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Abstract

Layered double hydroxides (LDHs) have attracted increasing attention as anode materials for sodium-ion batteries (SIBs)
due to their high theoretical specific capacity and simple preparation method. However, LDHs used as anode materials for
SIBs still suffer from sluggish diffusion kinetics and huge volume change during the charge and discharge process, resulting
in poor cycling performance and rate capability. Therefore, we fabricated a C1™-intercalated NiCr layered double hydroxide/
reduced graphene oxide (NiCr-C1 LDH/rGO) composite as an anode material for SIBs. Compared with pure NiCr-CO; LDH
and NiCr-CO; LDH/rGO electrodes, the NiCr-Cl LDH/rGO electrode exhibited excellent cycling performance and rate capa-
bility, with the highest specific capacity of 218 mAh g~! at current density of 100 mA g~! for 200 cycles and 219 mAh g
at current density of 2.0 A g~!. The superior Na* ion storage performance is attributed to the large interlayer spacing and
the good electrical conductivity and flexibility of rGO. This work could provide a new path for constructing LDH-based
composites as anode materials for SIBs in the field of energy storage.
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Introduction change during the charge and discharge process can cause

poor cycling performance and rate capability.'>!# Therefore,

In recent years, rechargeable sodium-ion batteries (SIBs)
have been regarded as prospective candidates for lithium-ion
batteries (LIBs) due to the low cost and high natural abun-
dance of sodium resources.'® Anode materials are one of
the crucial components of SIBs, and enormous efforts have
been made to develop suitable anode materials for SIBs,
such as alloy-type (Sn, Sb, and Bi)’~ and conversion-type
(metal oxides, metal sulfides, and metal phosphides)'®~'?
materials. However, most of these materials possess critical
issues in which sluggish diffusion kinetics and large volume
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the development of advanced anode materials for SIBs with
highly reversible insertion and extraction of Na* ions is a
huge challenge.

Layered double hydroxides (LDHs) are a type of two-dimen-
sional (2D) brucite-like material composed of a bimetal octa-
hedral layer host and interlayer anion guest, and their general
formula is expressed by M,**M,**(OH),,,"(A"),,ymH,0
(M: metal, A" interlayer anion).'>!® Because of their high
theoretical specific capacity and simple preparation method,
LDHs have attracted extensive attention as anode materials for
LIBs,'%" but are seldom applied as the anode materials for
SIBs. To date, only CoFe-NO; LDH?! has been reported as
an anode material for SIBs and delivers a reversible capacity
of 209 mAh g~! over 200 cycles at 1000 mA g~'. However,
LDHs demonstrate low intrinsic electrical conductivity and
huge volume change during the charge and discharge pro-
cess,?? which greatly affects the electrochemical performance
of SIBs. Graphene materials with mechanical flexibility, good
electrical conductivity, and large surface area are regarded as
suitable substrate materials to enhance the electrochemical per-
formance of LDHs,'7!%?3-25 which not only can improve the
electronic conductivity of LDHs but also can relieve the huge
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volume change of LDHs during cycling. Therefore, construct-
ing LDH composites with graphene materials can remarkably
improve the cycling performance and rate capability of LDHs.

Herein, NiCr-Cl LDH/rGO composites were success-
fully synthesized via a one-step hydrothermal method, fol-
lowed by an ion exchange process. The morphology and
structural characteristics were systematically studied, and
the electrochemical properties of the as-prepared materials
as anodes for SIBs were investigated. The as-prepared NiCr-
CI LDH/rGO composite displayed initial discharge capacity
of 632 mAh g~!, reversible capacity of 466.9 mAh g! after
200 cycles, and superior rate performance as compared with
the NiCr-CO; LDH and NiCr-CO; LDH/rGO.

Experimental Section

NiCr-Cl LDH/rGO composite was obtained from NiCr-
CO; LDH/rGO material by ion exchange, wherein NiCr-
CO; LDH/rGO was synthesized by a one-step hydrother-
mal method. NiCl,"6H,0, CrCl;'6H,0, and NH,F were
dissolved in 60 mL GO dispersion (1.67 mg/mL), in which
the total concentration of metal ions was 4 mmol and the
ratio of Ni**/Cr** was 3:1. The concentration of NH,F was
twice that of the metal ion. A total of 7 mmol urea was
added to the above system under vigorous stirring to form a
homogeneous suspension. The suspension was transferred
to a 100 mL Teflon-lined stainless-steel autoclave at 150°C
for 24 h. The autoclave was then cooled to room tempera-
ture naturally. The sample was washed with deionized water
and ethanol and dried in a vacuum freezing dryer to obtain
the NiCr-CO; LDH/rGO composite. The obtained NiCr-
CO; LDH/rGO composite was added to 500 mL of NaCl/
HCI mixed solution and stirred for 24 h under an N, airtight
atmosphere. The product was washed and dried to obtain the
NiCr-Cl LDH/rGO composite. Graphene oxide (GO) was
synthesized by the modified Hummers method.?

X-ray diffraction (XRD) data were recorded by an x-ray
diffractometer using Cu-Ka (4=0.15418 nm) radiation
(Rigaku, SmartLab) with a scanning rate of 10°/min in the
range of 5-70°, operating at 40 kV and 40 mA. The mor-
phology and microstructure of the samples were analyzed
using field-emission scanning electron microscopy (FE-
SEM, Zeiss Gemini Ultra 55) with an accelerating voltage
of 20 kV and transmission electron microscopy (TEM, JEOL
JEM-2100). X-ray photoelectron spectroscopy (XPS) meas-
urements were carried out on an ESCALAB 250 spectrom-
eter (Thermo Fisher) using a focused monochromatized Al
Ka (hv=1486.6 eV) as the excitation source. The binding
energy of C 1s at 284.8 eV was taken as a reference for
the calibration. Thermogravimetric analysis (TG) data were
recorded using an STA 409PC (NETZSCH) in a nitrogen
atmosphere at a heating rate of 10°C/min. N, adsorption/
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desorption measurement data were recorded by a Quan-
tachrome Autosorb-1 automatic volumetric instrument.

The electrochemical measurements of the materials were
carried out at room temperature using coin cells. The NiCr-
CO; LDH, NiCr-CO4; LDH/rGO, and NiCr-Cl LDH/rfGO
electrodes were prepared by mixing 60 wt.% active mate-
rial, 30 wt.% acetylene black, and 10 wt.% PVDF, which
were dissolved in NMP to form a homogeneous slurry. The
obtained slurry was cast on a copper foil and dried for 12 h
at 80°C under a vacuum. The as-prepared electrode and
sodium foil were used as the working and counter electrodes,
respectively. Glass fiber (Whatman) was chosen as a sepa-
rator, and 1 M NaCF;SO; dissolved in diglyme was used
as the electrolyte. Galvanostatic charge and discharge test
was carried out using a Neware battery system in a voltage
range of 0.3-3 V versus Na*/Na at room temperature. Cyclic
voltammograms (CV) data were obtained using a VMP3
potentiostat/galvanostat (BioLogic Science Instruments) at
a scan rate of 0.1 mV s~! between 0.3 and 3.0 V (vs. Na*/
Na). Electrochemical impedance spectra (EIS) were also
measured on a VMP3 potentiostat/galvanostat with a range
of 10° t0 0.01 Hz.

Results and Discussion

Figure l1a shows the powder XRD patterns of the as-pre-
pared NiCr-CO; LDH (denoted as NCC), NiCr-CO,; LDH/
rGO (denoted as NCC/rGO), and NiCr-CI LDH/rGO sam-
ples (denoted as NCCl/rGO). All the diffraction peaks of
the three samples can be assigned to the layered hydrotal-
cite-like structure (PDF: 52-1626) with the R-3m space
group.?’?® However, a huge discrepancy in the intensity of
the diffraction peaks for the samples with/without rGO was
observed, indicating that the introduced rGO can suppress
grain growth. In addition, after chloride ion exchange, the
(003) diffraction peak position of LDH moves from 11.6°
to 11.3°, indicating an increased d-spacing. Figure 1b
shows the Fourier transform—infrared (FT-IR) spectra of
as-prepared NCC, NCC/rGO, and NCCI1/rGO. Absorption
peaks below 800 cm™' are associated with M—O/M—OH
(M=Ni, Cr) stretching and bending vibrations in the LDH
laminate.?®?° Absorption peaks located at 1640 cm™!
are assigned to the O-H stretching vibrations caused by
interlayer crystal water.’® The peak at 1358 cm™! corre-
sponds to the asymmetric stretching vibration of CO32‘,
denoted as V;(CO;>"). However, an evident discrepancy
is observed when comparing the FT-IR spectra of NCC
and NCC/rGO, and this can be reflected by the new peaks
at 1399 and 1214 cm™'. The peak located at 1399 cm™!
corresponds to the C—OH stretching vibrations of rGO,
while the peak located at 1214 cm™' may be caused by
the interaction between LDH and rGO. After chloride
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Fig.1 XRD patterns (a), FT-IR spectra (b), and Raman spectra, (c) of NCC, NCC/rGO, and NCCl/rGO.

ion exchange, the characteristic peak of V5(CO5%7) in
the LDH interlayer disappears, which suggests that the
CO32_ ions were successfully replaced by C1~ ions.*!**?
In addition, the intensity of the absorption peaks located
at 1214 cm~! increases, ascribed to the enhanced interac-
tion between LDH and rGO. Figure 1c shows the Raman
spectra of as-prepared NCC, NCC/rGO, and NCCl/rGO.
For the NCC sample, three characteristic Raman peaks
at 466 cm™', 536 cm™! and 1056 ¢cm™! can be observed.
The peaks at 466 cm™! and 536 cm™! are associated with
the A;, Raman-active vibrational modes of Ni(OH), and
Cr(OH);, respectively. The peak at 1056 cm™ is ascribed
to the symmetric stretching vibration of CO32‘ ions in the
LDH interlayer.” In the case of NCC/rGO and NCCI/rGO,
two bands from rGO (D band at 1351 cm~!, G band at
1591 cm™!) can be observed, suggesting the successful
synthesis of the LDH/rGO composite.>*> Moreover, the
NCC/rGO and NCC1/rGO samples demonstrate higher
relative intensity of the D band than that of rGO, which is
due to the formation of chemical bonds between rGO and
LDH, leading to the formation of more defects. 7 The TG
results (see supplementary Fig. S1) indicate that the gra-
phene content of the NCC/rGO composite is 6.01 wt.%."

Figure 2 shows the SEM and TEM images of as-prepared
NCC, NCC/rGO, and NCCI/rGO. As illustrated in Fig. 2a,

b, and c, the as-prepared NCC exhibits a flower-like sphere
with an interconnected nanosheet structure. Figure 2d, e,
and f suggests that LDH nanosheets with thickness of about
20 nm are uniformly grown on the rGO sheets’ surfaces,
which can be further confirmed by EDS mapping images
(see supplementary Fig. S2a). However, the morphology of
NCCI/rGO exhibits an evident change where the rGO sheets
give rise to an apparent agglomeration phenomenon (Fig. 2g,
h, i, and j), which may be due to the enhanced interaction
between LDH and rGO after the ion exchange. The uniform
distribution of Ni, Cr, and Cl elements (see supplementary
Fig. S2) indicates uniform intercalation of CI™ ions in the
LDH interlayer. The calculated ratio of Ni/Cr/Cl is close to
3:1:1 (see supplementary Fig. S3).

The surface composition and valence states of the as-
prepared NCCl/rGO are measured by XPS, as presented in
Fig. 3. It can be found from the width spectrum that the
NCCI/rGO mainly consists of Ni, Cr, C, O, and CI ele-
ments (Fig. 3a). For the XPS high-resolution C 1s spectrum
(Fig. 3b), it can be divided into four peaks, corresponding
to different carbon-containing functional groups, including
C=C/C—C bonds (284.82 eV), C-O bonds (285.77 eV), the
C=0 bonds (286.72 eV) and C(O)O bonds (289.03 eV. The
Ni 2p spectrum (Fig. 3¢) includes two main peaks of Ni 2p5,
(856.20 eV) and Ni 2p,,, (873.71 eV) peaks accompanied
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Fig.2 SEM and TEM images of NCC (a—), NCC/rGO (d—f), and NCCl/rGO (g—i).

by two satellite peaks at 862.03 eV and 879.73 eV, which
confirm the existence of the Ni** state.?>3*% Besides, the
Cr 2p characteristic peaks at binding energy of 577.48 eV
and 587.3 eV correspond to the spin—orbit doublet of Cr
2p;, and Cr 2p,, (Fig. 3d), respectively. This result demon-
strates the presence of the Cr’* state.?>*® The XPS signals
of Cr 2p;, are divided into two peaks located at binding
energy of 577.48 eV and 579.18 eV, which can be attributed
to the formation of Cr—OH and Cr—O bonds in the LDH,
respectively.’’

The N, adsorption/desorption measurements were car-
ried out to study the porous structure of NCC, NCC/rGO,
and NCCl/rGO. Figure 4 shows the isotherms and the cor-
responding pore size distribution curves. The isotherms
of NCC and NCC/rGO reveal an H3-type hysteresis loop,

@ Springer

while the isotherm of NCCl/rGO reveals an H2-type hys-
teresis loop, indicating the presence of a mesoporous struc-
ture for the three samples.*® Table S1 (see supplementary
data file) shows that the pore distribution range of NCC/
rGO (2-120 nm) is bigger than that of NCC and NCCl/
rGO. Moreover, the specific surface area of NCC/rGO
(170.44 m* g~!) is larger than that of the NCC, owing to the
uniform growth of LDH nanosheets on rGO sheets to form
a three-dimensional (3D) network structure.®” Possessing a
larger specific surface area and unique porous structure, the
NCC/rGO can provide more reaction active sites.

The electrochemical properties of as-prepared NCC,
NCC/rGO, and NCCl/rGO electrodes are shown in Fig. 5.
Figure S5a, b, and c show that these three electrodes
exhibit evident irreversible reactions near 0.5 V in the
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Fig.4 Nitrogen adsorption—desorption isotherms and their corresponding pore size distribution of the as-prepared NCC (a), NCC/rGO (b), and

NCCI/FGO (c).

first reduction, corresponding to the formation of a solid
electrolyte interface (SEI) film on the electrode surface by
electrolyte decomposition.***! The corresponding oxidation
process is reflected by three weak oxidation peaks located
at 1.10 V, 1.63 V, and 2.02 V in the reverse scan, respec-
tively. In the subsequent cycles, the CV curves display a
broad reduction region at 0.5 V, which corresponds to the

reversible reduction reactions of Ni and Cr. However, upon
further cycling, all three electrodes show a decreased peak
current in various degrees. The galvanostatic charge and dis-
charge results indicate that all three electrodes present simi-
lar charge and discharge profiles, as shown in Fig. 5d, e, and
f. During the first cycle, a distinguishable discharge voltage
plateau appears at about 0.5 V, but the corresponding charge
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Fig.5 CV and galvanostatic charge—discharge curves of NCC (a, d), NCC/tGO (b, e), and NCCl/rGO (c, f) electrodes. Cycling performance and
coulombic efficiency (g) in 200 cycles at 100 mA g~'. Rate capability (h) of the as-prepared NCC, NCC/rGO, and NCCl/rGO electrodes.

curves show three voltage regions with different slopes. In
the subsequent cycles, the discharge curves show an obvi-
ous difference, and the discharge voltage plateau at 0.5 V
has disappeared. In spite of a large irreversible capacity in
the first cycle, these three electrodes still deliver a discharge
capacity close to 500 mAh g~! in the second cycle. Fig-
ure 5g shows the long cycling performance coulombic effi-
ciency of the NCC, NCC/rGO, and NCCl/rGO electrodes.
The coulombic efficiency is calculated based on the ratio
of charge capacity to discharge capacity. All the electrodes
suffer considerable capacity decay within the initial 15
cycles. However, comparing the three electrodes, it can be
found that the NCCl/rGO electrode delivers relatively good
cycling stability. After 200 cycles, the discharge capacity
decreases from 632 mAh g~! to 218 mAh g~!, correspond-
ing to a capacity retention of 34.5%. In contrast, the NCC
electrode delivers capacity retention of only about 16.5%

@ Springer

after 200 cycles. The rGO electrode exhibits stable capacity
of about 90.0 mAh g~! (see supplementary Fig. S4). The
capacity (5.4 mAh g~!) contribution by the 6.0 wt.% rGO
in the NCC/rGO electrode is negligible. The rate capabil-
ity test of these three electrodes was performed at various
current density values, as shown in Fig. Sh. The NCCl/rGO
electrode has better rate capability than the other two elec-
trodes, and delivers discharge capacities of 343 mAh g~
296 mAh g1, 265 mAh g7!, 242 mAh g~!, and 219 mAh g~!
at current density of 0.1 Ag™1, 02 A g ,05A¢g7 L 1Ag7],
and 2 A g™}, respectively. The superior cycling performance
and rate capability of the NCCl/rGO electrode benefit from
the existence of rGO and the large interlayer spacing of
LDH. Figure S5 (see supplementary data file) shows the
electrochemical impedance spectroscopy (EIS) measure-
ments of the three electrodes. Generally, the semicircles at
high frequency represent the charge transfer resistance (Rct),
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and the slope at low frequency represents capacitive behav-
ior and ion diffusion resistance.”>*? It is observed that the
three electrodes have apparent semicircles and slope. The
Rct value (see supplementary Table S2) of the NCCl/rGO
electrode is the smallest of these three electrodes, implying
that the rGO improves the electrical conductivity of LDH,
which enhances the electrochemical performance of LDH.
The kinetic behavior of the NCCl/rGO electrode was
investigated by CV measurements. Figure 6a displays the CV
curves at different scan rates from 0.2 mV s~ to 1.0 mV s~
With the increase in the scan rates, the profiles of CV curves
are nearly unchanged and the peak current increases gradu-
ally. The log(i) versus log(v) profiles are shown in Fig. 6b
according to the functional relationship of peak current (i)
and scan rate (v) (i=av?) (i value was obtained by measur-
ing, a is an adjustable parameter, b is the slope of a profile
of log(@) versus log (v), b=0.5 represents the diffusion-con-
trolled process while b =1 suggests a capacitive process, the
ratio of capacitive contribution is determined by the equa-
tion i =k, v +kyv'"%, the k,v and k,v'"? represent the capacitive
behavior and diffusion effects, respectively).*> The b valve
(0.78 and 0.91) is between 0.5 and 1 and closer to 1, which
indicates that the Na* ion storage kinetics are simultaneously
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controlled by capacitive and diffusion processes while the
former dominates. Figure 6¢ and d show that the NCCl/
rGO electrode has a capacitive contribution ratio of 55.1%
at 0.2 mV s~', which confirms the capacitive-controlled
kinetic behavior. The high capacitive contribution results in
excellent Na* ion storage performance of LDH with a long
cycle life and high rate capability.

Conclusions

In summary, we synthesized NiCr-Cl LDH/rGO composite
by hydrothermal and ion exchange methods. The NiCr-Cl
LDH/rGO electrode exhibits excellent cycling performance
and rate capability, with the highest specific capac-
ity of 218 mAh g~! at current density of 100 mA g~! for
200 cycles and 219 mAh g~! at current density of 2.0 A g1,
The excellent Na* ion storage electrochemical performance
is attributed to the expanded interlayer spacing of LDH, the
good electrical conductivity of rGO, and the flexibility of
rGO. The expanded interlayer spacing of LDH can provide
enough channels to accommodate the migration of Na* ions.
Besides, the flexible rGO not only endows the NiCr-Cl LDH/

(b)02 & Peakl
1 ¢ Peak2

<

=

- -0.4

o)

S

=

3

¢ -0.6

<

)

&

g 0.8

-0
-1.0 T T T T

-0.8 -0.6 -0.4 -0.2 0.0
Log (scan rate, mV s™!)
(d) ” e

120 - capacitive [l diffusion

Contribution (%)

0.2 0.4 0.6 0.8 1.0
Scan rate (mV s)

Fig.6 Kinetics analysis of the as-prepared NCCl/rGO electrode. (a) CV curves at different scan rates. (b) Log(i) versus log(v) profiles. (c) CV
curves with the capacitive contribution at 0.2 mV s™!. (d) The ratio histogram of capacitance and diffusion-controlled capacities.
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rGO composite with good electrical conductivity but also
provides a good buffer zone to relieve the volume change
of LDH during the charge and discharge process. This work
provides a new path for using LDH-based composites as
anode materials for SIBs, which is concerned with the
application of LDH-based composites in the field of energy
storage.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-022-09911-1.
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