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Abstract

Rational design of electrode structures has bemygrezed as an effective strategy to
improve the electrochemical performance of eledrochaterials. Herein, we
demonstrate an integrated electrode in which nibldroxide (Ni(OH)) nanosheets
are deposited on both sides of chemical vapor dépogrown graphene on Ni foam,
which not only effectively optimizes electrical ahrctivity of Ni(OH),, but also

accommodates the structural deformation assciatéfd tive large volume change
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upon cycling. The synthesized Ni(Oftraphene/Ni(OH)Ni foam electrode exhibits
a high specific capacity of 991 C’eat a current density of 1 Ay which is higher

than the theoretical specific capacity of additsten of Ni(OH) and graphene, and
retains 95.4% of the initial capacity after 500@leg. A hybrid supercapacitor is
constructed by using Ni(OHYyraphene/Ni(OH)Ni foam as the positive electrode
and activated carbon on Ni foam as the negativetrelde, which achieves a
maximum energy density of 49.5 W h kgt a power density of 750 W Kg and

excellent cycling lifespans with 89.3% retentioteafL0000 cycles at 10 Al

1 Introduction

Increasing efforts are currently being devoted towadleveloping superior
electrochemical supercapacitors in view of theghler power density, better cycling
stability, and faster charge/discharge characterittan secondary batteries, while
higher energy density compared to conventional edtekt capacitors [1-3].
Battery-type materials of transition metal oxidesvdn been extensively studied as
they can provide dominant high specific capacitydst and reversible faradaic redox
reactions [4, 5]. Among these, nickel hydroxide((),) has been considered as a
potential material for supercapacitors owing tohigh theoretical specific capacity,
highly reversible redox activity, natural abundansgbility in alkaline media, and
layered structure for favorable ion diffusion [6]. Unfortunately, Ni(OH)-based
electrode materials still suffer from low specifiapacity, rapid capability fading, and

inferior cycling stability due to their intrinsidgl poor conductivity and unstable



geometric structures [8], thereby impeding theagpical applications. Therefore, the
development of Ni(OH}based electrodes with excellent electrochemical

performances remains a pressing topic in supergap#echnology development.

Accordingly, effective strategies have been progo&e boost the electrochemical
performance of Ni(OH) by engineering electrode designs and optimizing th
electrical properties of materials [9, 10]. Salualdt al. reported coaxial growth of
Ni(OH), on a highly conductive CNT backbone, which resliteenhanced electrical
conductivity and increased electrochemically actisges, resulting in highly
improved electrochemical performance [8]. Yan etr@ported hierarchical Ni(Okl)
nanoflakes anchored on rGO nanosheets. The prodwtem architectures shortened
the electrolyte ion diffusion path and created nigus macropores that acted as
ion-buffering reservoirs to sustain the Faradaactiens at a high current density [11].
Wang et al. synthesized Ni(OHnanosheets on a nickel conducting substrate,
exhibiting an ultrahigh specific capacity of 79@3j* at a current density of
5mAcm? This was attributed to the structural robustnessl rapid electron
transport of the integrated electrode [12]. Desaitaining enhanced electrochemical
performances in some cases, most of these currandijyable reported composites
simply level off the electroactive species, whistthen accompanied by low degrees
of exposed edge sites, slow reaction kinetics, podr structural integrity. This
usually results in a limited specific capacity acytle stability to some degree.

Compared to the chemically synthesized rGO, graplpgapared by chemical vapor



deposition (CVD) offers better conductive propertiewing to their large crystal
domains and fewer defects in the graphene laye3s 1#]. However, it is very
challenging to grow CVD graphene on transition metades and hydroxides due to

the harsh CVD graphene growth mechanism.

In this work, we develop a new synthetic approachrdalize a 3D integrated
Ni(OH)./CVD-grown graphene (G)/Ni(ORNi foam (NF) hybrid electrode, in which
a fracture in the CVD graphene is intentionallyateel by sonication, followed by a
subsequent hydrothermal growth of Ni(QH)anosheets on NF. Owing to the
well-defined electrochemical properties of Ni(QH)nd the highly conductive
behavior and structural robustness of graphene pomus NF substrate, the
integrated Ni(OHYG/Ni(OH),/NF electrode exhibits a high specific capacity9éf
C g* at a current density of 1 Ay and remains 677 Cgeven at 20 Ad. A hybrid
supercapacitor device composed of the as-fabricBi€@H),/G/Ni(OH),/NF and
AC/NF delivers a maximum energy density of 49.5 \WWgh* at a power density of
750 W kg', and maximum power density of 7500 W kgan be retained with an

energy density of 26.9 W h Ky

2 Experimental details
2.1 Synthesis of graphene on nickel foam (G/NF). The G/NF was prepared by a
modified CVD procedure [15]. Specifically, the NkKgere placed in a CVD tube

furnace under H (5sccm) atmosphere and maintained fornds at 1000 °C to



eliminate any oil contamination and remove the exidyer from the surface.
Afterwards, CH gas was continuously introduced into the tube @irestant pressure
(55 mTorr). After 45min under this reaction-gas mixture flow, the furmavas rapidly

cooled to ambient temperature under a protectivatrhosphere (5ccm) at a rate of

~20°C min™ .

2.2 Synthesis of Ni(OH),/G/Ni(OH)./NF hybrid electrode. Prior to the experiment,
fractures (several micrometers in size) on G/NF ewgenerated by ultrasonic
treatment of the G/NF in distilled water for 12 ih,which the strong mechanical
vibrations induced regional fractures on the graghén addition, the intercalation of
dissolved oxygen from the distilled water can caaseicking effect between CVD
graphene and NF [16, 17], which effectively delaatéd CVD graphene from the NF
substrate. Typically, 2 mmol of Ni(N-6H,0, 4 mmol of NHF, and 12 mmol of
CO(NH,), were dissolved in 60 mL of distilled water undegaious stirring. The
above solution, containing the pretreated G/NF tsates was kept for 6 h at room
temperature to ensure that the precursor partictedd fully penetrate into the
internal intercalation of G/NF, which was then sfamred to a 50 mL autoclave and
maintained at 110 °C for 6 h. After the autoclawmled down naturally to room
temperature, the precipitate-covered G/NF was remowashed with deionized
water and ethanol, and then dried at 70 °C for 12 Finally, the
Ni(OH)2/G/Ni(OH),/NF hybrid electrode was obtained. As a referehs@OH)./NF
and Ni(OH)/G/NF were also fabricated using the same hydrathkeprocess, but

without the ultrasonic treatment, leading to dikeadeposited Ni(OH) onto the
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surface of G/NF and NF substrates.

2.3 Material characterization. Field-emission scanning electron microscopy
(FE-SEM, JSM7800F, JEOL) and transmission electmmicroscopy (TEM,
JEM-2100, JEOL) equipped with energy-dispersivea}{-spectroscopy (EDS) were
employed to analyze the morphologies and structigalures of the composites.
Focused ion beam scanning electron microscopy B4 was conducted using a
Dual Beam Strata 235 (FEI) and Auriga Compact &eimicroscope. X-ray
diffraction (XRD) patterns were collected using hilips 1710 diffractometer with
Cu-Ka radiation (k = 1.5418 A). Raman spectra (LabRAMawis, Horiba Jobin
Yvon) were recorded using a conventional backscagie geometry and
liquid-nitrogen-cooled charge-coupled device mablaicnel detector. X-ray
photoelectron spectroscopy (XPS) was performedgusin Escalab220 K-alpha

spectrometer (Thermo Scientific, UK).

2.4 Electrochemical measurements. Electrochemical measurements were carried out
using a multichannel electrochemical workstatio®TAT, Ivium Technologies). A
three-electrode single compartment cell was usedlitM KOH electrolyte. The mass
loadings of the active materials weighted beford after pristine NF substrate for
G/NF, Ni(OH)/NF, Ni(OH),/G/NF, and Ni(OHYG/Ni(OH),/NF were approximately
0.2, 1.8, 1.6, and 1.5 mg cmrespectivelyThe as-fabricated electrodes were directly
used as the working electrode (1x1 &nwhile a saturated calomel electrode and
platinum foil served as the reference electrode @mhter electrode, respectively.
Electrochemical impedance spectroscopy (EIS) measemts were recorded in the
frequency range from 100 kHz to 0.01 Hz at the opeauit potential with an
oscillation amplitude of 5 mV. The specific capgci{Cs, C g*) of the electrode

materials was calculated from the discharge cungasg the equation G (IXAt)/m
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[6], where m (g) is the mass of the active matsyib(A) is the discharge current, and

At (s) is the discharge time.

The theoretical faradaic capacity; @C ¢) of Ni(OH), was calculated using
Faraday's law € = nxF/(1000xM,,) [18], where n is the moles of the charge
transferred per mole of active material, F is tlagaBay constant (96485.3 C i)
and M, (kg mol'") is the molar mass of the active material. ForQ¥i},, n is one
mole of electron transfer and WMof Ni(OH), is 92.7 x 10° kg morl®; thus, the
theoretical faradaic capacity was calculated talbeut 1040.8 C Q.

According to the theory of quantum capacitancedefl graphene proposed by Xia et
al. [19], the theoretical quantum capacitance (E g ) of ideal graphene was
calculated to be-550 F g* when the entire surface area can be fully utilizacour
prepared system, the working potential of GCD psseceanges from 0 to 0.45.
SCE/V. The corresponding theoretical specific cipd; (C g*) of ideal graphene is
calculated as follow: §£= C, x potential window = 558 0.45 C §* = 247.5 C "

The mass loadings of Ni(OMB/Ni(OH),/NF and G/NF weighted before and after

pristine NF substrate is ~1.5 and ~0.2 mgGmespectively. Accordingly, the mass

ratios of Ni(OH) and graphene to Ni(OH/Ni(OH)./NF are%x 100% and

%x 100%, respectively. Based on the discussion above,thberetical faradaic

1.3

capacity (C Ql) of additive sum of Ni(OH)and graphene is 1040.8 Clgtﬁ +

247.5Cg'x= =~ 935Cg".

5
Prior to the assembly of a hybrid supercapacitw,tegative electrode was prepared

by mixing activated carbon (AC) and polytetrafluetioylene at a weight ratio of 95:5,
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and then spread on a piece of NF (area = 1x%).cf hybrid device using the
Ni(OH)./G/Ni(OH),/NF as the positive electrode and AC/NF as the thegalectrode
was assembled together with one layer of cellupeg®er as the separator using 1 M
KOH electrolyte. Because the constructed hybrid escgpacitor delivered
quasi-rectangular CV curves, the specific capacétaG, (F g*) of the hybrid
supercapacitor was calculated using\){M-AV) [20], where M (mg) is the total
mass of the active materials in the device. Theggngensity E (W h kd) and power
density P (W kg") of the hybrid device was calculated by E 7A¥%7.2 and P =

3600- EAt [21], whereAV represents the discharging cell potential rave (

3 Results and discussion

The synthesis procedure of Ni(OH3/Ni(OH),/NF integrated architecture is
illustrated in Fig. 1. Graphene is first depositedthe surface of 3D interconnected
porous Ni foam through CVD, followed by ultrasoniceatment to force the
delamination of regional fractures in CVD graphé&men the NF substrate. Then, the
as-obtained G/NF is selected as a template to @Mg@WH), via a hydrothermal
process, forming Ni(OH)nanosheets distribute on both sides of CVD graphene
grown on NF. For the preparation of Ni(GHNF and Ni(OHYG/NF samples,
Ni(OH), nanosheets are separately anchored on NF and GIMplate without

pre-ultrasonic treatment by the same hydrothermiadlition.

An XRD study was performed to analyze the crystalphic structure of the
as-prepared Ni(OHINF, Ni(OH),/G/NF, and Ni(OHYG/Ni(OH)./NF (Fig. 2a). The

XRD pattern of Ni(OHYNF reveals three strong diffraction peaks at the&ues of
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44.8°, 51.9°, and 76.6°, which match well with thad the nickel substrate (JCPDS
No. 70-0989) [22]. The diffraction peaks at 19.88,2°, 38.6°, and 59.4° are assigned
to the (001), (100), (101), and (110) reflectioristhee hexagonapB-Ni(OH), phase
(JCPDS No. 01-1047) [23]. In contradti(OH)./G/Ni(OH),/NF and Ni(OHYG/NF
show two additional diffraction peaks at 26.5° &#d5°, which are identified as the
(002) and (004) planes of graphitic carbon (JCPRS Tb-1621), respectively [24].
The peak corresponding to the graphitic carbon ehasNi(OH),/G/Ni(OH)./NF
appears with a relatively stronger intensity in pamson to that of Ni(OHJG/NF,
which might derive from the encapsulation of Ni(QHYy the CVD graphene layer.
The survey spectrum of G/NF shows the existenceaobon, oxygen, and nickel
species (Fig. 2b). The Raman spectra of Ni(@¥), Ni(OH)/G/NF, and
Ni(OH)./G/Ni(OH),/NF exhibits characteristic peaks located at 4&3,63 and 3643
cm™, corresponding to the symmetric Ni-OH stretchingdey symmetric stretching
of the hydroxyl groups, and O-H vibration of thedlhygen-bonded hydroxyl groups
derived from the water molecules in the interlaarefipace of Ni(OH) respectively
[25-27]. In theRaman spectra of G/NF, Ni(O#B/NF, and Ni(OHYG/Ni(OH),/NF,
two prominent G and 2D bands are observed at 16852212 crit', which can be
attributed to the characteristic peaks of CVD geah[24]. The D-mode located at
1357 cm* also appears in the spectra of Ni(@BYNi(OH),/NF and Ni(OHYG/NF,

confirming that structural defects are produced.



XPS analysis was performed to examine the cheroarabosition and chemical state
of the samples. The survey spectra of Ni(@NF, Ni(OH)./G/NF, and
Ni(OH)./G/Ni(OH),/NF mainly shows the presence of Ni, O, and C gsefftig. S1).
An additional weak F 1s peak is observed at 68¥,3maich provides evidence for
fluoride ions of NHF being intercalated into the interlamellar spatcBli¢OH),. The
lower binding energy peak in the deconvoluted Gsdsctrum, locates at 531.3 eV,
corresponds to the formation of metal hydroxide—-D#H) [28], whereas thether
peak at 532.5 eV can be indexed to the physiscaibedchemisorbed water near the
surface (Fig. 2c) [29]. The high-resolution Ni 2pre level XPS spectra reveals the
two major peaks of Ni 2@ and Ni 2p,,, centered at 873.5 and 855.9 eV, respectively,
together with two shakeup satellites located at B&d 862.1 eV (Fig. 2d) [6, 21].
The spin-energy separation of approximately 17.6beWveen the two major peaks
can be ascribed to the characteristic Ni(@phase, which agrees with the previous

reports [30, 31].

FE-SEM images show CVD-grown graphene grown on Rig.(S2a—d) and the
corresponding fractures (Fig. S2e—f) obtained frahe intended sonication.
Wrinkle-like graphene with irregular fractures auhd to fully cover the NF skeleton.
SEM images of Ni(OHJNF show that the Ni(OH)nanosheets are uniformly
supported on the NF substrate to provide a confocoeting on its surface (Fig. S3).
The enlarged SEM image shows how the Ni(@hfnosheets are homogeneously
aligned and interconnected with each other, fornangnique nanoarray with highly
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open features, which is conducive to providing patys for effective ion transport. In
comparison to Ni(OHJNF, the overall morphology of Ni(OKRG/NF remains
unchanged except for the active materials growithenskeleton of G/NF (Fig. S4).
TEM observations reveal that individual nanosh@etssess a hexagonal shape with
an angle of around 120° in the adjacent edge &%@). A high resolution TEM image
shows that the lattice fringe has a spacing digtafi®.270 nm and corresponds to the
(100) lattice spacing of Ni(OHJFig. S5b). The regular hexagonal pattern obserrved
the selected area electron diffraction (SAED) iatks the monocrystalline feature of
the Ni(OH) nanosheets (Fig. S5c). The Ni(QK)/Ni(OH)./NF exhibits that the
Ni(OH), nanosheets are uniformly embedded in the interlbgéveen graphene and
NF in addition to the flower-like Ni(OH)depositing on the surface of CVD-grown
graphene (Fig. 3a-d). The structure of Ni(@B)Ni(OH),/NF is further investigated
by tomographic analysis using FIB-SEM and TEM. R3g. reveals that Ni(OH)
nanosheets lying perpendicular to the NF substrdiitee being encapsulated by the
CVD graphene layers. The high resolution TEM imafe¢he embedded Ni(OH)
reveals a lattice fringe with a spacing of 0.270 (fing. 3f), which matches well with
the (100) plane of the hexagonal Ni(Qighase, in agreement with the XRD results.
The electrochemical behavior of the synthesizedpsssnwas investigated ina 1 M
KOH aqueous electrolyte using a three-electroddigaration. Fig. 4a shows the
cyclic voltammetry (CV) curves of the Ni(OWMINF, Ni(OH)/G/NF, and
Ni(OH),/G/Ni(OH),/NF electrodes at a scan rate of 30 mYaver a potential range
from O to 0.5vs. SCE/V. A pair of well-defined redox peaks is visibn the CV
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curves of the as-synthesized electrodes, whictbeandexed to the well-documented
Ni?*/Ni®* [6], suggesting that the charge storage mainly stémm the Faradaic
reaction of the redox-active Ni(Oflinstead of a double-layer process from the CVD
graphene layers. Evidently, the integral area sunded by the CV curve significantly
increases with the introduction of the enclosed CyBphene on Ni(OH)NF. As
shown in Fig. S6, the integrated area of G/NF igegsmall relative to that of the
other electrodes (about 1.8% capacity of the Ni(@BINiI(OH)./NF electrode),
indicating that the capacity contribution from tB&\NF can be negligible. To further
evaluate the electrochemical performances of NighHH, Ni(OH)/G/NF, and
Ni(OH)./G/Ni(OH),/NF, the CV curves were measured at various sdas tzetween
5 to 50 mV §' (Fig. S7). It is worthy to note that a pair of Adoredox peaks with
oxidation peak at ~0.3%s. SCE/V and a reduction peak at ~0.28 SCE/V is
observed in CV curves of as-synthesized samples latv scan rate of 5 mV's
which is attributed to the reversible intercalatt@intercalation of electrolyte ions in
the inter-sheet spacing of the layered Ni(@FBR]. To further investigate the charge
storage mechanism of Ni(OMEB/NiI(OH)./NF, the relationship between cathodic
current respondsly) from CV curves and the scan ratd (s analyzed using a
power-law (, = ax”) [33]. Where b = 1 indicates that the reaction is
surface-controlled, while b = 0.5 represents that reaction is diffusion-controlled
process. The obtained b-value of the Ni(&8)JNi(OH)./NF electrodes is 0.58 (Fig.
S8), which is close to 0.5, indicating a dominatkifusion-controlled process. To
determine quantitatively the Faradaic contributtonthe total charge, the cathodic
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current response (i) at a fixed potential window ¢duld be separated as two parts
according to the equation of i(V) 3w+ kVv'?[34], where the termsyi and kv*?
correspond to the charge contributed from capacaind diffusion-controlled faradaic
processes, respectively. It can be found that terge storage attributed by the
Faradaic process for Ni(OK/Ni(OH),/NF electrode decreases with increasing scan
rate from 90.8% at 5 mV 5to 76.2% at 50 mV'$ (Fig. 4b). The results indicate the

relatively high contribution of the Faradaic proes the total stored charge.

Fig. 4c shows the nonlinear characteristics of glagvanostatic charge/discharge
(GCD) curves of the Ni(OH)NF, Ni(OH)/G/NF, and Ni(OHYG/Ni(OH),/NF
electrodes at a current density of 1 & gmplying these materials demonstrated the
typical Faradaic behavior of battery-type electeof5, 36]. The discharge curves of
the electrodes are almost symmetric to the corredipg charge curves at various
current densities, implying good reaction reveigibiClearly, as indicated by the CV
results, the Ni(OH)JG/Ni(OH),/NF presents a longer discharging time than
Ni(OH)2/NF and Ni(OH)Y/G/NF. The specific capacity calculated from thectiarge
curves is shown in Fig. 4d. The Ni(O#3/Ni(OH),/NF electrode achieves the
highest specific capacity of 991 C'at a current density of 1 A which is beyond
the theoretical capacity (935 C'pof additive sum of Ni(OH)and graphene (details
in experiment section). The ultrahigh specific aayaof the Ni(OHYG/Ni(OH),/NF
electrode is ascribed to the nearly full redox tieac and additional electrical

double-layer capacitance provided by Ni(@QHhanostructure and the raised
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capacitance contribution caused by the inevitaletieads in graphene nanostructure
[37, 38]. The specific capacity value of Ni(QH3J/Ni(OH),/NF is nearly 2.30 and
1.35 times higher than that of Ni(O#YF (430 C §%) and Ni(OHYG/NF (738 C @),
respectively. More importantly, the Ni(O#B/Ni(OH)./NF electrode still exhibits
about 70.7% retention of its initial capacity upnareasing the current density from 1
to 20 A g%, which is higher than that of Ni(OMEB/NF (~60.9%) and Ni(OHJNF
(~62.6%). The rate capability of Ni(OpB/Ni(OH),/NF is also highly competitive
compared to most of the previously reported cafdgdH), systems (Table S1) [8,

39-43].

The cycle life stability of Ni(OHYNF, Ni(OH)/G/NF, and Ni(OHYG/Ni(OH)./NF
was measured at a high current density of 20°Aags shown in Fig. 4e. Ni(ObNF
shows a 81.1% capacity retention after 5000 cyclesile the Ni(OHYG/NF
electrode exhibits a highly improved capacity réten rate (90.3%) after the
long-term test, revealing its excellent cycling &ebr. This is attributed to the high
electrical conductivity of the G/NF substrate. lontrast, the specific capacity of
Ni(OH)./G/Ni(OH),/NF increases at first because of the uncompletgdadion of the
electrochemical active materials, resulting in aoréased mobility of the surface
charge and electrolyte transfer [44]; however, hent gradually degrades to a
stabilized level at approximately 95.4% of theialittapacity, even after the same
cycling test. Such cyclic stability is significantiygher than that of Ni(OH)derived
hybrid materials (Table S2) [31, 45-47], verifyinthe significance of the

14



Ni(OH)./G/Ni(OH),/NF architecture. Importantly, the as-synthesiZedteodes retain

a high Coulombic efficiency of over 96%, even aie00 cycles (Fig. S9), indicating
their superior ability to retain charge during tbag-term cycling test. SEM images
(Fig. S10) of the Ni(OHJG/Ni(OH)./NF electrode show a slight aggregation of the
Ni(OH), nanosheets after the cycling test, which accowrtshie remarkable cycling
stability. To further investigate the electrocheahidoehaviors of Ni(OH)NF,
Ni(OH)/G/NF and Ni(OH)YG/Ni(OH),/NF, EIS measurements were carried out. A
suppressed semicircle at a high frequency regionaasioped line at a low frequency
region for all the impedance plots can be obse(i#egl S11). An equivalent circuit is
proposed based on the following elements: the afgriv series resistandgs), which

is a combination of the electrolyte resistance,ittiensic resistance, and the contact
resistance between electroactive material and murcellector [48]. The charge
transfer resistanceR{) corresponds to the charge transfer resistancehat
electrode/electrolyte interface [49]. Taking intocaunt that the porous feature of
as-synthesized electrode materials causes theptre electrochemical process that
deviates from the nature of the pure capacitanamnatant phase element (CPE) is
introduced to fit the EIS measurement. CPE presémsinhomogeneity of the
electrode surface and inhomogeneity of the changgriltlition associated with
electrode geometry in the EIS measurement [50-B24. interface capacitance could
be expected in parallel with.Rand Warburg diffusion element{¢Zcorresponding to
the ion diffusion [53, 54]. Moreover, the capaatinature could be reasonably
presented as CPE in parallel with [85]. The fitted parameter values are listed in
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Table S3 for comparison. ThesRalues of Ni(OHYNF, Ni(OH)/G/NF, and
Ni(OH)./G/Ni(OH),/NF are 1.19, 0.84, and 0.63 respectively, suggesting their low
internal resistant. Compared to Ni(QHNF (~17.13Q) and Ni(OH)YG/NF (~10.07
Q), Ni(OH),/G/Ni(OH)./NF possesses a smalleg Ralue (~2.31Q2), indicating faster
charge transport properties. The, Of the Ni(OHYNF, Ni(OH)/G/NF, and
Ni(OH),/G/Ni(OH),/NF are determined to be 2.83, 2.54, and D98”, respectively.
The lower 4, value of Ni(OHY/G/Ni(OH),/NF demonstrates better diffusion rate of
electrolyte ions within the typical sample [48]cHln be observed that the EIS plot of
Ni(OH)./G/Ni(OH),/NF shows a larger slope compared with those cDN)/G/NF
and Ni(OH)/NF at the low frequency region, which indicatetidrecapacitive nature
[48]. The results can be explained from the stmattumerits of the
Ni(OH)./G/Ni(OH),/NF electrode: (1) high conductivity of the CVD phene
enhances the electric conductivity of the matresulting in high capacity and rate
performance; (2) high mechanical durability of C\@baphene acts as a protective
shell to remit the structural deterioration of tN§OH), nanostructure, leading to
remarkable cycling stability; (3) the steady adbesif the active materials Ni(OH)
on the conductive substrate creates an expressfgatast electron transport, and
avoids the “dead volume” and “dead weight” in elede materials typically

associated with binders and conductive agents.

To further investigate the Ni(OK/Ni(OH)./NF electrode for practical application,

a hybrid supercapacitor was assembled based onHW{G/Ni(OH),/NF as the

16



positive electrode and AC/NF as the negative addeti(Fig. S12) by using 1 M KOH
as the electrolyte and cellulose paper as the a&pgFig. 5a). The fabricated hybrid
supercapacitor is operated in a two-electrode gardition. The capacitive
performance of AC/NF is investigated using CV an@BGmeasurements within a
potential window from -1 to s. SCE/V, as shown in Fig. S13. The CV curves are
nearly rectangular and symmetric in shape, eveagihthe scan rate is extended from
5 to 50 mV §' (Fig. S13a), suggesting ideal capacitive propetidgether with high
reversibility [8]. The specific capacitance is ecdéted from the GCD curves, as
illustrated in Fig. S13b—c. The AC/NF electrodeserds a specific capacitance of
224.6 F §* at a current density of 1 Ay and retains a capacitance of up to 118.2 F
g}, even at the high current density of 10 A g’he impressive capacitive behavior
of the AC/NF electrode makes it suitable as a neg&lectrode. In order to obtain the
optimized electrochemical performance, the mase @t the positive to negative
materials is set to 0.21 in the assembled Ni@BBNiI(OH)./NF//AC/NF hybrid
device according to the specific capacitance catedlfrom their CV curves (Fig. 5b)
by using the charge balance theory [56]. Fig. smshthe CV curves of the fabricated
device at a constant scan rate of 10 mV within different cell potentials. As
expected, the stable electrochemical window ofiiyterid device can be extended to
1.5 V. Fig. 5d shows the CV curves recorded aedsfit scan rates. The CV curves
show a quasi-rectangular shape with two broad s#verredox peaks, which indicate
that the capacitance is derived from the combinaatribution of electrochemical
double-layer capacitance of AC and the redox reactissociated with Ri/Ni**,

17



Upon variation of the scan rate from 10 to 50 mY the shapes of the CV curves
show no obvious diminishing area, implying a fasV Iresponse and reversible

electrochemical behavior [56].

The nearly symmetric charge-discharge curves, witslight internal cell potential
drop, indicate a high reversibility and small im&lr resistance (Fig. 5e) [35, 57]. It is
worth mentioning that the GCD curves recorded gih lsurrent density exhibit a more
reasonable symmetry, which can be attributed tagheh ratio of the irreversible
process (after the redox peaks) in the positiveectirregion at low current density
than that at high current density [35]. The speafpacitance of the hybrid device is
calculated based on the total mass of the activierraks, as shown in Fig. 5f. The
specific capacitance could reach 158.5 Fvghen the current density is 1 A'gwhile
remaining at 86.0 F g at a high current density of 10 A'gindicating a high rate
capability. The long-term cycle stability was ewwkd after 10000 continuous GCD
cycles at a current density of 10 A'dFig. 5g). Almost 89.3% of the initial specific
capacitance remains after the cycling test, suggesxcellent cycle stability. To
evaluate the potential of the Ni(OHP/Ni(OH),/NF electrode architecture in
practical applications, such as electrical vehicldse energy efficiencyzng) is
investigated as a critical parameter (Fig. S14ergy efficiency can be obtained from
the equatiome = Ep/Ec[35], where E and E are the charge energies from the charge
and discharge curves, respectively. The energgiefity is found to be nearly 91.8%
in the initial cycles and decreases slightly ta386 after the cycling test.
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A Ragone plot (energy densig. power density) is used as a performance indicator
for practical applications. It is found that thebhg device delivers a maximum
specific energy of 49.5 W h kbat a specific power of 750 W kg while the
maximum specific power of 7500 W Kgs observed at the specific energy of 26.9 W
h kg™ (Fig. 5h). Such high output energy and power dissiof the hybrid device
(details are listed in Table S4) greatly outperfatmese of the recently reported
Ni(OH).-based hybrid devices, including B-Ni(OH),//AC [12],
Ni(OH)./AC/CNT//AC [58], CNT/Ni(OHY/AC [8], Ni(OH)./graphite//AC [27],
rGO/NI(OH),//AC [59], and Ni(OH)YCVD graphene//AC [60]. These results suggest
that Ni(OHY/G/Ni(OH)./NF integrated electrode is promising candidate for
supercapacitor with high energy and power densiti@s further investigate the
self-discharge behavior, the supercapacitor dewee charged to 1.5 V at the current
density of 1 A §*, kept at 1.5 V for 2 h, and then the open-cir@dtential was
measured as a function of time. Fig. S15 shows Q& of the ASC device
undergoes fast decay in the initial aroundt8.and remains to 1.04 V within 12 h,
indicating a sustained self-discharging performamdach is a vital requirement for

practical application of supercapacitors.

4 Conclusions
In summary, we have designed integrated electrodehitacture of

Ni(OH)./G/Ni(OH),/NF for supercapacitors. The resulting Ni(QMYNi(OH),/NF
19



electrode is endowed with good electric condugtivéind structural robustness,
providing rapid and efficient pathways for fastatten transport; thus, it exhibits an
ultrahigh specific capacity of 991 C'gat a current density of 1 A good rate
capability of 70.7% at 20 A4 and outstanding cycling performance retaining
approximately 95.4% of its initial capacity afted@® cycles. More importantly, a
hybrid supercapacitor assembled from Ni(@B8JNi(OH),/NF and AC/NF delivers a
high specific energy of 49.5 W h Keat a power density of 750 W Kg Furthermore,
the hybrid device exhibits the high power density7600 W h kg" at the specific

density of 26.9 W kd with an excellent cycling lifespan.
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Fig. 3 (a-d) Typical SEM images of Ni(OW/Ni(OH),/NF at different
magnifications. (e) SEM image of a micrometer-saa@gion of a micromachined
specimen by FIB milling. (f) TEM image of the FiBlated area of the embedded

Ni(OH),.
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