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Abstract

Herein, we investigated the influence of Fe, Cr &hdncorporation in Ni-based layered
double hydroxides (LDHs) supported on nickel foax¥) electrodes, prepared through a
one-step hydrothermal, on their electrochemicaloperance. The resulting NiFe, NiCr and
NiAl (LDHs) were further coated on carbon spher€S) supported on NF using a facile
two-step hydrothermal process to produce NiFe LDBS®IF, NiCr LDHs@CS/NF and
NiAl LDHs@CS/NF. The performance of the preparedemals as binder-free electrodes in
supercapacitors was assessed. Among all the pdepdeetrodes, NiAl LDHs@CS/NF
electrode material achieved the largest areal dgpé042.2 mC cnf at 1 mA cnif), as
compared to the areal capacity values attainedibg NDHs@CS/NF (705.8 mC ¢fjpnand
NiCr LDHs@CS/NF (814.9 mC ch) at 1 mA cnf. Therefore, a hybrid supercapacitor
device comprising NiAl LDHs@CS/NF as the positiviecerode and N-doped reduced
graphene/NF as the negative electrode was suctlgstthricated. The device exhibited
favorable flexibility, good mechanical propertiesdastability (the areal capacity remained
~75% and ~67% of the original value after 5,000 40000 cycles, respectively). The
hybrid supercapacitor attained an energy densigBefWh cni? at a power density of 0.805
mW cmi? and was applied successfully to operate a homemaihdmill device
continuously for 32 s. Moreover, two flexible NIAIDHs@CS/NF//N-rGO/NF hybrid
supercapacitors, connected in series, were albightoup a green, a red and a yellow LED in
parallel, lasting for 37 s, 542 s and 199 s, rethpely, indicating their potential application

for flexible energy storage devices.

Keywords: NiAl LDHs, Carbon spheres, Nickel foaRigxible Supercapacitors.



1. Introduction

In the last few years, wearable electronic deviag#sacted widespread attention, and
consequently led to a steady increase demand ofjerstorage devices with enhanced
flexibility and good mechanical properties [1-7].0Mover, due to the negative impact of
global warming and the increasing fuel consumpti@mewable and clean energy supply
devices drew more and more interest [8, 9]. In thbistext, supercapacitors, as energy storage
devices, have been widely investigated, owing teirtladvantages like enhanced power
density, short charge/discharge time, and low [ddst14]. However, many challenges remain
to find high performance electrodes for supercapexihat can achieve high energy density
(E), a measure that is directly connected to the atgyece C) and the operation potential
window (V) [15]. For battery-like electrodes, the capaci@/ ¢r mAh) is typically used to
describe the charge storage amount based on aakaradction [16]. Hence, it is urgent to
search for battery-like materials with both higreafic/areal capacity and large operation
potential window.

Layered double hydroxides (LDHS), 2M.M>*«(OH)A(A™)yn- mHO, where [M* is a
bivalent metal cation (Nf, C&*, CU*, Mg**, Mn**), M*" is a trivalent metal cation (Fe
AI** V¥ cPh, AV is an interlayer anion (G, NOs;~, OH), and x = M*/( M** + M*) is
the surface charge] have been widely applied iresagpacitors, owing to their battery-type
characteristics, high redox activity, tunable cosipon and large active surface area [17-19].
Wu et al designed (N-CNTs)/Gdliix-layered double hydroxide (Gi;.-LDHS)
nanosheets on Ni foam with a remarkable capacity.62 F crf (~810 mC crif) at 1 mA
cm? [20]. Lu et al. deposited low-crystalline NiAl LDH nanoparticlesto Ni-coated cotton
textile, achieving a high capacity of 935.2 mF €561.1 mC crf) at 5 mV § [21]. Guo
et al obtained NiMn LDH@Ni foam with an areal capaafy0.67 F crif (~301 mC crif) at
3 mA cm? [22]. Liu et al synthesized a hierarchical CoAl-OH LDH electraui¢h largely
improved capacity of 1031 F'g~258 mC crif) at 0.5 mA crif [23]. Luoet al elaborated
NiCo,0, core/NiFe LDHs shell (NiC®,@NiFe LDHs) nanowire arrays (NWAS) on carbon
cloth (CC) architecture, which reached a high djecapacity of 1.9 F ¢ (~760 mC crif)
at 1 mA cn¥ [24]. Even though high capacity values have begmiezed, LDHs-based
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electrodes possess a relatively small operatingnpied window range, usually from 0 to 0.6

V [25-27]. Therefore, the fabrication of hybrid gupapacitors with battery-type materials as
positive electrodes and carbon-based materials \aitie operating potential windows as
negative electrodes represents an interesting apipréor improving the overall energy

density [28-32].

In this work, to explore the influence of Fe, Cidafll elements on the electrochemical
performance of Ni-based LDHs electrodes, NiFe LDN&;r LDHs and NiAl LDHs were
prepared on nickel foam (NF) as the supportingectdir by hydrothermal method, which is a
facile way to synthesize composite materials [38]. 3Jsing a similar approach, NiFe
LDHs@CS/NF, NiCr LDHs@CS/NF and NiAl LDHs@CS/NF wesynthesized on carbon
spheres/nickel foam (CS/NF). Among all the prepatadder-free electrodes, NiAl
LDHs@CS/NF displayed the largest areal capacity1#42.2 mC at 1 mA cthand was
chosen as a positive electrode to assemble a hgbpdrcapacitor. Nitrogen-doped reduced
graphene oxide (N-rGO) was further synthesizedctcaa a negative electrode in the hybrid
supercapacitor. Consequently, a flexible NiAl LDHS@NF//N-rGO/NF hybrid
supercapacitor device was successfully assemblezldé&vice exhibited favorable flexibility,
good mechanical properties and stability (an ataphcity of ~75% and ~67% of the original
value was retained after 5,000 and 10,000 cyctsperctively). The hybrid supercapacitor
device achieved an energy density of d8h cm? at a power density of 0.805 mW ©@n
necessary to operate a home-made windmill deviegireeusly for 32 s. Moreover, two
as-obtained NiAl LDHs@CS/NF//N-rGO/NF hybrid supsgpacitor devices in series were
used to light a green LED, a red LED and a yelld#DLin parallel simultaneously, lasting
for 37 s, 542 s and 199 s, respectively, indicathreg potential application of the developed

electrodes for flexible energy storage devices.

2. Experimental section
2.1 Synthesis of nitrogen-doped reduced graphene oxide (N-r GO)
N-rGO was prepared through graphene oxide (GO)dilgdrmal reduction in presence of

hydrazine monohydrate (NNH>H,0). Typically, 100 mg of GO were dispersed in 50 ofiL
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Milli-Q water and sonicated for 2 h to form a GGspension (2 mg nit), followed by the

addition of 0.5 M hydrazine monohydrate. The resglmixture was poured into a 100 mL
Teflon-lined autoclave and heated at 1%D for 3 h. The solution was cooled to room
temperature, and the resulting N-rGO was aged ii-@iwater for 72 h by changing the

water every 24 h. Finally, the product was collddig the freezing-dry method for 72 h.

2.2 Preparation of NiCr LDHS/NF, NiFe LDHS/NF and NiAl LDHS/NF

Typically, a homogeneous solution of Ni(B)@6H,O (87 mg), Cr(N@s39H,O (120 mg),
and CO(NH), (180 mg) in MQ water (35 mL) was prepared throngdignetic stirring. NF
was dipped into the solution; the mixture was tfamed into an autoclave (50 mL) and
heated for 12 h at 12%C. The resulting NiCr LDHs/NF was rinsed copiousligh water,
ethanol, and dried in an oven for 24 h af60

AI(NO3)3- 9H,0 (113 mg) and Fe(Ngx- 9HO (121 mg) were used to replace Cr@¥dH,0
(2120 mg) for the synthesis of NiAl LDHs/NF and NIEBHS/NF, respectively.

2.3 Preparation of NiCr LDHs@CS/NF, NiFe LDHs@CS/NF and NiAl LDHs@CS/NF
Typically, a mixture of Ni(NQ)>4H,O (87 mg), Cr(N@s9H.,O (120 mg) and CO(Nhk
(180 mg) in 30 mL MQ water was stirred till forn@ti of a homogeneous solution. The
CS/NF was dipped in the above solution, transfeméal an autoclave (50 mL), and heated
for 12 h at 120°C. The resulting NiCr LDHs@CS/NF was rinsed copipusith water,
ethanol, and dried for 24 h at 8D.

Al(NO3)3-9H,0 (113 mg) and Fe(Ng- 9H0 (121 mg) were used to replace Cr@®H,O
(120 mg) for the synthesis of NiAl LDHs@CS/NF aniF&lLDHs@ CS/NF, respectively.

3. Resultsand discussion
The overall capacity of a hybrid supercapacitoreisted to the capacity of the positive

and negative electrodes, according to equation (1):

i:i+i (1)
c, ¢ c,
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WhereCs is the total capacity of the hybrid supercapacifpiis the capacity of the positive
electrode anc, is the capacity of the negative electrode.

Herein, N-doped reduced graphene oxide coated Inideen (N-rGO/NF) was first
synthesized through hydrothermal reduction of G(priesence of hydrazine monohydrate
reducing and doping agent, and applied as a negatactrode with the aim to widen the
potential window of a hybrid supercapacitor. Therpmology of N-rGO was assessed by
scanning electron microscopy (SEMfjgure 1a. A porous skeleton consisting of overlapped
N-rGO nanosheets could be observed; this morphdkégvorable for electrolyte diffusion.
Figure 1b depicts the Raman spectrum of N-rGO and shows aydir and G bands
respectively at 1357 and 1586 ¢iii85].

ll \ F |
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1000 1200 1400 1600 1800 2000

Raman shift (cm‘l)

Figure 1: (a) SEM image, and (b) Raman spectrum of N-rGO.

XPS analysis was used to determine the elementapasition of N-rGO. The existence
of N element with atomic content of ~3.2 at% protles successful nitrogen doping of rGO
(Figure 2a). The spectrum comprises also contributions du@ emd C elements with 6 at%
and 90.8 at%, respectively.

Figure 2b displays the core level spectrum of thg, @hich can be curve-fitted with four
obvious peaks at 284.8, 285.3, 286.9 and 288.®k\ed respectively to the C-C, C-N, C-O,
C=0 groupsFigure 2c reveals the presence of several components aB,3990.6, 402.5
and 407.3 eV in the core level spectrum of the &signed respectively to pyridinic-N,
pyrrolic-N, graphitic-N, and oxidized N peaks; theesence of pyridinic-N and pyrrolic-N

could potentially enhance electrolyte diffusion aérge transfer in the carbon matrix [36].
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The core level spectrum of the;{comprises several components ascribed to O=C-OH

(531.4 eV), C-OH (533.3 eV) and chemisorbed oxy@35b.5 eV), respectively=(gure 2d)
[37].
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Figure 2: XPS analysis of N-rGO: (a) Survey spectrum and tmrel spectra of the (b):¢
(c) Nisand (d) Gs

As previously stated, the N-rGO was meant to bdieg@s a negative electrode of a
hybrid supercapacitor, so its electrochemical perémce was further investigated in a
classical 3-electrode cell containing using 2 M K@kHectrolyte. Figure 3a depicts the
galvanostatic charge-discharge (GCD) plots fronto-1#0.4 V of N-rGO/NF electrode at
various current densities (1 to 5 mAénand the corresponding areal capacity values were
calculated according to equation (S2). Areal cdpa@lues of 249.1, 185.3, 163.1, 148.3 and
136.2 mC crif were determined respectively at 1, 2, 3, 4 andA&m (Figure 3b).
Furthermore, to get more information on the elattemical processes at different time
constants, impedance spectroscopy (EIS) analysspedormed. The Nyquist plotBigure

3c) reveal the typical depressed semicircle (higimtdium frequency region) and a straight



line (low-frequency region) arising from ion difioa in the electrode material. The
equivalent circuit is presented in the ins&; (s the internal resistancey; is the
charge-transfer resistanc@ s the pseudocapacitand, is the ion transport resistan€g,is
the limit capacitance, arfg is the limit resistance). TH& andR. values were determined to
be respectively ~0.78 and ~29.78 ohni%indicating a good conductivity of N-rGO/NF. All

the measurements suggest that N-rGO could be at@dteegative electrode material.

100
(b)* (c) R, Q G
. " 2401
ImAem™ £ 804 | Ra W, R
200 4

—
QD
fa?
S
>

S ¢
X
"

—2mAcem’

=4
o
L

3mAcem” 604 ]

-
=2
(=]

——4mAcem”

s
L)
-Z" (ohm)

-

n

=]
n

—SmAcem? 404

s
»

Potential (V)

@
[
"

o
e
8

s
b

204

Specific capacitance (mC ¢

4
@
FN
(=)
N

P 4

0 T T T T
0 20 40 60 80 100

=]

A
o

0 100 200 300 400 500 1 2 3 4 5

Time (s) Current density (mA cm'z) Z' (ohm)

Figure 3: The electrochemical behavior of N-rGO in 2 M KOHuwimn. (a) GCD plots at
various current densities. (b) Areal capacity valatvarious current densities. (c) EIS

acquired at open circuit potential in the frequeranyge of 0.01 Hz to 100 kHz.

At the same time, layered double hydroxides (LDHs)his work were chosen as the
candidate for the positive electrode of the hylsugbercapacitor. To assess the influence of
different trivalent metal elements on the LDHs #lechemical performance, Fe, Cr and Al
ions were investigated herein to prepare NiFe LOMEr LDHs and NiAl LDHs. Moreover,
nickel foam (NF) was selected as the current ctuleowing to its porosity, 3D framework
and excellent electrical conductivity. Nickel foarnated with carbon spheres (NF/CS) was
also investigated as a current collector. Consetexi(OH)./NF, Ni(OH)L,@CS/NF, NiFe
LDHs/NF, NiFe LDHs@CS/NF, NiCr LDHs/NF, NiCr LDHs@BINF, NiAl LDHs/NF and
NiAl LDHs@CS/NF were prepared and their electroclwainproperties were evaluated.
Even with the assistance of carbon spheres (CSJOHN;@CS/NF displayed poor
electrochemical performanc€igure S1) with an areal capacity of 74.2 mC émat 1 mA
cm?, which is slightly higher than that of Ni(OMNF (70.6 mC cnf at 1 mA cn¥).

Therefore, these electrodes were not investigateddr in detail.
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The crystallinity of NiFe LDHs/NF, NiFe LDHs@CS/NAICr LDHs/NF, NiCr
LDHs@CS/NF, NiAl LDHs/NF and NiAl LDHs@CS/NF wasanxined by X-ray diffraction
(XRD). As seen irFigure 4 andFigure S2, under the same growth conditions, NiAl LDHs
showed obviously better crystallinity than NiFe LBENd NiCr LDHs. The XRD pattern of
NiAl LDHs presents typical (003), (006), (012), §)1(118), (110), (113) and (116) planes
for LDHs, appearing at 11°723.6, 35.F, 39.7°, 47.3, 61.2, 62.6 and 66.5, respectively
(JCPDS No. 15-0087) [38]. Moreover, there are f&all peaks of Ni(OH)located at 193
33.1° 38.5 and 59.4 ascribed to the (001), (110), (101) and (110) @darrespectively
(JCPDS No. 14-0117). Due to the existence of theskiffeton, the peaks of LDHs exhibit
relatively weak intensity so that the magnified XR@ttern in the range of 10-44vas
provided in Figure 4b for more details. However, for NiFe LDHsS@CS/NF aNdCr

LDHs@CS/NF samples, no obvious peaks of LDHs wdrserved owing to the poor

crystallinity (Figure S2).

() # % b
#[ | () NiAl LDHs@CS/NF
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-~ =~ |la S
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Figure 4: (a) XRD patterns of NiAl LDHs/NF and NiAl LDHs@CSHN(b) magnified

pattern in the 10-44ange.

Furthermore, the microstructure of the LDH sampless investigated by scanning
electron microscopyHigure S3, Figure 5), and showed totally different shapes for the
different trivalent elements&igure S3a, b andFigure 5a, b display the SEM images of NiFe
LDHs/NF and NiFe LDHs@CS/NF, respectively. Interegy, NiFe LDHsS/NF consisted of

wool-like nanowires intertwined with each otheFigure S3a, b), whereas NiFe
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LDHs@CS/NF was composed of abundant nanosheetsyeattached to the surface of the
carbon spheres-{gure 5a, b). FromFigure $4, we can see that a carbon spheres (CS, ~400
nm in diameter) layer with a smooth surface wasnéat on the NF, suggesting the good
polymerization/carbonization of glucose during thelrothermal process [39, 40]. After the
growth of NiFe LDHSs, all the CSs became pompomstably, the big difference of the
morphology between NiFe LDHs/NF and NiFe LDHs@CS/Mkght be ascribed to the
existence of CS, which leads to differences intatygrowth direction and rate. A thin layer
of NiCr LDHs nanosheets was spread on the NF antliE3$orming NiCr LDH/NF Figure
S3c, d) and NiCr LDHs@CS/NFHRigure 5c, d), respectively. However, there is no apparent
difference between NiAl LDHs/NA-{gure S3e, f) and NiAl LDHs@CS/NF Kigure 5e, f),
where a dense intertwined nanosheets layer wagdcaat NF and CS/NF, respectively.
Apparently, NiAl LDHs nanosheets grew larger thaReNLDHs on CS/NF, in which the CSs
on NF were completely covered by the NiAl LDHs nsimeets in NiAl LDHsS@CS/NF,
signifying that NiAl LDHs had faster growth rateder the same conditions, consistent with

the XRD results.

Figure5: SEM images of (a, b) NiFe LDHs@CS/NF, (c, d) NkDHs@CS /NF and (e, f)
NiAl LDHs@CS/NF.

10



To further assess the chemical composition of #mpte, XPS analysis was carried out
on NiAl LDHs/NF, NiFe LDHs@CS/NF, NiCr LDHs@CS/Nm@ NiAl LDHs@CS/NF.
From the XPS survey spectrakigure Sca andFigure 6a-c, we can see that all the spectra
consist of Gs, O1s and Np, elements, and the difference is the incorporatiedlént metal
cation. For NiFe LDHs@CS/NF, there is alsgg@ement in the spectrum (8.4 at%jgure
6a. Figure 6al displays the core level spectrum obN(13.7 at%) in NiFe LDHs@CS/NF,
where two peaks at 855.7 and 873.4 eV ascribeactsply to Npps2 and Npp1/2 along with
two satellite peaks at 861.1 and 879.6 eV werergbdesuggesting that Ni is in +2 oxidation
state [41]. The core level spectrum of;f&s depicted inFigure 6a2, showing two main
peaks at 711.4 and 725.1 eV which correspond régpBcto Feps. and Fepin and two
satellite peaks at 716.5 and 732.9 eV, indicating E&" oxidation state in NiFe LDH
nanosheets [42]. The wide scan XPS spectrum of NBHS@CS/NF consists of bji(11.6
at%) and G, (5.9 at%) elements. The high-resolution spectrdirNig, in Figure 6b1 also
comprised two peaks located at 856.1 and 873.7 w/rdspectively to Miz» and Nppis
and two satellite peaks at 861.5 and 879.8 eV,ipgothe existence of Ki as well. At the
same time, the Ggcore level spectrum can be deconvoluted with twmmonents at 587.3
and 577.7 eV assigned respectively tepGr and Cgpzp, indicating that Cr is trivalent
(Figure 6b2) [43].

For NiAl LDHs@CS/NF, the XPS survey spectrum cassef Gs, Oy, Nizp (8.2 at%) and
Aly, (35.3 at%) elementssigure 6¢. Figure S5b andFigure 6¢1 present the high-resolution
speetrum spectra of hhiin NiAl LDHsS/NF and NiAl LDHs@CS/NF, respectiveljwo main
peaks at 855.9 and 873.5 eV in NiAl LDHs/NF and .85%nd 873.4 eV in NiAl
LDHsS@CS/NF corresponding to N4> and Nppis respectively, and two satellite peaks
(861.9 and 880 eV, 861.5 and 879.5 eV) were obderUke high-resolution spectra of the
Al in NiAl LDHsS/NF (Figure S5c) and NiAl LDHs@CS/NF Eigure 6¢2) comprise two
peaks ascribed to 4 at ~73.6 eV along with Mi peak at ~68.4 eV [44]. The strong
interaction between LDHs and CS caused a smatlshihe binding energy of Al and Ny,
Figure Sbd depicts the core level spectrum of thg (@4.5 at%)of NiAl LDHS/NF. It can be
curve-fitted with three components due to C-C (~28&V), C-O (~285.9 eV) and O-C=0

(~288.8 eV) [45].
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The Gscore level spectra of NiFe LDHs@CS/NF (27.4 at8§;r LDHsS@CS/NF (22.4 at%)
and NiAl LDHs@CS/NF (16.4 at%) are deconvolutechviidur bands ascribed to C=C, C-C,
C-0, and O-C=0. The presence of C=C supports tistegice of CS in the nanocomposites
(Figure S6ab,c, Table S1) [45, 46]. Figure S5e and Figure S6d-f exhibit the Qs
high-resolution spectra of NiAl LDHs/NF, NiFe LDHS@/NF, NiCr LDHs@CS/NF and
NiAl LDHS@CS/NF, respectively. All of them compridevo peaks ascribed to M-O-M
binding (~531.2 eV) and M-OH binding (~531.9 eV)7]4 All the results indicate the

successful formation of LDHSs.
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Figure 6: XPS analysis: (a) Survey and core level spect@bfNb, and (a2) Fg of NiFe
LDHs@CS/NF. (b) Survey and core level spectra @f ({ti,, and (b2) Cx,of NiCr
LDHS@CS/NF. (c) Survey and core level spectra bf [dio, and (c2) Ay, of NiAl

LDHs@CS/NF.

The electrochemical behavior of all samples wasuat@d in a classical 3-electrode cell
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in KOH (2 M) aqueous solutionF(gure 7). From Figure 7a, we can see obvious redox
active peaks in all the CV plots in the 0 - 0.7 wtential range, corresponding to the
following redox processHQ. 2):

Ni(OH),+ OH < NiOOH + O + €  (2)

In comparison with the CV plots of Ni(OHMINF and Ni(OHY@CS/NF Figure Sla), the
redox peaks separation became more important laiter formation, which could be due to

the synergistic effects of Ni with Fe, Cr, and Adraents.
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Figure 7: The electrochemical characteristics of the eleesaneasured in a classical
3-electrode configuration cell containing 2 M KO#lwgion. (a) CV plots measured at 50 mV
s'. (b) GCD plots acquiredt 1 mA cnif. (c) GCD profiles of NiAl LDHs@CS/NF at various

current densities. (d) Areal capacity at variousent densities. (e) EIS recorded at open
circuit potential in the 0.01 Hz - 100 kHz frequgmange. (f) Q-? plot in 0.1 mM

K3[Fe(CN))/0.1 M KCI aqueous solution.

Among all the samples, NiAl LDHs@CS/NF possessedldmgest discharge timé&ifure
7b), signifying the largest areal capacity. Accordingequation (2), the areal capacity values

of NiAl LDHs@CS/NF were determined as 1042.2, 87@%7.3, 722.9 and 669 mC ¢t
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respectively 1, 2, 3, 4 and 5 mA @mindicating good rate performance. About 65-80% of
areal capacity was maintained even at 5 mA?dffigure 7c and d). The areal capacity
values of all composites are summarizedlable 1 and compared to other related works
from the literature Table S2). From Table 1 one could observe that the NiAl LDHs/NF
exhibited the best performance with areal capaatyes of 851.9, 771.4, 714.6, 665.3 and
618.6 mC cnf at respectively 1, 2, 3, 4 and 5 mA&nNotably, with the incorporation of
carbon spheres, the areal capacity of NiFe LDHsS@ESNICr LDHs@CS/NF and NiAl
LDHs@CS/NF were improved by 48%, 37% and 22% coepao NiFe LDHs/NF, NiCr
LDHs/NF and NiAl LDHs/NF, respectively. These vaueutperform those achieved by
many LDH-based electrode materials for supercapaciteported in the literature data

(Table S2). All the samples presented excellent coulomMticiehcies (sedable S3).

Table 1. Theareal capacity (mC cf) of as-obtained LDH composites.

Current density
(mA cm’®) 1 2 3 4 5

Composites

NiFe LDHs /NF 478.6 442.3 406.4 370.6 333.6
NiFe LDHs@CS/NF 705.8 685.7 649.8 610.1 576.6

NiCr LDHs/NF 592.6 527.3 482 446.4 417
NiCr LDHs@CS/NF 814.9 703 646.9 609.6 5754

NiAl LDHs/NF 851.9 771.4 714.6 665.83 618.6
NiAl LDHs@CS/NF 1042.2 870.2 787.3 722.9 669

To further analyze the ion diffusion (low-frequenegion) and charge transfer resistance
(high-to-medium frequency region) of the sampld§, wWas measured as illustratedHigur e
7e. Rs (the intersection of the plot with the X coordinabas) andR.; (the semicircle) of all
the electrodes were obtained from the Nyquist pbid their corresponding values are
summarized inTable $4. Rs values of 1.28, 1.30, 0.11, 0.94, 0.72 and 1.4% o’ were
determined for NiFe LDHs/NF, NiFe LDHs@CS/NF, NidDHs /NF, NiCr LDHs@CS/NF,
NiAl LDHs/NF and NiAl LDHs@CS/NF, respectively, atige correspondinB; were 10.42,
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20.78, 38.78, 14.18, 2.44 and 22.40 ohnm’c@ompared to NiFe LDHs@CS/NF and NiCr
LDHs@CS/NF, NiAl LDHs@CS/NF possessed the smafRestut largerR, even though it
exhibited the largest areal capaciBigure 7b andd). This might mainly be ascribed to the
larger electrochemical effective surface area.

Consequently, the real electrochemical effectivdase area (A) of all electrodes was
determined by chronocoulometry experiments usinfy @M Ks[Fe(CN)] as a probe
molecule in 0.1 M KCI Figure 7f), and the charge produced by the redox reactidheat
electrodes using the Anson equation:

215
Q(t) :M‘*le +Qus
2

Wherec is the substrate concentration (moldmm is the number of electron transferr&ds
the Faraday constant (9.6485%XD mol?), A is the effective area of the electrode fEnD
stands for the diffusion coefficient (7.6x3@n7 s?), Qugsis the Faradaic chargey@s the
double layer charge, other symbols have their argisignificance.

From the plot of Qus. t*2 (Figure 7f), NiAl LDHs@CS/NF displayed the largest
electrochemical effective surface area of 182.&, coonsistent with the above results.
Notably, NiAl LDHs/NF holds a smaller electrochealieffective surface area (121.1 Jm
than that of NiCr LDHs@CS/NF (159.5 &nbut larger areal capacity, which may be due to
its better conductivity with smalld®s but largerR... As a result, the capacity of the electrode
is not only related to conductivity, but also te tteal electrochemical effective surface area.
Both of them encompass a great effect on the ciae of the supercapacitors.

A hybrid supercapacitor cell was assembled in wiieghNiAl LDHs@CS/NF (1 cmx1
cm) was applied as the positive electrode and NANFO(1.5 cmx1.5 cm) acted as the
negative electrode. The CV plots of N-rGO/NF an&INiDHs@CS/NF, performed in KOH
(2 M) at 100 mV ¥ in a classical 2-electrode configuration cell, presented ifFigure 8a.
Even though N-rGO/NF showed smaller CV area theaat tf NiAl LDHsS@CS/NF, it
exhibited a relatively larger operating potentiahdow (-1 to 0.4 V), which is expected to
greatly enhance the energy density of the hybrgkstapacitor. In order to find a suitable

working voltage window of the hybrid supercapacitetl, the CV plots were performed at
15



100 mV &' in different potential windows of 0-1.1, 0-1.21(8, 0-1.4, 0-1.5, 0-1.6, 0-1.7 and
0-1.8 V. As can be seen kigure 8b, the potential window could be extended to 1.&WM

with the existence of a polarization phenomenon.pii@tect the electrodes, the potential
window was limited to 0-1.6V. Based on the resule CV plots were acquired at various

scan rates between 0 and 1.6R(re 8c).
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Figure8: (a) CV curves of N-rGO/NF and NiAl LDHs@CS/NF perfeed at 100 mV$in a
3-electrode cell in KOH (2M) solution. (b) CV plat$ the hybrid supercapacitor cell
acquired at various potential windows (scan rat€=h®¥ s') in a classical 2-electrode
configuration. (c) CV plots of the hybrid supercaipar cell obtained at various scan rates. (d)
EIS analysis of the hybrid supercapacitor cell measin the 0.01 Hz and 100 kHz
frequency range. The inset up-right in (d) is ther@sponding equivalent circuit. (e) GCD
profiles at various current densities. (f) Aregbaaity at various current densities. (g) Ragone

plot. (h) Cycling performance of the hybrid supgaxitor cell at 1 mA cif.
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Furthermore, EIS was recorded in the 100 kHz tol OH frequency range; the
electrochemical impedance equivalent circuit igldiged in the inset ofigure 8d. Rs (the
intersection of the plot with the X coordinate axend R (the semicircle) of all the
electrodes, obtained from the Nyquist plots, weB8@nd 4.30 ohm chy respectively. From
the GCD plots recorded at various current densfiegure 8e) andEq.2, the areal capacity
of the hybrid supercapacitor cell was calculated 5.2, 123.1, 111.4, 100.4, 91.7 and 85.8
mC cm? respectively at 0.5, 1, 2, 3, 4 and 5 mAZT(Rigure 8f). Consequently, according to
equations (S5) and (S6), the highest energy deasttjeved was 3Wh cmi? at a power
density of 0.41 mW cif (Figure 8g).

Furthermore, the stability of the hybrid supercdpaccell plays an important role to
evaluate its performance. Therefore, the hybricestapacitor was submitted to an extended
charge-discharge cycling at 1 mA émAfter 5,000 cycles, ~82% of the original capaciigs
retained, which slightly decreased to ~72% afte®Q0 cyclesigure 8h).

The SEM images of NiAl LDHs@CS/NF (positive) andGO/NF (negative) electrodes
after 5,000 cycles test are displayedrigure S7, where no obvious change of the surface
morphology was noticed, suggesting favorable relviditg and stability.

To highlight the potential of the as-fabricated engapacitor cell for real applications, a
home-designed windmill device was assembled sultdgsésee the schematic diagram in
Figure 9a); it consists of an engine (1.5-9 V), a windmilhda one as-fabricated
supercapacitor cell. Frofigure 9al-4, we can see that the windmill rotated quickly, and
with the consumption of energy, it stopped compyeafter 21 s.

Furthermore, when two hybrid supercapacitor ceblsenconnected in parallel (insert of
Figure 9b), the charge-discharge potential window can ragecho 3.2 V with almost the
same discharge time. Additionally, the two as-fediied hybrid supercapacitor cells in series
were applied to supply electricity to a red LED82. V), a green LED (3-3.6 V) and a
yellow LED (1.9-2.4 V) in parallel. The green, y»il and red LEDs were lightened for 37,
195, and 459 s, respectivelyigure 9b1-b5). All of these findings demonstrate a promising

practical energy storage application of the asifabed hybrid supercapacitor cells.
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Figure 9. (a) Schematic of the hybrid supercapacitor cell opegasi homemade windmill
device. (al to a4) Photographs of the home-desigmadimill device operation. (b) GCD
curves of a single supercapacitor and two supecti@psiin series. The inset depicts the
photograph of the two supercapacitors in serielst¢lh5) Ared LED, a green LED and a

yellow LED in parallel lighten up by two supercajpaccells in series.

Finally, a flexible hybrid supercapacitor device swassembled in which NiAl
LDHs@CS/NF (1 cmx1 cm) was applied as a positieetedde, N-rGO/NF (1.5 cmx1.5 cm)
as a negative electrode, and one piece of filtgepammersed into KOH (2 M) aqgueous
solution as a separatoFigure 10a). The electrochemical behavior of the device was
assessed in a 2-electrode system, and the CV gbofsired at various potential windows
(scan rate = 100 mV} are displayed ifrigure 10b. The results revealed that the potential
window could reach up to 1.8 V even though a poéion phenomenon was obvious when
the potential exceeds 1.7 V. In order to reducedtimeage to the electrode and ensure stable
operation of the device, the operating potentialdeiv was chosen as 0-1.6Wigure 10c
displays the CV curves of the hybrid supercapaatugrined at various scan rates (10 - 100
mV s?) between 0 and 1.6 V. The full device exhibitedapacitive-like characteristic with
obvious deviation from ideal capacitive behaviahaligh NiAl LDHs@CS/NF electrode
performed as a battery-type electrode [16]. Atdhme time, as displayed in the Nyquist plot

(Figure 10d), we can observe that the whole system revealsales internal resistance
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(R<=0.20 ohm crf) and charge-transfer resistanBg$0.84 ohm cn?) than that of the hybrid
supercapacitor cell. A possible reason might betti@two integrated electrodes shorten the
distance of electron transfer and ion diffusion.n€squently, the hybrid supercapacitor
device exhibited a longer discharge time than thiatthe hybrid supercapacitor cell,

signifying a larger areal capacitlyigur e 10e andf).
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Figure 10: (a) Schematic of the hybrid supercapacitor. CVpioeasured at (b) various

potential windows at 100 mV'sand (c) various scan rates between 0 and 1.6) ¥I@l
curves acquired in the 0.01 Hz and 100 kHz frequeacge. The inset up-right in (d) is the
equivalent circuit. () GCD plots at various cutrdensities. (f) Areal capacity at various
current densities. (g) Ragone plot. (h) CV plotguaed at 100 mV $at different bending
angles. The inset in middle of (h) is the photograpthe hybrid supercapacitor device. (i)

Cycling performance at 1 mA ¢f

According to equation (2), the areal capacity @& ttybrid supercapacitor device was
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calculated as 191.3, 166.1, 153.7, 149.8 and 14 2xm?’ respectively at 1, 2, 3, 4 and 5
mA cm? (Figure 10f). According to equations (5) and (6), the hybrigharcapacitor device
attained the largest areal energy density ofih cm? at a power density of 0.805 mW
cm? (Figure 10g). This value is higher than that achieved by Nii@H//ketjenblack (14.4
uWh cmi? at 312.5uW cmi®) [48], Mg-Al LDH//rGO (24.07uWh cmi? at 81.2uW cm'?)
[49], CayesSel/AC (35.65:Wh cmi? at 210uW cmi ?) [50] hybrid supercapacitors, HCF fiber
(27.1uWh cnmi? at 66.5u0W cmi?) [51], rGO/N,0s-rGO asymmetric flexible device (8Wh
cm? at 4.17 mW cnif) [52], Cu@Ni/porous Ni/MnCgD,; symmetric supercapacitor (12.8
uWh cmi? at 110uW cm®) [53] and MnQ/CNT//PI/CNT asymmetric supercapacitor (36.4
uWh cmi? at 0.78 mW crif) [54].

Furthermore, to test the flexibility and mechanipabperties of the device and meet
wearable requirements, the hybrid supercapaciteicdan the middle ofFigure 10h was
bent at different angles (150, 90 and)6@he CV curves, acquired at different angles, are
almost overlapping together, indicating excelldekibility and mechanical properties and
providing promising potential for their applicationwearable energy devices.

Additionally, the hybrid supercapacitor stabilityftew 10,000 charging—discharging
cycles was measured; the areal capacity remain&&~&nd ~67% of its original value
respectively after 5,000 and 10,000 cycles, suggeatgood reversibilityKigure 10i).

Furthermore, to test the practical applicabilitytlod packed hybrid supercapacitor device,
it was applied for a windmill device operation (sntatic diagram irFigure 11a). Upon its
connection with the hybrid supercapacitor devicee twindmill rotates quickly and

continuously for 32 sHigure 11b-e).
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Figure 11. (a) Schematic diagram of the hybrid supercapacitoradefar operating a
homemade windmill device. (b-e) Photographs ofti@e-designed windmill device

operation.

Finally, as shown ifrigure 12a-b, when two hybrid supercapacitors were connected in
series as the power source, the work potential evindan reach 3.2 V to supply power to 3
LEDs in parallel. The device can successfully lightthree LEDs at the same tinfédure
12c-h). With the consumption of electricity, the lightagually dims and the green light
(3-3.6 V) went out after 37 &igure 12¢), followed by the yellow one (1.9-2.4 V) after 189
(Figure 12g). The red LED (1.8-2 V) becomes very dark, but Bghts up until 542 s. All

the results suggest that the as-assembled hyhpercpacitor device possesses a promising

potential for flexible energy storage applications.
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Figure 12. (a) Schematic diagram of the hybrid supercapacitoeires for lighting of LEDs
in parallel. (b) GCD plots of a single supercapacind two supercapacitors in series. The
inset depicts the photograph of the two supercémaailevices in series. (c to h) A yellow

LED, ared LED and a green LED in parallel lightgby two supercapacitors in series.
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4. Conclusion

In summary, NiFe LDHs, NiCr LDHs and NiAl LDHs onickel foam (NF) were
synthesized by a simple hydrothermal process. Wi¢hassistance of carbon spheres (CS),
NiFe LDHs@CS/NF, NiCr LDHs@CS/NF and NiAl LDHs@C%/Nvere further obtained.
Among all the samples, NiAl LDHs@CS/NF exhibitee thest electrochemical performance
as a binder-free electrode and the largest aremloity of 1042.2 mC cihat 1 mA cn¥.
Consequently, NiAl LDHs@CS/NF//N-rGO/NF hybrid sugepacitor cell in KOH solution
and flexible NiAl LDHs@CS/NF//N-rGO/NF hybrid supapacitor devices were
successfully assembled, and further applied fodwmiii device operation, lasting for 21 and
32 s, respectively. Moreover, two NiAl LDHs@CS/NWFYGO/NF hybrid supercapacitor
cells connected in series were able to supply itégtto LEDs in parallel and the red one
was lighted up for the longest time of ~459 s. Tlarible NiAl LDHs@ CS/NF//N-rGO/NF
hybrid supercapacitor device displayed favorabkxifiility, mechanical properties and
stability; two devices in series could light a g&ll LED (199 s), a red LED (542 s) and a
green LED (37 s) in parallel simultaneously. Aletfindings suggest that the developed

electrodes hold a promising potential for energyagie applications.
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Highlights

NiAl LDH decorated on carbon spheres supported icio&n was prepared

The electrode material exhibited a high areal ciypat 1042.2 mC cif at 1 mA cn?

A supercapacitor was assembled and exhibited adtighgy density of 48Wh cni” at a
power density of 0.805 mW ch

The supercapacitor was able to operate a homeraabsigindmill device for 32 s

The supercapacitor was used to light up a greesq and a yellow LED
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