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ABSTRACT: Layered double hydroxides (LDHs) have
attracted tremendous interest for applications in energy
harvest and storage. However, the aggregation of nanosheets
compromises the accessible active sites and limits their
electrochemical performance, especially at high rates. The
present study reports the synthesis of highly dispersed NiFe-
LDH nanosheets anchored on reduced graphene oxide (NiFe-
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LDH/rGO) composites chemically bonded via a facile one-step hydrothermal method. Defect-riched rGO provides abundant
active sites for heterogeneous nucleation of NiFe-LDH nanosheets, achieving the much efficient charge transfer between rGO
and NiFe-LDH as compared to physically mixed NiFe-LDH + rGO. The crystallite size can effectively reduce to 5.5 nm smaller
than 15.1 nm of NiFe-LDH without rGO, beneficial to expose more active surface for fast ion diffusion and redox reactions.
NiFe-LDH/rGO as an anode material in lithium-ion batteries shows superior lithium storage capacity with 1202 mAh g™" after
100 cycles at 100 mA g™ and high-rate performance with 543 mAh g™' even at 2000 mA g~'. The corresponding lithium-ion
capacitor with NiFe-LDH/rGO anode and mesoporous carbon microsphere cathode exhibits high energy density and power
density simultaneously, with 133 Wh kg™ at 25 W kg™ and 4016 W kg ™' at 58 Wh kg™’, showing the great potential for high-
performance hybrid energy storage systems.

KEYWORDS: layered double hydroxide, highly dispersed nanosheets, reduced graphene oxide, high performance, lithium-ion storage

1. INTRODUCTION

Lithium-ion capacitors (LICs) have attracted intense attention
owing to the integration of high energy densities of batteries
and high power densities of supercapacitors.' ° Generally,
LICs are fabricated by the battery-type anode achieving
lithium-ion intercalation/deintercalation and the capacitor-
type cathode with ion adsorption/desorption during the
charge/discharge process.” " The design and synthesis of
suitable anode materials are crucial for LICs because the slow
intercalation compared to fast ion adsorption restrains the
redox process and determines the electrochemical performance
of devices.”'® Nanostructured materials (eg, nanospheres,”
nanotubes,'” nanosheets,” etc.) are promising candidates as
anodes for lithium-ion batteries (LIBs) and LICs due to large
surface area, high electrical conductivity, and enhanced
intercalation kinetics. Among them, two-dimensional nanoma-
terials possess a layered structure with a highly exposed active
surface, showing the great potential of fast ion diffusion for
redox reactions, especially at high rates."* "¢

Layered double hydroxides (LDHs) are intriguing materials
with a typical two-dimensional structure, described by the
general formula of [M*",_,M*" (OH),]* (A"),,yH,O, where
M** (e.g, Fe*', Co*', Ni**, Cu’, etc.) and M* (e.g, Fe¥,

v ACS Pub“ca‘tions © 2019 American Chemical Society
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Co®', Cr", etc.) represent the divalent and trivalent metal
cations, respectively, and A" (e.g, NO;, SO,>, Cl, etc.) is
the interlayered anion.'” ' Various LDHs can be easily
fabricated based on different metal cations and intercalated
anions, with fast ion diffusion and electron transfer, showing
great potential in electrocatalysis, supercapacitors, batteries,
and biotechnolog}f.zm24 However, the agglomeration of LDHs
reduces ion diffusion rate, sacrifices accessible reaction sites,
and raises large volume change, thus restricting the electro-
chemical performance, especially for high-rate LICs. Fabricat-
ing highly dispersed LDH sheets with a controllable
nanostructure is an efficient method to accelerate the ion
transportation and improve the electrochemical activity, and
results in high-rate performance and great cycling stability for
the desired devices.

Graphene has the advantages of large theoretical surface area
(2630 m* g '), high electrical conductivity (~10° S m™"), great
mechanical flexibility, and chemical stability, providing a
perfect substrate for the high-dispersed growth of nano-
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Scheme 1. Schematic Illustration of Material Fabrication Processes
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structured materials. Superior to physically mixed composites
of graphene and nanomaterials, one-step chemically synthe-
sized composites show the following advantages: (1)
modifying the material nucleation by providing abundant
defects and functional groups as heterogeneous nucleation sites
for nanomaterial growth to buffer large volume change during
the charge/discharge process; (2) establishing a high-efficiency
interfacial interaction by chemical bonding between graphene
and nanomaterials to facilitate charge-transfer process; and (3)
displaying the synergistic effects exposing more accessible
active sites of nanomaterials and graphene simultaneously.”>~>’
For example, Zhou et al. studied the interfacial interaction in
graphene/metal oxide systems and proposed that effective
oxygen bridges between metal oxides and functional groups on
graphene lead to synergistic effect and achieve lithium storage
improvement.”® Jiang et al. pointed out that the charge transfer
was achieved between LDH layer and graphene, accelerating
reaction kinetics and enhancing energy storage performance.”

Therefore, chemically bonding nanomaterials on graphene can
effectively modify the material nucleation, establish an
interfacial chemical interaction, and improve the electro-
chemical properties.

Herein, we report the fabrication of NiFe-LDH/rGO with a
unique structure of high-dispersed LDH nanosheets anchored
on reduced graphene oxide (rGO) via a facile one-step
hydrothermal method and use it as an anode material for Li-
ion storage. NiFe-LDH/rGO shows an excellent interfacial
interaction through oxygen bridges originated from the
heterogeneous nucleation of LDH nanosheets on rGO surface.
The synergistic effect reflects in the agglomeration prevention
of LDH nanosheets and graphene simultaneously, thus
exhibiting the greatly exposed active surface for fast redox
reactions, superior to the physical mixing of NiFe-LDH and
rGO (NiFe-LDH + rGO) with a weak interaction.
Mesoporous carbon microspheres (MCMs) were adopted as
the cathode in full LIC, prepared by a simple and efficient
spray-drying method with a uniform mesoporous structure and
large pore volume, beneficial to fast ion adsorption and high-
rate performance. The electrochemical performance of NiFe-
LDH/rGO in both half-cell and full LICs was performed,
showing enhanced energy storage and excellent stability.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. All chemicals were of analytic grade
purchased from Alfa Aesar and used as received without further
treatment unless stated otherwise. Graphene oxide (GO) powder was
purchased from XFNANO Co. Ltd. In a typical experiment, 100 mg
of GO powder was dispersed in a 60 mL deionized water with
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ultrasound for 1 h to form GO dispersion. L-ascorbic acid (LAA, 60
mg), 1.5 mmol of Ni{NO;),-6H,0, and 0.§ mmol of Fe(NO;);-9H,0
were added to GO dispersion in sequence. The introduction of LAA
plays an important role in morphology modification that LAA can be
adsorbed on NiFe-LDH seeds to reduce the surface energy for further
evolving into ultrathin NiFe-LDH nanosheets.*® After stirring for 10
min, 10 mmol of urea was added into the above solution and stirred
for 1 h. The resultant solution was transferred into a 100 mL Teflon-
lined stainless steel autoclave and heated at 120 °C for 24 h. The
yellow precipitation was collected by centrifuge and washed with
water and ethanol three times. The final sample was obtained after
vacuum freeze-drying process to maintain the three-dimensional
network of structure, named NiFe-LDH/rGO. Pure NiFe-LDH was
synthesized with the same hydrothermal method just without adding
GO powder in preparation. Pure rGO was also prepared under the
same condition without NiFe-LDH precursors. Compared to the
chemical synthesis of NiFe-LDH/rGO, NiFe-LDH + rGO was
achieved by physically mixing the as-obtained rGO and NiFe-LDH in
a mortar and pestle to get the physically mixed composites. The mass
ratio of rGO to NiFe-LDH is 1:3, consistent with the mass ratio in
NiFe-LDH/rGO according to the differential scanning calorimetry
(DSC) results.

2.2. Material Composition and Structural Characterization.
Samples were characterized by a scanning electron microscope (SEM,
FEI Sirion) equipped with an energy-dispersive X-ray spectroscopy
analysis system and a scanning transmission electron microscope (S/
TEM, FEI Tecnai G2 F20). Differential scanning calorimetry (DSC
3+ STAR® System, Mettler Toledo, Switzerland) was used to analyze
the thermal behavior of samples in a flowing nitrogen gas atmosphere.
The phase identification of samples was conducted by powder X-ray
diffractometer (XRD, Bruker D8 Discover, Germany). Fourier
transform infrared spectroscopy (FTIR, Bruker VERTEX 70,
Germany) was carried out to record the stretching or bending
information of various functional groups. Raman spectra were
characterized by a Renishaw InVia Raman microscopy using an Ar*
laser at 514 nm. The surface chemistry of samples was performed on a
Kratos Axis Ultra DLD X-ray photoelectron spectroscopy (XPS).

2.3. Electrochemical Property and Performance Measure-
ments. Active materials (70 wt %), conductive carbon (20 wt %),
and polyvinylidene fluoride (10 wt %) were mixed and then dispersed
in N-methyl-2-pyrrolidone (NMP) to make a homogeneous slurry.
The slurry was cast on a copper foil and dried at 80 °C for § h, which
were then punched into disks with a diameter of 10 mm and dried
under vacuum at 120 °C overnight to remove the NMP and water.
The electrode disks of different samples were designed to the same
thickness of 150 ym, and the corresponding mass loadings of active
materials are 1.6 mg cm ™2 except for rGO with 0.8 mg cm ™2 due to a
much lower bulk density. The half-cell was assembled in an argon-
filled glovebox with lithium metal as the counter electrode, Celgard
2400 as the separator, and 1 M lithium hexafluorophosphate (LiPF)
dissolved in a mixed solvent of ethylene carbonate, dimethyl
carbonate, and ethyl methyl carbonate (1:1:1, v/v/v) as the
electrolyte. The full cell of the lithium-ion capacitor (LIC) was

DOI: 10.1021/acsami.9b10719
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Figure 1. (a) SEM, (b) TEM, and (c) HRTEM images of NiFe-LDH, showing microspheres consisting of aggregated nanosheets. (d) SEM, (e)
TEM, and (f) HRTEM images of NiFe-LDH/rGO, with highly dispersed NiFe-LDH nanosheets on rGO. (g—j) Elemental mapping images of

NiFe-LDH/rGO, indicating a uniform distribution of C, Ni, and Fe.

fabricated using the NiFe-LDH/rGO as the anode and the
mesoporous carbon microspheres (MCMs) as the cathode. MCM
was obtained by a facile spray-drying method; more details of MCM
fabrication and MCM cathode preparation are shown in our
published work.*" Before assembling LIC, the prelithiations of
NiFe-LDH/rGO and MCM were separately performed in half-cells
with Li metal as the counter electrode under a galvanostatic charge/
discharge (GCD) process at 0.05 A g~'. For the half-cell of NiFe-
LDH/rGO, it was discharged to 0.01 V and then charged to 3 V until
the third fully discharged state with Li" intercalated. For the half-cell
of MCM, it was charged to 4.2 V and then discharged to 3 V until the
third fully charged state with Li* desorpted. Then, these two cells
were disassembled, and NiFe-LDH/rGO and MCM electrodes were
taken out for assembling the LIC. The different mass ratios of the
anode and cathode were studied, with 1:6, 1:12, and 1:23. The
galvanostatic charge/discharge (GCD) tests were conducted on a
battery test system (LAND CT2001A, China). Cyclic voltammo-
grams {CVs) were recorded on a Solartron electrochemical station (SI
1287), combined with an electrochemical impedance spectroscopy
system (EIS, SI 1260) to perform electrochemical impedance
spectroscopy from 10° to 0.01 Hz. Galvanostatic intermittent titration
technique (GITT) was adopted to evaluate the reaction kinetics, with
a 10 min charge/discharge process followed by a 10 min interval in
circles at a current density of 100 mA g~'. All of the electrochemical
measurements were conducted at room temperature. The capacities
of LIBs and LICs were calculated based on the active mass of the
anode. The energy density and the power density of LICs were
calculated based on the total active mass of both the cathode and
anode materials.

3. RESULTS AND DISCUSSION

The fabrication process of samples is shown in Scheme 1. Pure
NiFe-LDH was prepared based on the one-step hydrothermal
method, with homogeneous nucleation and growth to
microspherical aggregates of nanosheets as shown in Figure
la,b. The typical lattice fringes with a distance of 0.267 nm can
be clearly observed in the high-resolution TEM (HRTEM)

image in Figure Ic, which relates to the (101) facet of NiFe-
LDH. NiFe-LDH/rGO was fabricated by introducing
negatively charged GO into the NiFe-LDH precursor solution
to adsorb positive Ni** and Fe®" and provide heterogeneous
nucleation sites for NiFe-LDH. Figure 1d,e shows the
morphology of NiFe-LDH/rGO, exhibiting the uniform
NiFe-LDH nanosheets dispersed and anchored on rGO
surface, which can be confirmed further by elemental mapping
images in Figure 1g—j, favorable to high conductivity and fast
ion diffusion during the charge/discharge process. The
HRTEM image in Figure 1f demonstrates typical lattice
fringes with a distance of 0.387 nm corresponding to (006)
facet of NiFe-LDH. Theoretically, a driving force (Ap) is
required for the crystal nucleation, which is inversely
proportional to the square root of the activation energy
(AG), as shown in the following equation

3
Ay =4V zaf
3AG (1)

where V is the solute molar volume, « is the surface energy
between the liquid and solid interfaces, and f is the wetting
angle factor, for homogeneous nucleation f = 1, for
heterogeneous nucleation f < 1.°*% Accordingly, less
activation energy is required for heterogeneous nucleation
than for homogeneous nucleation. The introduction of rGO
produces the solid/liquid interface to induce the highly
dispersed heterogeneous nucleation of NiFe-LDH on rGO
surface instead of homogeneous self-nucleation, beneficial to
avoid nanostructure aggregation. For better illustrating the
impacts of chemical bonding LDH to rGO, NiFe-LDH + rGO
was prepared by physically mixing as-obtained NiFe-LDH and
rGO in a mortar and pestle. Figure Sla displays the
morphology of NiFe-LDH + rGO, with no evident
combination with rGO. Pure rGO was also prepared without

DOI: 10.1021/acsami.9b10719
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Figure 3. (a) Ni 2p and (b) Fe 2p XPS spectra of NiFe-LDH/rGO. O 1s XPS spectra of (c) NiFe-LDH + rGO and (d) NiFe-LDH/rGO.

adding LDH, a two-dimensional sheet structure shown in
Figure S1b.

Figure 2a shows XRD patterns; diffraction peaks of NiFe-
LDH are indexed to Nig,sFeg,s (CO;3)015(0OH),-0.38H,0
(JCPDS #40-0215). NiFe-LDH + rGO shows the same XRD
pattern as NiFe-LDH and a diffraction hump between 20 and
28°, ascribed to rGO in composites, just like the XRD pattern
of pure rGO sample. NiFe-LDH/rGO shows no diffraction
hump. Although it is not known what exactly happened, the
disappearance of this diffraction peak likely suggests the change
of surface or interface between rGO and LDH grown on it. A
little peak at about 9° is shown, near to the peak assigning to
(003) plane. It is not able to index the peak, though it might be
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ascribed to the fact that the introduction of negatively charged
GO during the preparation induces a partially broadened
interlayer spacing of NiFe-LDH, leading to a peak appearing at
a smaller angle than that of (003) plane.”* The crystallite size
of samples was calculated using the Scherer equation based on
the XRD patterns, different from the particle size or nanosheet
size. NiFe-LDH/rGO exhibits small crystallites of 5.5 nm
compared to NiFe-LDH of 15.1 nm, likely due to the
introduction of rGO in material preparation, which efficiently
provides heterogeneous nucleation sites for high nucleation
density for NiFe-LDH and simultaneously restrains the
continuous growth of crystals. DSC results in Figure S2
demonstrate the weight change and heat flow with the increase

DOI: 10.1021/acsami.9b10719
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Figure 4. GCD profiles of (a) NiFe-LDH/rGO and (b) NiFe-LDH + rGO at the current density of 100 mA g~". (c) Cycling performance of
samples at a current density of 100 mA g~'. (d) Rate capacity of samples. The capacity was calculated based on the active mass of the anode. (e)
Nyquist plots of samples at the pristine state and after cycling. The inset in part e is the magnified Nyquist plot. (f) Relationship between the real
part of impedance and low frequencies; the smaller the slopes of the fitting curve, the faster ion diffusion during the charge/discharge process.

of temperature. Pure NiFe-LDH illustrates two weight-loss
plateaus corresponding to the loss of physical and crystalline
water, and the removal of hydroxyl and carbonate groups,
respectively. Heat flow curve shows the same phenomenon
indicating two endothermic processes that occurred during
temperature increase. Beyond that, NiFe-LDH/rGO still
exhibits the third plateaus with a 25 wt % weight loss,
attributed to the rGO combustion showing an exothermic peak
in heat flow curve. Therefore, the mass ratio of rGO and NiFe-
LDH in NiFe-LDH/rGO is 1:3. Physically mixed NiFe-LDH +
rGO was prepared based on this mass ratio. Raman spectra are
shown in Figure 2b,c. NiFe-LDH performs a low Raman
activity with weak peaks at fingerprint regions of about 447 and
533 em™', which are difficult to be identified in NiFe-LDH/
rGO and NiFe-LDH + rGO after the introduction of rGO.
The peaks at 1365 and 1580 cm' originate from the
disordered structure (D-band) and the C—C stretch (G-
band) with sp” carbon structure in NiFe-LDH. Comparing
three samples containing rGO, the D-band locates at the same
position of 1365 cm™', but the G-band shifts from 1613 to
1590 cm™' for NiFe-LDH/rGO, which can be clearly observed
in Figure 2c. It illustrates a charge-transfer process from rGO
to NiFe-LDH in NiFe-LDH/rGO.” Physically mixed NiFe-
LDH + rGO shows no G-band shift due to the weak
electrostatic interaction between rGO and NiFe-LDH. NiFe-
LDH/1GO demonstrates a little higher relative intensity of D-
band than other samples, ascribed to the fact that the
formation of chemical bonds between rGO and NiFe-LDH
creates new defects. Figure 2d displays the FTIR spectra; the
absorption peaks at 3406 and 1597 cm™ represent the
stretching vibration of O—H and water molecules, respec-
tively.*® The stretching and bending vibrations of CO,>~
display at the peaks of 1354 and 715 cm %7 All of these
four peaks can be observed in the FTIR spectra of NiFe-LDH/
rGO, NiFe-LDH + rGO, and NiFe-LDH. For rGO, the
vibrations of C=0 at 1718 cm™! and C—O at 1207 cm™" are
distinguishable, which is indistinguishable in NiFe-LDH +
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rGO. NiFe-LDH/rGO exhibits a similar phenomenon, but a
little peak of C—O vibration can be seen in the magnified
spectra in Figure 2e. NiFe-LDH/rGO also shows a little
stronger vibration peak of M—O (M = Ni, Fe) in Figure 2f.
These enhancements are ascribed to the oxygen bridges
between NiFe-LDH and rGO, originating from chemical
connections between oxygen-containing groups on rGO and
NiFe-LDH during preparation.

Figure 3 shows the high-resolution XPS spectra of samples;
the survey XPS spectra can be seen in Figure S3a, with
distinguishable peaks of elements C, O, Ni, and Fe for both
NiFe-LDH + rGO and NiFe-LDH/rGO. For NiFe-LDH/rGO,
Ni 2p spectra in Figure 3a exhibit two main peaks at 855.6 eV
and 873.3 eV assigned to Ni 2p;,, and Ni 2p, , with a valence
state of +2, accompanied by two satellite peaks at 862.2 and
879.0 eV, respectively. Fe 2p spectra in Figure 3b show two
peaks located at 712.6 and 725.5 eV, which correspond to Fe
2p3;, and Fe 2p;,, with a valence state of +3. Figure S3b
performs Ni 2p and Fe 2p spectra of NiFe-LDH + rGO, with
Ni** and Fe* in materials. For O 1s XPS spectra, NiFe-LDH +
tGO (Figure 3c) and NiFe-LDH/rGO (Figure 3d) are
decomposed into three peaks, relating to M—0, CO;>", and
C—O, respectively. Theoretically, the intensity of M—O bond
and C—O bond originated from NiFe-LDH in NiFe-LDH +
rGO and NiFe-LDH/rGO should be the same. The enhanced
signals of M—O bond and C—O bond for NiFe-LDH/rGO in
Figure 3d should be ascribed to chemical connections in the
interface between NiFe-LDH and rGO bonded during the
chemically synthetic process, which cannot be observed in
NiFe-LDH + rGO. It is also consistent with Raman and FTIR
results in Figure 2. And NiFe-LDH/rGO demonstrates a little
peak shift to higher binding energy compared to NiFe-LDH +
rGO, with M—O bond from 530.75 to 530.95 eV, CO,*™ from
531.35 to 531.45 eV, and C—O bond from 533.05 to 533.15
eV, indicating the enhanced strength of chemical bonds after
the chemical introduction of rGO.

DOI: 10.1021/acsami.9b10719
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The electrochemical properties of samples were charac-
terized by means of galvanostatic charge/discharge (GCD)
cycling with the results shown in Figure 4ab. Figure 4a
displays the GCD profiles at different cycles at 100 mA g ' of
NiFe-LDH/1rGO, possessing several charge/discharge plateaus
with multistep delithiation/lithiation processes, and most
discharge capacity is at a voltage window of 0.01-1.25 V.
For the first cycle, NiFe-LDH/rGO exhibits a discharge
capacity of 1806 mAh g, evidently higher than the charge
capacity of 1236 mAh g, with the initial coulombic efficiency
of 68.4%, which is ascribed to the solid electrolyte interface
(SEI) layer formation and irreversible Li* consume for side
reactions in the electrolyte.”*”" After that, NiFe-LDH/rGO
retains a stable capacity. In Figure 4b, NiFe-LDH + rGO
demonstrates the same initial coulombic efficiency as NiFe-
LDH/rGO but displays the fast capacity fading after the 20
cycle due to the unstable structure with a weak interaction
between rGO and NiFe-LDH. GCD profiles of pure rGO and
NiFe-LDH are shown in Figure S4. NiFe-LDH exhibits more
severe irreversibility than NiFe-LDH + rGO, while rGO shows
great capacity retention without being limited by ion diffusion.
The redox reactions and electrochemical mechanism are
further discussed below in CV curves. Figure 4c shows the
corresponding cycling performance of samples at 100 mA g .
NiFe-LDH/rGO illustrates the excellent cycling stability in the
organic electrolyte, maintaining 1202 mAh ¢! of discharge
capacity after 100 cycles, absolutely higher than 463 mAh g™
of NiFe-LDH + rGO, also superior to 512 mAh ¢! of rGO
(Figure SSa) and 463 mAh g~' of NiFe-LDH (Figure SSb).
The capacity decay of NiFe-LDH + rGO during cycling
especially after 50 cycles could be ascribed to the fact that
severe aggregation impedes the efficient ion diffusion. Rate
performance of samples was also assessed as shown in Figure
4d and tested at various current densities from 0.1 to 2 A g™
NiFe-LDH/rGO and NiFe-LDH + rGO demonstrate the
similar initial capacities of 1771 and 1750 mAh g7/,
respectively, a little lower than 1958 mAh g™ of NiFe-LDH
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(Figure S5d) due to the introduction of lower-capacity rGO of
1524 mAh g ' (Figure S5c). With the increase of current
density, NiFe-LDH/rGO exhibits the advantage of excellent
rate performance, with 1151, 1054, 957, 816, and 543 mAh g”
at 0.1, 0.2, 0.5, 1, and 2 A g, respectively, better than NiFe-
LDH + rGO, NiFe-LDH, and rGO. It is superior to the
reported NiCo-LDH/eRG with 1075 mAh g ' at 0.1 A g™ ' and
257 mAh g ' at 3 A g ',”"*" and published NiFe-LDH/rGO
with 959 mAh g ' at 0.1 A g’ and 407 mAh g’ at 0.8 A
g """ Followed by a reduction of current density to 0.2 A
g !, the capacity of NiFe-LDH/rGO still restores to 1041 mAh
g '. A more detailed comparison of the electrochemical
performance of our work and the reported LDH and derived
layered double oxide (LDO) in LIBs is summarized in Table
S1. Compared to pure NiFe-LDH, NiFe-LDH + rGO shows a
little performance enhancement probably originated from
higher electrical conductivity after mixing rGO with NiFe-
LDH. The more excellent rate performance of NiFe-LDH/
rGO compared to that of NiFe-LDH + rGO should not be
partially attributed to the conductivity improvement; the
following plays a more important role: (1) chemical
introduction of rGO induces the heterogeneous nucleation of
NiFe-LDH on rGO, establishes the chemical-bonded inter-
action between rGO and NiFe-LDH, and accelerates the
charge transfer during charge/discharge process; (2) rGO
sheets restrain the crystal growth of NiFe-LDH with a smaller
crystallite size and facilitate the highly dispersed nanosheet
structure formation, conducive to fast ion diffusion, especially
at high rates; and (3) NiFe-LDH effectively prevents the rGO
from aggregating and restacking. EIS spectra are shown in
Figure 4e. At the pristine state, NiFe-LDH/rGO demonstrates
a semicircle at high frequencies corresponding to the charge-
transfer resistance of 88.8 , lower than that of rGO and NiFe-
LDH (Figure S6a,b), attributable to chemical bonding NiFe-
LDH on rGO and thus an integral structure with an interface
for effective charge transfer. NiFe-LDH + rGO at the pristine
state exhibits a semicircle and a quasi-linear part at high
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Figure 6. (a) Schematic illustration of NiFe-LDH/rGO//MCM capacitor. (b) GCD profiles and (c) the corresponding rate performance of the full
capacitor at various current densities, calculated based on the active mass of the anode. (d) Ragone plot of the full capacitor, calculated based on
the total active mass of the cathode and anode. (&) Cycling performance of the full capacitor at a current density of § A g~'.

frequencies, with a charge-transfer resistance of 105.9 €. It
could be ascribed to the less well-connected interface in
physically mixed NiFe-LDH + rGO. After cycling, both NiFe-
LDH/rGO and NiFe-LDH + rGO display two semicircles at
high frequencies, which correspond to the SEI layer and
internal material structure. For NiFe-LDH + rGO, NiFe-LDH
and rGO aggregate during a charge/discharge process, which
leads to one interface disappearing and thus retains two
interfaces after cycling. NiFe-LDH/rGO still possesses the
advantage of lower resistance due to the unique nanostructure.
An inclining line at low frequencies demonstrates the ion
diffusion process.'’ Figure 4f plots the relationship between
the real part of impedance and frequencies, from which the Li*
diffusion coefficients (Dy;", details shown in Supporting
Information) were calculated. At the pristine state, NiFe-
LDH/rGO exhibits a high D;;* of 3.74 X 107" cm® ™', twice
that of NiFe-LDH + rGO of 1.64 X 107 cm? 57}, also
superior to rGO and NiFe-LDH (Figure S6¢,d). After cycling
with the formation of a stable SEI, NiFe-LDH/rGO performs
an enhanced ion diffusion ability with a D;;* of 1.13 x 107!
cm” s, still higher than NiFe-LDH + rGO of 3.22 X 107"
cm” s7!, showing the great potential for fast ion diffusion even
after many charge/discharge cycles.

Figure Sab shows CV curves tested from 0.01 to 3.0 V
versus Li*/Li at a scan rate of 0.1 mV s~'. Figure 5a compares
the CV curves of the first cycle of NiFe-LDH/rGO and NiFe-
LDH + rGO. In the first cathodic scan for NiFe-LDH/rGO,
two peaks appear at 1.07 and 0.67 V, relating to the electrolyte
decomposition to form SEI layer and conversion of Ni** to Ni°
and Fe*" to Fe™'® The corresponding peaks for NiFe-LDH +
rGO locate at the lower voltages of 0.88 and 0.62 V, impeded
by interfacial kinetics (Figure 4e). In the first anodic scan,
NiFe-LDH/rGO shows a peak at a voltage of 2.31 V, and a
composite peak consisting of a weak peak at 1.06 V and a
distinguishable peak at 1.39 V, ascribed to the oxidation of Ni’
to Ni’", consistent with the redox behavior of Ni(OH), in
literatures."® The composite peak illustrates the one-step fast
reactions with an indistinguishable peak of the first redox

reaction. The oxidation of Fe® to Fe*" occurs at about 1.39 V,
just like that for reported Fe,0;'* For NiFe-LDH + rGO and
NiFe-LDH (Figure S72), the peak at 1.06 V in the anodic scan
is more distinguishable, which illustrates two-step redox
reactions separately occurring at 1.06 and 1.39 V. For rGO
in Figure S7b, it displays the capacity by Li* combination on
surface defects without redox reactions showing no evident
peaks in CV curves. In the third cycle in Figure Sb, NiFe-
LDH/rGO and NiFe-LDH + rGO perform similar CV curves.
The peak located at 1.07 V shifts near to 1.6 V in the cathodic
scan, illustrating the activation of electrodes.*’ The anodic scan
is coincident with that in the first cycle. And both of them
show the same shape as the second cycle (Figure S7c,d). EIS
spectra after the first three cycles were tested and are shown in
Figure S8. NiFe-LDH/rGO and NiFe-LDH + 1GO exhibit
similar resistance, which is in agreement with the similar CV
curves in Figure Sb. It could indicate that the structure
superiority of NiFe-LDH/rGO is not prominent at first several
charge/discharge cycles but distinguishes after long cycles
(Figure 4e). The CV curves of samples at different scan rates
are recorded in Figure S9 for identifying whether the
electrochemical behavior is surface-controlled or diffusion-
controlled and for calculating the corresponding contributions.
The response current and the scan rate conform to the
following relationship****

i=a’ )

where a and b are adjustable parameters. The b value is an
index for distinguishing the electrochemical behavior; b equals
0.5 and 1 for the diffusion-controlled and the surface-
controlled processes, respectively.** Figure Sc shows the b
values of samples at different oxidation/reduction states, with
the value between 0.5 and 1, indicative of the combined
diffusion—surface-controlled process for all samples. NiFe-
LDH/rGO shows higher values compared to NiFe-LDH +
rGO although they contain the same amount of rGO, which
originates from the great interfacial interaction and unique
nanostructure for effective charge transfer and fast ion
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diffusion. The relationship of the response current and the scan
rate can also be expressed as follows">*®

i=ky+ kzvl/z

()

where kv is the surface-controlled part and k" is the
diffusion-controlled part. The calculated contribution results
are performed in Figures 5d and S10. Compared to NiFe-LDH
in Figure S10a, both NiFe-LDH/rGO and NiFe-LDH + rGO
in Figure 5d demonstrate a higher capacitive contribution after
introducing the rGO into materials. Interestingly, a 15%
contribution gap still exists between NiFe-LDH/rGO and
NiFe-LDH + rGO at all scan rates, which is attributed to the
unique chemical effect of rGO on the morphology
modification of NiFe-LDH nanosheets and interface opti-
mization between rGO and NiFe-LDH. For pure rGO in
Figure S10b, it displays a high capacitive contribution,
especially at high scan rates, not limited by ion diffusion for
redox reactions. GITT is used to record the relaxation behavior
of voltage after the intermittent charge/discharge process, an
indication of ion diffusion ability at a different charge/
discharge state. The reactive resistance (RR) is a quantified
factor for the comparison of reaction kinetics, calculated based
on IR drop and the current density.”’” Figure Se shows the
GITT plots of samples at a current density of 100 mA g .
NiFe-LDH/1rGO exhibits a longer charge/discharge time with
a higher capacity than NiFe-LDH + rGO. The corresponding
RR is calculated as shown in Figure 5f NiFe-LDH/rGO
performs a lower RR compared to NiFe-LDH + rGO during
both charge and discharge processes, illustrating an enhance-
ment of reaction kinetics.

Lithium-ion capacitors were assembled with NiFe-LDH/
rGO as the anode and mesoporous carbon microspheres
(MCMs) as the cathode, and the schematic illustration is
shown in Figure 6a. MCM was prepared based on an efficient
spray-drying method.”® MCM possesses excellent spherical
morphology (Figure S11a) and uniform mesoporous structure
(Figure S11b,c) with an average pore size of 9.5 nm (Figure
S11d), a large surface area of 1282 m* g™', and a high pore
volume of 2.90 m® g, beneficial to fast ion diffusion, and is
expected to be a promising candidate as cathode for LICs. The
electrochemical performance of the MCM cathode in the half-
cell with the Li metal anode was tested, with 81 F g~' at 0.1 A
g ' and 23 F g’ at 2 A g (Figure S12), showing a great
electrochemical activity. For fabricating LIC, NiFe-LDH/rGO
and MCM are separately prelithiated for three cycles in half-
cells with Li metal as a counter electrode, which provides
sufficient Li" sources for irreversible Li* consume for SEI layer
formation and side reactions in the electrolyte, especially at the
first cycle. The GCD profiles of prelithiated process are shown
in Figure S13. Then, the LIC is assembled by the fully
discharged NiFe-LDH/rGO with Li" intercalated and the fully
charged MCM with Li* desorbed. The rate performance
(Figure S14a) and Ragone plots (Figure S14b) are compared
based on the different mass ratio of NiFe-LDH/rGO anode to
MCM cathode, with 1:6, 1:12, and 1:23. The mass increase of
MCM leads to a specific capacitance enhancement but
sacrifices the energy density and power density of LIC,
which needs a trade-off between them. Considering the
practical requirements for LIC, the mass ratio of 1:6 is chosen
for further tests in our work. The GCD profiles of NiFe-LDH/
rGO//MCM are shown in Figure 6b with a voltage window of
0.1-4.0 V. NiFe-LDH/rGO//MCM is first discharged to
achieve Li" deintercalation from the anode and adsorption on
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the cathode. The opposite process occurred when charged.
GCD profiles demonstrate the near-linear shape with no
evident IR drop even at high current densities, indicative of a
great reversibility of charge/discharge process with low
resistance. Figure 6¢ displays the corresponding specific
capacitance of NiFe-LDH/rGO//MCM at various current
densities. NiFe-LDH/rGO//MCM shows a high capacitance
of 367 F g ' at 0.1 A g ' and maintains 1S3 Fg 'at 1SA g
The great rate performance stems from two aspects: (1) NiFe-
LDH/rGO possesses a highly dispersed layered structure with
good conductive rGO as the substrate, providing adequate
active sites for sufficient Li" intercalation even at high rates;
(2) the dominant mesoporous structure of MCM is desirable
for fast ion diffusion in both aqueous and organic electrolyte
systems. Ragone plot in Figure 6d reflects the relationship
between the energy density and the power density. NiFe-
LDH/rGO//MCM delivers an ultrahigh energy density of 133
Wh kg™ at 26 W kg™" and a power density of 4016 W kg™ at
58 Wh kg~!, comparable to the reported results,"" *°
summarized in Table S2. Figure 6e shows the cycling
performance of NiFe-LDH/rGO//MCM at 5 A gf]. It exhibits
a capacitance decrease initially but sustains stable for 5000
cycles with great cycling stability. Above all, NiFe-LDH/
tGO//MCM combines the advantages of batteries with high
energy density and supercapacitors with long cycling stability
and high power density, offering good opportunities to meet
the needs for cost-effective and high-efliciency energy storage
systems.

4. CONCLUSIONS

NiFe-LDH/rGO with dispersed NiFe-LDH nanosheets chemi-
cally bonded on rGO is fabricated by a one-step hydrothermal
process and demonstrates excellent electrochemical properties
as an anode material for LIBs and LICs. The unique structure
of NiFe-LDH/rGO composites offers synergistic effects with
(1) great dispersion of NiFe-LDH nanosheets with increased
accessible active sites, (2) reduced crystallite size for fast ion
diffusion and high-rate charge/discharge performance, (3) high
conductivity to improve the electron transfer, and (4) chemical
modification of the surface chemistry of rGO. Benefiting from
these advantages, NiFe-LDH/rGO in LIBs exhibits a higher
rate performance (1151 mAh g~* at 100 mA g ', 543 mAh g}
at 2000 mA g ') and a better cycling stability (1202 mAh g™
after 100 cycles at 100 mA g ') than both NiFe-LDH and
physically mixed NiFe-LDH + rGO. The corresponding LIC
with NiFe-LDH/rGO anode and MCM cathode demonstrates
high energy density and high power density simultaneously,
with 133 Wh kg™ at 25 W kg™' and 4016 W kg™' at S8 Wh
kg, providing a promising candidate for the next-generation
high-efficiency hybrid energy storage systems.
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