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ABSTRACT

Achieving high energy density while retaining high power density is difficult in electrical
double-layer capacitors and in pseudocapacitors considering the origin of different charge
storage mechanisms. Rational structural design became an appealing strategy in
circumventing these trade-offs between energy and power densities. A hybrid structure
consists of chemically converted graphene-encapsulated carbon@nickel-aluminum
layered double hydroxide core—shell spheres as spacers among graphene layers (G-CLS)
used as an advanced electrode to achieve high energy density while retaining high power
density for high-performance supercapacitors. The merits of the proposed architecture are
as follows: (1) CLS act as spacers to avoid the close restacking of graphene; (2) highly
conductive carbon sphere and graphene preserve the mechanical integrity and improve
the electrical conductivity of LDHs hybrid. Thus, the proposed hybrid structure can
simultaneously achieve high electrical double-layer capacitance and pseudocapacitance
resulting in the overall highly active electrode. The G-CLS electrode exhibited high
specific capacitance (1710.5 F g ' at 1 A g ') under three-electrode tests. An ASC
fabricated using the G-CLS as positive electrode and reduced graphite oxide as negative
electrode demonstrated remarkable electrochemical performance. The ASC device
operated at 1.4 V, and delivered a high energy density of 35.5 Whkg ' at a 670.7 W kg
power density at 1 A g ' with an excellent rate capability, as well as a robust long-term

cycling stability of up to 10 000 cycles.

KEYWORDS: Asymmetric Supercapacitor, Graphene, Carbon sphere, Nickel-

Aluminum Layered Double Hydroxide, Electrostatic Assembly.
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INTRODUCTION

Supercapacitors (SCs), that includes electric double-layer capacitors (EDLCs, generally
composed of carbonaceous materials) based on electrostatic adsorption/desorption, and
pseudocapacitors (such as in transition metal oxides/hydroxides) based on Faradaic
reactions, are advantageous for their high power density, fast charge propagation
dynamics, and long cycle life compared with batteries."” However, the main obstacle
impeding the development of high-performance SCs is the trade-off between high energy
and high power densities. Such that, achieving a high energy density while retaining high
power density is difficult to realize in electrical double-layer capacitors and
pseudocapacitors considering the origin of different charge storage mechanisms.
Generally, the energy density of a SC is a function of the capacitance and the working
potential window.” Even with the exploration and development of new electrode
materials that possess high capacitance, obtaining electrode materials with simultaneous
high energy and power densities remains challenging. Alternatively, the high energy
density of electrode can be achieved by maximizing the operation cell voltage. For
instance, ionic liquids or organic electrolytes have been used as electrolytes because of
their immense working potential window (> 2V).? Unfortunately, these electrolytes are
usually more expensive than aqueous electrolytes, which hinders it from penetrating the

general energy storage market.

The integration of a battery-type Faradaic electrode (cathode) and a capacitor-type
electrode (anode) to assemble an asymmetric supercapacitor (ASC) has been recently
found to be an effective approach in increasing cell voltage in aqueous electrolytes.” With

this configuration, ASC possesses the advantages of different potential windows of the

3

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

two electrodes to broaden the cell voltage (up to 2 V), which enhance energy density.”™
Although extensive studies on SCs aim to boost their energy density while retaining high
power density, much attention has also been paid to the development of low-cost
environmentally friendly materials with long cycle life. Electrochemically active layered
double hydroxides (LDHs) have long been considered promising electrode materials for
SCs because of their intriguing features that include composition versatility, great
theoretical capacitance values, low cost, and environmental benignity.”” LDHs are an
important class of synthetic two-dimensional (2D) layered materials consisting of
M"(OH), stacked layers, where a number of metal M" cations are isomorphously
replaced by metal M"" cations that neutralize positively charged host layers with A"

1 The most studied LDHs can be represented by the general formula [M",.

anions.
M"((OH), " (A" )yn * mH,0, where M" (e.g., Mn, Fe, Ni, Cu, Zn ) and M™ (e.g., Cr, Fe,
Co, Al, Ga) are di- and trivalent metal cations, respectively, and A" (e.g., COs>, NO3")

is an anion.*'® However, the obtained LDHs capacitance in experiments is usually far

below its theoretical capacitance given its high electrical resistance.

To overcome this issue, carbonaceous materials, such as carbon nanoparticles 12, carbon

1516 and conductive polymers'’ have been

namoﬁbers,13 carbon nanotubes,14 graphene,
widely used as matrices to improve the electrical conductivity of LDHs. Graphene, a 2D
monolayer of carbon atoms packed into honeycomb lattice, is particularly emerging as
one of the most appealing matrices because of its larruping properties such as superior
electrical conductivity (10° S cm™') and high theoretical specific surface area (2630 m*

g 1)."*1° Furthermore, it can conduct paths to improve charge transfer and mass transport

during the charging/discharging processes.'® In this regard, LDHs/graphene hybrids or
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composites, wherein LDHs are distributed onto the graphene surface or embedded into
the graphene layers, have been prepared to achieve the full potential of the two

complementing counterparts.”’?'

However, LDH materials are still prone to heavy
aggregation during the electrochemical charge storage process because of the nonintimate
connection between graphene layers and LHDs, which significantly increases contact

: . : 2224
resistance, and thus decreases specific capacitance.

Furthermore, a large volume
expansion during the prolonged charge—discharge process is an intrinsic material problem,
such that electrodes cannot maintain their integrity during the cycle processes resulting in
poor cycling per’formance.25 Therefore, the rational design of electrode architecture may

contribute in alleviating the intrinsic materials degradation process and in simultaneously

achieving high energy and power densities.

In this study, chemically converted graphene-encapsulated carbon@nickel-aluminum
layered double hydroxide core—shell spheres (G-CLS) were fabricated in an aqueous
environment through self-assembly between negatively chemically converted graphene
(CCG) colloid and positively charged carbon@nickel-aluminum layered double
hydroxide core—shell spheres (CLS). CCG colloid was obtained through the chemical
reduction of graphene oxide prepared by modified Hummers method. CLS was
synthesized via the co-assembly of NiAl LDH nanosheets on carbon spheres (CSs), and
was functionalized with cetyltrimethylammonium bromide (CTAB) afterwards. The
electrostatic attractive interactions of the two species formed G-CLS, whose main
features are shown in Scheme 1. The unique design and fabrication of the hybrid
structure include the following advantages: (I) the wvertically grown NiAl LDH

nanosheets surfaces on the CSs prevent NiAl LDHs aggregation and accommodate
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volume change during the charging-discharging process;g’ 26 (ID) the incorporated CLS
can serve as spacers to mitigate the restacking of individual graphene effectively; (III) the
mutual electrostatic interactions of CCG and CLS enable the direct interfacial contact
between them, which remarkably shortens the diffusion path; (IV) the graphene can be
utilized as electron mediators for shuttling electrons, and thus, a high electrical
conductivity can be maintained for the overall electrode. Owing to this unique structural
architecture, the G-CLS electrode exhibits a remarkably high specific capacitance of
17105 F g ' at 1 A g '. The ASC device, composed of G-CLS//G operated at 1.4 V,
delivered a high energy density of 35.5 Wh kg ' at a 670.7 W kg ' power density with an
excellent rate capability (an energy density of 32.1 Wh kg™ at power density of 5578.1

W kg ') and a robust long-term cycling stability of up to 10 000 cycles.
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17 CTAB-CLS CCG

20 Electrostatic = Self-Assembly

43 Scheme 1. Schematic diagram of the G-CLS hybrid structure.

EXPERIMENTAL SECTION

52 Synthesis of CCG colloid. Graphite oxide was prepared using natural graphite (Asbury
54 Carbons) through the modified Hummers method as reported elsewhere 2 ** . Similar to a

typical experiment, graphite flakes (3.0 g) were stirred in concentrated sulfuric acid (70
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mL) at room temperature (RT), followed by the addition of sodium nitrate (1.5 g).
Potassium permanganate (9.0 g) was added slowly to keep the solution temperature lower
than 20 °C while maintaining the reaction flask in an ice bath. The entire reaction system
was subsequently placed into a 35 °C water bath for 30 min, which formed slurry.
Afterwards, 140 mL deionized (DI) water was added, and the suspension was stirred for
another 15 min. The solution was diluted with additional DI water (500 mL) and treated
with 20 mL of H,O, (30 wt %) until no gas was produced, which changes the solution
color from brown into yellow. The mixture was filtered and washed with 1:10 HCI
aqueous solution (250 mL) to provide the graphene oxide solution. To verify the absence
of Cl ions in the as-obtained graphene oxide solution, the supernatant was tested with
AgNOs solution to confirm that no precipitation was formed. The obtained graphene
oxide solution was freeze-dried to obtain brownish graphite oxide power. Graphite oxide
was exfoliated through sonication in 0.25 mg mL ™" graphite oxide aqueous solutions for
60 min, and then, centrifugation at 3000 rpm for 30 min. CCG colloid was prepared via
chemical reduction *°. The as-obtained GO solution was adjusted to pH 10-10.5 by
ammonia solution (28 wt % in water), in which the hydrazine solution (35 wt % in water)
was added under vigorous stirring after. The mixture was placed in a water bath (95 °C)

for 60 min without stirring to produce jet-black colloid.

Synthesis of CLS. CSs were prepared by a classical hydrothermal carbonization
procedure.*® The glucose obtained from biomass was chosen as the carbon source. CLS
was fabricated using the facile solvothermal method.”’ In a typical synthesis, CSs were
dispersed into absolute ethanol under ultrasonication for 30 min, and then, stirred

vigorously for another 30 min. Successively, 0.009 mol of Ni(NO3),*6H,0 and 0.003 mol
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of AI(NO3);*9H,0 were dissolved into 80 mL of CSs suspension (3 mg mL ") that
contains 0.04 mol urea. The resulting suspension was transferred to a Teflon-lined
autoclave vessel. The solvothermal reaction was performance at 140 °C for 14 h. After
cooling down to RT, the composites were separated through centrifugation, washed with
DI water and ethanol, and air-dried at 60 °C for 12 h. For comparative purposes, the

hydrothermal method was adopted using DI water instead of absolute ethanol (denoted as

CLH).

Synthesis of G-CLS. The CLS was functionalized using CTAB. CTAB was dissolved in
50 mL of DI water (0.5 wt %), and CLS powder was added after. The resulting dispersion
was stirred for 5 h at RT. The functionalized CLS was collected by centrifugation,
washing, and redispersion in DI water. Finally, the pH of the functionalized CLS
dispersion (0.25 mg mL™") was adjusted to 9.5 using a diluted ammonia solution. The
CCG self-assembly and functionalized CLS were accomplished through electrostatic
interactions. Briefly, 50 mL of functionalized CLS dispersion was added into 50 mL of
CCG colloid (0.25 mg mL ™" of GO) under mild stirring at RT. The final product (G-CLS)
was obtained by centrifugation, followed by washing and air drying. The nominal mass

ratio of CCG, NiAl LDHs, and CSs in G-CLS composite is 1:0.165:0.835.

Characterization. The powder X-ray diffraction (XRD) was recorded with a Rigaku
MPA-2000 using filter Cu ka radiation (A = 1.5418 A) with a 40 kV accelerating voltage
and a 40 mA current. The samples were scanned at 20, from 5° to 80°. Scanning electron
microscopy (SEM) observations were performed using a Tescan MIRA3 LMH. The
transmission electron microscopy (TEM) image, energy-dispersive spectrometry (EDS)

mapping, and selected area electron diffraction (SAED) pattern were completed on a
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Titan G2 60-300 FEI transmission electron microscope. Raman spectroscopy was
conducted using a Jobin-Yvon Horiba HR800 UV Raman microscope. This instrument
used a laser of 514 nm wavelength as its excitation light source. Specific surface area
(SSA) and porosity of materials were examined by Brunauer-Emmett-Teller method
(BET, Micromeritics 3Flex). The X-ray photoelectron spectroscopy (XPS) data were
collected on a Thermo VG Escalab 250 X-ray photoelectron spectrometer. Binding

energy (BE) was calibrated with C 1s =284.6 eV.

Electrochemical Test. The electrochemical tests were conducted on an IVIUM Nstat
electrochemical station. The working electrode was fabricated by mixing acetylene black
and polytetrfluoroethylene (PTFE) with ethanol in a mass ratio of 85:10:5. The mixture
was carefully placed onto nickel foam (1 cm % 1 ¢m), and then dried in a vacuum oven at
80 °C. The three-electrode tests were carried out with saturated calomel electrode (SCE,
Hg/Hg,Cl,) as the reference electrode and platinum foil as the counter electrode. The
electrolyte was a 6.0 M KOH aqueous solution. The specific capacitance of a single
electrode was calculated from the charge/discharge curves according to the following

equation:™

2iy, [Vt
Zi
vy

Cs =

(1)

where i,, = I/m (A g_l) is the current density, 7 is the discuss current, m is the mass of
active material in the electrode, V' (V) is the potential window with initial and final values

of V; and V, respectively.
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The ASCs were assembled with G-CLS as the positive electrode and reduced graphite
oxide (rGO)* prepared through the pyrolysis of graphite oxide as the negative electrode.

The rGO to G-CLS mass ratio is around 5.7 according to the equation:

m C AV
v @
m_  C,AV,

The energy (E, Wh kg™) and power (P, W kg™) densities of ASCs were calculated as

follows:

C= ’XA;“ 3)
(fE avden
= St @
E
P= )

where M (g) is the total mass of the positive and negative electrodes (M = m+ m.), AV
(V) is the voltage scan range, / (mA) is the constant discharge, ¢ (s) is the discharge
starting time, to (s) is the end time of discharge, At is the discharge time, and C (mAh g™)

is the specific capacitance of ASCs.
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Figure 1. (a) Schematic illustration of the proposed CLS evolution process. (b) SEM
images of CSs. (¢c) SEM images of CLS. (d) XRD patterns and (e) Raman spectrum of the
CS, CLH, and CLS.
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RESULTS AND DISCUSSION

The CLS fabrication process is displayed in Figure la. The growth of NiAl LDHs
nanosheets on CSs underwent the following reactions: (i) Ethanol and NO3; experienced
a redox reaction producing hydroxyl ions at 140 °C: 4CH;CH,OH + NO; — CH3CHO +
NH; +OH +2H,0;** (ii) The urea decomposition controlled the carbonate supply:
CO(NH,), + 2H,0 — H,CO; + NH3;* (iii) Ni*", and AI’" ions reacted with OH  to
generate aluminum aquohydroxo complexes and nickel hydroxides;*® (iv) The
nickel/aluminum salts were converted to NiAl LDHs nanosheets by olation reactions and
crystallization;”’ (v) The LDH phase crystallization eventually bonded with the CSs.
Nucleation and growth, Ostwald ripening and self-assembling contributed to the
hierarchical core—shell architecture of CLS.® Figure 1b shows the SEM images of CSs
obtained using the hydrothermal method from glucose at 180 °C. The SEM images
indicated the solid spheres with smooth surfaces of the obtained CSs in addition to their
good monodispersity, which ranged from 1 pum to 6 um. According to the previous report,
these CSs were mainly polysaccharides containing abundant —OH and C=0O groups on
the surface,* which facilitate the Ni/Al precursor nucleation during the LDH growth. As
expected, NiAl LDH nanosheets were uniformly anchored on the surface of each CS to
form a core—shell sphere (i.e., CLS) through the solvothermal process (Figure 1c). The
LDH material was fabricated with similar processes except for the replacement of
absolute ethanol with DI water through hydrothermal method (CLH) for comparative
purposes. Results show that CLH consisted of a large number of LDH flakes self-
assembled to form flower-like sphere, where no core—shell architecture was observed

(Figure S1). In contrast, the CLS exhibited a mesoporous sphere morphology, where
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LDH nanosheets coated the CSs surfaces to provide an open and close-grained structure.
The LDH shell is specifically mainly composed of thin interconnected nanosheets
because the use of ethanol altered the surface energy and diminished the crystal growth
rate.*” Thus, the CLS is highly accessible to electrolytes for energy storage considering
the intriguing mesoporous sphere architecture. Figure 1d provides information on the
crystallinity of the products. The CS diffraction pattern depicted a reflection
characteristic of amorphous carbon.*' After the LDH coating, the reflections indexed to a
typical rhombohedral phase NiAl hydrotalcite in R-3m (166) space group (JCPDS No.
15-0087) were observed. A series of (00/) reflections in the XRD patterns at low 260
values confirmed the characteristic of a layered structure. No CSs diffraction peaks were
observed, proving that CSs are homogeneously surrounded by LDHs. No excrescent
peaks from other crystallized phased were detected as well, implying the formation of the
pure LDH structure. The CLS sample showed relative broad XRD patterns compared
with that of CLH samples, indicating that the LDH crystals of CLS sample possesses
smaller sizes consistent with the SEM images results. However, the XRD patterns of CLS
exhibited poor crystallinity compared with that of CLH. This poor crystallization of CLS
implies more ions transportation channels within the mesoporous structure, which
favored the achievement of fast ion diffusion kinetics.* Furthermore, the XRD data
showed that the basal spacing of the CLS pattern (8.0 A) is larger than that of CLH (7.8
A), which can facilitate the OH ions diffusion and enhance high rate capability. A larger
basal spacing also implies a higher intercalated H,O and COs>~ contents that can increase
the hydrophilicity of CLS and render close contact between CLS with electrolyte, and

thus, improve electrochemical performance. Nevertheless, the presence of CSs can be
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confirmed through Raman spectroscopy. Figure le shows the Raman spectra of CSs,
CLH, and CLS. Two major bands corresponding to the D-band (1350 cm ") and G-band

(1570 cm") of carbon were found across all spectra. In addition, the CLS and CLH

©CoO~NOUTA,WNPE

spectra showed a peak centered at 1042 cm ', corresponding to the Raman peak of NiAl

13 LDH."

35 Figure 2. TEM (a, b, ¢, and d) and SAED (inset in b) pattern images of the CLS.

60 15
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The TEM image of CLS (Figure 2a, b) clearly shows a representative core—shell structure,
from which a distinctive CS core and a NiAl LDH nanosheets shell are evident. The NiAl
LDHs are highly dispersed and firmly grafted on the CSs. This heterostructure provides
the facile penetration of electrolyte, and also buffers the volume changes during the
charging-discharging process. Further analysis of the selected area electron diffraction
(SAED) pattern revealed the polycrystalline nature of NiAl LDHs nanosheets (inset in
Figure 2b), which agreed well with XRD data. The amplified TEM image in Figure 2c
revealed NiAl LDH nanosheets exhibiting foldaway silk-like morphology that is
beneficial for shorting ion diffusion paths because of its large aspect ratio and its ability

to facilitate the surface-dependent electrochemical reaction process.”™**

High-resolution
TEM image (Figure 2d) shows the visible lattice fringes with an equal inter-planar

distance of 0.19 nm that corresponding to the (018) plane of LDHs.

To obtain detailed information about the surface electronic states of the as-prepared CLS
hybrid, XPS measurement was performed. The C 1s, O 1s, Ni 2p, and Al 2p peaks (as
shown in Figure S2) were evidently predominant in the CLS composite. The high-
resolution spectrum of C 1s in Figure S3a can be deconvoluted into four peaks: C=C
(284.5 eV), C-O (285.1eV), C=0 (285.9 eV), and O-C=0 (288.3 ¢V).* The relatively
high intensity of O-C=0 (CO;>") indicates that COs> anion is a NiAl LDH component,
consistent with the XRD result. The O 1s spectrum (Figure S3b) with a strong peak at
531.5 eV is associated with bound hydroxide groups (OH).** Two major peaks with
binding energies at 856.2 and 873.8 eV corresponding to Ni 2ps, and Ni 2pjp,
respectively, yielded a spin-energy separation of 17.6 eV, which correlated with

previously reported data.” Furthermore, their associated satellite peaks (indicated as “Sat”)
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located at 863.3 and 880.1 eV were also observed. Figure S3d shows the peak centered at

73.4 eV, relating to the Al 2p, as well as the AI’* levels.”®

60

——CCG
CLs
——CTAB-CLS

Zeta potential (mV)

Figure 3. Zeta potential profiles of GO, CCG, and CLS before and after functionalization
with CTAB.

The rational synthesis and self-assembly of G-CLS were developed via electrostatic
interactions. Figure 3 shows the zeta potentials of GO, CCG, and CLS before and after
CTAB functionalization in DI water as a function of pH. Comparison of the profiles of
CLS before and after functionalization shows that CLS exhibited a negative Zeta
potential at pH higher than 9 before functionalization, whereas a positive Zeta potential
was observed with CTAB after functionalization. Such change of surface charge was
obtained by grafting to a cationic surfactant (CTAB) on the CLS surface.*” Furthermore,
the GO dispersed in water constantly displayed negative potentials due to the ionization
of carboxylic acid (COOH ), epoxy (COC ), and hydroxyl (OH ) on the GO sheets as the

29, 48-49
1.7

pH value varied from 3 to 1 Moreover, the Zeta potential of the CCG dispersion

remained positive before reaching an isoelectric point at pH 4-5. The negative Zeta
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potential in the pH range 5—11 is attributed to the incomplete reduction of their partial
oxygen functional groups. Within the paradigm of colloidal chemistry, the final CCG
deposition morphologies greatly depended on the pH of colloidal dispersions.”® At high
pH, single-layer identity can be preserved because of the electrostatic repulsion
emanating from the negatively charged functional groups. With this concept in mind, the

CLS after functionalization was mixed with CCG dispersion (DI water, pH 9.5) as

demonstrated in Figure 4.

Cl .
o
% s +: NiAl LDHs
o - -
- JCPDS No. 15-0087 I/15=1.31 g:6Le
P -~ . )
5 ‘ 3
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Sl g =112 ccG
- [
£ - ~ 1 o 1 1
1,1,=0.93
r 1 " L " Il
500 1000 1500 2000 2500
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Figure 4. (a, b) SEM images of G-CLS. (¢) XRD pattern of the G-CLS and standard X-
ray diffraction pattern. (d) Raman spectra of GO, CCG, and G-CLS.
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The hierarchical hybrid structure comprising CLS and CCG was investigated by SEM.
Figures 4a and b illustrate the rough and crinkled terrains of the CCG nanosheets
encapsulated CLS attributing to the flexible and thin 2D graphene sheets.** Note that CLS
served as spacers to intercalate into the CCG nanosheets, which allow CCG sheets to
develop a series of vertices, winkles, and ripples that can effectively prevent restacking.
The strong electrostatic interaction between CLS and CCG sheets was clearly confirmed
by the intimate coverage of CCG sheets on the CLS contour. Moreover, the continuous
nature of CCG sheets in the lateral dimension help to facilitate the electron transport and
to buffer the strain from the CLS volume change during the charging/discharging
process.”* °' The resulting G-CLS composites were further characterized by XRD.
Remarkably, all diffraction peaks were well indexed to the typical rhombohedral phase
NiAl LDH (JCPDS No. 15-0087, Figure 4c). In addition, no conventional stacking peak
(002) of graphene sheets was observed at 26.6°, which implies the homogeneous
dispersion of graphene sheets on the CLS surface.’’ Furthermore, the disorder sp’
characteristic of graphene was investigated by Raman spectroscopy. All three samples
displayed two characteristic peaks at approximately 1350 and 1580 cm ', which should
be ascribed to the well documented D and G bands, respectively. The D band is caused
by defective or disordered bent sites, whereas the G band originated from phonon
vibrations in sp® carbon materials.’> Generally, the integrated intensity ratio of the D and
G bands (Ip/lg) is measured to qualitatively analyze the structural defects and disorder of
carbon materials.> Compared with GO, the Ip/Ig ratios of graphene nanosheets obtained

by the chemical reduction of GO and G-CLS hybrids increased from 0.93 to 1.12 and

1.31, respectively, which suggests increased structural defects on the G-CLS; this
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increase is evidently related to the intimate contact between CLS species and graphene.’®
Figure S4 shows the N, adsorption-desorption isotherms of CLH, CLS, and G-CLS, and
the Barrett-Joyner-Halenda (BJH) pore size distribution of G-CLS. All the N, adsorption-
desorption isotherms exhibit a type-IV hysteresis loop at a relative pressure between 0.4
and 0.9.” Based on the BET method, the SSA of CLH, CLS and G-CLS are 21.12, 32.29
and 79.01 m? g, respectively. The large SSA could enhance the capacitive performance
by providing more active sites for redox reactions. Moreover, the mesoporous structure of
G-CLS was confirmed by BJH pore size distribution (inset in Figure S4), with pores
distribution mainly centered at about 3.75 nm. The pores will be easy to allow the
electrolyte ions transport inside the G-CLS since the pore sizes of electrode material are
larger than the size of the solvated ions. The high BET SSA and well-developed
mesoporous structure of G-CLS is believed to be extremely beneficial for energy storage

applications.
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Figure 5. Electrochemical performance of the supercapacitor samples: (a) CV curves of
the CLH, CLS and G-CLS at a scan rate of 5mV S . (b) CV curves of G-CLS at
different scans. (c) Galvanostatic charge—discharge profiles of G-CLS with different
current densities. (d) Specific capacitances of CLH, CLS, and G-CLS at different current
densities. (e) Nyquist plots of CLH, CLS, and G-CLS. (f) Cycling stability performance

of CLH, CLS, and G-CLS.
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A series of CV measurements were performed with the potential window from —0.1 to
0.55 V relative to SCE. The CV curves of CLH, CLS, and G-CLS at a constant scan rate
of 5mV s ' are shown in Figure 5a. A distinct pair of redox peaks can be clearly seen in
the CV curves. These well-defined pair of redox peaks can be attributed to the reversible

redox reaction of Ni*"/Ni*" in alkaline electrolyte:

Ni(OH); + OH < NiOOH + H,O + e (6)
This distinct redox feature presents that the capacitance originated primarily from the
Faradaic pseudocapacitance. Given the same electrode preparation and testing conditions,
the enclosed area of G-CLS is larger than that of CLH and CLS, indicating the better
capacitive behavior of this composite material. The rational G-CLS design includes the
following merits to achieve superior electrochemical performance. First, the core—shell
architecture of CLS consists of vertically grown LDH sheets on carbon spheres can offer
great access of the electrolyte to the active surface of the LDH, resulting in superior
Faradaic reaction. Second, a highly conductive CCG serves as a conducting pathway to
facilitate the electron transport during the charge/discharge process and acts as an ion
reservoir to sustain high rate capability. Third, flexible CCG sheets can preserve the
mechanical integrity of LDH electroactive materials during pro-long cycling leading to
excellent cycling stability. The CV responses of the G-CLS electrode performed at
different scan rates (5-100 mV s ') are presented in Figure 5b. The shape of the curves is
well-retained up to the highest scan rate, which indicates the fast ionic diffusion of
electrodes. Along with the increased scan rate, the current response increased accordingly,
suggesting the good reversibility of the fast charge—discharge response of the materials.

In addition, the anodic and cathodic peaks shifted to more positive and negative position,
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respectively as the scan rate increased because of the rising internal diffusion resistance
of the pseudoactive material.’® The plot of the anodic and cathodic peak current densities
against the square root of the scan rate (inset of figure5b) shows a linear correlation that
reveals that the electrochemical process is diffusion-controlled process. Furthermore, the
linear plot of the anodic peak current density is mirror-image symmetrical to the linear
plot of the cathodic peak current density, which suggests the immense reversibility of the
G-CLS electrode. The results clearly demonstrate that the G-CLS capacitance is
attributed from the double layer and diffusion-controlled redox processes.”’>* A closer
analysis of the voltammetric scan rate dependence renders one to distinguish
quantitatively the contribution fraction of the capacitance values. The capacitive values
can be characterized by assessing the cyclic voltammetry data at different scan rates

according to:>’

Q = Q,— + constant (v %) (7)

or

Q' =Q,= '+ constant (v''?) (8)
where Q,— corresponds to the double layer charge (Coulomb), which is the value at v =
. Q,—o denotes the total charge, which is the value at v = co. Figure S5 plots the scan rate
dependence of the charge. The calculations indicate that the contribution from diffusion-

controlled redox capacitance is about 76.6%.

A series of GCD measurements were carried out at various current densities to quantify
the capacitance and the rate capability of the electrode. Figure 5¢ shows the charge—
discharge curves of the G-CLS under various current densities. The nonlinear charge—

discharge curves demonstrate the pseudocapacitance nature, in line with the CVs. In
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addition, a slightly symmetric shape during the charge—discharge process was observed,
which implies a high Coulombic efficiency. Each discharge curve in Figure 5c exhibited
two clear voltage stages: a fast potential drop (0.4—0.2 V) and a slow potential decay
(0.2-0.1 V). The former arises from internal resistance, whereas the later signifies the
pseudocapacitive feature of the electrode. According to equation (1), the G-CLS shows a
specific capacitance as high as 1710.5 F g ' (based on the whole sample mass) at a
current density of 1 A g !, which is 1.7 and 3.1 times higher than that of CLS (1022.1 F
g ") and CLH (555.1 F g'). Remarkably, the proposed G-CLS electrode showed superior
performance compared to most other state-of-the-art nanostructured supercapacitors
based on LDH and graphene (Table S1). Rate capability is an important factor in
evaluating the performance of supercapacitors for high rate applications. The specific
capacitances of the three samples at different charge—discharge current densities are
shown in Figure 5d. Within the entire current density range, the G-CLS exhibited
substantially higher specific capacitance compared to the other two samples (Figure S6),
which is consistent with the CV results. At the current density of 10 A g, 86.4% of the
capacitance (from 1710.5 F g ' to 1477.6 F g') was retained for the G-CLS, superior to

CLS and CLH.

AC electrochemical impedance spectroscopy (EIS) is a well-developed technique used to
explore the parameters affecting the performance of electrodes, including their
conductivity, charge transfer behavior, and diffusion property. Figure Se displays the
Nyquist plots of the G-CLS, CLS, and CLH electrode, representing the characteristic
quasi-semicircle in the high- and medium-frequency regions, as well as the linear

component in the low frequency region. At very high frequencies, the intercept at real
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part (Z') is the equivalent series resistance (R;), which is a combinational resistance of the
intrinsic resistance of the electrode, the bulk electrolyte and the resistance at the
electrolyte/electrode interface. According to the equivalent circuit, the R, for G-CLS is
0.86 Q, which is lower than that of the CLS (1.53 Q) and CLH (1.69 Q). The semicircle
in the high frequency region is ascribed to the charge transfer resistance (R.;) caused by
the Faradaic reaction and the double layer capacitance (Cy) on the electrode surface.’ A
smaller semicircle diameter suggests that the R, for G-CSL is smaller because of the
larger electroactive surface area of the material.®” The straight line with an angle at
almost 45° with the real part Z’ corresponds to the Warburg resistance (Z,,) and is the
result of the frequency dependence of ion diffusion in the electrolyte ®'. The
corresponding equivalent circuits for the measured impedance spectra are shown in the
Figure 5e inset. The impedance parameter values calculated from the complex nonlinear
least-squares (CNLS) fitting are presented in Table S2. The cycling performances of the
three electrodes were evaluated using a galvanostatic charge—discharge technique at 5 A
g_1 (Figure 5f). Compared with the CLH (49.4%) and CLS (63.5%), the G-CLS samples

exhibited enhanced charge—discharge stability (77.9%).
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Figure 6. (a) Schematic illustration of ASC cell containing G-CLS and rGO as the
positive and negative electrodes, respectively. (b) Galvanostatic charge—discharge of G-
CLS//tGO with the increase of potential window. (c) Coulombic efficiency and specific
capacitance of G-CLS//rGO in 6 M KOH electrolyte versus different cell voltages.

An asymmetric supercapacitor was fabricated using G-CLS and rGO as positive and
negative electrodes, respectively, with a piece of polypropylene paper as separator in a 6
M KOH solution to access the G-CLS electrode for practical supercapacitor application.
Prior to producing full cell devices, the mass loading of the two electrode materials was
balanced, and the optimal mass ratio between two electrodes was calculated as 5.7:1
according to their individual electrochemical performances. Figure 6a displays the
assembled structure for such ASC. The electrochemical behavior of the full cell device

was studied thoroughly. The symmetrical charge—discharge curves indicated that the

26

ACS Paragon Plus Environment



Page 27 of 51

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

device shows ideal capacitive behavior in the entire range of operation voltage from 1.1
to 1.5 V (Figure 6b). In addition, no obvious IR drop was observed, which can be
attributed to the high conductivity of the electrodes. In order to determine the optimal cell

voltage, the Coulombic efficiency () was calculated according to the following equation:

n= Z—d x 100% 9)
where ¢, and g, represent the total amounts of discharge and charge capacities of the cell,
respectively. Figure 6¢ shows the Coulombic efficiency and the average specific
capacitance versus cell voltage. The specific capacitance increases with the cell voltage,
and the Coulombic efficiency decreases significantly when cycled above 1.4 V. This
behavior may be attributed to a redox reaction, such as the evolution of H,.% Thus, the

cell voltage was fixed at 1.4 V in the subsequent research.
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Figure 7a shows the CV curves for the G-CLS//rGO ASC device at various scan rates
(ranging from 5 to 100 mV s ') within the potential range of 0—1.4 V. A rectangle-like
shape was clearly observed across all scan rates. Even at high scan rate of 100 mV s,
the shape of the CV curves was retained, which demonstrates the desirable fast charge—
discharge property for power devices. The GCD plots at different current densities (1-10
A g ") are shown in Figure 7b. The specific capacitance of the ASC was calculated based
on the total mass of the electrodes (both positive and negative electrodes). The
gravimetric specific capacitance as a function of the applied current density is plotted in
Figure 7c. The specific capacitance values are 62.2, 60.9, 59.8, 58.5, and 57.5 mAh g_1 at

current densities of 1, 3, 5, 7, and 10 A g_l, respectively, revealing an excellent rate

performance (92.4%).

A Ragone plot (Figure 7d), a behavior indicator for energy storage devices, was utilized
to evaluate the performance of ASC in this study. Encouragingly, the energy density of
the aqueous G-CLS//rGO ASC reached 35.5 Wh kg ' at a power density of 670.7 W kg ',
and even remained at 32.1 Wh kg ' at a power density of 5578.1 W kg ', proving this
rational G-GLS architecture could be an effective approach in achieving high energy
density while retaining power density. Cycling stability is another critical parameter in
determining the energy storage device for practical applications, and the long-life
stability of our ASC was evaluated and shown in Figure 7e. The figure clearly shows that
the designed G-CLS//rGO ASC device displays a remarkable cycling stability at 88.5%
of the initial capacitance after 10 000 consecutive charge—discharge measurements.

Remarkably, the Coulombic efficiency remained at ~100% during the 10 000 charge-
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discharge cycling test. The tandem devices can power a red light-emitting diode (LED,

1.9 V) after being charged at 5 A g ' for 40s (Figure S7).

The superior electrochemical behavior of our asymmetric full cells can be attributed to
the following factors: First, the energy density of an SC is proportional to the square of
the operating voltage; thus, increasing the operation voltage of ASCs is a promising
strategy to improve the energy density of a SC.* As shown above, the optimized mass
balance allowed the devices to operate at 1.4 V potential window with stable
electrochemical behavior. Second, graphene has high electrical conductivity, excellent
mechanical properties, superior electrochemical stability, and large surface area. These
advantages enable high charge propagation dynamics, fast electron transport, long
cycling life, and low internal resistance of the electrodes, which consequently enhance
electrochemical performance. Third, the vertical growth of LDH nanosheets on CSs cores
significantly increases the contact area between the LDH nanosheets and the alkaline
electrolyte, which benefits the migration of electrolyte ions to the LDH surface, thus
ensuring rapid redox reactions. Furthermore, the unique core—shell spheres can
effectively prevent graphene aggregation. Briefly, the synergistic contribution of
electrical double-layer capacitance from graphene and pseudocapacitance from LDH lead
to superior electrochemical performance. All of the above results verified that the G-
CLS//rfGO ASC can simultaneously achieve the high energy density of G-CLS as a
battery-type Faradic electrode (as energy source) and the high power density of rGO as a
capacitor-type electrode (as power source). Such G-CLS hybrid structure shows promise
for practical energy storage applications owing to its low cost, low toxicity, eco-

friendliness, safety, and convenient air package advantages.
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Conclusion

A self-assembly route to fabricate chemically converted G-CLS hierarchical architecture
has been developed for the first time for this study. We demonstrated the G-CLS
architecture based on the electrostatic attraction between CCG (negatively charged) and
CLS (positively charged), which satisfactorily encapsulates electrochemically active CLS
by graphene sheets. The approach resulted in high specific capacitance (1710.5 F g ' at 1
A g'and 1477.6 F g ' at 10 A g ') and outstanding cycling stability (77.9% retention
after 8000 cycles). An asymmetric supercapacitor based on G-CLS and rGO as the
positive and negative electrodes, respectively, in aqueous electrolyte was assembled. The
ASC can be cycled reversibly in the high-voltage region of 0—1.4 V and exhibited a high
energy density of 35.5 Wh kg ' and a high power density of 5578.1 W kg '. Good rate
capability and the robust long-term cycling stability were also achieved. We believe that
the proposed hybrid structure strategy would facilitate the production of next-generation

energy storage devices.
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FIGURE CAPTIONS

Scheme 1. Schematic diagram of the G-CLS hybrid structure.

Figure 1. (a) Schematic illustration of the proposed CLS evolution process. (b) SEM
images of CSs. (¢) SEM images of CLS. (d) XRD patterns and (¢) Raman spectrum of the
CS, CLH, and CLS.

Figure 2. TEM (a, b, ¢, and d) and SAED (inset in b) pattern images of the CLS.

Figure 3. Zeta potential profiles of GO, CCG, and CLS before and after functionalization
with CTAB.

Figure 4. (a, b) SEM images of G-CLS. (c) XRD pattern of the G-CLS and standard X-
ray diffraction pattern. (d) Raman spectra of GO, CCG, and G-CLS.

Figure 5. Electrochemical performance of the supercapacitor samples: (a) CV curves of
the CLH, CLS and G-CLS at a scan rate of 5mV S . (b) CV curves of G-CLS at
different scans. (c) Galvanostatic charge—discharge profiles of G-CLS with different
current densities. (d) Specific capacitances of CLH, CLS, and G-CLS at different current
densities. (e) Nyquist plots of CLH, CLS, and G-CLS. (f) Cycling stability performance
of CLH, CLS, and G-CLS.

Figure 6. (a) Schematic illustration of ASC cell containing G-CLS and rGO as the
positive and negative electrodes, respectively. (b) Galvanostatic charge—discharge of G-
CLS//rGO with the increase of potential window. (¢) Coulombic efficiency and specific
capacitance of G-CLS//rGO in 6 M KOH electrolyte versus different cell voltages.

Figure 7. Electrochemical performance of the G-CLS//rGO. (a) CV curves. (b)
Galvanostatic charge—discharge curves. (c) Specific capacitances at different current
densities. (d) Ragone plot. (¢) Cycling performance and Coulombic efficiency.
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43 Figure 1. (@) Schematic illustration of the proposed CLS evolution process. (b) SEM images of CSs. (c) SEM
44 images of CLS. (d) XRD patterns and (e) Raman spectrum of the CS, CLH, and CLS.
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Figure 2. TEM and SAED pattern images of the CLS.
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Figure 5. Electrochemical performance of the supercapacitor samples: (a) CV curves of the CLH, CLS and G-
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discharge profiles of G-CLS with different current densities. (d) Specific capacitances of CLH, CLS, and G-
CLS at different current densities. (e) Nyquist plots of CLH, CLS, and G-CLS. (f) Cycling stability
performance of CLH, CLS, and G-CLS.
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Figure 7. Electrochemical performance of the G-CLS//rGO. (a) CV curves. (b) Galvanostatic charge-
discharge curves. (c) Specific capacitances at different current densities. (d) Ragone plot. (e) Cycling
performance and Coulombic efficiency.
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