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The determined need for a sustainable energy economy has evoked the increasing interest of researchers
concerning the discovery of smart material designs of layered double hydroxide (LDH) nanocomposites for
energy-based applications. This paper presents a novel method for the direct growth of brominated
graphene and layered triple hydroxide (LTH) on 3D nickel foam (NF) as a supercapacitor electrode by
a facile one-step in situ crystallization hydrothermal method. Subsequently, the as-synthesized NCA-
L@BG-NF hybrids were characterized by TEM, SEM, HRTEM, XRD, FT-IR, RAMAN, XPS, and EDS.
Moreover, the electrochemical performance disclosed that by fine-tuning the Ni/Co/Al mole ratios, it
was possible to obtain optimized ratio of NCA-L@BG-NF-3 to display the maximum specific capacity of
1998 C g ' at 6 A g%, excellent rate capability of 75.3% at 20 A g™, and excellent cyclic stability of ~91%
capacitance retention after 2000 cycles at 20 A g~* with 100% coulombic efficiency. Furthermore, the
greater electrochemical performance of LTH was achieved and synergistically strengthened with a high
surface area provided by the conducting brominated graphene oxide framework directly grown on a 3D
porous NF to form a binder-free electrode, which could improve the electrochemical performance in
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1. Introduction

Recently, considerable attention has been paid to the continu-
ously increasing global energy needs and the limited availability
of fossil fuels as well as the exploration of renewable energy and
of high-performance energy storage systems, such as batteries,*
fuel cells,? and supercapacitors (SCs).* In this regard, layered
double hydroxides (LDHs) have been gaining importance in
recent years. In particular, they are considered as unusual
layered materials and a class of lamellar compounds* consisting
of positively-charged hydrotalcite-like layers with a weakly
bound charge compensating the anions in the interlayer
region,” which have potential as positive electrode materials.®
LDHs normally have the general formula
MI_ MY x(OH),J[A" ]/n- mH,0, where M™ and M™ denote
the layers of divalent and trivalent metallic cations, respectively,
and A" is an interlayer anion, which can be almost any organic
or inorganic anion.” Moreover, due to the layered structure in

College of Chemistry and Chemical Engineering, Qigihar University, 42, Wenhua
Street, Qigihar, Heilongjiang 161006, P. R. China. E-mail: qdsongweiming@163.
com; Tel: +864522742594

T Electronic  supplementary  information available. See DOIL
10.1039/c7ra08744f

1 The first two authors contributed equally.

(EST)

This journal is © The Royal Society of Chemistry 2017

NF-3 may be considered as a promising candidate for high-performance supercapacitor applications.

LDHs, they usually possess a high specific surface area, which
can facilitate fast ion transfer. This offers them great superiority
in many electrochemical fields.®* However, the electrochemical
performances of LDHs are hindered by their low power density,
poor electrical conductivity, low mechanical stability, and poor
cycle life.” To overcome these limitations and to maximize the
capacitance, an efficient incorporation of a versatile class of
nanomaterials with a substantial amount of active sites for ion
and electrolyte transport in redox reactions is highly favorable.*
In this regard, materials such as activated carbon, carbon
nanotubes (CNTs), graphene, and graphene oxide (GO) with
large surface area, high electrical conductivity," and excellent
electrochemical stability have been used to hybridize with
LDHs."> However, previous studies have fallen short of exam-
ining the LDH hybridized with halogenated graphene grown
directly on nickel foam for improving the electrochemical
behavior.

Several studies have suggested using brominated graphene
(BG), which is a type of graphene derivative obtained through
the direct structural transformation of C-C bonds of graphene
from sp® to sp® configuration. This is an efficient strategy to
create derivatives of graphene, in which bromine atoms are
functionalized on carbon nanosheet skeletons covalently.' The
literature on BG shows a variety of approaches to achieve BG.
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Jankovsk et al. discussed the properties of graphene that could
be tailored through chemical modifications, such as hydroge-
nation or halogenation. The halogen-based chemically modi-
fied graphene material exhibited many unique properties.
Brominated graphene is a highly favorable starting material for
the synthesis of other graphene derivatives due to the highly
reactive C-Br bonds.™ Nevertheless, to the best of our knowl-
edge, almost no studies have been centered on the hybridiza-
tion of BG with LDHs. Peng et al. synthesized fluorinated
graphene/Co-Al-LDH composites as electrode materials for
supercapacitors, which exhibited the highest specific capaci-
tance of 1222 F g~ ' at 1 A g~ ' and the best rate capability.® Wu
et al. reported a hybrid structure consisting of a chemically
converted graphene-encapsulated carbon@nickel-aluminum
LDH high-energy supercapacitor, which could deliver a high
energy density of 35.5 W kg~ ' at 670.7 W kg~ ' power density at
1 A g~ with an excellent rate capability.*®

On the other hand, LDH powder, which is usually used for
binder-enriched electrodes prepared by the conventional slurry-
coating technique, has been mixed with a conducting agent and
binder and then coated on nickel foam (NF) to form elec-
trodes.'”*®* Consequently, the addition of a polymeric binder
reduces the inclusive performance of the SCs by hindering the
charge transport rate and increasing the total mass of the
electrode. However, the tedious preparation steps have a great
influence on the electrochemical performance. In addition, the
contact and electrical conductivity between the LDH and NF are
poor. In this context, modern research has focused on growing
LDHs with interconnected architecture directly on a conductive
substrate to form a binder-free electrode for supercapacitors,
which could act as a promising substrate in LDH-based SCs.
This is because the such an architecture can reduce the inten-
sive accumulation of LDH, allowing maximum use of the active
materials, while the 3D porous NF provides more channels to
facilitate rapid penetration of the electrolyte ions into the active
LDH materials of the electrodes compared to that achievable
with the common slurry-coating technology.**

Inspired by the above findings, in this study, we explore the
possibility of loading BG layers onto the surface of Ni/Co/Al-
LTH, which in turn can be grown directly on NF as a binder-
free SC electrode by a one-step in situ crystallization hydro-
thermal method. Compared with pure NCA-L and NCA-L@G-
NF, the electrochemical performance reveals that by fine-
tuning the Ni/Co/Al mole ratio, the optimized ratio of NCA-
L@BG-NF-3 hybrid exhibited the highest specific capacity.
These impressive results revealed a great promise for applica-
tion of the NCA-L@BG-NF-3 hybrid in SCs, which could achieve
the best rate capability and the most stable capacitance reten-
tion, making it one of the most promising electrode materials
for SCs.

2. Experimental section
2.1 Materials and chemicals

Natural graphite powder (<45 pm, =99.99%), concentrated
sulfuric acid (H,SO4, 98.08%), sodium nitrate (NaNOjy),
hydrogen peroxide (H,0,, 30%), and potassium permanganate
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(KMnO,) were used to synthesize the GO. Ni(NO;), 6H,0,
Al(NO3);3-6H,0, CoCl,-6H,0, urea, ethanol (~99.5%), HCI, and
nickel foam were used to synthesize the LTH-NF. For the
bromination of GO, HBr was used. All the chemicals were ob-
tained from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). All of the materials were without further purification. All
the solutions were prepared using Milli-Q water (18.25 MQ cm
resistivity) as the solvent.

2.2 Preparation of GO and suspension of BGO

Graphene oxide (GO) was synthesized according to Hummers
method reported in our previous study.”* The brominated gra-
phene oxide suspension (BGO) was prepared from the as-
prepared GO in the following typical procedure. First, 100 mg
(1 mg ml™") of GO powder was dispersed in 100 ml of deionized
water via a high-shear homogenizer (FLUKO, Germany) at
1000 rpm for 3 min. Next, the GO suspension was exfoliated via
a Sonics ultrasonic processor (750 W, 40 kHz) with 40%
amplitude for 10 min. Then, 4 ml of HBr was mixed with the GO
suspension. After ultrasonic dispersion by an ultrasonic bath
for 10 min, the mixture was stirred for 2 h.

2.3 Precleaning of the nickel foam (NF)

Prior to these chemical processes, NF (1 cm x 3 cm) was
cleaned consecutively in 6 M HCI, DI water, and ethanol with
ultrasonication. Following this, the NF was dried at 60 °C for
12 h in a vacuum oven.

2.4 Preparation of the Ni/Co/Al-LLTH@BG hybrid on nickel
foam (NCA-L@BG-NF)

We designed a new technique for the synthesis of NCA-L@BG-NF
by the in situ crystallization of metal nitrate using brominated
graphene (BG) suspension and NF precursors followed by a single-
step hydrothermal process. First, 0.005 M of Ni(NOj3),-6H,0,
0.005 M CoCl,-6H,0, and 0.005 M Al(NO;);-6H,0 were dissolved
in 75 ml of deionized water and stirred for 2 h. Subsequently, 1.5 g
of urea was added to the solution and the entire solution was
stirred vigorously with a magnetic stirrer for another 0.5 h. Then,
20 ml of the as-prepared BG suspension was mixed into the LTH
mixture via stirring for another 0.5 h. The entire solution was then
transferred to a 100 ml Teflon-lined autoclave and a piece of
cleaned Ni foam was dipped into the solution. The autoclave was
heated to 150 °C for 12 h. After the reaction was complete, the
autoclave was cooled to room temperature. Finally, the Ni foam
was washed successively with DI water and ethanol and dried at
60 °C for 12 h in a vacuum oven. Three different compositions of
LTH were prepared by keeping Ni(NO;), constant and varying the
Al(NO3); : CoCl, mole ratios for the initial feeding, such as
1:1:1,1:2:2,and1: 3 : 3; the final composites were labeled as
NCA-L@BG-NF-1, NCA-L@BG-NF-2;, and NCA-L@BG-NF-3,
respectively. The weights of the deposited materials were deter-
mined gravimetrically by measuring the change in weight of the
nickel foam before and after the material deposition. The mass of
the active material on the NF was about 1.5 mg. For comparison,
NCA-L-NF and NCA-L@G-NF were fabricated in the absence of BG
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with the same experimental conditions on nickel foam as binder-
free electrodes.

2.5 Characterization

The surface morphology, structure, and composition of the
samples were investigated by scanning electron microscopy
(SEM) (JEOL ]JSM6480A microscope), transmission electron
microscopy (TEM, JEM-2100F), and by high-resolution trans-
mission electron microscopy (HRTEM, JEOL 2010). The crys-
tallographic structures of the samples were determined by X-ray
diffraction (XRD) (Rigaku TTR-III) equipped with Cu Ko radia-
tion (A = 0.15406 nm). Fourier transform infrared spectra (FT-
IR) of the samples were recorded in the range 4000-500 cm ™"
with 2 em™" resolution using the KBr pellet technique on
a Nexus FT-IR spectrophotometer (Thermo Nicolet, USA).
Raman spectra were collected using an INVIA spectrophotom-
eter (Renishaw, UK). X-ray photoelectron spectroscopy (XPS)
measurements were done on a KRATOA XSAM800 XPS system
with Mg Ka source.

2.6 Electrical and electrochemical performances

All the electrochemical measurements of the NCA-L-NF, NCA-
L@G-NF and NCA-L@BG-NF, deprived of any additive/binder,
with three different mole ratios were carried out on a CHI
660E (Chenhua, Shanghai, China) electrochemical worksta-
tion using a common three-electrode cell. The electro-
chemical measurements were made in 6 M KOH electrolyte at
room temperature. Herein, all the prepared samples were
used as working electrodes, while a platinum foil and a satu-
rated calomel electrode (SCE) were used as the counter and
reference electrodes, respectively. Their proposed applica-
tions could be implemented with much discretion using
cyclic voltammetry (CV). The voltammetric measurements
were carried out within a potential range of 0 to 0.6 V (vs. SCE)
at different scan rates of 5, 10, 20, 40 and 50 mV s %,
respectively. The cycle life was tested on a LAND CT2001A test
system through a galvanostatic charge-discharge technique,
and the cycling performances of the obtained electrode
materials were explored. GCD curves were measured at
different current densities 6, 8, 10, 15 and 20 A g~ *, respec-
tively in the potential range of 0-0.55 V (vs. SCE). Cycle
stability measurements were tested at 20 A g~ for 2000 cycles.
Electrochemical impedance measurement (EIS) data were
collected in the frequency range from 100 kHz to 0.01 Hz at an
open circuit potential with an AC voltage amplitude of 5 mV.
The specific capacity (C g ') of the prepared sample-
electrodes based on the galvanostatic discharge curve was
computed using the following equation:*

0 = IAtIm (i

where I (mA) is the discharge current, m (mg) is the mass of the
active materials in the electrode, and At (s) is the discharge
time.
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3. Results and discussion
3.1 Structural characterization of electrode material

The choice of material and its synthesis is extremely important
when fabricating high-performance electrode materials. In view
of the importance of LDHs, we prepared a fascinating combi-
nation of Ni, Co, and Al layered triple hydroxides (LTHs) by
directly growing on nickel foam hybridized with a BG-
functionalized graphene layer as a promising electrode mate-
rial. To account for the formation of NCA-L@BG-NF and the
robust adhesion on nickel foam, we present the schematic of
the growth mechanism in Fig. 1. To describe the possible
formation mechanism of the NCA-L@BG-NF, we referred to the
Ostwald ripening and self-assembling mechanism, which
involves the nucleation and growth of NCA-L crystals; at the
same time under the same temperature, the LTH was hydro-
thermally hybridized with BG on nickel foam.*® Initially as
shown in the schematic in Fig. 1, Ni, Co, and Al metal salts in
water were magnetically stirred to enable their dispersion;
simultaneously, GO and HBr were also magnetically stirred
together in order to obtain the functionalized BG (step I). This
leads to an in situ release of OH™ and CO;>~ at a controlled rate
from urea decomposition, which further initiates the precipi-
tation of Ni**, Co>*, and AI** (ref. 24) (step II). Simultaneously,
Ni**, AI’*; and Co*" from Ni(NOj;),, CoCl,, and Al(NO;); get
mixed with NH;, which leads to the formation of an amine
complex. The high specific surface area of BG makes it easy to
adsorb a large number of amine complexes of Ni**, Co*", and
AI**. Such amine complex metal ions easily get adsorbed on the
heterogeneous surface of the substrate (NF) hydrothermally, or
by electrostatic, or van der Waals forces (step III). Initially, the
solution was neutral but with time and increasing temperature,
the solution becomes alkaline. At this condition, the
Ni(NH;),>*, Co(NH3),>*, and Al(NH;),*" are unstable and the
following reactions occur to form mixed metal hydroxides.
Then, nucleation and growth occurs through an aggregation-
based mechanism, to produce crystals with hierarchical archi-
tectures that contribute to the final structure of the electrode.*

CO(NH,), + H,0 — 2NH; + CO, (Step I)
NH; + H,O — NH," + OH™
CO, + H,0 — CO3* +2H"
Ni2* + NH; — Ni(NH3)4>" (Step II)
Co** + NH; — Co(NH;),**
AP* + NH; — AI(NH;)6*"
Ni(NH3),>* + 20H~ — Ni(OH), + 4NHj (Step III)
Co(NH;),>* + 20H™ — Co(OH), + 4NH;

Al(NH;)s** + 30H™ — Al(OH); + 6NH;

RSC Adv., 2017, 7, 46553-46565 | 46555
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Fig. 1 Schematic representation of the formation mechanism of NCA-L@BG-NF.

3.2 Morphology and structural characterization

The hierarchical configuration of the NCA-L-powder, NCA-L-NF,
NCA-L@BG-NF-3 sample electrodes were investigated by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) at different magnifications as shown in
Fig. 2. In a few studies reported in the literature, the SEM
images of LTH samples, usually prepared by predictable
methods, exhibit  hexagonal-plate  and  flower-like

morphologies.”® In case of this study, we observe that the 3D
hierarchical NCA-L-powder has identical thin hexagonal flacks
arranged in a flower-like morphology, during the hydrothermal
process Fig. 2a and b.” Fig. S11 shows an SEM image of the bare
NF, which has an even surface providing a high specific surface
area (110PPI), with a microporous structure that enables suffi-
cient loading of LTH materials per unit area.””*® Fig. 2c and
d present the decoration of NCA-L on NF with a flower-like
morphology. Fig. 2e and f show that the surface of the NF was

Fig. 2 SEM analysis: (a, b) low and high resolution SEM images of NCA-L powder showing a rose-like morphology, (c, d) NCA-L-NF, and (e, f)

NCA-L@BG-NF-3, respectively.
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covered completely with hexagonal flakes of NCA-L@BG, where
the NF was decorated with a large number of LTH hybridized
with BG flakes both outside and inside, and the porous struc-
ture of NF was retained even after the hydrothermal growth.
This hierarchical array could be expected to improve the
capacitive performance of the electrode by enabling an easy
access of ions and high ionic mobility without any blocks from
binders at the electrode/electrolyte interface.” TEM analysis
was performed to further examine the detailed morphology of
the NCA-L powder and the NCA-L@BG-NF-3. From Fig. 3a and
b, one can observe the thin hexagonal nanoflakes with diame-
ters from 39.5 to 69.5 nm and lengths from 83 to 141 nm in
NCA-L powder. The hexagonal nanoflakes are very indistinct,
but can be seen as an homogeneous contrast, reflecting their
thin nature and uniform thickness.* Fig. 3c and d, related to
NCA-L@BG-NF-3, show BG sheets distributed on the surface of
hexagonal NCA-L flakes. The face-to-face assembly of BG and
NCA-L improves their contact area, which is beneficial for effi-
cient electron transport between the active material and NF. It
was also observed that the NCA-L flakes were intimately inter-
acting with the functionalized graphene sheets and most of
them were parallel to the graphene sheets.** Both the BG sheets
and NCA-L flacks could be clearly observed in NCA-L@BG-NF-3,
which showed a significantly different assembly of NCA-L sheets
from hexagonal structures to graphene-supported LTH sheets
as reported earlier. This is attributed to the anchoring effect of
the polar surfaces of the BG sheets on the NCA-L sheets due to
the electrostatic interactions between them.*?> Moreover, the
high-resolution TEM (HRTEM) image (Fig. 3e) of the NCA-
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L@BG-NF-3 hybrid further confirms that the structure is crys-
talline, with alternating clear lattice fringes contributing to the
thickness of 0.75 nm,* which corresponds to the dyy; value of
rhombohedral NCA-LTH in accordance with the XRD results.**
Furthermore, the selected area of NCA-L@BG-NF-3 used for the
SEM EDS elemental mapping confirmed the uniform distribu-
tion of Ni, Co, Al, Br, and C (Fig. 4a). Fig. 4b depicts the EDS
spectrum analysis, where the atomic percentage of the indi-
vidual components were calculated and the results confirmed
the presence of Ni, Co, Al, Br, and C in NCA-L@BG-NF-3.%*
X-ray diffraction (XRD) analysis provides information on the
crystallinity of materials. Fig. 5a illustrates the XRD patterns of
the NCA-L@BG-3 powder, NCA-L@BG-NF-3, NCA-L@G-NF, and
NCA-L-NF samples. The diffraction patterns of all samples
correspond well with the standard compound CogAl,CO3(OH)-
16H,0 (JCPDS: 51-0045), with the well-defined diffraction peaks
indexed to a series of (003), (006), (012), (015), (018), (110), and
(113) planes.* Moreover, some of the diffraction peaks could
also be indexed to a distinctive rhombohedral phase Ni-Al
hydrotalcite (JCPDS No. 15-0087).>° The sharp diffraction peaks
of powder scratched from NCA-L@BG-NF-3 revealed that the
crystal grew along a certain axis with high crystallinity and an
excellent layered feature with an interlayer distance of 0.75 nm
(doos), indicating the occupancy of CO,>~ ions and water
molecules in the interlayer spaces.** No typical diffraction peaks
of BG or graphene were observed in NCA-L@BG-3 powder, NCA-
L@BG-NF-3, or NCA-L@G-NF hybrid, indicating that the inte-
gration of BG nanosheets does not significantly affect the crystal
structure of NCA-LTH.*” In addition, the functionalized

NCA-L@BG-NF-3

NCA-L@BG-NF-2

NCA-L@BG-NF-1

% Transmittance

NCA-L@G-NF

T T T T T T T
4000 3500 3000 2500 1000_1 1500 1000 500
Wavenumber(cm

Fig.3

(a, b) Low- and high-resolution TEM images of NCA-L powder showing a hexagonal-like morphology; (c, d) NCA-L@BG-NF-3; (e) HRTEM

image of NCA-L@BG-NF-3, (the inset is the SAED pattern); (f) FTIR spectra of NCA-L-@G-NF, NCA-L@BG-NF-1, NCA-L@BG-NF-2, NCA-L@BG-

NF-3.
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NF, and NCA-L@BG-NF-3.

graphene layers are highly discrete in the hydrotalcite structure,
and a small amount of C inserted into the LTHs does not
hamper the growth of LTH crystals.*® Moreover, the weak peaks
of the rest of the samples grown on NF at 11.6, 23.3, and 34.2
were complimented with the peaks of the NCA-L@BG-3 powder,
demonstrating that the samples were successfully grown on Ni
foam. In addition, three strong peaks (denoted by “&” in
Fig. 5a) located at 44.5°, 52.1°, and 76.42° for all samples were
indexed to metal Ni (PCPDF 04-0850) from the NF substrate.*

The surface chemical composition of the samples scratched
from the NCA®@G-L-NF, NCA-L@BG-NF-1, NCA-L@BG-NF-2,
and NCA-L@BG-NF-3 samples were analyzed by FT-IR spec-
troscopy, with the spectra shown in Fig. 3f. The spectra of all
samples exhibit a broad absorption band at around 3466 and
3434 cm™', originating from the stretching vibration of OH™
groups of the metal hydroxide layer and interlayer water, and
from hydrogen bonding among the hydroxyl groups in all the
LTH samples. The weak band at 1625 cm ' is due to the
bending mode of water molecules.* The characteristic peaks at
1369 and 781 cm™ ' are attributed to the v, vibration and
bending modes of the interlayer anion (CO5>"), respectively,
which was released from urea hydrolysis during the hydro-
thermal procedure.**> The above analysis demonstrated that
the water molecules and carbonate ions had been successfully
intercalated into the interlayer space of NCA-L during the
assembly process. For all the LTH samples, the bands recorded
below 800 cm ™' could be accounted for from the lattice vibra-
tion modes for M-O (Ni, Co, Al-0).° In comparison with GO (52),
most of the peak intensities corresponding to carbonyl,
epoxide, and ether groups have disappeared or weakened in the
FT-IR spectrum of NCA-L@G-NF and NCA-L@BG-NF-3,

46558 | RSC Adv., 2017, 7, 46553-46565

(@) SEM EDS mappings (Ni, Co, AL, C, and Br) and (b) EDS spectrum for NCA-L@BG-NF-3; (c) Raman spectra of GO, NCA-L-NF, NCA-L@G-

signifying that NCA-L was successfully combined with GO or BG
in the as-prepared hybrid electrode.*

Raman spectroscopy is a non-destructive technique, which is
widely used to characterize the graphitization of materials. The
Raman scattering spectra of the GO, NCA-L-NF, NCA-L@G-NF,
and NCA-L@BG-NF-3 samples were recorded and are shown
in Fig. 4c. For graphitic materials, there are usually two feature
peaks known as the D band and G band. The D band (usually
observed at 1300-1400 cm ') arises from a breathing mode of
point photons of A;, symmetry; the presence of the D band
indicates defects in the graphene layer. The G band (in the
region of 1500-1600 cm ™) arises from the first order scattering
of the Eag phonon at the Brillouin zone center, resulting from
the bond stretching of sp” carbon lattice pairs in both rings and
chains.*** A strong peak located at 531 cm™ ' is typically
assigned to NCA-LTH.® It is known that the integrated intensity
ratio of the bands (Ip/lg) is used to qualitatively analyze the
structural defects and disorder of graphite materials. Thus, it
was found that GO has an Iy/I ratio of 0.93 and then, its values
gradually increase from NCA-L@G-NF (1.04) to NCA-L@BG-NF-
3(1.06). This is related to the defect density within the graphene
structure and to the concentration of sp® hybridized carbon
atoms, which evidently indicates the intimate contact of LTH
with BG and graphene species, suggesting the increased struc-
tural defects in all the prepared samples.*® Comparative studies
of the Raman spectra (Fig. 4c) show that the G band of NCA-
L@BG-NF-3 shifts to lower frequency (compared with that of
GO). This deviation (~19 cm ") in the G band can be attributed
to recovery of the conjugated structure of the carbon atoms,
which resonate at lower frequencies. In addition, these shifts in
the Raman peaks could be attributed to the formation of

This journal is © The Royal Society of Chemistry 2017
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XPS spectra of NCA-L@G-NF (d), NCA-L@BG-NF-1 (e), NCA-L@BG-NF-2; and (f) NCA-L@BG-NF-3.

abundant sp® C-H bonds. The dense ripples also contribute in
confirming the bromination of graphene in the NCA-L@BG-NF-
3 sample.”

XPS analysis was used to determine the accurate composi-
tion, chemical bonds, and oxidation states of the elements in
the NCA-L-NF, NCA-L@GN-NF, and NCA-L@BGN-NF with three
different feeding mole ratios. As shown in Fig. 5b—f, the survey
spectra of all the prepared samples present characteristic peaks
of C 1s, O 1s, Ni 2p, Co 2p, and Al 2p, confirming the presence of
C, O, Ni, Co, and Al. Furthermore, Br 3d peaks were also
observed in the spectra of the NCA-L@BG-NF with three
different feeding mole ratios, proving that the bromination

This journal is © The Royal Society of Chemistry 2017

along with LTH formation had successfully proceeded during
the hydrothermal process. In Fig. 5b-f, the high-resolution C 1s
spectra of the samples were fitted and divided into six peaks,
corresponding to different oxygen-containing functional groups
that are referred here as six types of carbon bonds: C-C (284.8
eV), C-C/C-H (285.28 €V), C-O/C-Br (286.88 eV), C=0 (288.78
eV), 0-C=0 (289.0 eV), and t-7t* interaction (290.5 eV).*** The
effect of bromination on the electronic structure of graphene
was checked by comparing the XPS C 1s spectra of the NCA-
L@G-NF with all the brominated samples as shown in Fig. 3c-
e. Furthermore, the presence of the t — w* shake-up, which is
characteristic in materials such as graphene with delocalized p-
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electron systems, causes further overcrowding in the C (1s)
region. The decline of a feature around 291 eV, corresponding
to the w — m* shake-up transition, can be attributed to partial
disruption of the m electrons or bromination of the system.*>*"
Furthermore, the C-O and C-Br bonds have very similar
binding energies, whereby C-O has been reported to be located
at 286.6 eV and C-Br at 286.2 eV." A detailed high-resolution
peak fitting analysis of the Ni, Co, Al, and Br spectra for all
the prepared samples are shown in Fig. S3.7 The quantitative
elemental composition of the samples obtained from the XPS
analysis can be seen in Table S1.7 The relative atomic amounts
of C increased in the order of NCA-L@G-NF < NCA-L@BG-NF-1 <
NCA-L@BG-NF-2 < NCA-L@BG-NF-3. While the relative atomic
amounts of O decreased in the order of NCA-L@G-NF > NCA-
L@BG-NF-1 > NCA-L@BG-NF-2 > NCA-L@BG-NF-3. This may
be due to the reason that part of the oxygen-containing func-
tional groups on the GO surface were removed or had bonded
with Br atoms in the hydrothermal reaction, leading to the
reduction of active sites for the adsorption of bivalent and
trivalent cations.

3.3 Electrochemical performance

The electrochemical behavior of the highly open framework of
the as-synthesized hybrid electrodes NCA-L-@NF, NCA-L@G-
NF, and NCA-L@BG-NF with three different feeding mole
ratios were investigated by cyclic voltammetry (CV), galvano-
static charge-discharge, and electrochemical impedance (EIS)
measurements in 6 M KOH aqueous electrolyte. Fig. 6 (a) shows
the CV curves of NCA-L-@NF, NCA-L@G-NF, and NCA-L@BG-
NF with three different feeding mole ratios recorded at scan
rates of 5 mV s~ . A couple of anodic/cathodic redox peaks can
be seen in the CV curves of each sample, indicating that the
faradic redox reaction related to Ni**/Ni*" and Co>"/Co** with
the aid of OH  are involved during the charge-discharge
process contributing to the pseudocapacitance.”* The redox
reaction can be represented as follows:

LTH Ni** + OH,;~ < LTH (OH)Ni*" + e~ (2)

LTH Co®* + OH,,; < LTH (OH )Co®" + e~ 3)

In addition, the asymmetrical behavior in the cathodic peaks
of the NCA-L-@NF, NCA-L@G-NF, NCA-L@BG-NF-1, NCA-
L@BG-NF-2, and NCA-L-NF-3 samples show kinetic irrevers-
ibility in the faradaic process. This might be assigned to resis-
tance polarization in the region of ion diffusion in the porous
electrode during the redox reactions.'* Furthermore, the
integral area of the CV curves are significantly increased in the
order of NCA-L@BG-NF-3 > NCA-L@BG-NF-1 > NCA-L-NF >
NCA-L@BG-NF-2 > NCA-L@G-NF, suggesting that the NCA-
L@BG-NF-3 has a much higher average specific capacitance.
In Fig. 6b, the galvanostatic charge/discharge measurements of
the as-prepared electrodes in the potential range of 0-0.5 at
a very high current density of 6 A g~ " are illustrated. As can be
seen from the curves of all the prepared hybrids, the charge/
discharge curves were non-linear, which further confirms that
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the redox reaction occurs during the process.*®** The longest
discharge time of NCA-L@BG-NF-3 suggested that this
composite electrode had the best charge-storage performance.
At a current density of 6 A g, the specific capacities were
calculated to be 1998 C g~* for NCA-L@BG-NF-3, 1992 C g * for
NCA-L@BG-NF-1, 1890 C g~ for NCA-L-NF, 1770 C g~ * for NCA-
L@BG-NF-2, and 1554 C g~ ' for NCA-L@G-NF as illustrated in
Fig. 6¢c. The results suggest that the NCA-L@BG-NF-3 electrode
exhibited superior specific capacity in the highly concentrated
6 M KOH, indicating its enhanced charge-storage perfor-
mance.*** In addition, with increase in concentration, the ionic
conductivity of the electrolyte increased, which not only facili-
tated a high charge transfer, but also decreased the diffusion
resistance, resulting in enhanced electrochemical perfor-
mance.*® This could be attributed to the synergetic effect
between conductive BG and NCA-L-NF when compared with
pure NCA-L-NF.? Because of the presence of numerous nano-
channels, the graphene and BG in the electrode convey
a conductive network for electron transportation. Also the
unique morphology of NCA-L@BG-NF-3 acts as a perfect reser-
voir to facilitate enhanced contact and diffusion as well as the
penetration of OH™ ions for the highest redox processes for
charge storage.”” The CV curves of the NCA-L@BG-NF-3 elec-
trode at various scan rates of 6, 10, 20, 40, and 50 mV s ! are
shown in Fig. 6d, where it can be seen that with the increase in
scan rate, the anodic peak is shifted toward lower and higher
potential due to polarization.”® Each curve at the different scan
rates represented redox couples, which shows that continuous
faradic redox reactions of NCA-L are involved during the charge
and discharge processes contributing to the total capacitance.>
Furthermore, even at a high scan rate of 50 mV s the shape of
the redox peaks was not influenced considerably, signifying
enhanced mass transportation of ions and an excellent rate
capability of the electrode.®® The same result could also be ob-
tained from the nonlinear charge-discharge curves as shown in
Fig. 6e. Fig. 6f shows the specific capacitances of NCA-L-NF,
NCA@G-L-NF, NCA-L@BG-NF-1, NCA-L@BG-NF-2, and NCA-
L@BG-NF-3 at various current densities of 6, 8, 10, 15, and
20 A g~ '. Here, NCA-L@BG-NF-3 revealed a clearly stable and
higher specific capacity than that of NCA-L-NF, NCA@G-L-NF,
NCA-L@BG-NF-1, and NCA-L@BG-NF-2 at all current densi-
ties. The specific capacities of NCA-L@BG-NF-3 was 1998, 1960,
1910, 1920, and 1600 C g ' at 6, 8, 10, 15, and 20 A g *,
respectively, with a retention rate of 80.0%, while those of NCA-
L-NFat 6, 8,10, 15, and 20 A g~ * was 1554, 1496, 1470, 1335, and
1220 C g, respectively, with a retention rate of 78.5%. Thus,
the rate capability of NCA-L@BG-NF-3 was remarkably
enhanced compared with NCA-L-NF. The noteworthy increase
in their electrochemical activity is due to the bromination of
GO, which leads to the reduction. It is well-known that the use
of BG is exceptionally strategic to serve as a good electronic
conductor for the redox reactions to promote pseudo-
capacitance. Thus, the differences in the specific capacities of
the NCA-L@BG-NF hybrids may originate from the hybridiza-
tion of the brominated carbon alignment and bromine content
in the electrodes.*

This journal is © The Royal Society of Chemistry 2017
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The transport characteristics of the charge carriers within
the hybrid electrodes were probed by electrochemical imped-
ance spectroscopy. Fig. 7 outlines the Nyquist plots of the
sample electrodes, presenting an incomplete depressed semi-
circle in the high-frequency range and a non-straight line in the
low-frequency region. This phenomenon could be ascribed to
the result of the frequency dependence of ion diffusion to the
electrode interface.®® The charge-transfer resistance (Rcr) was
calculated to be 0.366 Q for NCA-L@BG-NF-1, 0.952 Q for NCA-
L@BG-NF-2, 0.108 Q for NCA-L@BG-NF-3, and 0.468 2 for NCA-
L-NF, and 1.303 Q for NCA-L@G-NF, which suggests that Rcr
decreased in the order of NCA-L@BG-NF-3 > NCA-L@BG-NF-1 >

This journal is © The Royal Society of Chemistry 2017

NCA-L-NF > NCA-L@BG-NF-2 > NCA-L@G-NF. The results ob-
tained demonstrate that NCA-L@BG-NF-3 had the lowest Rcr,
the highest capacitive performance, the lowest diffusive resis-
tance of ions, and the fastest electron transport at the electrode/
electrolyte interface. The overall IES findings suggested that
NCA-L@BG-NF-3 possessed evidently enhanced electro-
chemical properties, suggesting its potential to be used as an
electrode for supercapacitors.®>*

For supercapacitor applications, apart from the high specific
capacity, the long-term cycling stability of the electrodes is also
an important requirement. Fig. 8 illustrates the cycling perfor-
mance of the fabricated NCA-L@BG-NF-3. On the contrary, the
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NCA-L@G-NF and NCA-L-NF electrodes were evaluated over
2000 galvanostatic charge-discharge cycles at a very high
current density of 40 A g ' and the results obtained are shown
in Fig. S4.1 After 2000 cycles, the NCA-L@BG-NF-3, NCA-L@G-
NF, and NCA-L-NF samples retained 90.1%, 85.7%, and
64.7%, of their initial specific capacities, respectively. Thus,
NCA-L@BG-NF-3 exhibited clearly the best capacitance reten-
tion compared to the other two hybrid electrodes, which might
be attributed to the high efficiency electron and electrolyte
transportation of BG.*

4. Conclusion

From the outcome of our investigations, it is possible to
conclude that a triple hydroxide hybrid based on Ni/Co/Al and
BG was grown directly on Ni foam through a facile one-step in
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situ crystallization hydrothermal method, achieving superior
electrochemical properties as a supercapacitor electrode.
Because of the well-defined hierarchical morphology, high
active surface area, and synergistic contributions of the indi-
vidual components, the NCA-L@BG-NF-3 hybrid demonstrated
excellent electrochemical performances as an electrode mate-
rial, exhibiting a maximum specific capacity of 1998 C g~ at
6 A g, excellent rate capability of 75.3% at 20 A g™, and
excellent cyclic stability of ~91% capacitance retention after
2000 cycles at 20 A g, with 100% coulombic efficiency, which
were significantly higher than those previously reported for
LDH composites. In addition, the material demonstrated good
long-term cyclic stability and a low Rcr. Furthermore, the NCA-
L@BG directly grown on the Ni foam had greatly improved
electrochemical capabilities. These results suggest that the as-
prepared NCA-L@BG-NF- 3 hybrid could be a superior candi-
date for the fabrication of binder-free electrodes. It is also
suggested that the proposed synthetic strategy can be extended
to the fabrication of other triple hydroxide binder-free elec-
trodes for supercapacitor applications.
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