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Abstract: In this work, a facile two-step hydrothermal method was reported to grow hierarchical
flower-like NiAl layered double hydroxide (LDH) directly on 3D nickel foam (NF) which was
further coated with 2D graphene nanosheets (GNS) layers as binder-free supercapacitor electrode.
The positive and negative effects of GNS on the electrochemical performance of LDH-NF
electrode were investigated in detail. The prepared LDH-NF/GNS electrode maintained an
enhanced specific capacity of 165.6 C g after 4000 cycles at a high current density of 40 A g*.
Furthermore, a hybrid supercapacitor, with LDH-NF/GNS and GNS-NF as the positive and
negative electrodes, achieved an energy density (31.5 Wh kg* at a power density of 400 W kg™?)
and super long-term cycle stability (a specific capacity of 67.2 C g at 5 A g* after 5000 cycles
with 80% retention). This study not only opens up the possibility of engineering LDH-NF/GNS
into a promising electrode, but also highlights the positive and negative roles of GNS on LDH-NF
as binder-free electrodes for further development of high-performance supercapacitors.

Keywords: Hybrid supercapacitor; Layered double hydroxide; Nickel foam; Graphene; Energy
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Introduction

The ever-increasing energy needs and the limited availability of fossil fuels has led to the
development of high-performance energy storage systems, such as batteries !, fuel cells 2 and
supercapacitors (SCs) 3. SCs have attracted considerable interest over the past few decades owing
to their fast charge and discharge rate, high power density, long cycle life, and high reliability 4.
Generally, SCs can be divided into electrical double layer capacitors (EDLCs) where the double
layer is charged and pseudocapacitors where reversible redox reactions proceed &°. Currently,
EDLCs exhibit high power density, but suffer from low energy density; while pseudocapacitors
possess a higher specific capacitance of 10-100 times than that of EDLCs, but encounter unstable
cycle performance 1914, Therefore, the design and synthesis of new electrode materials with
improved electrochemical and physical properties are the important factors in leading to high
energy density and power density for supercapacitors °.

As promising positive electrode materials, layered double hydroxides (LDH), which normally
have the general formula [M"1-x M"\(OH)2]**[A™ ]wnemH20, where M"" and M"" denote the layers
of divalent and trivalent metallic ions, respectively, and A™ is an interlayer anion, have attracted
increasing interest because of their relatively low cost, high redox activity, and environmentally
friendly nature %8, However, owing to the high similarity of LDH based battery-type materials
to pseudocapacitive materials in terms of the charge storage mechanism and high power
performance, these kinds of electrode materials once were mistaken for pseudocapacitive materials
1921 For example, hierarchical NiAl-LDH powders fabricated via a solvothermal approach
exhibited specific capacitances of 814 F gt at 2 A gt and 409 F g at 18 A g, respectively ?2.
Shao et al. 2 developed hollow NiAl-LDH microspheres, showing a specific capacitance of 735 F

glat2 Ag?and good cycle performance. On the other hand, for applications to SCs, these LDH
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powdery materials 1% 2222 should be mixed with a conducting agent and binder and then coated on
nickel foam (NF) as electrodes. This method, however, has the following drawbacks 2%: (1) it is
difficult to make a homogeneous paste, (2) the troublesome preparation steps have a great
influence on the electrochemical performance, and (3) the contact and electrical conductivity
between the LDH and NF are poor. The limited electrochemical performance is also due to the
low conductivity and the highly packed morphology of the LDH materials . As a result, their
electrochemical behavior is insufficient to meet the demands of new energy storage devices. To
solve these problems, one effective method is to grow LDH with interconnected architecture
directly on a conductive substrate to form a binder-free electrode 2. NF, with a desirable 3D open-
porous structure, high specific surface area and excellent physical strength 26-?’, can be a promising
substrate in LDH-based SCs, because of the following advantages 22-%: (1) it can reduce the severe
agglomeration of LDH, allowing maximum use of the active materials, (2) the 3D porous NF
provides more channels to facilitate fast penetration of the electrolyte ions into the active LDH
materials of electrodes, and (3) compared to the common slurry-coating technology, the direct
contact of LDH on NF avoids the use of polymer binder/conductive additives, and reduces “dead
volume” substantially in SCs electrodes. For example, NiAl-LDH/NF 2% 3 exhibited higher
specific capacitance and better high-rate performance (0.5-10 A g*) than the conventional NiAl-
LDH powder-based electrodes. However, in these papers 2+ 31, the high-rate performance of the
electrodes (>10 A g'1) and the morphological stability of NiAI-LDH on NF after the cycling tests
were not investigated, which are important for understanding the limitations of LDH-NF for high-
performance SCs devices.

Considerable work has shown that the electrochemical nature of powdery graphene-based LDH

composites would be enhanced greatly 3234 Graphene nanosheets (GNS), a single layer of
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carbon atoms with a two dimensional structure, have attracted extensive interest worldwide owing
to their highly accessible surface area, good electrical conductivity, chemical stability and
mechanical strength 3", First, the existence of GNS in a composite can provide a conducting
support to promote the rapid Faradaic charging and discharging of LDH 2. Second, GNS can form
an open structure to improve the connection between LDH and the electrolyte, which can fully
utilize the active LDH during the charging and discharging process *°. Third, the flexible GNS can
efficiently buffer the volume change in LDH during a long cycling process °. However, there are
no reports of the role of GNS on the electrochemical performance and the stability of binder-free
LDH-NF electrodes at a high current density, which will be important for the future development
of graphene-LDH/NF-based electrodes for high-performance SCs.

Inspired by the above findings, this paper reports a facile and effective method for loading GNS
layers on the surface of hierarchical NiAI-LDH grown directly on NF (LDH-NF) as binder-free
SCs electrode, LDH-NF/GNS. The effects of GNS (both positive and negative) on the
electrochemical capacity and the stability of the LDH-NF electrode was elucidated in detail by
cyclic voltammetry (CV), galvanostatic charge-discharge measurements and electrochemical
impedance spectroscopy (EIS). Unlike the positive role of GNS in powdery LDH-based
composites, the deposition of GNS on a LDH-NF electrode partially blocked the active LDH for
an effective Faradaic reaction. The results indicated that the LDH-NF/GNS electrode exhibited
inferior performance with a specific capacity of 645.6 C gt at2 A gtand 209.8 Cgtat40 A g7,
respectively, compared to those of the LDH-NF electrode (817.7 C g at 2 Agtand 415.4 C g*!
at 40 A g). However, the cycling performance of the LDH-NF/GNS electrode was 54.1% at 40
A g after 4000 cycles compared to the LDH-NF electrode (a retention of 45.9%), indicating the

beneficial role of GNS on a binder-free LDH-NF electrode. Moreover, a hybrid supercapacitor
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(HSC) was fabricated with LDH-NF/GNS as the positive electrode and GNS coated on NF (GNS-
NF) as the negative electrode, which exhibited an energy density of 31.5 Wh kg* at a power
density of 400 W kg* and showed good cycling stability with 80% retention after 5000 cycles at
5 A gl. This work highlighted the positive and negative roles of GNS on binder-free LDH-NF

electrodes for high-performance supercapacitors.

Experimental Section
Materials preparation

Fabrication of the LDH-NF electrode

Analytical-grade chemicals (Ni(NOz)2:6H20, AI(NO3)3-9H-0, and urea) and NF were used. A
piece of NF (10x10x1 mm, 110 PPI, 31 mg cm™2) was degreased with 6.0 mol L™*HCI for 15 min,
rinsed with water, and dried at 50 °C in an oven for 12 h. A total of 9 mmol of Ni(NO3)2-6H>0
and 3 mmol of AI(NOz3)3-9H.0 were dissolved in a solution containing 75 mL of H>O and 40
mmol of urea. The solution was stirred magnetically for 20 min in air at room temperature and
transferred to a 100 mL-autoclave vessel. The NF was then immersed in the solution and heated
to 140 °C for 10 h. The NF covered with the LDH nanosheets, was washed with H20O and ethanol
to remove surface ions using an ultrasonic bath cleaner, and dried at 60 °C for 12 h to remove the
adsorbed solvents. The NiAI-LDH loading on NF was approximately 5 mg and the obtained
electrode was labeled LDH-NF.

Fabrication of the LDH-NF/GNS electrode

GO was prepared from the graphite powder (SP, Sinopharm Chemical Reagent Co. Ltd) using a
modification of Hummers’ method *°. In a typical procedure, 30 mg GO was suspended in 60 mL
H>0O with ultrasonication for 1 h and transferred to a 100 mL- autoclave vessel. The as-synthesized

LDH-NF electrode was immersed in the GO suspension for 3 h and heated to 160 °C for 3 h. The
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as-prepared sample was washed with H.O and ethanol to remove the surface ions using an
ultrasonic bath cleaner, and then dried at 60 °C for 12 h to remove the adsorbed solvents. The GNS
loading on LDH-NF was approximately 1.7 mg and the obtained electrode was labelled LDH-
NF/GNS.

Fabrication of the GNS-NF electrode

30 mg GO was suspended in 60 mL H2O with ultrasonication for 1 h to obtain a homogeneous GO
aqueous dispersion. The GO dispersion was sealed in a 100 mL- autoclave vessel and maintained
at 180 °C for 3 h. After the Oautoclave was cooled to room temperature, the resulting black
precipitate was centrifuged and washed sequentially with H,O and ethanol, and then dried at 60 °C
for 12 h to obtain the GNS powder. GNS electrodes were fabricated using the following method:
a mixture of GNS, 10 wt.% of acetylene black, 10 wt.% of polytetrafluoroethylene and a small
amount of water was prepared by milling to produce a homogeneous paste. After coating the above
paste on NF (10x10x1 mm), the electrodes were dried at 50 °C for 12 h before pressing under a
pressure of 20 MPa.

Materials characterization

X-ray diffraction (XRD, Bruker D8 Advance X-ray) of the samples was performed using Cu Ka
radiation (A = 0.15406 nm) at 40 kV and 30 mA. The scanning speed was 5° min™* with a 0.02°
step. The morphology and the structural properties of the samples were observed by field emission
scanning electron microscopy (FESEM, LEO-1550) with an applied voltage of 5 kV.

Electrochemical measurements

The electrochemical properties of the as-obtained LDH-NF, LDH-NF/GNS and GNS single
electrodes were investigated under a three-electrode system with a 6 M KOH aqueous solution as
the electrolyte at room temperature. The LDH-NF and LDH-NF/GNS (10x10x1 mm) were used

directly as the working electrode. A platinum foil and a saturated calomel electrode (SCE) were

7
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used as the counter and reference electrodes, respectively. The electrochemical properties of the
hybrid supercapacitor were examined under a two-electrode cell configuration with LDH-NF/GNS
as the positive electrode and GNS as the negative electrode in a 6 M KOH electrolyte solution. A
ZIVE SP2 electrochemical working station instrument was employed for cyclic voltammetry (CV),
galvanostatic charge/discharge measurements and electrochemical impedance spectroscopy (EIS).
The EIS measurements were carried out over the frequency range from 100 kHz to 0.01 Hz at the
open circuit potential with an ac perturbation of 5 mV. The mean of three sets of independent
experiments (deviations within £5%) using three different batches of the samples are reported.
The specific capacity (C) of LDH-NF, LDH-NF/GNS were calculated from the
galvanostatic charge/discharge curves as follows: C = IxAt/m, where 1 is the discharge
current (A), At is the discharge time (s) and m is the mass of the electroactive material in
the electrode (g), while the specific capacitance (Cs) of GNS were calculated by Cs =
IXAt/(m=<AV), where | is the discharge current (A), At is the discharge time (s), m is the
mass of GNS in the electrode (g), and AV is the total potential deviation (V). The specific
capacity (C’) of HSC was calculated from the galvanostatic charge/discharge curves as
follows: C’= IxAt/m’, where m’ is the total mass of electroactive materials in the positive
and negative electrodes (g). The energy and power densities of the HSC were calculated as
follows: E = 0.5x C* xV, P = E/At, where E (Wh kg™?) is the energy density, V (V) is the
cell voltage excluding the IR drop, P (W kg™?) is the average power density, and At is the

discharge time.

Results and Discussion

Characterization of the samples
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Fig. 1 (a) Typical synthesis procedure of 3D LDH-NF/GNS electrodes. Optical image of (b) NF, (c)
LDH-NF and (d) LDH-NF/GNS.

A 3D LDH-NF/GNS electrode was prepared using a simple two-step process, as illustrated in
Fig. 1a, which can be scaled up easily. First, NiAl-LDH was deposited in situ on a 3D porous NF
as a binder-free LDH-NF electrode. Second, a hydrothermal treatment was conducted to load GNS
on the LDH-NF electrode. Briefly, a piece of cleaned NF (Fig. 1b) was immersed into a solution
containing Ni?*, AI** and urea, transferred to an autoclave, and maintained at 140 °C for 10 h. The
process involved the transportation of metal ions (Ni?*, AI**) to the NF surface, the adsorption and
enrichment of the ions, and the nucleation and growth of NiAI-LDH crystals on NF. During the
process, the metal ions (Ni%*, AP*) reacted with CO3% and OH- (decomposed from the urea) to
form NiAI-LDH particles 24, which were grown directly on NF as the reaction continued, and the
NF was turned from gray to green due to the green colored NiAl-LDH (Fig. 1¢). The material was
characterized by X-ray diffraction (XRD; Supporting Information, Fig. S1a). With the exception
of the peaks for NF, the XRD pattern of NiAl-LDH exhibited reflections of (003), (006), (012),

(015), and (110), representing R3m symmetry and a typical hydrotalcite-like structure (JCPDS 15-
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0087). In the second step, LDH-NF was then immersed in 60 mL of a graphene oxide (GO)
solution (0.5 mg mL™?) and heated to 160 °C for 3 h. The feature XRD peak of exfoliated GO was
observed appeared at 10.4° (002) (Fig. S1b), corresponding to an interlayer spacing of 0.84 nm.
GO is hydrophilic and highly dispersible in water due to the oxygen functional groups on its basal
planes and edges 2°. During this process, GO sheets with lateral dimensions of several micrometers
(Fig. S2a), were coated tightly on the LDH surface because of the electrostatic interactions of
negatively charged functional groups on GO and a positively charged LDH layer . Subsequently,
through the second hydrothermal process, GO was reduced to GNS film % and the green LDH-NF
turned black due to the coverage of black GNS (Fig. 1d). Finally, a 3D binder-free LDH-NF/GNS
electrode was prepared. The diffraction peaks observed in the composite (Fig. S1c) were in
accordance with those of LDH, although the intensities of the peaks became weaker because of
the poor crystallization of the LDH-NF/GNS materials, which could be attributed to the loading

of GNS %,

Fig. 2 SEM images of (a-d) LDH-NF and (e-h) LDH-NF/GNS.

Fig. 2 presents the structures of the LDH-NF and LDH-NF/GNS electrodes. Fig. S2b shows an
SEM image of the blank NF which has smooth surface with a 3D cross-linked macroporous

structure for providing a high specific surface area (110 PPI) to facilitate sufficient loading of LDH

10
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materials per unit electrode area 8. Fig. 2a-d show the typical morphology of NiAI-LDH on NF.
As shown in Fig. 2a, the 3D porous structure of NF was retained after the hydrothermal growth of
NiAI-LDH. In Fig. 2b, the NF was covered with a large number of particles, both outside and
inside. The results indicated that the surfaces of NF were covered completely with LDH. In Fig.
2c¢, the particles were composed of hierarchical flower-like LDH assemblies with a mean diameter
of 1 um. As shown in Fig. 2d, this flower-like LDH assembly possessed an open-porous network
structure, which was composed of interconnected nanoplatelets with a mean thickness of 10 nm.
These nanoplatelets were intersected and aligned vertically on the NF, which can facilitate the
charge transport and ion diffusion “°. Fig. 2e-h show the LDH-NF/GNS structures after loading
GNS on the LDH-NF surface. Fig. 2e and 2f show that the LDH on NF was thermodynamically
stable after the second hydrothermal treatment process. The LDH-NF served as a robust scaffold
for loading the conducting multilayered GNS, which covered the flower-like LDH assemblies to
form a continuous 3D conductive network (Fig. 2g-h). On the other hand, to a certain extent, the
open-porous network of LDH was blocked by these GNS layers. The role of GNS on the
electrochemical performance and the stability of the binder-free LDH-NF electrode was studied as
follows.

Electrochemical performance of the electrodes
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Fig. 3 (a) Comparison of LDH-NF and LDH-NF/GNS at a scan rate of 10 mV s™. CV curves of (b) LDH-
NF and (c) LDH-NF/GNS at different scan rates. (d) Relationship of the cathodic peak current of LDH-NF
and LDH-NF/GNS with different scan rates.

Fig. 3a shows the CV curves of LDH-NF and LDH-NF/GNS electrodes, from which a pair of
redox peaks with an anodic peak at ~0.4 V and a cathodic peak at ~0.1 V could be observed. This
indicated the Faradaic behavior of LDH. The peaks correspond to conversion between the different
oxidation states of Ni according to Equation 1

Ni(OH)2 + OH < NiOOH + H,0 +e ... (1)

In general, the smaller the potential difference between the anodic and cathodic peak potential
(AE), the better the reversibility in the redox reaction. As shown in Fig. 3a, the LDH-NF electrode
(AE=315 mV) demonstrated better reversibility than the LDH-NF/GNS electrode (AE=360 mV).
This was attributed to the larger surface area of the LDH-NF electrode exposed to the electrolyte,
which promoted the efficient diffusion of OH" ions during the redox reactions . Fig. 3b-c showed
CV curves of the LDH-NF and LDH-NF/GNS electrodes at different scan rates of 5, 10, 30, 50,
70, and 100 mV s, respectively. After increasing the scan rate, the anodic and cathodic peaks in
the CV curves shifted towards a positive and negative potential, respectively, leading to a
continuous increase in the potential distance between the oxidation and reduction peaks. This
indicates the quasi-reversible feature of the redox couples. This observation was ascribed to the
ohmic resistance and increasing polarization of the electrode when the electrolyte ions diffused in

12
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the porous electrode during the redox reaction at high scan rates “2. In Fig. 3a-c, compared to the
LDH-NF electrode, the CV curve of the LDH-NF/GNS electrode showed lower peak currents and
smaller integrated areas, indicating that the LDH-NF/GNS electrode exhibited a lower specific
capacity. The results indicated that GNS has a negative effect on the capacitive performance of the
electrode. GNS blocked a part of the open-porous structure of LDH (Fig. 2h) and restrained the
inner LDH nanoplatelets from the reaction with OH", and reduced the specific capacitance of the
electrode. This finding is in contrast to previous reports of GNS-based powdery composites 1% 2,
in which the existence of GNS can serve as a substrate or spacer to prevent aggregation between
the neighboring LDH sheets and greatly enhance the electrochemical performance of the
electrodes. In addition, Fig. 3d showed the relationships of the cathodic peak current (Ipc) to the
scan rate (v) of LDH-NF and LDH-NF/GNS electrodes. Ipcincreased linearly with v'/2, confirming
diffusion-control of the electrode process. According to Equation 2 *3,
i, = (2.69 x 105)n3/24D)/*C;v'/% ... (2)

where ip is the peak current, n is the number of electron transferred, A is the electrode area, Do
is the diffusion coefficient, Co* is the reactant concentration, and v is the scan rate. For comparison,
the diffusion coefficients (DLpn-nFand Dipn-nriens) Of the LDH-NF and LDH-NF/GNS electrodes
were calculated from Equation 3, assuming that both electrodes have the same values of n, A and
Co*. The diffusion coefficient of the LDH-NF/GNS electrode (DLpon-Nrens) Was 4.6 times smaller
than that of the LDH-NF electrode, indicating the negative effect of the GNS loading on the LDH-
NF electrode. This conclusion was further confirmed by the subsequent galvanostatic charge-
discharge tests.

Dipn-NFieNs/ DLpH-NF= [(ip/vllz)LDH.NF/GNsl (ip/vllz)LDH.Nl:]2 =(0.02356/0.05072)>=0.216 ... (3)

13
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Fig. 4 Discharge curves of (a) LDH-NF and (b) LDH-NF/GNS at different current densities. (c) Specific
capacity of LDH-NF and LDH-NF/GNS at different current densities. (d) Cycling stability of the LDH-
NF and the LDH-NF/GNS electrodes at 40 A g.

As shown in Fig. 4a-b, the discharge measurements of the LDH-NF and LDH-NF/GNS
electrodes were carried out between 0-0.45 V (vs. SCE) at different current densities. The definite
charge/discharge plateaus can further demonstrate the Faradaic characteristic of electroactive
materials due to the quasi-reversible redox reactions at the electrode-electrolyte interface °. The
calculated capacity (C) based on the discharge curves as a function of current density was plotted
in Fig. 4c. For the LDH-NF electrode, a high C of 817.7 C g* was obtained at a current density of
2 A g%, which is higher than that reported for LDH-NF electrodes 2+ 3L, The good performance
was attributed to the porous nanostructure of LDH on NF. Highly oriented layered thin LDH
nanosheets were aligned vertically on NF, leading to the resulting well-defined porous
nanostructure of LDH materials 2. A large number of LDH active sites were exposed to the
electrolyte for the Faradaic redox reactions (Equation 1). With the increase in current densities,
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the capacity decreased, which was caused by the resistance of NiAl-LDH materials and the
insufficient Faradaic redox reaction of the active material under higher discharge current densities
19 The C value of the LDH-NF electrode was reduced to 415.4 C g'* with a retention rate of 50.8%
when the current density was increased from 2 to 40 A g. For the LDH-NF/GNS electrode, the C
value reduced from 645.6 C g* (at 2 A g?) to 209.8 C g* (at 40 A g!) with a retention rate of
32.5%. Obviously, the specific capacity and high-rate performance of LDH-NF/GNS was worse
than those of LDH-NF. Compared to the LDH-NF electrode, a large proportion of the LDH surface
was covered with GNS in the LDH-NF/GNS electrode, which reduced the electroactive sites of

LDH for the redox reactions and led to a lower specific capacity.

Fig. 5 SEM images of (a) LDH-NF and (b) LDH-NF/GNS after the 4000" cycle test at 40 A g

The high life-cycle stability of the electrode is an important factor in the applications of SCs.
The LDH-NF and the LDH-NF/GNS electrodes were tested for 4000 charge/discharge cycles at a
high current density of 40 A g, as shown in Fig. 4d. The tested cycle number and current density
are similar to the conditions of the NiAI-LDH electrodes tested in other studies 1% 24 32-34.44 For
both electrodes, a significant increase in specific capacity was observed up to the 400th cycle,
which could be attributed to the activation of NiAl-LDH. The two electrodes suffered from a loss
of specific capacity during the subsequent 3600th cycle. For the LDH-NF electrode, the C value

increased by 23.7% (from 264.3 C g t0 326.9 C g}) at a cycle number of 400. It decreased sharply
15
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in the next 2000 cycles and became stabilized at 150.3 C g after the 4000th cycle, which achieved
a retention rate of 45.9%. This behavior was attributed to the structural instability of NiAI-LDH in
the cycling test 1°. During the continuous prolonged charge/discharge processes, the structure of
LDH suffered from considerable degradation, as supported by SEM (Fig. 5a). Compared to Fig.
2d, the ball-like assemblies of LDH agglomerated with each other after the 4000 cycle tests at 40
A g%, which decreased the number of redox reactions. Therefore, a drastic reduction of the C value
and poor cyclic stability were observed. For the LDH-NF/GNS electrode, the C value increased by
22.1% after 400 cycle tests (from 250.6 C g to 306 C gt). Compared to those of LDH-NF, the C
value of LDH-NF/GNS decreased more slowly during the 400~4000 cycle tests. After the 4000-
cycle test, C was 165.6 C g with a retention of 54.1%. As shown in Fig. 5b, the LDH structure
was maintained except for the loss of some GNS layers. The flexible GNS film efficiently buffered
the volume change in the LDH materials during the long charging and discharging processes. As
a result, the structural/crystallographic degradation of the electroactive surface was minimized.
Compared to the LDH-NF electrode, the LDH-NF/GNS electrode exhibited better durability and
more stable electrochemical performance because of the positive effect of GNS in the electrode.
Compared to the previously reported NiAl-LDH-based electrodes (Table S1), the LDH-NF/GNS
electrode exhibited very good electrochemical performance in terms of the high specific capacity
and stability under high current densities. These results indicated that the LDH-NF/GNS electrode

should have potential applications in SCs.
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Fig. 6 (a) Nyquist plots of the LDH-NF and the LDH-NF/GNS electrodes before and after the cycling
tests. (b) The electrical equivalent circuit used for fitting the impedance spectra of LDH-NF and LDH-
NF/GNS electrodes.

EIS analysis is commonly used to examine the fundamental behavior of the electrode materials
for SCs. To examine the characteristics of the electrodes, the impedance of the LDH-NF and the
LDH-NF/GNS electrodes before and after the cycling tests were measured, as shown in Fig. 6a.
For each curve, there is a semicircle intersecting the real axis in the high frequency region. The
plot transforms to a vertical line at low frequencies. The semicircle is typical of a RC circuit that
represents a resistance in parallel with a capacitance *°. In the low frequency region, almost
complete penetration of ions into the surface or pores of the electrode could be allowed. The
vertical line reflects the domination of the capacitive behavior “6. Fig. 6b shows the proposed
equivalent circuit for the measured impedance data, which involves the internal resistance (Rs),
double-layer capacitance (Ca) and Faradic charge transfer resistance (Ret), a Warburg diffusion
element (Zv), and pseudocapacitance (Cg) #"*8. Equation 4 and 5 express the overall impedance,

Z, of the equivalent circuit in Fig. 6b 4°:

1 .1
wCa+ 1 _J WC cee (4)
JOCa Ret+Zw F

Z=R,+
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Z, = J% ... (5)
where j is the imaginary unit, ® is the angular frequency (Hz) and W is the Warburg
parameter in units of Q s2. This W parameter is an increasing function of the resistance
for electrolyte transport in a porous electrode. At sufficiently high frequencies, the overall

impedance can be reduced to Equation 6, corresponding to a locus showing a semicircle

that intercepts the real axis at Rs and Rs + Rct in the Nyquist plot 4.

1

Z =R+ .. (6)

As a result, in the high frequency region, the intercept of the curve at the real axis (Z’) equals
Rs, which includes the resistance of the electrolyte, ohmic resistance of the active LDH materials,
and contact resistance at the active LDH materials/NF interface. The semicircle, which
corresponds to Cqi and R, displays the charge-transfer process at the working electrode-electrolyte
interface. In the low frequency region, the slope of the curve represents the Warburg resistance
(Zw), which is related to electrolyte diffusion in the porous electrode and proton diffusion in the
LDH materials. The Rs, Cal, Ret, W, and Cr values were calculated from the complex nonlinear
least square fitting of the experimental impedance spectra, as shown in Table 1.

Table 1. Impedance parameters obtained from the equivalent circuit after fitting

Rs (Q) Cal (F) Ret (2) W (Qs'?) Ce (F)
LDH-NF (before) 0.245 0.00247 0.134 3.02 511
LDH-NF (after) 0.428 0.00482 0.449 3.18 3.69
LDH-NF/GNS (before) 0.145 0.00784 0.179 3.43 4.98
LDH-NF/GNS (after) 0.247 0.00342 0.24 3.47 3.82

Before the cycling test, the Rs and the Rt values of the LDH-NF electrode were 0.245 Q and

0.134 Q, respectively. After loading GNS on the LDH-NF electrode, the values of Rs and Rct
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decreased to 0.145 Q and increased to 0.179 Q, respectively. For the LDH-NF/GNS electrode, Rs
consists of the total ohmic resistance of LDH, NF and GNS. The existence of GNS decreased the
internal resistance of the LDH-NF/GNS electrode due to the high conductivity of GNS. The
increase in Ret was attributed to some of the open porous structures of LDH being blocked by GNS.
Therefore, the electrolyte ions could not effectively reach the LDH surface and react with the
active sites. After the 4000" cycle test, the Rs values of the LDH-NF and LDH-NF/GNS electrodes
increased, indicating a decrease in conductivity of the electrodes. The Rt values of the electrodes
also increased, which might be due to the morphological changes in the LDH (Fig. 5). On the other
hand, the R¢t of the LDH-NF/GNS electrode was 46.5% smaller than that of the LDH-NF electrode,
which was attributed to the positive role of GNS in buffering the volume change in the LDH
materials.

Before the cycle test, the Cqi value of the LDH-NF electrode was lower than that of the LDH-
NF/GNS electrode, suggesting that GNS contributed to the charge storage by ion adsorption. For
the LDH-NF electrode, the Cqi value increased from 2.47 mF to 4.82 mF after 4000 cycles, which
was attributed to the better wetting of the electrolyte/electrode interfaces *°. For the LDH-NF/GNS
electrode, however, the Cq value was decreased from 7.84 mF to 3.42 mF after the cycle test,
which was due mainly to the loss of GNS of the electrode (as shown in Fig. 5b). Before the cycle
test, the W value of the LDH-NF electrode was lower than that of the LDH-NF/GNS electrode,
which was attributed to the negative influence of GNS on the active surface of LDH resulting in
an increase in resistance for electrolyte transport in a porous electrode. The Cr value of the LDH-
NF electrode was slightly higher than that of the LDH-NF/GNS electrode, which was attributed to
blockage of the active LDH material by GNS. After the cycle test, for both electrodes, the W values

increased and the Cr values decreased. The reduction of Cr was related to the structural stability
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of LDH material. The result indicated that the Cr value of the LDH-NF electrode was slightly
lower than that of the LDH-NF/GNS electrode, which further confirmed the positive role of GNS
in buffering the structural stability of the LDH material during the charging/discharging tests.

To evaluate the performance of a HSC device which utilizes the prepared LDH-NF/GNS as the
positive electrode, we prepared porous GNS powders by a facile hydrothermal method, which
were then coated on a NF as the negative electrode (GNS-NF). A broad peak at around 26=24.4°
in the XRD pattern represented an interlayer spacing of 0.36 nm (Fig. S3a). The prepared GNS-
NF electrode displayed excellent electric double layer capacitance properties at -1.0 ~ 0.0 V (vs.
SCE, Fig. S3b). The Cs of the GNS-NF electrode, which was calculated from its galvanostatic
charge-discharge curves (Fig. S3c), reached 214.7 Fgtat1 A gtand 143.1 Fgtat 20 A g* with
agood retention rate of 66.7% (Fig. S3d). The results were comparable to those previously reported
for graphene-based supercapacitors °1°2, These electrochemical behaviors showed that prepared

GNS-NF electrode could serve as a negative electrode in HSCs.
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Fig. 7 (a) CV curves of the hybrid supercapacitor LDH-NF/GNS//GNS-NF at different scan rates. (b)
Galvanostatic charge-discharge curves of the HSC at different current densities. (c) Ragone plot of the
energy and power density at various charge-discharge rates. The values reported for the other devices are
given here for comparison. (d) Cycling performance of the HSC at a current density of 5 A g.

To evaluate the performance of the LDH-NF/GNS and the GNS-NF electrodes in SC
applications, a HSC was fabricated with a new LDH-NF/GNS as the positive electrode and the
GNS-NF as the negative electrode. Based on the C or Cs values of the LDH- NF/GNS electrode
and the GNS electrode, as well as the principle of charge balance between the electrodes, the mass
ratio of LDH-NF/GNS to GNS-NF was controlled at approximately 0.31 in the HSC. Fig. 7a
presents a typical CV curves for at various scan rates between 0 and 1.6 V. The CV curves also
deviate from a rectangular shape because of the battery-type charge storage mechanism of LDH.
With the increase of scan rate from 5 to 100 mV s, the shapes of CV curves of the device did not
change, implying the good fast charge—discharge properties of the device. Fig. 7b showed the
galvanostatic charge-discharge curves, from which the discharge curve was almost symmetrical
with its corresponding charge counterpart, demonstrating the excellent electrochemical
reversibility and good coulombic efficiency 3. The specific capacity (C’) values were calculated
to be 141.9, 126.1, 108, 88.7, 81.8, 64.1 and 53.9 C g* at current densities of 0.5, 1, 2, 4, 5, 8, and
10 A g%, respectively (based on the total mass of the active material in the positive and negative
electrodes). Based on these C values, the highest energy density of the HSC (Fig. 7c) was
calculated to be 31.5 Wh kg™ at a power density of 400 W kg. At a high discharge current of 10
A g1, the energy density was reduced to 12.0 Wh kg™ at a power density of 8000 W kg™. The
results show that the HSC device achieved a higher energy density than the reported devices in
literature, such as Co304-rGO//AC (13.4 Wh kg at 180.8 W kg™) **, Ni(OH).@3D Ni//AC (21.8

Wh kg? at 660 W kg?) *°, NiCo LDH-Zn,SnO4//AC (23.7 Wh kg at 284.2 W kg?) * and
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NiC0204@MnO,-NF//AC (28 Wh kg™ at 400 W kgt) °’. Moreover, the energy and power densities
of the LDH-NF/GNS//GNS-NF outperformed tremendously those of most nickel or cobalt
oxides/hydroxides and other typical material-based HSCs (Table S2). The ultrahigh energy density
of the device was attributed to the good energy storage ability of the binder-free LDH-NF/GNS
electrode. The galvanostatic charge-discharge test was also carried out to evaluate the durability
of the as-fabricated HSC with 0 ~1.6 V for 5000 cycles at a current density of 5 A g™. As shown
in Fig. 7d, the specific capacity of the HSC first increased slightly to 89.4 C g (~6%) after 100
cycles and was stabilized at 67.2 C g* (with a retention rate of 80%) after 5000 cycles, which was

comparable to those of the HSCs %8°,

Conclusions

In conclusion, the loading of GNS on the LDH-NF electrode had both positive and negative
effects on the electrochemical performance and the stability of the electrode. Positively, the
flexible GNS film could efficiently buffer the volume change of LDH materials during the charge
and discharge processes, which resulted in better electrode stability at a high current density of 40
A gl. Negatively, GNS reduced the electroactive surface area of the LDH materials and blocked
the path of ion diffusion significantly, thereby hindering the charge transfer resistance between the
electrode surface and the electrolyte, leading to a decrease in specific capacity and the rate
performance of the electrode. Compared to the other HSC devices reported elsewhere, the
proposed HSC (LDH-NF/GNS//GNS-NF) exhibited higher energy and power densities because of
the high electrochemical performance of both electrodes. This work highlights the role of GNS on

binder-free LDH/NF electrodes for the further development of high-performance SCs.
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