trans-
mission electron microscope (HRTEM, Thermo Fisher Talos
F200S) and the field emission scanning electron microscope
(FESEM, ZEISS Ultra 55). The crystal phase of the samples was
measured by X-ray diffraction (XRD, XD-2X/M4600, Cu Ka
radiation, A = 0.154051 nm). N, adsorption-desorption
isotherms were measured at 77 K from 3Flex (Micromeritics,
America). SSAs were calculated by the Brunauer-Emmett-Teller
(BET) model. For each sample, functional groups in the range of
400-4000 cm ™" were obtained from KBr tablets using a Fourier
transform infrared spectrum (FT-IR, Nicolet Nexus 410). The
content and composition of elements are measured by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi).

2.6. Electrochemical measurements

Standard CR2032 coin-type cells were obtained by assembling
a half cell in a nitrogen-protected glovebox. The samples, acet-
ylene black and PVDF were uniformly mixed in N-methyl pyr-
rolidone with a mass ratio of 7:2: 1 to prepare the working
electrodes, then the slurry was covered copper foil. The working
electrodes were dried at 60 °C under vacuum. The loading
capacity of the active substance for each copper foil was about
1 mg. Using 1 M LiPFs in ethylene carbonate : dimethyl
carbonate (1 : 1 (v/v)) as electrolyte, Celgard 2400 as the isolator
and lithium sheet as counter electrode when assembling coin-
type cells. The oxygen and water content in the glovebox were
less than 1 ppm. The electrochemical performance was esti-
mated at different current densities in the voltage between 0.01
and 3.0 Vvs. Li/Li" (Neware, BTS-5 V/10 mA). Cyclic voltammetry
(CV) measurements were tested by CHI-760E electrochemical
workstation at the scan rate of 0.1 mV s~ '. Electrochemical
impedance spectroscopy (EIS) was performed on the electro-
chemical system (Zahnex Corp.) in the frequency range of
0.01 Hz to 100 kHz at an amplitude of 5 mV.

3. Results and discussions

Initially, NiCl,-6H,0 and MnCl, solutions containing CDs are
mixed in N, atmosphere. Then, the LDH/CDs hybrid solution is
prepared by hydrothermal method. In order to highlight the
influence of the surface chemistry of CDs on the structure,
positively charged p-CDs and negatively charged n-CDs are
introduced. The hybrids prepared with the two CDs are named
LDH/p-CDs and LDH/n-CDs, respectively. For comparison, LDH
material is obtained by the same method without adding CDs.
During the hydrothermal process, CDs are attached to the petals
of the flower. The addition of n-CDs will not hinder the growth
of LDH slices (Fig. 1b), and the size of the resulting flower-like

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spheres is similar to that of the control group without CDs
(Fig. 1a). However, the addition of p-CDs will prevent the
aggregation of Ni** and Mn”" and hinder the growth of LDH
sheets, leading to the reduction of size, which will reduce the
size of the flower-like spheres after assembly, too (Fig. 1c).
Finally, LDO, LDO/p-CDs and LDO/n-CDs are obtained by
calcination and applied as anode material for lithium ion
batteries. It is found that LDO/p-CDs with smaller size have the
best performance.

Both p-CDs and n-CDs exhibit blue fluorescence under
365 nm UV-lamp irradiation (inset of Fig. 3a and b) and this
luminescence disappears immediately without UV-lamp. In the
sunlight, p-CDs are yellow and n-CDs are transparent colorless.
Fig. 3a and b shows photoluminescence spectra of p-CDs and n-
CDs. Fig. 3c display zeta potential of two kinds of CDs. p-CDs
has positive charge and n-CDs has negative charge. As shown
in Fig. 2d and e, the nanoparticle sizes of p-CDs and n-CDs are
respectively 3.5-8 nm and 3.5-7.5 nm with average diameters of
about 5.54 nm and 5.22 nm. To further explore the property of
p-CDs and n-CDs, XPS high-resolution spectra are introduced to
analyze. High resolution C 1s spectra (Fig. 3a) show that p-CDs
contain C=0 bond (288.5 eV), C-O bond (286.7 eV), C-N bond
(285.8 eV), and C=C bond (284.6 eV) functional groups. And
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Fig. 2 Fluorescence (FL) excitation of (a) p-CDs and (b) n-CDs, zeta
potential of (c) p-CDs and n-CDs. (d) and (e) show the size distributions
of p-CDs and n-CDs, respectively.
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Fig. 3 High-resolution XPS spectra of C 1s and N 1s for (a and c) p-
CDs, (b and d) n-CDs.

the N 1s spectra of p-CDs (Fig. 3c) is divided into three peaks
with binding energy of 399.3 eV, 400.4 eV and 401.5 €V, corre-
sponding to pyridine N, pyrrolic N and graphitic N, respectively.
To compare the differences between p-CDs and n-CDs, the high-
resolution C 1s and N 1s spectra is also displayed in Fig. 3b and
d. For the C 1s spectra of n-CDs (Fig. 3b), there are three peaks
including C=C bonds, C-O bonds and C=O0 bonds. As dis-
played in Fig. 3d, the high-resolution spectrum of N 1s is
divided into two peaks, corresponding to graphitic-N and
pyrrolic-N groups. However, it can be observed that a significant
increase for pyridine N structure in high-resolution N 1s spectra
of p-CDs. This indicates that the positive charge of p-CDs is
possibly caused by the formation of the pyridine N and
pyrrolic N, which is in good agreement with the zeta-potential
results.*

Fig. 4a shows the flower-like spheres morphology of LDH.
The size of flower is 3-4 pm. The petals of the flower are rela-
tively smooth as displayed in Fig. 4d. But when p-CDs are
added, the size of LDH shrinks to the nanometer level. The size

50 nm

Fig. 4 Morphology characterizations of LDH, LDH/pCDs and LDH/n-
CDs. (a) SEM image and (d) TEM image of LDH. (b) SEM image and (e)
TEM image of LDH/p-CDs. (c) SEM image and (f) TEM image of LDH/n-
CDs. The insets in (e) and (f) are the lattice of p-CDs and n-CDs,
respectively.
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of LDH/p-CDs has been reduced to 500-600 nm (Fig. 4b), which
is smaller than LDH. LDH/p-CDs tend to aggregate together and
its boundaries are not obvious. As shown in TEM image
(Fig. 4e), p-CDs are evenly distributed on the petals and its
lattice spacing is about 0.21 nm (inset in Fig. 4e). However, the
size of LDH/n-CDs is about 3 um which is as same as LDH. It
illustrates that the addition of CDs with negative charge does
not change the size of LDH. As shown in Fig. 4f, n-CDs are
attached to LDH uniformly and its lattice spacing is about
0.2 nm (inset in Fig. 4f). Herein, there is a possible reason for
the synthesis of the smaller LDH that p-CDs act as a surfactant
during the nucleation and growth of LDH, preventing further
growth of LDH sheets and assembly into micron-sized
flowers.***> When CDs are introduced into the reaction, they
will be overlaid on the petals of LDH. CDs with positive charge
has a greater inhibitory effect on the anisotropic growth of the
LDH crystal than CDs with negative charge. The growth of
nanosheets is hindered, and finally the size of flower is reduced.
LDH/p-CDs with smaller size can exhibit higher surface activity,
faster ion and electron conduction, and more stable mechanical
properties.**=”

After calcination in the air, the morphology characterization
of LDO, LDO/p-CDs and LDO/n-CDs are to a great extent
preserved. The size of LDO (Fig. 5a) and LDO/n-CDs (Fig. 5¢) are
still about 3 pm and p-CDs (Fig. 5b) are still about 600 nm. It's
worth noting that the petals of flower have a little breakage after
calcination. It means that the LDH nanosheets that make up the
petals react with oxygen to form LDO. So that some of the
components of the nanosheets disappear because of the reac-
tion, and this also can be seen from the TEM images of the three
samples. At the same time, it clearly shows that there are no CDs
on the petals after calcination (Fig. 5d-f). TEM images show that
the petals are not smooth but rather granular. Fig. 5h-j display
the elemental mapping images of partial region in Fig. 5g. It's
obvious that the elements of O, Ni and Mn are uniformly
dispersed on the nanosheets.

Fig. 6a shows the XRD patterns of LDO, LDO/p-CDs and
LDO/n-CDs. It can be seen that the sharp and intense

1 pm 1 pm

50 nnt

NiLal2

Fig. 5 Morphology characterizations after calcination. SEM images of
(@) LDO, (b) LDO/p-CDs, (c) LDO/n-CDs. TEM images of (d) LDO, (e)
LDO/p-CDs, (f) LDO/n-CDs. (g—j) Elemental mapping images of LDO/
p-CDs.
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characteristic diffraction peaks of three samples at 26 degree of
37.1°, 43.2°, 63.0°, 75.1°, and 79.6° are corresponded to the
(222), (400), (440), (533), (444) diffraction planes, respectively,
for NigMnOyg (JCPDS no. 42-0479). Whether CDs are added or
not, LDO will be formed after calcination. The result indicates
the successful synthesis of LDO. In addition, with adding p-
CDs, the diffraction peaks of sample are broadened and the
intensity decreased, indicating the gradual decreasing of crystal
size.*® This can also provide additional electrochemical active
sites. Before calcination, LDH, LDH/p-CDs and LDH/n-CDs are
analyzed by TG. Fig. 6b shows the weight loss of three samples
under air at a scan rate of 10 °C min~ ' below 600 °C. When the
temperature rises to 600 °C, the weight of LDH droop to 68.28%,
LDH/n-CDs droop to 61.58% and LDH/p-CDs unexpectedly
droop to 43.65%. LDH/p-CDs start and end oxidation (the
steepest part of the curve) at lower temperatures than LDH and
LDH/n-CDs. This is because there are many holes and a variety
of functional groups in the surface of the CDs, and they have
a strong hygroscopicity, which can effectively capture more
water molecules in it. Under the same quality, LDH added with
CDs contains more water molecules. Compared with LDH
without CDs, LDH/n-CDs and LDH/p-CDs lose more weight at
higher temperature. In addition, due to the smaller size and
larger surface area (Fig. 6¢) of LDH/p-CDs, the contact area of
CDs and water molecules is increased, resulting in more
captured water molecules than LDH/n-CDs. Nitrogen
adsorption/desorption isotherms display the properties of
surface area. As shown in Fig. 6c, the three isotherms can be
identified as type-IV. Calculating by Brunauer-Emmett-Teller
(BET) model, the specific surface area of LDO, LDO/n-CDs and
LDO/p-CDs are 32.68, 35.75, and 63.89 m> g, respectively. The
smaller size promotes the BET increase of the material. Inset of
Fig. 6¢ shows the pore size distribution of the samples. After
calcination, the pore size of LDO, LDO/n-CDs and LDO/p-CDs is
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Fig. 6 (a) XRD patterns of LDO, LDO/p-CDs, LDO/n-CDs. (b) TG

curves under air at a scan rate of 10 °C min~* of LDH, LDH/p-CDs and
LDH/n-CDs. (c) Nitrogen adsorption/desorption isotherms (the inset
shows the pore size distribution), (d) FT-IR spectra of LDO, LDO/p-CDs
and LDO/n-CDs measured from 400-4000 cm ™.
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approximately the same, which is mainly distributed in meso-
pores with very few macropore. However, the results show that
both the mesopore volume and the mesopore area of LDO/p-
CDs are higher than other two samples. In general, large
specific surface area can provide sufficient adsorption sites.****
At the same time, the increase in the number of pores and
volume of the sample makes it contact with the electrolyte
adequately, which can promote the improvement of electro-
chemical performance. This may be one reason for the differ-
ence in electrochemical properties.

FT-IR analysis is further carried out to verify the functional
group of the samples in the region of 400-4000 cm ™. Fig. 6d
represents the characteristic peaks of LDO, LDO/p-CDs and
LDO/n-CDs. Upon treatment with calcination in air, the inten-
sities of the characteristic peaks corresponding to the metal
functionalities, such as the adsorption bands of M—O at
463 cm™*, which is caused by the cation-oxygen vibrations. In
these spectra, we can see a broad adsorption in the range of
3250-3550 cm™ " and an adsorption at 1624 cm™ ', which are
originated from the hydrogen bonding in LDO or the v-OH
mode of adsorption hydroxyl groups in water molecules. The
peak at 2926 cm ™' is caused by the stretching vibration of C-H
on saturation C and the peak at 1038 cm™ " is ascribed to the
stretching vibration of C-O.

In addition, X-ray photoelectron spectroscopy (XPS) is used
to further characterize the LDO oxidation state. Fig. 7a shows
the XPS full spectra of three samples. All three of them have Ni,
Mn, C, O elements, which is consistent with the result of
element mapping. The Ni 2p and Mn 2p peaks are observed at
856.4 eV and 643.4 eV, respectively. And 530.5 eV and 285.6 eV
correspond to O 1s and C 1s peaks. The XPS spectra has a week
C 1s signal, indicating that Ni, Mn and O elements mainly exist
in the LDO. Fig. 7b-d exhibits the high-resolution Ni 2p, Mn 2p
and O 1s XPS spectra of LDO/p-CDs. After the refined fitting, the
Ni 2p spectrum (Fig. 7b) is composed of four peaks. The fitted
peaks of Ni 2p,/, at 873.1 eV and Ni 2p;,, at 855.4 eV are cor-
responded to Ni**, while the peaks at 879.8 eV and 861.4 eV are
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Fig. 7 (a) XPS survey spectrum of LDO, LDO/n-CDs and LDO/p-CDs;

high-resolution spectrum of LDO/p-CDs: (b) Ni 2p; (c) Mn 2p; (d) O 1s.
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attributed to Ni**.*>* The Mn 2p spectrum (Fig. 7c) clearly
evidences the presence of two peaks at 653.7 eV and 642.8 eV,
which are corresponding to Mn 2p;,, and Mn 2p3,, indicating
the existence of Mn®" in the LDO/p-CDs.**® Fig. 6d exhibits the
O 1s spectrum fitted with two peaks, which are located at
531.5 eV and 529.9 eV. The peak at 529.9 eV is the characteristic
peak of metal-oxygen bond. The fitted peak located at 531.5 eV
is associated with metal-OH bond, which is considered to be an
oxide defect on the surface of the sample.***** The presence of
the O 1s peak indicates the oxidation of the powder after
exposure to the air. The XPS results reveal the successful prep-
aration of LDO material.

Based on the above results of XRD, SEM, N, adsorption/
desorption isotherms, FT-IR spectra, XPS and TG, it is found
that the LDO regulated by p-CDs is significantly different from
LDO/n-CDs and LDO. LDO/p-CDs has a smaller size and a higher
specific surface area. Its structural and compositional character-
istics are expected to enhance electrochemical properties.

The electrochemical properties of three prepared samples
are studied as anode materials for lithium ion batteries. As can
be seen from Fig. 8a-c, they display the first four CV curves of
LDO, LDO/p-CDs and LDO/n-CDs at the scanning rate of 0.1 mV
s~ ' over the voltage window of 0.01-3 V. In the first cycle, the
cathode reduction peaks at about 0.38 V and 0.5 V are attributed
to the formation of solid electrolyte interphase (SEI) films and
decomposition of electrolyte. At that point Li" is inserted irre-
versibly and then it forms Li,O. Two wide oxidation peaks at
1.52 V and 2.24 V correspond to the oxidation of metal Mn to
Mn>" and Ni to Ni*", respectively. A new reduction peak appears
from the second cycle. The reduction peak at about 0.82 V
represents the reduction of Mn>" to Mn and Ni** to Ni. From
this, we can infer that the electrochemical equation of NigMnOg
in lithium ion battery is as follows:**

. - - . .
NigMnOg + 16Li" + 16e” — 6Ni + Mn + 8Li,O (1)
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Fig. 8 CV curves of (a) LDO, (b) LDO/p-CDs and (c) LDO/n-CDs at
a scan rate of 0.1 mV s~* over a potential range of 0.01-3 V; galva-
nostatic charge—discharge profiles of (d) LDO, (e) LDO/p-CDs and (f)
LDO/n-CDs electrode at the 1%, 2", 5" and 10" cycles between 0.01-
3V at a current density of 100 mA g~*. (g) Cycle performances at the
current density of 0.1 A g~%; (h) rate performances at different current
densities; (i) Nyquist plots of electrodes.
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6Ni + Mn + 7Li,0 — 6NiO + MnO + 14Li" + 14e” ()

Compared with the subsequent scan, the first scan possesses
a wide peak on the broad voltage window and a large capacity
loss, indicating a lower initial CE for all electrode.’*™* It is
worthwhile mentioning that, the slight differences between the
second, third and fourth CV curves indicate potential cyclic
stability. Fig. 8d-f display the galvanostatic charge-discharge
curves of LDO, LDO/p-CDs and LDO/n-CDs anode materials for
the 1%, 2™, 5™ and 10™ cycles at a current density of
100 mA g~ '. As one can see, during the discharge process, the
curve decline rate is fast above 1.3 V and slow below it, which
signifies that more lithium ions are involved in the reaction
below 1.3 V.*>* During the first charge-discharge process, the
charge capacity and discharge capacity of LDO/p-CDs, LDO and
LDO/n-CDs electrode are 1619 and 1274 mA h g™, 1191 and
808 mA h g, 1311 and 905 mA h g™ ', suggesting an initial CE
of 78.7%, 67.9% and 69.1%, respectively. In contrast, the first
discharge capacity and the initial CE of LDO/p-CDs are the
highest, illustrating the small first capacity attenuation. The
apparent loss of the initial circulation capacity is usually
attributed to the formation of SEI film at the solid/electrolyte
interface.>** Note that the curves overlap well in the subse-
quent cycles, indicating a good cyclic stability. The results are
consistent with the CV results.

Fig. 8g shows the cycling performance of LDO, LDO/p-CDs
and LDO/n-CDs electrodes at 0.1 A g~ ". It is obvious that the
capacity of LDO/p-CDs is highest of them. At a low current
density of 0.1 A g ', the LDO/p-CDs, LDO/n-CDs and LDO
electrodes deliver the capacity of 1182 mAh g ',882 mAh g™,
794 mA h g~ " after 100 cycles. The coulombic efficiency of LDO,
LDO/p-CDs and LDO/n-CDs are 94.9%, 97.9% and 97.4% at the
current density of 0.1 A g~ " after 100 cycles. It can be observed
that the capacity of three electrodes decrease at first and then
increase slowly. This may be explained by the reason that due to
the unique three-dimensional structure of flowers; a large
amount of lithium ions will attach to the active sites of the
petals during the process of insertion and extraction, resulting
in a decrease in capacity. With the reaction proceeded, the
adsorbed lithium ions are released gradually, making the
capacity increase. Nevertheless, the capacity of LDO/p-CDs is
much higher than that of LDO and LDO/n-CDs. The result
implies that the successful synthesis of small size is indeed
more conductive to the transport of lithium ions to some extent,
which results from a possible explanation that LDO/p-CDs has
higher specific surface area, and the diffusion of lithium ions in
the internal mesopores increases, resulting in the increase of
active sites, meanwhile the small size makes the diffusion
channel of lithium ions short, so that lithium ions can diffuse
faster. During the cycling process, LDO/p-CDs with small size
could release more stress, improve the mechanical stability, and
prevent the decline of circulation capacity caused by the
collapse of the structure. In order to deeply investigate the
electrochemical property of electrodes, we studied rate perfor-
mance at different current densities over a potential range of
0.01-3 V. As shown in Fig. 8h, LDO/p-CDs display the good
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capacities of 1156, 1175, 1159, 817, 563 and 282 mA h g ' at the
current density of 50, 100, 200, 500, 1000 and 2000 mA g ',
respectively. The capacity can be maintained at 1042 mA h g™ *
when the current density returns to 50 mA g ', implying
a remarkable rate cycling stability of LDO/p-CDs electrode.

EIS tests were carried out to illustrate the transfer process and
diffusion process of lithium ions in the battery. Fig. 8i and inset
show the EIS spectrum and equivalent circuit of LDO, LDO/p-CDs
and LDO/n-CDs. As can be seen that EIS diagram is composed of
a semicircle in the high frequency region (inset of Fig. 8i) and
a diagonal line in the low frequency region. The diameter of the
semicircle at the high-frequency region represents the charge-
transform resistance (R.) and reflects the conductivity of the
electrode materials and electrolyte.””*® It can be observed that the
semicircle diameter of the LDO/p-CDs electrode (R = 204.2 Q) in
the high frequency range is smaller than LDO, indicating good
conductivity and rapid charge transfer.***® It is well known that the
closer the phase angles are to 90° at low frequency, the better
capacitive performance it represents.” The slope of LDO/p-CDs
plot is significantly larger than LDO and LDO/n-CDs, indicating
that the LDO/p-CDs electrodes perform better. More mesoporous
and larger pore volume can provide more active sites in the process
of lithium-ion diffusion, and fully contact the electrolyte to accel-
erate the diffusion rate and reduce the diffusion length. This is
consistent with the observation from cycling performance curves.

4. Conclusion

In summary, flower-like LDH/CDs composites composed of
nanosheets are successfully prepared by using carbon dots as
structure regulator. Among them, LDH/p-CDs with smaller size
is derived from the inhibition of the growth of LDH crystals by
the chemical characteristics on the surface of p-CDs. After
calcination, the LDO/p-CDs possess smaller size, larger specific
surface and pore volume compared with LDO, which makes it
has remarkable capacity and rate stability as the anode of LIBs.
The resultant LDO/p-CDs shows an excellent capacity of
1182 mA h g ' after 100 cycles at the current density of
100 mA g~'. Good cycle stability benefit from stable structure
and suppression of volume changes. LDO/p-CDs can increase
the contact area of the electrode/electrolyte interface, release
stress and improve mechanical stability, while the presence of
mesopores allow lithium ions to diffuse faster and provide more
active sites. We believe that CDs have more hopeful prospects in
the electrochemical energy storage.
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