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Abstract

Layered double hydroxide (LDH) is an important layer-structured material for
supercapacitors because of its versatile compositions, high theoretical capacitance,
environmental friendliness, and low cost. However, the high resistivity of this material results
in capacity fading, limiting its application in energy storage. Herein, we develop a facile
approach to synthesize ultrathin petal-like NiAl layered double oxide/sulfide (LDO/LDS)
composites with high electrochemical activity using hydrothermal reaction followed by
sulfidation process. Scanning electron micrograph shows that the petal-like NiAl LDO/LDS
composites are as thin as ~10 nm with a mean lateral dimension of ~1 pm. The NiAl
LDO/LDS electrode delivers remarkably high specific capacitance of 2250.5 F g ' at 1 A g’
compared with that of NiAl LDH (1740.5 F g ' at 1 A g™") and possesses good cycling ability
of 88.9% capacitance retention over 5000 cycles at 5 A g '. Asymmetric supercapacitor (ASC)
is fabricated using NiAl LDO/LDS and graphene as positive and negative electrodes,
respectively. NiAl LDO/LDS//G ASC exhibits specific capacitance of 153.3 Fg 'at 1 Ag ',
high energy density of 47.9 Wh kg ' at a power density of 750 W kg, and reliable cycling
stability of 95.68% capacitance retention after 5000 cycles. Results highlight that NiAl
LDO/LDS composites are promising materials for energy storage devices with long cycling

stability.

KEYWORDS: layered double oxide/sulfide; nanoplate; ultrathin; asymmetric supercapacitor;

sulfidation
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2 1. Introduction
3 Supercapacitors have electric double-layer capacitors generally composed of carbonaceous
4 materials based on electrostatic adsorption/desorption. Pseudocapacitors utilizing transition
5 metal oxides/hydroxides based on Faradaic reactions are advantageous because of their high
6 power density, fast charge propagation dynamics, and long cycle life compared with
7  Dbatteries."™ Among transitional metal oxides, layered double hydroxide (LDH) consisting of
8  brucite-like host layers and charge-compensating interlayer anions has attracted significant
9 attention as promising electrode materials in electrochemistry because of their high redox
10 activity, relatively low cost, and environmental friendliness.”™® The general formula of LDHs
11 can be described as [M; s M, (OH),](A™ )yn'mH,0, where M*" indicates the divalent
12 cation (Ni2+, Co*', Cu*, zn*, Mg2+, etc.), M?*" indicates the trivalent cation (Al3+, Mn*", Cr*",
13 Fe*, etc.), and A" indicates the interlayer exchangeable anion (OH—, SO*, NO*, etc.).g’ 10

14  Based on the layered structure, electrical double-layer capacitance can be obtained by the

15  abundant slabs in the structure, while Faradaic reactions can be achieved at the surface of the

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

16 electroactive sites for charge storage.”® Therefore, LDH materials hold the great potential for
17  achieving high energy density and power density simultaneously compared with other
18  supercapacitive electrode materials.® ' '* However, the high electrical resistivity of LDH
19  adversely affects the electron transfer kinetics, resulting in poor cycling stability. This
20  characteristic impedes the potential of LDH in commercial applications.> ">

21

22 Morphology engineering is an effective approach to improve the electrochemical

23 performance of electrode materials. For example, ultrathin mesoporous nanostructures, such

24 as Nio,'® C03O4,18 and NiCo0,0,', have been reported to demonstrate high specific
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capacitance, high-rate capability, and excellent cycling performance in energy storage
applications, because huge electroactive sites on the exposed surface are available for

electrochemical reaction with electrolyte ions.”” Meanwhile, sulfidation to convert low

electrical conductive metal oxide to high electrical conductive metal sulfide has been reported.

Electrochemical performance of electrode materials is enhanced because of the higher
electrical conductivity of sulfide-based oxides.”"" 22 Pu et al. reported NiCo,Ss nanotubes
arrays on Ni foam exhibiting high specific capacitance of 738 Fg 'at 4 A g ' with excellent
rate capability of 78% capacitance retention at 32 A g ' and good cycling stability showing
retention capacity of 93.4 % after 4000 cycles.” Hou et al. reported Ni;S¢/Co304 nanoboxes
with intriguing pseudocapacitance that delivered a remarkable specific capacitance of 677 F
g ' at 4 A g”'* However, electrochemical properties of sulfide-based NiAI-LDH are rarely
reported. Herein, we report a facile approach to synthesize NiAl layered double oxide/sulfide
composites (LDO/LDS) with high electrochemical activity using hydrothermal reaction
followed by sulfidation process. For comparison, electrochemical performance of NiAl LDH
synthesized without sulfidation was also compared. The NiAl LDO/LDS electrode delivers
remarkably high specific capacitance of 2250.5 F g_1 at1 A g_1 compared with that of NiAl
LDH (1740.5 F g ' at 1 A g") and possesses good cycling ability of 88.9% capacitance
retention over 5000 cycles at 5 A g_l. An asymmetric supercapacitor (ASC) was fabricated
using NiAl LDO/LDS and graphene as positive and negative electrodes, respectively. NiAl
LDO/LDS//G ASC exhibits specific capacitance of 153.3 F g ' at 1 A g ', high energy density
of 47.9 Wh kg ' at a power density of 750 W kg ', and reliable cycling stability of 95.68%
capacitance retention after 5000 cycles. Hence, the petal-like NiAl LDO/LDS composites
may serve as a promising electrode material for many potential applications such as

photocatalysts, electrocatalysts, batteries because of its excellent physical and chemical
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1 properties.” %

3 2. Experimental details

4 2.1 Synthesis of petal-like NiAl LDH nanosheets

5 Nickel nitrate hexahydrate (Ni(NOs),'6H,O), aluminum nitrate = nonahydrate

6  (AI(NO3)3-9H,0), sodium thiosulfate (Na;S,03), and urea ((NH;),CO) were purchased from

7  Sigma Aldrich (USA). Acetone and anhydrous ethanol were purchased from SK Chemical

8  (South Korea). All chemicals were of analytical grade and used without further purification.

9 The petal-like NiAl LDH nanosheets were synthesized using a simple hydrothermal
10  method.** Ni(NO3),:6H,0 (0.003 mol) and AI(NO;);:9H,O (0.001 mol) were dissolved in
11 30 mL of deionized (DI) water with vigorous stirring for 15 min. Subsequently, urea (0.015
12 mol) was added into the mixture and stirred for another 15 min. Then, the solution was
13 transferred to a 50 mL Teflon-lined autoclave and kept at 120 °C for 12 h. After cooling
14  down to room temperature, the as-synthesized product was taken and rinsed using DI water
15  and ethanol, followed by drying at 80 °C for 12 h.

16

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

17  2.2. Preparation of petal-like NiAl LDO/LDS composites

18  NiAl LDO/LDS was prepared by mixing as-prepared NiAl LDH powder with Na,S,0; at a
19  mole ratio of 1:2, and the mixture was manually ground for 30 min in an agate mortar.
20  Subsequently, the mixed powder was transferred in a quartz tube and heated in high-purity
21 argon gas atmosphere at 400, 500, 600, and 700 °C for 12 h. After cooling down to room
22 temperature, the black color NiAl LDO/LDS composites were washed several times with
23 ethanol to prevent the hydrolysis of Al,S; to AI(OH); and H,S and drying at 80 °C for 12 h.

24
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2.3. Preparation of graphene

Graphite oxide was prepared using natural graphite (Asbury Carbons) through the modified
Hummers method as reported elsewhere.””*® Similar to a typical experiment, graphite flakes
(3.0 g) were stirred in concentrated sulfuric acid (70 mL) at room temperature, 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,
and slurry was formed. Afterward, 140 mL of DI water was added to the slurry, 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. The solution
color changed from brown into yellow. The mixture was filtered and washed with 1:10 HCI
aqueous solution (250 mL) to provide the graphene oxide solution. Graphene was obtained by
a hydrothermal reaction of the graphene oxide solution (2 mg mL™", 40 mL) in a 50 mL
Teflon-lined autoclave and kept at 180 °C for 10 h. The product was cleaned with ethanol and

water and freeze-dried overnight.

2.4. Material characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advanced X-Ray
Diffractometer with Ni-filtered Cu Ka radiation (A = 1.5406 A) at voltage of 40 kV and
current of 200 mA. The composition and valence states of the prepared samples were
analyzed by X-ray photoelectron spectroscopy (XPS, VG Scientifics ESCALAB250), and the
instrument was calibrated to the carbon peak C 1s at 284.6 eV. Field-emission scanning
electron microscopy (FESEM) images were acquired using Hitachi S—4800. Transmission

electron microscopy (TEM) images were obtained using Talos F200 X. Scanning
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1  transmission electron microscopy with energy dispersive X-ray spectroscopy (EDS) (Talos

2 F200 X) mapping was performed to identify the distributions of Ni, Al, O, and S.

4 2.5. Electrochemical measurements
5  Electrochemical measurements were conducted in a three-electrode electrochemical system
6 containing 6 M KOH as electrolyte at room temperature. The active material on nickel foam
7 (1 cmx1 cm) was selected as the working electrode. Platinum foil and a saturated calomel
8 electrode (SCE) were used as the counter and reference electrodes, respectively. Cyclic
9  voltammetry (CV) and galvanostatic charge/discharge (GCD) were performed on an Ivium-n-
10  Stat electrochemical workstation (Ivium, Netherlands). Electrochemical impedance spectrum
11 (EIS) measurements were conducted in the frequency range of 100 kHz to 0.1 Hz in the open
12 circuit potential with alternating current perturbation of 5 mV.
13
14  Fabrication of the NiAl LDO/LDS//G ASC
15  The ASCs were packaged in a CR 2302 coin cell. In this cell, NiAl LDO/LDS electrode,

16  graphene electrode, cellulose fabric, and 6 M KOH solution were used as the positive

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

17  electrode, negative electrode, separator, and electrolyte, respectively. The positive and
18  negative electrodes were prepared as follows. The prepared active materials, acetylene black,
19  and polytetrafluoroethylene in mass proportion of 75:20:5 were mixed by adding a small
20  amount of ethanol to produce a homogeneous mash. The mass loadings of the NiAl LDO/LD
21 S and graphene samples were determined to be 1.5 and 7.5 mg, respectively. Then, the
22 resulting slurry was coated onto a nickel foam current collector. Finally, the fabricated
23 electrode was pressed and dried at 80 °C overnight and was then cut into a round film. The

24 mass loading ratio of NiAl LDO/LDS to graphene was balanced to be approximately 0.20 to
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obtain optimized electrochemical performance. Specific capacitance (Cgevice), €nergy density

(E), and power density (P) were calculated from the GCD curves according to the following

. 29
equations “:

IXAt

Cdevice: m (1)
1
E= 3 CdeviceAV2 ()
E
P= ™ 3)

where [ is the discharge current (4), At is the discharge time (s), M is the electrode

mass (g), and AV is the operating potential window of the device (V).

3. Results and discussion

3.1. Material characterization

Fig. 1a shows the XRD pattern of the NiAl LDH. Well-defined main diffraction peaks are
displayed at 11.7°, 23.5°, 35.1°, 39.7°, 47.3°, 61.2°, 62.5°, and 66.5° which can be indexed as
the (003), (006), (012), (015), (018), (110), (113), and (116) crystal planes of NiAl LDH
(JCPDS 15-0087).>"*! Fig. 1b shows the XRD spectra of the as-obtained NiAl LDO/LDS
composites contained at sulfidation temperature of 500 °C, which are indexed to the
diffraction planes of Ni3S, (JCPDS 44-1418), NiO (JCPDS 01-1239), and Al,S; (JCPDS 47-
1313).>*3 This result confirms the successful conversion of NiAl LDH to NiAl LDO/LDS.
Scheme 1 displayed the sulfidation of NiAl LDH occurs during the thermal annealing process
with sulfide source. Meanwhile, the XRD patterns and the corresponding SEM images of the
NiAl LDO/LDS composites obtained at various sulfidation temperature (400, 600, and
700 °C) were shown in Fig. S1. When the sulfidation temperature increases, the crystallinity
of the NiAl LDO/LDS composites increases, signifying by the increasing intensity of the

(110) peaks of the Ni3S; phase (Fig. Sla). At sulfidation temperature of 700 °C, the NiO
8
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1  peaks disappear, and the pure NiAl LDS is formed. However, the morphology of the NiAl
2 LDO/LDS composites degrades at 600 °C (Fig. Slc) and aggregates to form a particle-like
3 morphology when the sulfidation temperature reaches 700 °C (Fig. S1d). Hence, the NiAl
4  LDO/LDS composites obtained at sulfidation temperature of 500 °C exhibits intact petal-like
5 morphology and desirable LDS characteristics, which is selected as the optimized NiAl

6 LDO/LDS composites in this study. The hierarchical petal-like NiAl LDO/LDS LDO/LDS

7  composites are formed according to the following reactions.* *°

8  Decomposition process

9 Ni(OH), — NiO + H,0 4)
10 2Al(OH); - Al,03 + 3H,0 (5)
11 4Na,S,05; — 3Na,S0, + Na,Ss (6)
12 Synthetic process
13 3NiO + 3/, Na,Ss - NizS; + 3/, Na,S0, + 1/, 5, (7)
14 Al 05 + Na,Ss - Al,S; + 1/, Na,$ + 3/, Na,S0, + 1/, 55, (8)

15

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

16  XPS was used to evaluate the surface chemical states of NiAl LDO/LDS composites. Fig. 2a
17  clearly reveals that the composites are composed of Ni, Al, S, and O elements. Furthermore,
18  the element composition (at.%) of the NiAl LDO/LDS composites is depicted in Table S1.
19  The results clearly show that the existence of the S (5.06 at.%) in the NiAl LDO/LDS
20  composites. The high-resolution X-ray photoelectron spectrum of Ni 2p is shown in Fig. 2b.
21 Two spin-orbit doublets (shown at 856.1 eV and 873.9 eV) with their shakeup satellites
22 (indicated by “Sat”) correspond to Ni 2p;,, and Ni 2py,, and this result confirms the presence
23 of Ni*".*> The Al 2p X-ray photoelectron spectrum (Fig. 2c) is observed at 74.2 eV,
13+ 36

24 suggesting the existence of A The O 1s peaks (Fig. S2) with the binding energies of

9


http://dx.doi.org/10.1039/C7TA06119F

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Journal of Materials Chemistry A

Page 10 of 33

View Article Online
DOI: 10.1039/C7TA06119F

529.8 eV and 531.2 eV corresponds to the metal oxygen bonds and oxygen ions, respectively.
After sulfidation process, NiAl LDO/LDS composites exhibits S 2p3, and S 2pys,, which are
shown as a strong peak at 162.3 eV and a smaller peak at 163.5 eV, respectively.”’ * The

results clearly indicate the existence of metal-sulfur bonds in the NiAl LDO/LDS composites.

Scanning electron micrographs were used to investigate the surface morphology of NiAl
LDH and NiAl LDO/LDS composites (Fig. 3). After the hydrothermal process, 3D
hierarchical architecture composed of interconnected petal-like NiAl LDH nanosheets are
formed (Fig. 3a and b). Ultrathin NiAl LDH nanosheets with a mean thickness of 10 nm and
width of ~1 pm are achieved. Such unique feature of LDH nanosheets can effectively
promote ion diffusion and charge transport. After sulfidation, the color of the LDH changes
from light green to black. Interestingly, NiAl LDO/LDS composites maintain the same
morphology but become more porous and dense (Figs. 3¢ and d). This phenomenon
illustrates that sulfidation not only retains the structural advantages of NiAl LDH but also
results in higher degree of hierarchical structure, which is beneficial to electrochemical

performance.

The microstructure of the NiAl LDO/LDS composites was further investigated by TEM. As
shown in Figs. 4a and b, the transmission electron micrographs indicate a specifically cross-
linked structure of NiAl LDO/LDS composites consisting of many ultrathin nanosheets. In
addition, TEM and AFM measurements were used as the effective means to evaluate the
thickness of the NiAl LDO/LDS composites. As shown in Fig. S3a, TEM image reveals that
the thicknesses of the petal-like NiAl LDO/LDS composites are approximately 8 to 10 nm. A

single piece of the NiAl LDO/LDS composites was prepared by dispersing the sample

10
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1 powder in ethanol with sonication for 2 h prior to AFM test. The results show that the
2 thickness of the NiAl LDO/LDS sheet is approximately 7.09 nm (Fig. S3bc). The selected-
3 area electron diffraction (SAED) pattern (inset in Fig. 4b) exhibits well-defined diffraction
4 rings which are attributed to the (110) planes of Ni3S; phases. This finding is consistent with
5 the XRD data. Hence, these results indicate the polycrystalline nature of the NiAl LDO/LDS
6  composites. Clear lattice fringes (Fig. 4c) show an equal interplanar distance of 0.28 nm and
7  0.23 nm corresponding to the (110) plane of Ni3S; and (111) plane of NiO. To further
8 confirm the spatial distribution of chemical components, EDS mapping (Fig. 4d) shows a
9  homogeneous distribution of Ni, Al, S, and O in the NiAl LDO/LDS composites.

10

11  The electrochemical properties of the NiAl LDH and NiAl LDO/LDS electrodes were

12 evaluated using a three-clectrode test. According to the NiAl LDH synthesis reaction:”’

13 6Ni*" + 2AP" + 160H + CO5> + 4H,0 — NigAly(OH);4CO5+4H,0 ©9)

14 Al is used to supporting the structure and does not participate in the Faradaic reactions.***!

15  The theoretical specific capacitance of NiAl LDH is contributed from Ni(OH),, which has a

16  theoretical specific capacitance of 2082 F g"'.** Fig. 5a presents the CV curves of the NiAl

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

17 LDH and NiAl LDO/LDS electrodes at a scan rate of 5 mVs " in the voltage range of 0 V to
18 0.6 V (vs. SCE). Two pairs of distinct redox peaks were detected in CV curves, indicating the
19  typical pseudocapacitive nature of the electrodes. The reversible redox reactions of nickel are
20 suggested as follows: ***

21 Faradaic redox reaction in NiAl LDH electrode

22 Ni(OH), + OH™ & NiOOH + H,0 + e~ (10)

23 Faradaic redox reaction in NiAl LDO/LDS electrode

24 NisS, + 30H™ & NisS,(0H); + 3e~ (11)

11
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Fig. 5a shows that the NiAl LDO/LDS electrode exhibits a larger integral area and higher
current density compared with the NiAl LDH electrode. These characteristics suggest the
improved specific capacitance caused by the improved conductivity and fast ion transport.
Figs. 5b and c exhibit the CV measurement of NiAl LDH and NiAl LDO/LDS electrodes at
various scan rates (5, 10, 20, 30, 40, 50, and 100 mV sfl), respectively. The results indicate
that the redox peaks present small shift and without obvious shape change with increasing
scan rates. These characteristics signify the high reversibility of the electrode materials.***
The cathodic peak current was correlated against the square root of the scan rate (Fig. 5d).
The NiAl LDO/LDS electrode evidently shows higher linear relationship than the NiAl LDH
electrode with increasing v', and this phenomenon is attributed to the rapid electrolyte
diffusion in the electrode.”® The diffusion coefficients of NiAl LDO/LDS and NiAl LDH
electrodes were further elucidated by investigating the ion diffusion kinetics property of the
electrodes using the following Randles-Sevcik equation: ** 2
i, =(2.69x10°) n’?4D,"* Co*v'? (12)
where i, is the peak current of the electrode, n is the electron transfer number, 4 is the
clectrode area, D, is the diffusion coefficient, C,* is the reactant concentration, and v is the
scan rate.
Diporps/Dron = [(iyv'")po/Los/(ip/V" H)on]* (13)

The results show that the diffusion coefficient of NiAl LDO/LDS electrode is 2.2 times
higher compared with that of the NiAl LDH electrode. Thus, the ultrathin petal-like NiAl

LDO/LDS composites are more favorable to ion diffusion, and this characteristic further

improves the electrochemical performance of the electrode.

12
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1  Fig. 6a shows the GCD measurements of the NiAl LDH and NiAl LDO/LDS electrodes with
2 the potential window from 0 V to 0.4 V at a current density of 1 A g_l. The different current
3 densities of the electrodes are shown in Figs. 6b and c. In this case, the nonlinear discharge
4  curves reveal the pseudocapacitance behavior attributed to the electrochemical quasi-
5 reversible redox reactions at the electrolyte—clectrode interface.” The NiAl LDO/LDS
6 electrode displays longer discharge time, indicating higher specific capacitance. The specific
7  capacitances of NiAl LDH and NiAl LDO/LDS electrodes at different current densities are
8 demonstrated in Fig. 6d. The specific capacitance values of the NiAl LDH electrode at
9  current densities of 1, 3, 5, 8, and 10 A g_1 are found to be 1740.5, 1567.5, 1497.5, 1432.3,
10 and 14004 F g', respectively. Similarly, the specific capacitance values of the NiAl
11 LDO/LDS electrode are 2250.5, 1567.5, 2170.5, 2047.6, 1936.7, and 1880.8 F g_l,
12 respectively. NiAl LDO/LDS electrode exhibits a higher specific capacitance compared with
13 NiAl LDH at the tested current density. In addition, the NiAl LDO/LDS electrode exhibits
14  higher specific capacitance compared previously reported electrode materials in literature
15 (Table S3). This phenomenon is ascribed to the increased effective active sites after

16  sulfidation.**

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

17

18  Fig. 7a shows the cycling performance of NiAl LDH and NiAl LDO/LDS electrodes at
19  different current densities. At the beginning of the first 100 cycles, the NiAl
20 LDO/LDS electrode displays a prominent specific capacitance of 2250.5 F g ' at 1 A
21 g ', which is higher than that of the NiAl LDH electrode (1740.5F g ' at 1 A g '). The
22 specific capacitance gradually decreases with increasing current densities. This
23 phenomenon is ascribed to the polarization effect of the electrode during fast

24 charging/discharging.*”> ** At low current density, abundant electrolyte ions are

13
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supplied to the electrode material active sites, leading to higher specific capacitance.
However, at high current density, the effective interaction between the electrode
materials and electrolyte ions is remarkably reduced.” The capacitance retention of
NiAl LDO/LDS electrode is 97% (2180.5 F g '), which is higher than that of NiAl
LDH electrode (96%, 1672 F gfl). The electrochemical life of the NiAl LDO/LDS
electrode was further investigated by performing GCD cycling measurement at the
current density of 5 A g ' for 5000 cycles. The result indicates an excellent retention at
88.9% (specific capacitance of 1820.25 F g ') after 5000 cycles, which is better than
the NiAl LDH electrode at 83.8% (specific capacitance of 1458.54 F g ). Meanwhile,
the value sharply decreases at the first 300 cycles, and this reduction might be
attributed to the materials of the NiAl LDO/LDS electrode which tend to stabilize after
activation. This superior cycling performance might be due to several factors. First,
the special cross-linked and porous structure shortens the diffusion path which
ascertains the rapidly ion diffusion kinetics. Second, sulfidation transforms the metal
oxide to metal sulfide species Ni3S,, which supplies additional electrochemical active
sites for Faradic redox reaction.’® Finally, the sulfidation increases the internal
conductivity of electrode materials which enhances the electrochemical stability.”'
Moreover, the NiAl LDO/LDS electrode remains the Coulombic efficiency of 94.1%
at a current density of 5 A g ' during 5000 charge-discharge cycles, which is higher

than that of the NiAl LDH electrode (88.2%) (Fig. S4).

EIS analysis was further performed to measure the internal resistances and charge transfer
kinetics of the electrode for SCs.** Fig. 7c shows the EIS curves and fitted results of the NiAl

LDH and NiAl LDO/LDS electrodes based on the equivalent circuit depicted in the inset of

14
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1 Fig. 7c. The equivalent circuit was used to measure the impedance properties of the
2 electrodes. These properties include the internal resistance (R;), Faradic charge transfer
3 resistance (Ry), Warburg diffusion element (Z,), double layer capacitance (Cgq), and
4 pseudocapacitance (Cr).***** Originally, the Nyquist plots displays a semicircle in the high-
5 frequency region which can be attributed to charge transfer process between the electrode
6  materials and electrolyte. Subsequently, a sloped line is observed in the low-frequency region,
7  and this result suggests the electrolyte ion diffusion in the electrode materials.” According to
8 the result, the intercept on the real impedance z' axis at the high-frequency region represents
9 the internal resistance (Rs), which includes the intrinsic resistance of the electrode materials,
10  resistance of KOH electrolyte, and the contact resistance at the active electrode material and
11 nickel foam interface.’” The NiAl LDO/LDS electrode shows a smaller semicircle and a
12 steeper slope compared with the NiAl LDH electrode. The impedance result of the two
13 electrodes was obtained from the complex nonlinear least square fitting as shown in Table S2.
14 The results show that the NiAl LDO/LDS electrode exhibits lower internal resistance (0.499
15 Q) and charge transfer resistance (0.308 Q) than the NiAl LDH electrode (0.665 Q and 12.53

16 Q)

Published on 21 August 2017. Downloaded by University of East Anglia Library on 31/08/2017 09:18:35.

17

18  Fig. 8a presents the CV curves of graphene and NiAl LDO/LDS composites electrodes at the
19  scan rate of 5 mV s . The graphene electrode displays a typical rectangular curve at the
20  voltage range from —1 V to 0 V, whereas NiAl LDO/LDS composites electrode exhibits a
21 pseudocapacitive characteristic at the voltage range from 0 V to 0.6 V. These characteristics
22 result in a wide potential window of 1.6 V. CV curves of NiAl LDO/LDS//G ASC display
23 similar non-rectangular capacitive behavior at various scan rates of 5, 10, 20, 30, 50 and 100

24  mV s ' between 0 V and 1.6 V (Fig. 8b), suggesting good electrochemical reversibility and

15
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high rate capability of the ASC. The CV curves in Fig. 8b show a non-rectangular capacitive
behavior. This is because the potential window of the NiAl LDO/LDS//G ASC is composed
of electric double layer capacitance and Faradaic redox behaviors, which agrees well with
similar reports.® > The GCD curves of NiAl LDO/LDS//G ASC (Fig. 8c.) depict small
voltage loss (IR drop) in the device, revealing a low internal resistance of the ASC device.
Fig. 8d shows the specific capacitance of the NiAl LDO/LDS//G ASC delivering high
specific capacitances of 153.3, 82.8, 70.67, 61.87, and 60 F g ' at 1,3, 5, 8, and 10 A g/,

respectively. The NiAl LDO/LDS//G ASC retains 95.68% of its initial specific capacitance at

5 A g after 5000 charge-discharge cycles (Fig. 8¢), indicating good electrochemical stability.

In addition, the Coulombic efficiency of the device remains at 86.7%, indicating an excellent
reversibility.”” > Fig. 8f displays the Ragone plot of NiAl LDO/LDS//G ASC with high
energy density of 47.9 Wh kg ' at a power density of 750 W kg . This impressive energy
density is obviously larger than those of other reported ASC devices, such as NiAl
LDH/GNS//GNS (31.5 Wh kg ' at 400 W kg '),” NiO/CNTs (27.8 Wh kg ' at 700 W
kg ™M), NiO/C (19 Wh kg ' at 32 W kg ),®' Ni(OH), (36.2 Wh kg ' at 100.6 W kg ),
Ni(OH),@3D Ni/AC (21.8 Whkg " at 660 W kg "),** and NiCo LDH//AC (23.7 Whkg ' at

248 W kg™).%

Conclusions

In conclusion, petal-like porous NiAl LDO/LDS composites material has been fabricated
through a facile hydrothermal method followed by sulfidation process. The as-fabricated
NiAl LDO/LDS electrode exhibits excellent supercapacitor performance with specific
capacitance of 2250.5 F g ' at 1 A g™ and remarkable cycling stability compared with NiAl

LDH electrode (1740.5 F g ' at 1 A g"). The ultrathin nanoplate morphology and sulfide

16
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content account for the impressive electrochemical performance. Finally, the NiAl
LDO/LDS//G ASC device delivers high energy density of 47.9 Wh kg ' at a power density of
750 W kg_1 with exceptional cycling stability of 95.68% cell capacitance retention after 5000
cycles. This work highlights a simple sulfidation approach to synthesize sulfidized LDH

material with high cycling stability for high-performance supercapacitors.
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10  Scheme 1 Illustration of the formation of petal-like NiAl LDH and NiAl LDO/LDS
11  composites.

12 Fig. 1 X-ray diffraction patterns of (a) NiAl LDH and (b) NiAl LDO/LDS composites.

13 Fig. 2 X-ray photoelectron spectra of NiAl LDO/LDS composites: (a) full spectrum, (b) Ni
14 2p,(c) Al 2p, and (d) S 2p.

15  Fig. 3 Field-emission scanning electron micrographs of the (a, b) NiAl LDH and (c, d) NiAl

16  LDO/LDS composites.
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17  Fig. 4 (a, b) Transmission electron micrographs (inset in b) the corresponding SAED pattern,
18  and (c) high-resolution transmission electron micrograph and (d) Energy dispersive X-ray
19  spectral mapping of the NiAl LDO/LDS composites.

20  Fig. 5 Cyclic voltammograms of (a) NiAl LDO/LDS and NiAl LDH electrodes at the scan
21 rate of 5 mV s ' and (b) NiAl LDH electrode and (c) NiAl LDO/LDS electrode at different
22 scan rates. (d) Linear relationship between the cathodic peak current and square root of the
23 scanrate.

24 Fig. 6 Galvanic change-discharge curves of (a) NiAl LDO/LDS and NiAl LDH at a current
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density of 1 A g_l, and (b) NiAl LDH electrode and (¢) NiAl LDO/LDS electrode at different
current densities. (d) Specific capacitances of NiAl LDH and NiAl LDO/LDS electrodes at
different current densities.

Fig. 7 Cycling performances of (a) NiAl LDO/LDS and NiAl LDH electrodes at different
current densities and (b) the petal-like NiAl LDO/LDS composites at a current density of 5 A
g ' (c) Nyquist plots of the NiAl LDO/LDS and NiAl LDH electrodes.

Fig. 8 Cyclic voltammograms of (a) graphene and NiAl LDO/LDS at a scan rate of 5 mV s '
and (b) NiAl LDO/LDS//G ASC device at different scan rate. (c) GCD curves of NiAl
LDO/LDS//G ASC device at different current densities, (d) Specific capacitances of NiAl
LDO/LDS//G ASC device at different current densities. (e) Cycling performance and

Coulombic efficiency of LDO/LDS//G ASC device at 5 A g'. (f) Ragone plot of NiAl

LDO/LDS//G ASC device.
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Scheme 1 Illustration of the formation of petal-like NiAl LDH and NiAl LDO/LDS

composites.
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Fig. 1 X-ray diffraction patterns of (a) NiAl LDH and (b) NiAl LDO/LDS composites.
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Fig. 2 X-ray photoelectron spectra of NiAl LDO/LDS composites: (a) full spectrum, (b) Ni

2p, (c) Al 2p, and (d) S 2p.
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Fig. 3 Field-emission scanning electron micrographs of the (a, b) NiAl LDH and (c, d) NiAl

LDO/LDS composites.
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Fig. 4 (a, b) Transmission electron micrographs (inset in b) the corresponding SAED pattern,
and (c) high-resolution transmission electron micrograph and (d) Energy dispersive X-ray

spectral mapping of the NiAl LDO/LDS composites.
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Fig. 5 Cyclic voltammograms of (a) NiAl LDO/LDS and NiAl LDH electrodes at the scan
rate of 5 mV-s ' and (b) NiAl LDH electrode and (c) NiAl LDO/LDS electrode at different
scan rates. (d) Linear relationship between the cathodic peak current and square root of the

scan rate
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Fig. 6 Galvanic change-discharge curves of (a) NiAl LDO/LDS and NiAl LDH at a current
density of 1 A gfl, and (b) NiAl LDH electrode and (¢) NiAl LDO/LDS electrode at different
current densities. (d) Specific capacitances of NiAl LDH and NiAl LDO/LDS electrodes at

different current densities.
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Fig. 7 Cycling performances of (a) NiAl LDO/LDS and NiAl LDH electrodes at different
current densities and (b) the petal-like NiAl LDH and NiAl LDO/LDS composites at a

current density of 5 A g . (c) Nyquist plots of the NiAl LDO/LDS and NiAl LDH electrodes.
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Fig. 8 Cyclic voltammograms of (a) graphene and NiAl LDO/LDS at a scan rate of 5 mV s '
and (b) NiAl LDO/LDS//G ASC device at different scan rate. (c) GCD curves of NiAl
LDO/LDS//G ASC device at different current densities, (d) Specific capacitances of NiAl
LDO/LDS//G ASC device at different current densities. (¢) Cycling performance and
Coulombic efficiency of NiAl LDO/LDS//G ASC device at 5 A g . (f) Ragone plot of NiAl

LDO/LDS//G ASC device
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