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Microwave-assisted synthesis of layer-by-layer
ultra-large and thin NiAl-LDH/RGO nanocomposites
and their excellent performance as electrodes

Zhuo Wang'?, Wei Jia', Menglei Jiang', Chen Chen'" and Yadong Li'

In this work, ultra-large sheet NiAl-layered double hydrox-
ide (LDH)/reduced graphene oxide (RGO) nanocomposites
were facilely synthesized via in situ growth of NiAl-LDH on
a graphene surface without any surfactant or template. It was
found that with a microwave-assisted method, NiAlI-LDH
nanosheets grew evenly on the surface of graphene. With this
method, the formation of NiAl-LDH and reduction of graphene
oxide were achieved in one step. The unique structure endows
the electrode materials with a higher specific surface area,
which is favorable for enhancing the capacity performance. The
morphology and microstructure of the as-prepared composites
were characterized by X-ray diffraction, Brunauer-Emmett-
Teller surface area measurement, and transmission electron
microscopy . The specific surface area and pore volume of the
RGO/LDH composite are 108.3 m’g ™" and 0.74 cm’ g™, respec-
tively, which are much larger than those of pure LDHs (19.8
m’g " and 0.065 cm’ g, respectively). The capacitive properties
of the synthesized electrodes were studied using cyclic vol-
tammetry and electrochemical impedance spectroscopy in a
three-electrode experimental setup. The specific capacitance of
RGO/LDHs was calculated to be 1055 F g™ at 1 A g™ It could be
anticipated that the synthesized electrodes will find promising
applications as novel electrode materials in supercapacitors and
other devices because of their outstanding characteristics of
controllable capacitance and facile synthesis.

INTRODUCTION

In recent years, the energy crisis has become increasing-
ly severe because of the over-consumption of energy. Re-
searchers have dedicated themselves to energy storage and
conversion from environmentally friendly resources [1,2].
Electrochemical capacitors, also called supercapacitors,
are promising energy storage devices that can be used as a
backup power source in portable electronic devices, pace-
makers, and hybrid electrical vehicles, and have gained rap-
idly increasing attention for their unique properties, such
as high power density, long cycle life, and small size [3-7].

Depending on the charge storage mechanism, supercapac-
itors can be divided into two basic classes: electric double
layer capacitance (EDLC) and pseudocapacitance [8]. The
former generates capacitance from charge separation at
the electrode/electrolyte interface [9,10], while the latter
generates capacitance from the fast Faradaic reactions in
electrode materials [11]. The performance of a supercapac-
itor is closely related to the physical and chemical features
of the electrode materials. Usually, electrode materials
containing carbon-based materials are regarded as typical
EDLC supercapacitors, where the capacitance depends on
the specific surface area, porous structure, and conductivi-
ty of active materials. Carbon-based materials possess long
cycle lives and good mechanical properties. Pseudocapac-
itive active species include metal oxides (MnO,, Co;0,,
RuO,, Fe,0,, AB,O,), conducting polymers (polyaniline,
polypyrrole, and polythiophene), and hydroxides [11-21].
These materials can deliver relatively high capacitance but
are limited by poor stability because of structural degra-
dation of the electrode during the redox process [22,23].
Thus, the capacitance can be enhanced by incorporating
carbon materials with pseudocapacitive materials.

Layered double hydroxides (LDHs), a kind of anionic
clay, have attracted extensive attention owing to their in-
triguing properties, such as large surface area, positive-
ly charged surface, and compositional flexibility [24,25].
LDHs are usually expressed as the following formula:
[M?*,_ M **(OH),]**[A™],,-mH,0, in which M*" and M**
are divalent and trivalent metal cations, respectively, and
A" is an interlayer anion. The tunable composition and
their anion exchange ability allow LDHs to be used as a
variety of multifunctional materials, such as catalysts, ab-
sorbents, photoactive materials, and electroactive mate-
rials [26-29]. Thus far, LDH nanomaterials used as elec-
trodes have been widely studied. Niu et al. [30] reported
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that NiAl-LDH grown on well-activated graphene sheets
provides a maximum specific capacitance of 1730.2 F g
at a current density of 0.1 A g™'. Li et al. [31] developed a
facile method to synthesize a NiAl-LDH/graphene hybrid
with enhanced electrochemical properties for detection of
dopamine. Cheng et al. [32] synthesized self-supporting
electrodes based on cobalt-nickel hydroxide using accu-
mulative approaches. Yu et al. [33] reported nanohybrids
of NiCoAl-LDH and carbon as pseudocapacitors.

Graphene with a one-atom-thick two-dimensional (2D)
structure has been investigated intensively for its unique
characteristics, such as chemical stability, high electrical
conductivity, and large surface area [34]. Because of these
intriguing characteristics, such new materials have a wide
range of potential applications and have attracted great in-
terest in the development of graphene composites [35,36].
The effective surface area of graphene materials is closely
related to the layers; that is, materials containing fewer lay-
ers with agglomeration should be expected to exhibit high-
er effective surface areas. Thus, numerous methods have
been used to enlarge the specific surface area of pristine
graphene.

Ultra-thin 2D nanomaterials represent a very interest-
ing target with great promising applications in next-gen-
eration batteries and supercapacitors [37]. However,
compared with other ultra-thin and large 2D nanosheets,
the synthesis of ultra-thin and large 2D nanosheet LDHs
grown on reduced graphene oxide (RGO) seems difficult.
To the best of our knowledge, only Xu et al. [38] reported
an ultra-large and thin sandwich-type three-dimension-
al (3D) LDH nanosheet array/graphene composite using
AlOOH as a template. Thus, facile synthesis of graphene/
LDH nanosheets with ultra-thin films should be developed
and explored for their potential as supercapacitors.

In the present work, large RGO/LDH sheets were fac-
ilely synthesized; the formation of LDHs and reduction
of graphene oxide (GO) were achieved simultaneously in
one step. The formation of LDHs on RGO was discussed in
detail. Electrochemical performances of the materials were
investigated by cyclic voltammetry (CV), galvanostatic
charge/discharge cycling, and electrochemical impedance
spectroscopy (EIS) studies. The supercapacitor materials,
which were expected to give high performances, were syn-
thesized and studied.

EXPERIMENTAL SECTION

Preparation of graphene oxide and graphene/LDH
nanosheets
GO was prepared from natural graphite powder through
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a modified Hummers method [39]. Graphene/LDH
nanosheets were prepared as follows: a certain amount of
GO was dispersed in H,O, stirred, and ultrasonicated for
2 h to form a homogeneous aqueous dispersion (solution
A). Then, 0.29 g Ni(NO,),, 0.19 g AI(NO;),,and 0.36 g urea
were added to a mixture of H,O and ethylene glycol fol-
lowed by stirring at room temperature (solution B). Then,
solution B was poured into solution A, and heated at 180°C
using a microwave-assisted method for several minutes for
crystallization, until the brown reaction solution became
black, indicating the reduction of GO to RGO. LDHs were
synthesized via similar methods without the addition of
GO. The products were washed with deionized water sev-
eral times and dried at 50°C for 24 h. The samples were
denoted as RGO/LDHs and LDHs, respectively.

Material characterization

The X-ray diffraction (XRD) patterns of the samples were
collected on a Rigaku D/max-2400 diffractometer operated
at 40 kV and 200 mA with Cu Ka radiation (1 = 1.5418 A).
The morphologies were analyzed using transmission elec-
tron microscopy (TEM, Hitachi H-800) and scanning
electron microscopy (SEM, Hitachi S-3000N) techniques.
High-resolution TEM (HRTEM) images were recorded
using an FEI Tecnai G2 F20 S-Twin high-resolution trans-
mission electron microscope working at 200 kV and an FEI
Titan 80-300 transmission electron microscope equipped
with a spherical aberration (Cs) corrector for the objective
lens working at 300 kV. Adsorption and desorption iso-
therms of nitrogen were measured with a NOVA 1200 gas
sorption analyzer at liquid nitrogen temperature (—196°C).
Before the measurements, the samples were degassed un-
der vacuum at 120°C for 8 h. The total pore volume was
estimated from the amount of nitrogen adsorbed at a rel-
ative pressure of 0.99. The Brunauer-Emmett-Teller (BET)
method was utilized to calculate the specific surface area
using adsorption data acquired at a relative pressure (P/P,)
range of 0.05-0.25. The pore size distribution curves were
calculated from the analysis of the desorption branch of the
isotherm based on the Barrett-Joyner-Halenda (BJH) algo-
rithm. The micropore volume and micropore surface area
were estimated using a t-plot method.

Electrochemical measurements

All of the electrochemical measurements were carried out
in a conventional three-electrode system in a 6 mol L™
KOH aqueous electrolyte at room temperature. The as-syn-
thesized electrode materials, a platinum wire electrode,
and a silver chloride electrode (Ag/AgCl) were used as the
working electrode, counter electrode, and reference elec-
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trode, respectively. The working electrode was prepared
by mixing the sample (75 wt.%) as the active material with
poly(tetrafluoroethene) (PTFE, 10 wt.%) and carbon black
(15 wt.%) in ethanol to produce a homogeneous paste.
Then, the resulting mixture was coated onto the Ni foam
substrate. The foam was dried at 80°C in air for 12 h to
remove the solvent. The electrochemical performances of
the as-prepared material electrodes were tested using a
CV method, galvanostatic charge/discharge, and EIS on
an electrochemical workstation (CHI 660D, Shanghai CH
Instrument Company, China). CV tests were done between
0 and 0.5 V (vs. Ag/AgCl) at scan rates of 10, 20, 30, 40,
50, and 100 mV s™'. Galvanostatic charge/discharge curves
were measured in the potential range of 0-0.4 V at different
current densities, and the EIS measurements were carried
out in the frequency range from 100 kHz to 0.5 Hz at open
circuit potential with an alternating current perturbation
of 5mV.

RESULTS AND DISCUSSION

The formation of RGO/LDHs can be explained as follows
(Scheme 1). Metal cations were initially adsorbed on the
GO surface, and then urea decomposition via a micro-
wave-assisted heating method, reduction of GO, and crys-
tallization of LDH sheets proceeded in one step. Powder
XRD patterns of LDHs and RGO/LDHs nanocomposites
are given in Fig 1. It can be clearly seen that the characteris-
tic reflections of (003), (006), (012), and (110) correspond-
ing to 2D hydrotalcite-like materials are present in each
sample [31]. The d-spacing between the basal planes of the
double hydroxide was 9.1692 A, while that of RGO/LDHs
nanomaterials was 10.130 A, revealing the peeling-off of
graphene. The XRD spectrum of RGO/LDHs nanocom-
posites that are similar to LDHs reveals the formation of
LDHs on the surface of RGO. However, no diffraction peak
corresponding to RGO stacks (at ~25°) was observed, in-
dicating that most of the graphene sheets were covered by
hydroxides, and therefore the layer-to-layer interaction be-
tween adjacent graphene sheets, as in a pure graphene film,
is significantly reduced in the composite [32]. The diffrac-
tion peak at ~10° corresponding to GO (Fig. 1) completely
disappears after the reaction, demonstrating that GO can
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Figure 1 XRD patterns of LDHs (a) and RGO/LDHs (b) samples.

be reduced in the presence of urea using the microwave
method, which has been confirmed in the literature [40].

In order to further investigate the morphologies of
LDHs and RGO/LDHs, the nanohybrids were character-
ized by SEM, TEM, and HRTEM measurements, as shown
in Figs 2 and 3. The SEM image of NiAl-LDH (Fig. 2a) in-
dicates that the nanomaterial consists of a large number of
sheets, which aggregated randomly to form a flower-like
structure, while the SEM image of RGO/LDHs shows
that, unlike pure LDHs, the composites are composed of
ultra-large sheet-like structures, and LDH nanosheets are
grown evenly on the surface of RGO (Fig. 2b). The repre-
sentative TEM images of LDHs and RGO/LDHs, shown in
Figs 3a and b, further indicate that pure LDHs possess a
flower-like structure with sheets stacked randomly, while
RGO/LDHs in the presence of GO interconnected with
each other, forming a homogeneous nanostructure. In
order to further distinguish the distribution of RGO and
NiAl-LDHs, these nanomaterials were investigated using
high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM). As can be seen from
the energy dispersive spectroscopy (EDS) mapping results
(Fig. 3), RGO and LDHs are integrated evenly.

As we know, textural properties, including the surface
area and pore size distribution, play important roles in su-
percapacitor performance. The porous structure of LDHs

180°C

Scheme 1 The formation of ultra large and thin NiAl-LDH/RGO nanocomposites.
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and RGO/LDHs were characterized by nitrogen adsorp-
tion. These composites possess well-developed mesopo-
rosity, as reflected by their N, sorption isotherm and large
N, uptake at low relative pressure. However, the pore size
distributions are not uniform and are different from each
other (Fig. 4). As can be seen, RGO/LDHs possesses higher
specific surface area and wider range of pore size distri-
bution. The specific surface area and pore volume of the
RGO/LDHs composite are 108.3 m? g™ and 0.74 cm*g!,
respectively, which are much larger than those of pure
LDHs (19.8 m*> g™ and 0.065 cm® g™, respectively). Thus,
it is deduced that the in situ growth of LDHs on RGO is
beneficial to the peeling of graphene sheets, which leads
to the increase in the specific surface area. Further, from
the pore size distribution of these two samples, RGO/LDHs
show a wide range of pore size distribution, owing to the
combination of RGO and LDHs. Moreover, samples with
high specific surface areas and mesopores are favorable for
improving both the main pseudocapacitance of metals and
the EDLC of graphene because of the easily accessible na-

Figure 3 TEM images of LDHs (a) and RGO/LDHs (b) samples; (c) EDX mapping results of RGO/LDHs nanocomposites.
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Figure 4 Nitrogen adsorption/desorption isotherms (a) and BJH pore size distributions (b) for LDHs and RGO/LDHs nanocomposites.

ture of the hydrated ions in the electrolyte to the exterior
and interior pore surfaces [41,42].

The electrochemical behaviors of the obtained RGO/
LDHs and LDHs nanocomposites were investigated by CV,
charge/discharge cycling, and EIS measurements. Figs 5a
and b show the CV curves of the LDHs and RGO/LDHs
electrodes at scan rates of 10, 20, 30, 40, 50, and 100 mV s™*
ina 6 mol L' KOH electrolyte between 0 and 0.5 V, respec-
tively. As can be seen, the electrodes deviated from the typ-
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ical electrochemical double-layer capacitive behavior. They
contain a pair of redox peaks corresponding to the redox
of Ni?*/Ni** with OH~ [43,44], and it is obvious that the re-
duction and oxidation peaks exhibit a small shift with the
increasing scan rates, corresponding to higher reversibility.
In addition, from Fig. 5c¢, it is obvious that the CV curves
of RGO/LDHs show higher integrated areas than those of
pure LDHs, which indicates excellent electrochemical per-
formance of the RGO/LDHs electrode material. The high
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Figure 5 CV curves of LDHs (a) and RGO/LDHs (b) at different sweep rates; (c) comparison of the specific capacitances for the composite electrodes at
the same sweep rate; (d) specific capacitances of LDHs and RGO/LDHs at different sweep rates.
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electrochemical specific capacitance of RGO/LDHs can be
ascribed to the appropriate experimental conditions that
lead to the addition of LDHs and effectively prevent the ag-
glomeration of RGO, thus leading to a higher active surface
area for charge storage. The specific capacitances (C,) were
calculated from the CV curves according to the following
equation:

f v
C = >
vmAV

where C,; is the specific capacitance based on the mass of
electroactive materials (F g™'), I is the response current (A),
AV is the potential window (V), v is the potential scan rate
(mV s7'), and m is the mass of the electroactive materials
in the electrodes (g). The C values calculated from the CV
curves of LDHs and RGO/LDHs at different sweep rates
are given in Fig. 5d.

In order to further investigate the performance of the
electrode materials, galvanostatic charge/discharge tests
of LDHs and RGO/LDHs were conducted in 6 mol L™
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Figure 6 Galvanostatic charge-discharge curves of LDHs (a) and RGO/
LDHs (b) at different current densities.
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KOH with different current densities in a voltage range of
0-0.4 V; as shown in Fig. 6. The C; of the electrodes can be
calculated according to the following equation:

co_It_
(AV)m

where m (g) is the mass of the active material in the film
electrode, I (A) is the discharge current, AV (V) is the po-
tential window, ¢ (s) is the discharge time, and C, (F g™') is
the specific capacitance. The RGO/LDHs nanocomposites
show clearly higher specific capacitances and better rate ca-
pabilities than the pure LDHs, which is in accord with the
trend of the C, calculated from the CV curves. The specific
capacitances of the composites were calculated to be 1055,
1024, 995, 973, and 939 F g™, at 1 to 5 A g/, respectively.
The highest specific capacitance at current densities of 1
and 5 A g' gave a capacitive retention rate of 88.9%, ex-
hibiting excellent rate capability. Furthermore, all of the
values of RGO/LDHs calculated from the galvanostatic
charge/discharge tests are higher than those of pure LDHs
at all current densities. The increase might be caused by the
combination of the EDLC of RGO and Faradaic pseudoca-
pacitance of LDH layers.

Fig. 7 gives the Nyquist plots of RGO/LDHs and LDHs
composite electrodes. In the high-frequency region, a
semicircle due to charge transfer resistance on the elec-
trode/electrolyte interface is observed. The region between
the high- and low-frequency regions is called the Warburg
region, and this is a combination of both resistive and ca-
pacitive behaviors characterized by diffusive resistance.
The region in low frequency represents the swift ion dif-
fusion in the electrolyte and the adsorption onto the elec-
trode surface. The intersection of the semicircle and the
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Figure 7 Comparison of the Nyquist plots of electrodes LDHs and RGO/
LDHs.
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Figure 8 (a) Comparison of CV curves of RGO/LDHs for the first and last cycles. (b) Retention performance of RGO/LDHs at sweep rate of 50 mV s~

real axis at high frequency represents the equivalent series
resistance (R,) of the electrode, while the diameter of the
semicircle corresponds to the charge-transfer resistance
(R.) of the electrodes and electrolyte interface [45]. Upon
comparing the impedance plots of these electrodes, it is ap-
parent that the values of R, of LDHs are higher than those
of RGO/LDHs. These results are partially caused by the low
conductivity of the pure LDHs.

The electrochemical stability is an important parame-
ter in the evaluation/assessment of the practical proper-
ties of a supercapacitor. Fig. 8 shows the cycling stability
of the RGO/LDHs electrode materials determined using a
CV technique at a sweep rate of 50 mV s! in the poten-
tial window of 0-0.5 V. It is apparent that the capacitance
increases (116%) in the first 500 cycles, which is possibly
because of the activation process. During this process, the
unused electrochemically active Ni sites of the active ma-
terial inside the nickel foam electrode are fully exposed to
the electrolyte during the cycling process [46,47]. Then,
after 500 cycles, the capacitance shows a slight decrease,
even though the capacitance is higher than that in the first
cycle, implying that the electrode is a promising electrode
material.

CONCLUSIONS

In conclusion, a facile microwave-assisted method for syn-
thesizing ultra-large RGO/LDHs composites was realized.
The in situ growth of LDHs on RGO gives features includ-
inglow thickness, larger specific surface area, and enhanced
electrical conductivity. Their electrochemical properties as
supercapacitors were discussed in detail; the unique struc-
ture of RGO/LDHs eventually leads to superior current ca-
pacitive behavior and good cycling performance compared
with LDHs. It was found that good dispersion and proper
particle size lead to good electrochemical properties. The
as-synthesized nanocomposites utilized the benefits of

950

metal hydroxides and the conductive EDLC nature of the
RGO, implying good potential for application in superca-
pacitors as well as in other power source systems.
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