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Abstract

Layered double hydroxide (LDH) is a promising elede material for supercapacitor
owing to its versatility in compositions, high thetical capacitance, environmental
benignity, and low cost. However, capacity fadifg.BH hinders its application in
energy storage. Herein, we develop a facile appro@c synthesize NiAl-LDH
nanoplates possessing high electrochemical actiaitg desirable morphology to
improve ion diffusion kinetics and reduce chargensfer resistance, leading to
enhanced specific capacitance compared to prigtidd-LDH. Scanning electron
microscopy shows that the LDH nanoplates are asati~30 nm with a mean lateral
dimension of ~150 nm. The NiAl-LDH nanoplates elede delivers remarkably high
specific capacitance of 1713.2 F gt 1 A g* and good cycling ability of 88%
capacitance retention over 5000 cycles comparezhlp 757.1 F ¢ at 1 A g*and
76.4% of the pristine NiAI-LDH. An asymmetric supapacitor (ASC) is assembled
using NiAI-LDH nanoplates and graphene as positared negative electrodes,
respectively. The ASC operating at 1.4 V delivetsgh specific capacitance of 125 F
g' at 1 A g*witha high energy density of 34.1 Whkat a power density of 700 W

kg* and outstanding cyclic stability (91.8% capacitanetention after 5000 cycles).

KEYWORDS: layered double hydroxide; nanoplates; ultrathinfappene;

asymmetric supercapacitor

I ntroduction
Supercapacitors, that includes electric doubleflagpacitors (EDLCs, generally composed

of carbonaceous materials) based on electrostatitsorgtion/desorption, and
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pseudocapacitors (such as in transition metal ghigeroxides) based on Faradaic reactions,
are advantageous for their high power density, ¢asrge propagation dynamics, and long
cycle life compared with batteries [1-5]. In theealochemical field, layered double
hydroxide (LDH), layered materials, which is com@dsof brucite-like host layers and
charge-compensating interlayer anions, has atttactgeat deal of attention because of their
high redox activity, relatively low cost, and eronmentally friendly features [6-8]. The
general formula of LDHs can be described as.ffM,>* (OH)](A™)yn mHO, where M*
indicates divalent cation (K C*, CU/*, Zr**, Mg, etc.), M" indicates trivalent cation
(AI®*, Mn**, CP*, F€", etc.), and A indicates interlayer exchangeable anion (080",
NO?*, etc.) [9, 10]. As a result, electrical doubledayapacitance can be obtained by the
abundant slabs among the structure, while Faradaitions can be achieved at the surface
of electroactive sites for charge storage [8, 2, Theoretically, the specific capacitance is
ascribed to the Faradaic redox reaction of Ni(lijl based on eqt 1:[13]

Ni(OH), + OH™ < NiOOH + H,0 + e~ (1)
Al does not participate in the Faradaic reactidthence, the theoretical specific capacitance
of NiIAI-LDH is contributed from Ni(OH)which has a theoretical specific capacitance of
2082 F ¢ [14]. Therefore, LDH materials hold the great pisenin achieving high energy
density and power density simultaneously comparedother supercapacitive electrode
materials such as NiO [15, 16], & [17], NiCo,0O,4 [18] and LaNiQ/NiO [19]. However,
the low conductivity of LDH that adversely affedtse electron transfer kinetics resulting in

poor cycling stability and impeding its potentialdommercial applications [6, 20-22].

NiAlI-LDH as a distinguish electrode material hasteapplied in electrochemical

fields. In this material, Ni(OHB)was employed to provide the capacitance (with the
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theoretical specific capacitance of 2082 H f14] and Al(OH}was used to support
the layered structural. To improve the electrocloaperformance of the active
materials, nanostructured NiIAI-LDH [23, 24] and itybridization with carbon
nanotube [5, 25, 26], and graphene [6, 27, 28] lHmen extensively investigated and
employed in supercapacitors. Among the reportedostamctures, nanoplates have
been regarded as a promising morphology in thd fitlenergy storage owing to the
short ion diffusion path and abundant electroacsites on the exposed surface, which
is beneficial to achieve high specific capacitarsegerior cycling stability, and high-
rate capability in supercapacitor devices [11, dlerefore, it is attractive to develop

a synthesis route to achieve these essential asgieuiltaneously.

Here, we report a facile approach to synthesizel{N[2H with desirable nanoplates
morphology by facile hydrothermal method (H-NiAlI-H). For comparison,
electrochemical performance of pristine NiAl-LDHnslyesized by co-precipitation
method (P-NiAl-LDH) was studied. The H-NiAI-LDH naplates electrode exhibits a
high specific capacitance of 1713.2 Eat 1 A g* and good cycling stability of 88%
capacitance retention over 5000 cycles comparezhly 757.1 F ¢ at 1 A g*and
76.4% of the pristine NiAI-LDH. An asymmetric supapacitor made of H-NiAl-
LDH//G operated at 1.4 V delivers a high energysitgrof 34.1 W h kg at a power
density of 700 W kg and excellent cycling stability of 91.8% initiaapacitance

retention over 5000 cycles.

Experimental

2.1. Raw material
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Aluminum nitrate nonahydrate (AI(NJ-9H,O), nickel nitrate hexahydrate
(Ni(NO3),- 6H,0) and graphite powder were purchased from Signaaigkd (USA).
Sodium hydroxide (NaOH), sodium carbonate fBf&;) and urea ((NB.CO) were
purchased from Junsei (Japan). Acetone and anhydsitanol were supplied by SK
Chemical (Korea). In the experiment process, desmhiwater was used in washing

and synthesis process.

2.2. NiAl LDH by co-precipitation method

Solution A (0.2 M Ni(NQ)2-6H0 and 0.1 M AI(NQ)3- 9H,0) and solution B (0.75 M
NaOH and 0.2 M N#£O;) were dissolved in 80 mL deionized water sepayatel
Subsequently, solution A and B were mixed slowlg tmansferred into a three-necked
round flask with vigorous stirring at 45 °C for 2TFhen the mixed solution was placed
in a water bath at 60 °C for 12 h. After crystaltibn process, the products were
filtered, washed several times with deionized wated alcohol. Finally, the NiAl-

LDH green solid product was dried at 60 °C for 12 A vacuum oven.

2.3. NiAl LDH by hydrothermal method

Ni(NO3).-6H,O and AI(NQ)s-9H,O were dissolved in 35 mL deionized water with
vigorous stirring for 15 min to give solution A. IBmol urea was added slowly in
solution A and stirring for 15 min to obtain sobriB. Solution B was transferred to a
50 mL Teflon-lined autoclave, which was sealed plaged in oven at 180 °C for 12 h.
After cooling and centrifugation, followed by wasbiseveral times with ethanol and
water, the NiAI-LDH green solid product was dried6® °C for 12 h in a vacuum

oven.
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2.4. Materials characterization

The powder X-ray diffraction (XRD) was recorded hwa Bruker D8 Advance X-ray
using Cu kx radiation £ = 0.15406 nm) at 40 kV accelerating voltage arg8DanA
current. The samples were scannedéatftdm 5° to 70° at scanning speed 5° thin
with a 0.02° step. Scanning electron microscope{S&as performed using Hitachi
S-4800 with an applied voltage of 5 kV. High-regmn transmission electron
microscopy (HRTEM) and selected area electron alifion (SAED) pattern were
measured using JEOL 2100F. The Fourier transfofrared spectroscopy (FTIR) was
measured using Bruker Tensor 27 with the KBr seffported pressing technique.
Finely powdered samples (1%) were pressed at Srohto form the flat slices. The
samples were scanned with a 2 tresolution between 400 and 4000 tat the
scanning time 32 s. The Brunauer-Emmett-Teller (BEdrface area and pore size
distributions were characterized using a Micronesit3Flex analyzer at liquid
nitrogen temperature of 77 K °C. Before the experits, the samples were degassed

in a vacuum oven at 60 °C for 12 h.

2.5. Electrochemical measurements

The electrochemical tests were conducted on an WHhstat electrochemical station
based on our previous setting . The working elelesowere prepared by mixing the
active material (5 mg), acetylene black, and paigteiorene-ethylene (PTFE) binder
at a weight ratio of 80:15:5 and dispersing the tarx in ethanol to produce a
homogeneous paste. The mixture was carefully plam#d nickel foam (1 cmx1

cmx0.2 cm), and then dried in a vacuum oven at @Obé&fore pressing under a
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pressure of 20 MPa. The three-electrode tests wareed out with saturated calomel
electrode (SCE, Hg/HEI,) as the reference electrode and platinum foihascbunter
electrode. The electrolyte was a 6.0 M KOH aquesoisition. The galvanostatic
charge/discharge curves were measured at diffecantent densities. The EIS
measurements were carried out from 100 kHz to Bl®Hht the open circuit potential
with an AC perturbation of 5 mV. The specific caipaace Cs) of P-NiAI-LDH and
H-NiAI-LDH electrodes were calculated from the gatestatic charge/discharge
curves as follows:

Cs = I XAt/(MXAV) (2)
wherel is the discharge current (A)t is the discharge time (9)) is the mass of the
electroactive material in the electrode (g), @a\dis the total potential deviation (V).
The Cs of ASC was calculated from the galvanostatic clatigcharge curves as
follows:

Cs = IXAt/(M'x AV) 3)
wherem' is the total mass (LDH: 2.86 mg, GNS: 14.53 mbglkectroactive materials
in the positive and negative electrodes (g). Therggn and power densities of the
asymmetric supercapacitor were calculated as fgllow

E = 0.5%Cs xV? (4)
P = E/At (5)
whereE (Wh kg?) is the energy density/ (V) is the cell voltage excluding the IR

drop,P (W kg?) is the average power density, axtds the discharge time.

Results and discussion

3.1. Material characterization
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Fig. 1a shows the typical X-ray diffraction (XRDatterns of the P-NiAl-LDH and H-
NiAl-LDH. The well-defined diffraction peaks obsex at 11.7°, 23.5°, 35.2°, 61.4°,
and 75.4° B were indexed to (003), (006), (012), (110), and5)2 planes,
respectively, matching well with hydrotalcite-likéiAl-LDH structure (JCPDS 15-
0087) [6], indicating the synthesized materialsrespond to both Ni(OH)and
Al(OH)s. Results show that the peak intensity of H-NiAlHHs higher than that of P-
NiAl-LDH, indicating a higher degree of crystallini The growth mechanism of NiAl
LDH nanoplates follows a preferred orientation gitowprocess [30]. In the
hydrothermal process, the slow hydrolysis of uesad$ to in situ release of Oldnd,
COs” (eqt 6-8), which further initiates the precipitatiof NF* and AF* to form
aluminum aquohydroxo complexes and nickel hydraxi@gt 9) [31]. Consequently,
nickel/aluminum salts are converted to NiAl LDHsoplates by olation reactions and

crystallization [23].

CO(NH,), + H,0 — 2NH; + CO, (6)
CO, + H,0 > CO>™ + 2 H* (7)
NH; + H,0 > NH} + OH™ (8)

6Ni%* + 2413% 4+ 0.5C02~ + 170H™ + 4H,0 — NigAl,(OH)4(CO3, OH) - 4H,0
(9)
The FT-IR spectra of P-NiAI-LDH and H-NiAI-LDH arshown in Fig. 1b. Broad
peaks at 3354 cthand 3443 ci, respectively, are attributed to the hydroxyl (¢-H
stretching vibration of water molecules in the lpghn-bonded OH groups and the
interlayer, accompanied with the bending mode 8216&m* and 1651 cil [32]. The
strong absorption peaks at 1356 tand 1360 cnl are due to the interlayer anion

(COs*) from sodium carbonate and urea hydrolysis duttmg co-precipitation and
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hydrothermal procedure [33]. In addition, the stindtg modes and metal oxygen (M-
O) bending in the brucite-like lattice are assatlaivith the absorption bands below
800 cm' [34]. Results clearly indicate that LDH sample tagsized by hydrothermal
method resulting in stronger absorption peaks coetpaith co-precipitation method,

suggesting the hydrothermal method resulting imé&igjuality of materials.

To investigate the surface morphology, field-ensissscanning electron microscopy
(FESEM) images of the as-obtained NiAI-LDH sampleg different synthetic
methods are shown in Fig. 2. Fig. 2a shows the A-DNDH samples are particle-like
without a definite shape and the mean size is oeted to be ~ 5 um. SEM image
clearly reveals that the P-NiAI-LDH samples aggteghe layers of LDH of all sizes
and grow in different directions, which hinders iba diffusion [6]. In contrast, H-
NiAl-LDH samples show distinct hexagonal nanoplatéeh a mean lateral dimension
of 150 nm and thickness as thin as 30 nm (Figs.a@d d). Such nanoplates
morphology of H-NiAI-LDH is expected to provide n@oelectroactive sites for redox
reaction and decrease the ion diffusion pathwawys| #hus enhance the specific
capacitance. TEM was further performed to investidae microstructure of H-NiAl-
LDH. High-resolution TEM image (Fig. 2e) shows tiaNiAlI-LDH possesses a thin
nanoplate feature with an average diameter of vit®Owhich is beneficial to achieve
high specific capacitance owing to an efficient aagid diffusion of electrolyte ions
to the active material surface [35]. Lattice frisgeith an equal interplanar distance of
0.224 and 0.125 nm that are indexed to (015) afil)(2onfirmed the polycrystalline
phases of hydrotalcite-like structure (Fig. 2f) .[8hset of Fig. 2f shows the

corresponding selected area electron diffractioAE[S) pattern of the nanoplates,



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

where the diffraction rings were readily indexedhe (015) and (205) planes of the

NiAlI-LDH phase. These results are consistent with the XRi@rpa.

To further affirm the surface area and interconeggiores of the materials, the BET
nitrogen adsorption/desorption isotherm and therd@adoyner-Halenda (BJH) pore
size distribution curves of P-NiAI-LDH and H-NiAHDH were measured and
presented in Fig. 3 and Table 1. A typical H2 thagsteresis loop is observed in the P-
NiAlI-LDH and H-NiAI-LDH curves, suggesting the exmce of mesopores in all
samples [10]. Fig. 3b shows the pore size distidbu(PSD) of P-NiAlI-LDH and H-
NiAl-LDH samples, revealing the existence of a ratwof pores with various sizes.
The average pore size, BET specific surface ardattan corresponding pore volume
of P-NiAI-LDH and H-NiAl-LDH, respectively, are 164 and 3.55 nm, 26.54 and
31.35 nfg?t, and 0.20 and 0.23 éng?, respectively. Although the surface of the P-
NiAI-LDH samples is composed of smaller particlegy( 2b), the particles aggregate
together and result in the smaller specific surfasEa [6]. In contrast, the H-NiAl-
LDH samples are nanoplates morphology (Fig. 2ba) the surfaces of the LDH are
highly exposed, which contributes to a higher dpesurface area. On the other hand,
the P-NIAI-LDH samples display mean pore size of620nm, which could not
provide the effective accessibility of the Otd the active LDH materials for efficient
redox reactions in electrochemical energy storggdi@ations. [28] In contrast, the H-
NiAl-LDH samples show PSD maxima centered at 3.85 which is the most suitable
for better OH diffusion in electrochemical energy storage amians [36]. In
addition, the BET specific surface area and potanae of the H-NIAI-LDH samples

are much higher than those of the P-NiAI-LDH sarmaplhich is attributed to the

10
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hexagonal lamellar nanostructure that decreasesadbesgation of layers of NiAl-
LDH materials. Such a unique porous structure cé#ectevely facilitate ions
transports and provide high interfaces betweentrelgte ions and electroactive
materials during a redox reaction, which is criti¢ar efficient electrochemical

reaction.

3.2. Electrochemical characterization

Cyclic voltammetry (CV) and galvanostatic chargdigéharging (GCD) tests were
conducted to evaluate the electrochemical propertie the obtained NiAI-LDH
synthesized by two methods. Fig. 4a shows the OQVesuof P-NiAI-LDH and H-
NiAl-LDH in a 6 M KOH solution at a scan rate of b®V s in the voltage range of 0
to 0.6 V (vs. SCE). Pairs of redox peaks reveateddccurrence of Faradaic redox
reactions between different oxidation states oabtiording to the eqt 1. In general, a
better reversibility in the redox reaction attribditto the smaller potential difference
between the anodic and cathodic peak potemB) (28]. As shown in Fig. 4a, the
potential difference of the H-NiAlI-LDH electrodAKE =140 mV) was smaller than P-
NiAlI-LDH electrode AE =170 mV), which showed better reversibility. Thesult
was due to the H-NIAI-LDH electrode provided a krgurface area to contact the
electrolyte, which facilitated the efficient diffies of OH ions during the redox
reactions [6, 28]. In addition, the CV curve of HANLDH electrode showed larger
integrated areas, indicating a higher specific capace. CV curves of P-NiAl-LDH
(Fig. 4b) and H-NiAl-LDH (Fig. 4c) electrodes atffdrent scan rate 5- 50 mV's
revealed a well-defined pair of redox peaks at hsghn rate, indicating fast ionic

diffusion of the electrodes and reversible redcaction of Nf*/Ni**[8]. Increasing

11
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the scan rate, the anodic peaks shifted to a mositiye potential, whereas the
cathodic peaks shifted to a more negative potentiaich is ascribed to an increase of
internal diffusion resistance of the electrodes].[3l/he plot of the cathodic peak
current densities against the square root of tha sate ¢'/?) of P-NiAl-LDH and H-
NiAlI-LDH electrodes (Fig. 4d) show a linear respensndicating the Faradaic
reaction follows a diffusion-controlled processffision coefficient D) of OH ion

in both electrodes is calculated using Randles-isegt 11.

Ip:2.69><105><ng><A><x/B><C><x/V (11)

D(H - NiAl-LDH)/D (P- NiAl-LDH) =[(I p/W)(H —NiAl - LDH) /(I p/W)(I:’— NiAl - LDH)J?
= (28.01/19.99)= 1.963 (12)

wherel, is the peak currenkyis the number of electrons involved in the reactiis
the surface area of the electrod®,is the diffusion coefficient of the electrode
material, C is the proton concentration, amdis the scanning rate. The diffusion
coefficient of the H-NIAI-LDH electrodeQy-niar-Lpn) IS around 1.963 times larger

than that of the P-NiAl-LDHelectrode Dp-nia-Lon), Showing higher ion mobility

could be achieved in H-NiAI-LDH electrode duringetilectrochemical reaction.

Fig. 5a shows the discharge measurements of theAPE®H and H-NiAlI-LDH
electrodes were carried out between 0 to 0.38 ¥ atrrent density of 1 Ay The
nonlinear lines discharge curves indicated the ge@apacitance behavior attributed
to quasi-reversible redox reactions at electroddase [38]. Fig. 5b and c show
discharge measurements of the P-NiAI-LDH and H-NLBIH electrodes at different
current densities. The specific capacitances oiA-DNDH electrode were calculated

as 757.1, 668.6, 625.7, 594.3 and 571.4'Fwhereas the specific capacitances of H-
12
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NiAl-LDH electrode were calculated as 1713.2, 1389207.8, 1084.2 and 960.5 F g
L at current densities of 1, 2, 3, 4 and 5 A gespectively (Fig. 5d). H-NiAl-LDH
electrode exhibits a significantly higher specdapacitance than that of P-NiAl-LDH
electrode at all current densities range, whichtisbuted to the nanoplates H-NiAl-
LDH possessing higher BET surface area that op#récle-typed P-NiAl-LDH, and
thus provides high electrochemical active sitedHaradaic reaction. With the increase
in current densities, the capacitance of the twopdes decreases, which are caused by
the resistance of NiAlI-LDH and the insufficient Rdaic redox reaction of the active
material under higher discharge current densitg8. [In addition, this outstanding
electrochemical performance of H-NiAI-LDH was highlean the previously reported,
such as Co-Al LDH-NS/GO (1031 F'aat 1 A gY) [39], NiCo cNW (1479 Fdat 1 A
g?) [40], CoFe LDH (456 F Jat 2 A g*) [41] and NiAl-LDH/CNFs (1613 F §at 1

A g?) [42]. The cycling stability of the NiAl-LDH elentdes was further investigated
by galvanostatic charge/discharge cycling measunerglég. 5e). The P-NiAl-LDH
electrode exhibits a specific capacitance of 436" (76.4% capacitance retention)
after 5000 cycles at the current density of 5’Awhereas the H-NiAl-LDH electrode
exhibits an impressive higher capacitance of 851g9 (88.7% capacitance retention).
During the continuous prolong charge/discharge gsees, the structure of LDH
suffered from considerable degradation, resultm¢pss of capacitance [28, 30]. The
H-NiAI-LDH could maintain a good cycling stabilitg attributed to (1) high surface
area provides sufficient electrochemical activessitor redox reactions; (2) a thin
nanoplate structure can significantly ensure trst f@n diffusion by shortening the

diffusion paths, resulting in superior electrocheahi performance of NiAl-LDH

13
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nanoplates [43]; and (3) thin nanoplates presdmeedistinctive structure integrity of

the materials during electrochemical reaction [44].

To understand the ion transport kinetics at thetedde/electrolyte interface, EIS was
carried out. Fig. 5f. Shows the impedance Nyquistspof the samples. The proposed
equivalent circuit used for fitting the impedaneewes is shown in the inset of Fig. 5f.
Results show the characteristic of quasi-semicintléhe high frequency region and
linear line in the low frequency region. At higleduency region, the intercept at real
axis ') is solution resistanceR(), representing a combinational resistance of the
electrode, bulk electrolyte, and the resistancéhatinterface between the electrode
and active LDH materials. ThBs value of the H-NiAI-LDH electrode was 68%
smaller than that of the P-NiAI-LDH. The semicirci high frequency region
represents the charge-transfer process at the mgpidiectrode-electrolyte interface
(Rey), attributing from Faradaic reaction and the deublyer capacitanceCg) on the
surface of the electrodes. The result showed Batvalue of the H-NiAI-LDH
electrode was 97.8% smaller than that of the P-\iBH, indicating H-NiAl-LDH
possesses more electroactive surface area to prekiatt diffusion paths for ions and
electrons. In low frequency region, the straightlwith an angle at almost 45° with
the real axis4') corresponds to the Warburg resistangg) @nd is the result of the
frequency dependence of ion diffusion in the etdgte [45]. The impedance
parameter®s, Cq, R, Zw andCr values calculated from the complex nonlinear least
square fitting are shown in Table 2. TGg value of H-NiAI-LDH electrode (4.68 mF)
was higher than that of P-NiAI-LDH electrode (2.3 )nsuggesting that nanoplate

structure of LDH is efficient in charge storagednsorption. In addition, thé/ value

14
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of the H-NiAI-LDH electrode (3.6@ s*?) was 35% lower than that of the P-NiAl-
LDH electrode (5.542 s*? andCgvalue of the H-NiAl-LDH electrode (5.89 F) was
94.7% higher than that of P-NiAI-LDH (0.31 F), whidurther confirms that thin

nanoplate structure is a promising morphology tbasice the electrolyte transport in

electrode leading to enhanced electrochemicaliozect

The electrochemical performance of the graphentedaan Ni foam (G-NF) electrode
was explored in the three-electrode measuremeng wsi6 M KOH electrolyte (Fig.
6). The G-NF electrode exhibits a distinct rectdagshape at 5-50 mV*scan rates,
revealing an excellent electrochemical performaatcd.0 ~ 0.0 V (vs. SCE) (Fig. 6a).
Fig. 6b shows that G-NF electrode exhibits symroajdlvanostatic charge/discharge
curves at different current density, indicating alent reversibility of ion
absorption/desorption behavior [8, 46]. Accordirg dquation (2), the calculated
specific capacitance of G-NF electrode was 128 ltgl A g and retained 62.5% (80
F g') of initial capacitance at 5 A'g(Fig. 6¢), which is comparable to those reported
previously for graphene-based supercapacitors48YJ,EIS data showed that tiie
and R values of G-NF are 0.552 and 0.6782 (Fig. 6d), respectively, indicating a
high conductivity nature and low charge transfesistance of the G-NF electrode
owing to the large electroactive surface area ef dnaphene [49]. To evaluate the
performance of the H-NIAI-LD//G in SC applicatiorsy ASC was fabricated using
as-prepared H-NiAI-LDH nanoplates and G-NF as thesityve and negative
electrodes, respectively, with a piece of polyptepg paper as a separator in a 6 M
KOH solution. Based on th€s values of the H-NiAI-LDH electrode and G-NF

electrode, as well as the principle of charge ldapetween the electrodes, the H-

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

NiAlI-LDH to G-NF mass ratio was controlled at apgroately 0.20 in the ASC. CV
curves of H-NiAI-LDH//G at different scan rates fincs to 50 mV &show the typical
characteristic of electric double-layer capacitanod pseudo-capacitance from 0 to
1.4 V without significant distortion of CV shapelagh scan rate (Fig. 7a), indicating
high reversibility of the ASC device. The galvaratigt charge/discharge curves of H-
NiAlI-LDH//G show good symmetrical at 1.4 V (Fig. )/brevealing excellent
electrochemical reversibility and good Coulombiticgéncy [50]. The high specific
capacitance of 125 Flgwvas recorded at 1 A'gand remained 82 F'gwas 5 A ¢ in
H-NiAI-LDH//G (Fig. 7c). Remarkably, the ASC maima an excellent cycling
stability with 91.8% of its initial capacitance agted after 5000 cycles at 5 A" ¢Fig.
7d). Based on thes€s values, the highest energy density of the asynmmetr
supercapacitor (Fig. 7e) was calculated to be Bvhilkg' at a power density of 700
W kg™. The results show that the ASC achieved a highergy density than the other
devices, such as Ni(OL@®3D Ni//AC (21.8 Wh ki at 660 W kd) [50], NiCo LDH-
ZTO/IAC (23.7 Wh kg at 284.2 W kd) [51], NiCo oxide//AC (7.4 Wh K§ at 1900
W kg?) [52], NiCoOs,rGO//AC (23.3 Wh kg at 324.9 W kg) [53] and LDH-
NF/GNS//GNS-NF (31.5 Wh kbat 400 W kd) [54]. To further demonstrate the
practical application of H-NiAI-LDH//G ASC, two ASSCwere connected in series to

power a red light-emitting diode (Fig. 7f).

Conclusions
In conclusion, NiAI-LDH nanoplates had been fakbiech through a facile
hydrothermal method. The as-fabricated H-NiAl-LDleatrode exhibits excellent

supercapacitor performance with a specific capac#éaf 1713.2 F §at 1 A g* and
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remarkable cycling stability compared to the p#tiyped P-NiAI-LDH material. The
thin thickness (~30 nm) of LDH nanoplate featurexzoaint for the impressive
electrochemical performance. Furthermore, the ASGSetd on H-NiAI-LDH and
graphene as positive and negative electrodes, atgplg, in 6 M KOH aqueous
electrolyte delivers high specific energy and powensities as well as excellent
cycling stability. This work provides a facile methto synthesize nanoplated LDH

electrode materials for high-performance superdamac
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Fig. 1. XRD patterns (a) and FT-IR spectra (b) ¢4iRI-LDH and H-NiAl-LDH.
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Fig. 2

Fig. 2. SEM images of the P-NIiAI-LDH (a and b) @deNiAl-LDH (c and d). TEM (e) and
HRTEM (f) images of the H-NIAI-LDH. Inset of (f) shws the SAED pattern of H-NiAl-

LDH.
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Fig. 4. CV curves of (a) nickel foam, P-NiAlI-LDH dnH-NiAl-LDH electrodes
measured in a 6.0 M KOH at scan rate of 10 mV &V curves of (b) P-NiAl-LDH and (c)
H-NiAI-LDH electrodes measured in a 6.0 M KOH at various sates (5-50 mV €). (d)
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Table 1 Specific surface area, pore volume, and pore sfz€-NiAl-LDH and H-NiAl-L

DH electrodes.

Samples Seer (M* g™) Vpores(€M® g™) Poresize (nm)
P-NiAl-LDH 26.54 0.20 10.64
H-NiAl-L DH 31.35 0.23 3.55

Table 2 Impedance parameters obtained from the equivalestitcof P-NiAI-LDH and H-

NiAl-LDH electrodes.

R:(Q) Ra (Q) Ca (F) W (Qs™) Ce (F)
P-NiAl-LDH 1.019 0.00223 13.529 5.544 0.314
H-NiAI-LDH 0.327 0.00468 0.289 3.601 5.891
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Highlights

» 2D NiAl layered double hydroxide nanoplates was synthesized by hydrothermal method.

« 2D NiAl LDH electrode delivered high specific capacitance of 1713.2 Fgtat 1A g™.

« Asymmetric supercapacitor delivered a high energy density of 34.1 Wh kg™.

» Outstanding cyclic stability of 91.8% capacitance retention after 5000 cycles was
achieved.



