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The limited charge storage of supercapacitors at the surface region results in its high power density but low
energy density. It still remains a great challenge to realize supercapacitor electrodes with both bulk-like charge
storage (high energy density) and surface-like fast electron/ion kinetics (high power density). Here we
demonstrate scalable and hierarchical electrodes by metalizing 3D glass fiber (GF) frameworks and loading
with 2D mixed-valence metal oxides. The resulting GF-Ni-Au@NiO, cathode and GF-Ni-Au@FeO, anode allow
fast electron transportation through the conductive networks and unimpeded ion transport through the
micrometer channels over long distance, provide large specific surface area with the hierarchical nanostruc-
tures, and exhibit ultrahigh areal capacitances (3.57 F cm™ for cathode and 3.34 F cm™ for anode at the current
density of 3mA cm™). The asymmetric supercapacitor is assembled by employing industrial printed circuit
board packaging techniques, showing high areal (1.67 Fcm™) and volumetric (13.92 Fcm™) capacitances.
Remarkably, the device exhibits a maximum energy density of 6.19 mW h ecm™ and a maximum power density of
334.15 mW cm™ based on the total packaged volume of the device. Furthermore, the device shows superior
stability during a 400-h continuous test. This hierarchical electrode shows great potential for maintaining high
capacity and fast kinetics simultaneously, and can be further extended to other electrochemical energy storage
or conversion devices.

1. Introduction

The development of transportation and grid storage strongly
demands technological breakthrough in energy storage devices with
high power density and high energy density simultaneously. One route
towards this goal is to realize high energy-density supercapacitors,
which possess shorter charging/discharging time and longer cycling life
than Li-ion batteries [1-5]. High mass loading of active materials
promises a route to increase the energy density and the capacity of a
supercapacitor, e.g., the use of thick electrodes to increase the mass
loading; and the power density of a supercapacitor is mainly affected by
the electrical conductivities for both electrons and ions. While, it is still
a fundamental challenge to construct electrodes with efficient ion/
electron transport for the thick electrodes with high mass loading of
active materials, which usually limits ion transport and increases
resistance to electron transport, thus rendering the rapid degradation
of capacity retention and the decrease of rate capability [6].
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The use of three-dimensional (3D) conductive frameworks as
supercapacitor electrode can facilitate the efficient ion/electron trans-
port because of their macroporous structure. Nickel foam, stainless-
steel mesh and carbon cloth have been extensively explored since they
are highly conductive, commercially available and electrochemically
stable [7—9]. But they show a relatively low specific surface area (SSA,
less than 0.5m? g'), which limits the volumetric energy density of
supercapacitor. Some 3D frameworks made with nanomaterials, e.g.,
graphene foam and carbon nanotube film, possess a very large SSA
value (usually more than 100 m? g'l) [10,11]. However, their micro-
scale pores and channels slow down the kinetics of ion transport. More
recently, researchers directly synthesize metal networks [12] or me-
tallize non-conductive 3D frameworks, such as, cellulose paper [5],
cotton fabric [13], polystyrene nanofiber [14], textile [15] and carbon
fiber [16], to realize high conductivity of supercapacitor electrodes.

The design and construction of hierarchical electrodes enable unim-
peded ion transportation and large capacity of a supercapacitor at the same
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time, where large pores serve as effective ion transportation channels, and
micropores provide large SSA. Researchers have loaded various nanos-
tructures onto 3D conductive frameworks, including the double-layer
capacitance materials (such as, graphene [17], carbon nanotube [18],
activated carbon [19] and other 3D carbon material) and pseudocapacitive
ones (e.g., metal oxides [1,20], transition metal dichalcogenides [21],
transition metal carbides [22], etc). Among them, two-dimensional (2D)
metal oxides exhibit high theoretical capacitance due to their large SSA and
abundant electrochemical active sites and transport channels [23,24].
However, it is still a great challenge to make full use of these advantages,
especially for the high mass loading over 2 mg em™ [24]. In addition, it is
also important to match the capacity of cathode and anode to boost the
output power and energy of the supercapacitor [25].

In this work, we adopt commercially available, large-scale and free-
standing glass fiber (GF) as the 3D framework, which shows a large SSA
(2.73m? g1). The GF film was metallized by nickel and gold (GF-Ni-Au)
through an electroless plating process (Fig. 1a). 2D mixed-valence metal
oxides as active materials were assembled onto the 3D GF-Ni-Au frame-
works to obtain the GF-Ni-Au@NiO, cathode and GF-Ni-Au@FeOy
anode. The resulting supercapacitor electrodes, with high conductivity,
large SSA and hierarchical structure, exhibit high areal capacitances of
3.57Fcm™? (GF-Ni-Au@NiO,) and 3.34 Fem? (GF-Ni-Au@FeO,) at
3mA cm™. The assembled asymmetric supercapacitor (Fig. S1) exhibits
superior areal (1.67 Fecm™) and volumetric (13.92 Fem™) capacitances.
This metallized GF film shows the advantages of large scale, high
conductivity, high SSA and proper pore distribution, and provides a 3D
conductive framework for loading various active materials.

2. Experimental
2.1. Metallization of the GF film

The metallization process of GF is shown in Fig. 1a(i) and a(ii).
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The GF film was purchased from GE Healthcare Life Sciences
(Whatman, GF/A), with a thickness of 260 um and a diameter of
90 mm. Firstly, the GF film was cut into small ones with a diameter
of 12 mm. A small piece was immersed into acetone and ethanol in
sequence to clean the surface. Then, it was soaked in 0.25%
HF aqueous solution for 60 s to increase the roughness of the fiber
surface. A sensitization/activation treatment was carried out to the
film in a dark green colloid—palladium solution, which was prepared
by dissolving 0.25 g PdCl,, 3 g SnCl,, 10 mL HCI aqueous solution
(37%), 250 g NaCl, 0.5 g Na,SnO3 and 50 g urea into 1 L deionized
(DI) water. Followed by sensitization and activation treatment
for 5min, the GF film was placed into an oven at 60 °C for 2h to
remove the water solvent and induce a strong adhesion between the
colloid-palladium and the surface of GF. It was subsequently
transferred into 50 g L™ NaOH aqueous solution for the demicelliza-
tion process and exposing the active palladium to electroless
Ni plating solution.

The electroless Ni plating solution was prepared by adding 50 g
NiS04-6H50, 30 g NaH,PO,-H>0, 18 g citric acid and 25 g CH;COONa
into 1 L Deionized (DI) water. After sufficient dissolving, the pH of the
solution was adjusted to 5.5 by NH3-H50. The solution was then heated
to 66 °C. A few pieces of the activated GF films were placed into the
solution. The electroless plating duration was kept for 10 min. Then the
film (designated as GF-Ni film) was washed by DI water and dried in
the vacuum oven. The sheet resistance of the GF-Ni film was 2.6 Q o™

The electroless plating Au solution was prepared by mixing 5 mmol
Na3zAu(SOs3)», 0.3 mol Na,SO3, 0.2 mol Na»S»,03 and 0.2 mol Na,HPO5
into 1 L DI water, and then the pH of the solution was adjusted to 6.5
by sulfuric acid solution. The solution was heated to 65 °C. The GF-Ni
films were placed into the solution and the plating duration was 10
min. After the Au plating, the obtained products (designated as GF-Ni-
Au films) were washed and dried. They showed a sheet resistance of
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Fig. 1. (a) Schematic fabrication process of the cathode and anode: i) Electroless plating Ni onto glass fiber (GF) film; ii) Electroless plating Au onto GF-Ni film; iii) Assembly 2D NiOy
onto the GF-Ni-Au film; iv) Assembly 2D FeO, onto the GF-Ni-Au film. (b) SEM images of the fiber films: b;_3) SEM images of GF, GF-Ni and GF-Ni-Au, the scale bar is 10 um; b4_s)
Their enlarged SEM images, respectively, the scale bar is 5 pm. () Adsorption isotherm curves of the GF and GF-Ni-Au films. The SSAs are calculated as 2.73 (GF) and 21.12 m? g! (GF-

Ni-Au), respectively.
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2.2. Synthesis of GF-Ni-Au@NiO, cathode and GF-Ni-Au@FeO,
anode

The growth of NiO, nanosheets onto the GF-Ni-Au film was
conducted by a solution-phase assembly method (Fig. la (iii)). 4.5
mmol Ni(NO3)>-H,O and 15 mmol urea were added into 100 mL DI
water, to obtain the reaction solution after stirring. Then a few pieces of
as-made GF-Ni-Au films were placed into the solution, which was
immediately loaded into a vacuum container for 30 min to remove the
air bubbles inside the films. Afterwards, the sample was heated to 85 °C
and kept for 12 h. The obtained products were collected and washed by
DI water for a few times and then dried. Finally, they were placed into
an oven and annealed at 300 °C in air for 2 h. The areal mass loading of
NiO, on GF-Ni-Au was 3.8 mg cm™. The products were designated as
GF-Ni-Au@NiOy for the cathode.

The fabrication of the anode was similar to that of the cathode
(Fig. 1a (iv)). Specially, 4.5 mmol Fe(NH4)>(SO4)> and 15 mmol urea
were dissolved into 200 mL DI water, and a few as-prepared GF-Ni-Au
films were placed into the solution. After a 30-min vacuuming process
to remove the air bubbles inside the films, the solution was heated to
36 °C and kept for 12 h. The products were washed and dried, and then
annealed at 400 °C in air for 2 h. The areal mass loading of FeO, active
material on GF-Ni-Au was 4.4 mg cm™. The products were named as
GF-Ni-Au@FeOy for the anode.

2.3. Fabrication of the sandwich-structured supercapacitor

The components of sandwich-structured supercapacitor consist of
GF-Ni-Au@FeO, anode, GF-Ni-Au@NiO, cathode, cellulose fiber se-
parator (thickness of 30 pm), 2 M KOH aqueous electrolyte, one piece
of insulating rigid cofferdam (thickness of 700 um) and two pieces of
conductive substrate based on FR4 (epoxy glass fiber) board (thickness
of 200 um). Fig. S1 shows the preparation process of the super-
capacitor. First, one piece of FR4 board (epoxy glass fiber board) was
successively processed by hole drilling, electroless plating Cu and
electroplating Au, where the top and the bottom sides were inter-
connected by metalized through-holes. This preparation procedure was
fully compatible with the printed circuit board (PCB) processing
technology. One piece of bare FR4 was then sculptured by high power
laser (EP-15-DW, Han’s Laser, China) to get a hollow rigid insulating
cofferdam. The upside and downside of the cofferdam were then coated
with a thin layer of polyurethane-based hot-melt glue (Henkel, Loctite
3542). Afterwards, the anode and cathode were placed onto the
conductive substrates, respectively. Those above components, com-
bined with the separator soaked with electrolyte, were mounted
together through a delicate lamination system (CUYI, China). The total
thickness of the device can be controlled as 1.2 mm.

2.4. Materials and device characterizations

The morphology of the above materials was investigated by scan-
ning electron microscopy (SEM, SUPRA 55, ZEISS, Germany) and
high-resolution transmission electron microscopy (HR-TEM, JEM
2100F, JEOL, Japan). The elemental analysis was characterized by
X-ray photoelectron spectroscopy (XPS, PHI 5000 Versaprobe II,
Ulvac-Phi, Japan) and X-ray diffraction (XRD, D8 Advance, Bruker,
Germany), separately. The hydrophilicity of the electrodes was con-
ducted on the force tensiometer (K11, Kruss, Germany). The SSA was
calculated based on Brunauer—Emmett—Teller (BET) method, obtained
at 77K through an automated adsorption apparatus (ASAP 2020,
Micromeritics, America).

The electrochemical performance of the samples, including cyclic
voltammetry (CV), galvanostatic charging/discharging (GCD) and
electrochemical impedance spectroscopy (EIS), was measured by an
electrochemical workstation (VMP3, Bio-Logic, France). The mass/
areal/volumetric specific capacitance (C,,/C,/Cy), volumetric specific
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energy density (Ey) and volumetric specific power density (Py) of the
electrodes or supercapacitor were calculated from the CV or GCD
curves according to the Egs. (1) —(4),

A [iwdu

m(@y) = m(a, V)vVAU D
c _ iAt

m@) T (a, VAU 2
e Cp(AUY

mV) ™2 % 3600 3

_ Em(V)
mV) T Ay @

where i is the applied current, v is the scan rate, At is the discharge
time, AU is the operating voltage window, and m/a/V is the mass/area/
volume of the active material, electrode or device.

3. Results and discussion
3.1. Morphology and structure characterizations

3.1.1. GF, GF-Ni and GF-Ni-Au films

The use of thick electrodes can significantly increase the mass
loading close to the requirements of commercial energy storage
devices, but severely limit the ion and charge transport, which gives
rise to rapid degradation of capacity retention. The macroporous
characteristics of commercial GF allow high ion shuttling speed. To
enable efficient charge delivery over long distance, we metallized the
GF film by Ni and Au, which still maintains their macroporous
characteristics, and greatly decreases the charge transfer resistance.
Furthermore, the Au coating can also prevent Ni layer from reacting
with the electrolyte during the electrochemical cycling, especially in
alkaline solutions [26]. We adopt metallized GF with porous structure
and large surface area as the free-standing substrate for supercapacitor
electrode. Fig. S2 shows the photos of GF, GF-Ni and GF-Ni-Au films,
respectively. After the metallization process with Ni and Au, the color
of GF changes from white (GF) to dark grey (GF-Ni) and to gold yellow
(GF-Ni-Au).

Fig. 1b; shows the SEM image of the pristine GF film. The fibers
exhibit smooth surface with the diameter in the range of 0.5-2.0 um,
and randomly distribute to form a 3D network. The SSA of GF film,
extracted from the adsorption isotherm curve (Fig. 1c), is 2.73 m? g%
There are two kinds of pores in the GF film. The large ones at the
micrometer level can be obviously observed in the SEM image
(Fig. 1by). The size of micro- and mesopores is in the range of 1-
100 nm with an average pore size of 10.08 nm, as shown in the Barrett-
Joyner-Halenda (BJH) pore size distribution plot (Fig. S3). After the
subsequent electroless plating process, the thickness of the GF film
increases to over 1 mm with a loose structure. From the SEM images
(Figs. 1b, and 1bs), we can observe that the fibers are densely coated by
Ni and Au layer with remarkable roughness, and the fiber diameter
increases to approximately 1.5-3.0 um. Enlarged SEM images of the
films (Fig. 1bs—be) show that the fibers are welded at the junction
points after the electroless plating, which can greatly reduce the
junction resistance and facilitate the charge transport in the electrode
[27]. The structure of the films was also confirmed through XRD
characterization (Fig. S4). The original GF film is a typical SiO»
material (JCPDS no. 82-0512). After the electroless plating, the
characteristic peaks for Ni (JCPDS no. 87-0712) and Au (JCPDS no.
04-0784) appear. The SSA (21.12m? g') of GF-Ni-Au film can be
extracted from the adsorption isotherm curve (Fig. 1c). Its rough
surface gives rise to an 8-time increase of the SSA value compared with
the pristine GF. The large pores of the GF-Ni-Au at the micrometer
level are shown in the SEM image (Fig. 1bs). The micro- and mesopore
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Fig. 2. Morphological and structural characterizations of the GF-Ni-Au@NiOy cathode. (a) SEM image of the GF-Ni-Au@NiOy film; (b) Partial enlarged SEM image of one fiber; (¢) HR-
TEM image and (d) SEAD pattern of NiOy; (¢) Adsorption isotherm curve of the GF-Ni-Au@NiO, film; (f) XRD spectrum of NiOy; (g), (h) HR-XPS spectra of Ni 2p and O 1s, respectively.

size distribution is in the range of 1-10 nm with an average pore size of
2.64 nm (Fig. S5).

3.1.2. GF-Ni-Au@NiO, cathode film

Nickel oxide (NiO,) is used as the cathode material due to its high
theoretical capacitance, eco-friendliness and low-cost properties [28].
Fig. 2a shows a SEM image of the GF-Ni-Au@NiOy film. The fibers
form networks with lots of micrometer-scale pores, allowing ions to go
across the pores and freely access inner electrode surface over a long
distance. Furthermore, most of the fibers are cross-linked to form a 3D
network, promoting electrons transport through the electrode.
Enlarged crosslinked parts are shown in the SEM images (Fig. S6).
Fig. 2b clearly shows that the NiOy exhibits a morphology of very thin
2D nanosheets, which intertwine together to form a porous honeycomb
structure. Energy-dispersive spectroscopy (EDS) mapping images of
one single GF-Ni-Au@NiOy, fiber show that the Ni, O and Au elements
are evenly distributed over the fibers (Fig. S7). Fig. 2c shows the HR-
TEM image of the sample. The spaces between two adjacent planes
recorded as 0.2108 nm and 0.2430 nm, corresponding to the (200) and

(111) planes of face-centered cubic phase NiO, respectively. Fig. 2d is
its selected area electron diffraction (SEAD) image, the ring patterns
are consistent with (220), (111), (222), (200) and (311) planes of the
NiO.

Due to the hierarchical structure of the film, the SSA of GF-Ni-Au@
NiOy film greatly increases to 40.2 m? g (Fig. 2e). In addition to the
large pores at the micrometer level, the mesopores with size distribu-
tion of 1-50 nm and an average pore size of 8.06 nm are observed in
the BJH pore size distribution plot (Fig. S8). Contact angle measure-
ment is conducted by sessile drop approach to determine the wett-
ability of the electrode, as shown in video S1. The electrolyte immerses
into the GF-Ni-Au@NiOj, electrode immediately, implying the intimate
contact between the super hydrophilic electrode and the electrolyte.

Supplementary material related to this article can be found online
at doi:10.1016/j.ensm.2018.11.018.

The XRD pattern of NiOy (Fig. 2f) shows the diffraction peaks at
37.04°, 43.12°, 62.70°, 75.07° and 79.04°, well assigned to (111),
(200), (220), (311) and (222) crystal planes of face-centered cubic
phase NiO (JCPDS no.: 75-0197), respectively, are in good agreement

Fe,0,(214)
Fe,0,(113)
A N

F o :
Fe,0 11680 Fo0:012)
Fe,05(024)

SRl
Fe,0,(110) ~5.1/nm

-2

Intensity (a. u.) (Q

—~  |——adsorption f (104)

o50] ; -

nszo. desorption =5 /(110) (Of"') 214)

S5 - S\ g (18] 30

2 SSA=18.04 m* g 2

5 101 »

(] c

< 5 2 JCPDS No. 87-1165
(] -—

= — J.LIJ_L_[_I.LL._LLI_LLLIAILI.I_L
o 0.0 02 04 06 0.8 1.0 30 40 50 60 70 80 90 740
> Relative Pressure (p/p,) 2 theta (deg.)

Intensity (a. u.)

534 531 528 525
Binding Energy (eV)

730 720 710
Binding Energy (eV)

700 537

Fig. 3. Morphological and structural characterizations of the GF-Ni-Au@FeOy anode. (a) SEM image of the GF-Ni-Au@FeO film; (b) Partial enlarged SEM image of one fiber; (c, d) are
HR-TEM image and SEAD pattern of FeO,; (e) Adsorption isotherm curve of the GF-Ni-Au@FeOy film; (f) XRD spectrum of FeOy; (g, h) are HR-XPS spectra of Fe 2p and O 1s,

respectively.
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with the TEM characterization. XPS analysis is used to further confirm
the elemental composition and valence state information of the as-
obtained sample. The XPS full spectrum (Fig. S9) confirms the
existence of Ni and O elements. Fig. 2g and h are the high resolution
XPS (HR-XPS) spectra of Ni 2p and O 1s. After the deconvolution, the
Ni 2p core level spectrum displays three pairs of typical peaks. The two
main peaks of 855.35 eV and 873.10 eV correspond to Ni 2p3,, and Ni
2py/2, and the energy separation of 17.75eV further verifies the
existence of Ni**. In addition, the two peaks at binding energies of
879.23 eV and 860.98 eV are shake-up satellite peaks along with the Ni
2p doublets. The presence of two additional deconvoluted peaks at
871.48 eV and 853.60 eV are assigned to the core levels of Ni®* cations
[29]. The three peaks in Fig. 2h at binding energies of 528.98 eV,
530.73eV and 532.23eV are from the Ni—-O-Ni, Ni-O and H-O
bonds, respectively. From the HR-TEM image in Fig. S10, some
appeared amorphous phase areas are speculated to be the subsidiary
Ni>O3, which is in good agreement with the XPS result. The mixed-
valence state of NiO, can provide multiple electrochemical reaction
paths and enhance energy storage capacity [30].

3.1.3. GF-Ni-Au@FeO, anode film

It is important to match the capacity of anode and cathode to boost
the output energy and power of the supercapacitors. Iron oxide exhibits
a comparable theoretical capacitance to nickel oxide, and shows low
cost, natural abundance and eco-friendliness properties [20,31]. Fig. 3a

Energy Storage Materials 20 (2019) 315-323

shows a SEM image of GF-Ni-Au@FeO,. The fibers are well crosslinked
and show large pores at the micrometer level. From the partial enlarged
SEM image in Fig. 3b, the 2D FeOy sheet is much thicker than NiO,,
leading to a smaller SSA of 18.04m? g (Fig. 3e) for GF-Ni-Au@FeO,
compared with the GF-Ni-Au@NiOy. The micro- and mesopores show
the size distribution of 1-60 nm with an average pore size of 7.27 nm
(Fig. S11). From the HR-TEM image (Fig. 3c), we can clearly obtain the
planes of (110), (113) and (024), which correspond to the spaces
between two adjacent planes of 0.2478 nm, 0.2109 nm and 0.1844 nm,
respectively. In addition, we can obtain all the typical planes of a-Fe,O3
from the SEAD pattern (Fig. 3d). Contact angle measurement in video
S2 also proves the super hydrophilicity of this anode.

Supplementary material related to this article can be found online
at doi:10.1016/j.ensm.2018.11.018.

Fig. 3f is the XRD spectrum of FeO,. The main diffraction peaks are
perfectly corresponding to the standard sample of a-Fe,O3 (JCPDS no.:
87-1165). The full XPS spectrum of FeOy is shown in Fig. S12. High-
resolution Fe 2p spectrum (Fig. 3g) shows three pair of typical peaks,
belonging to Fe®*, Fe*>* and the shakeup satellite peaks [32]. Combined
with the O 1s spectrum (Fig. 3h), these two XPS spectra confirm the
mixed valence of the Fe element. Furthermore, the amorphous phase
appears in the HR-TEM image of Fig. S13 is speculated to be the
subsidiary FeO, which is in good agreement with the XPS results.
Similar to NiO,, this mixed-valence state feature of FeO, can also
enhance its energy storage ability.
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Fig. 4. Electrochemical performance of the GF-Ni-Au@NiOj, cathode. (a) CV curves at the scan rates ranging from 1 mVs™ to 200 mV s™; (b) GCD curves at current densities range of
3-50 mA em™%; (c) Capacitance retention versus current density of the cathode calculated by GCD curves; (d) Nyquist curve after the first cycle and (e) Cycling stability test for 15,000

cycles at 20mV's™.
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3.2. Electrochemical characterizations

3.2.1. GF-Ni-Au@NiO, cathode

The electrochemical test of GF-Ni-Au@NiO, was characterized in a
three-electrode cell configuration in 2 M KOH electrolyte, where a Pt
plate as the counter electrode and a standard Hg/HgO electrode as the
reference. The working potential window is determined in the range of
0-0.6V, where the electrode exhibits a purely capacitive behavior.
Fig. 4a shows the cyclic voltammetry (CV) curves of GF-Ni-Au@NiOy, at
scan rates ranging from 1 to 200 mVs!. A number of pairs of redox
peaks display symmetrically in each CV curve, indicating the redox
behavior. The positions of peaks slightly shift away from the symme-
trical center with the increase of scan rate, which is attributed to the
change of the internal resistance during the reversible Faradaic
reaction [30]. The C, value of the cathode is calculated as 3.14 F cm™
at the scan rate of 1 mV s™, corresponding to a C,, value is 826 Fg™! by
normalizing to mass loading. In addition, the CV curve remains in
shape that clearly shows the pair of redox peaks even at a high san rate
of 200 mV's™!, because of the high-efficient ion and electron transport
during the reversible Faradaic reaction.

Galvanostatic charging/discharging (GCD) tests were conducted at
current densities in the range of 3-50 mA cm™, as shown in Fig. 4b.
The pair of pronounced voltage plateaus in the curves further indicate
the redox effect, which is consistent with the redox peaks in the CV
results. The redox reaction occurs at the interface of NiO, nanosheets
and KOH electrolyte, as described in Eq. (5).
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charge

NiO + OH"—NiOOH + ¢~
charge 6]

This electrochemical reaction mainly involves the valence state
change of Ni?* cations [28]. When charging to the electrode, the redox
reaction occurs at the interface between the electrolyte and NiO, along
with the change from Ni?* to Ni*>*. During the discharging process, the
Ni®* returns to Ni2*. The C, is calculated as 3.57 F cm™ at the current
density of 3 mA em™, corresponding to a C,,, of 939 Fg. The C,, value
of GF-Ni-Au@NiOy cathode is compared to most of the reported results
in spite of high mass loading and high scan rate in our sample. For
example, Li et al. coated NiO onto Ni foam substrate with a mass
loading of 2.7mgcm™, exhibiting a C,, of 392Fg™! at the current
density of 0.5 mAcm™ [33]. The capacitance decreases with the
increase of current density (Fig. 4c) because slow redox behavior
results in non-equilibrium charge storage status at high current
density. Remarkably, the GF-Ni-Au@NiOy cathode still remains a C,
of 1.37 Fem™? even at the current density of 50 mA cm™.

The frequency response analysis was conducted in the range of 10
mHz to 100 kHz with an amplitude of 5 mV to investigate the intrinsic
impedance of the GF-Ni-Au@NiOy cathode. By calculating from the
Nyquist plot (Fig. 4d), the equivalent series resistance (ESR) of the
electrode is as low as 1.35Q, indicating its potential to deliver fast
electron response. In addition, measurement of the cycle stability was
conducted by repeating the CV test at the scan rate of 20mVs™
(Fig. 4e). After a continuous testing of 15,000 cycles (uninterrupted
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Fig. 5. Electrochemical performance of the GF-Ni-Au@FeOy anode. (a) CV curves at the scan rates ranging from 1 mV s to 200 mV s™!; (b) GCD curves at current densities range of 3—
50 mA cm?; (c) Capacitance retention versus current density of the anode calculated by GCD curves; (d) Nyquist curve after the first cycle and (e) Cycle stability test for 20,000 cycles at
20mvst,
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working of 250h), the capacitance retention of the cathode still
remains 92.1%.

3.2.2. GF-Ni-Au@FeO, anode

To fabricate an anode that can match well with the GF-Ni-Au@NiOy
cathode, we grew FeO, nanosheets onto the GF-Ni-Au film using a
solution phase synthesis method. The areal mass loading of FeOy
material in the anode is 4.4 mg ecm™2. We performed its electrochemical
test in a three-electrode cell in 2 M KOH electrolyte, with a working
potential window of -1.0 to 0V. Fig. 5a is the CV result in the range of
1-200 mV st. The C, value is calculated to be 2.48 Fcm™ at the scan
rate of 1mVs™, corresponding to a C,, value of 564Fg'. The
pseudocapacitive effect at the interface between FeO, nanosheets and
KOH electrolyte remains elusive at current stage. Some researchers
attribute the capacitance to the intercalation and deintercalation of the
K" cations [34]. Others propose that the OH" is involved in the charge-
discharge cycling by tuning the valence state of the Fe®* cations [35].
The C, value calculated from the discharge curves (Fig. 5b) is as high as
3.34 F cm™ at the current density of 3 mA cm™. Fig. 5¢ reveals a similar
current-dependent trend for the cathode. A capacitance retention value
of 40.7% (corresponding to a C,, of 1.36 Fcm™) is obtained at the
current density of 50 mA cm2. These promising electrochemical results
manifest that FeO, have great potential as the anode material of high
performance supercapacitors. Further measurement about electroche-
mical impedance spectroscopy (EIS, Fig. 5d) of the anode shows the
ESR is as low as 0.8(Q, indicating its fast electrochemical response.
Long term cycling of 20,000 cycles at the scan rate of 20mVs!
(Fig. 5e) verifies its excellent stability.

The NiO, and FeO, samples on pure GF and Ni foil are also
prepared by the same solution-phase assembly method for comparison
purpose. The electrochemical properties of control samples are tested
by CV curves at the scan rate of 50 mV s (Fig. S14). The capacitances
of the samples based on GF@Ni@Au framework are at least 6 times
larger than that of the control samples.

3.2.3. Asymmetric supercapacitor
For a thick electrode with high mass loading, it is more accurate to
evaluate the performance of a supercapacitor by the areal or volumetric
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value [36]. From a device perspective, the key issues to improve the
electrochemical performance of the supercapacitor include the increase
of the mass loading (corresponding to the areal capacitance) and the
match of anode and cathode capacity. The overall capacitance of
supercapacitor is from the series of two capacitors at the cathode and
anode. The mismatch of capacitance results in the decrease of overall
capacitance and uneven distribution of the full potential window will be
across the two electrodes [25]. According to the previous three
electrode measurements, the C, values of cathode and anode are
3.57Fcm™ and 3.34 Fem™ at a current density of 3 mA em™, respec-
tively, which are very close. We integrate the GF-Ni-Au@NiOy cathode
and the GF-Ni-Au@FeO, anode as a supercapacitor by a printed circuit
board (PCB) processing technology.

From the CV curves (Fig. 6a), we can obtain the areal capacitance of
1.57 Fem™ at the scan rate of 1 mVs™. A few pairs of peaks in the CV
curves are due to the redox reactions at the cathode and anode. The
areal capacitance of the supercapacitor can be as large as 1.67 Fcm™
from the GCD curves (Fig. 6b and Fig. S15) at the current density of 3
mA cm2, slightly higher than the result calculated from the CV curve at
the scan rate of 1 mVs™. The specific volumetric capacitance of the
supercapacitor, calculated from the GCD curve, is 13.92 F cm™ based
on all the packaged volume. Fig. 6¢ shows the capacitance retention of
40.5% when the applied current density of the device is increased to 50
mA em™. The supercapacitor can maintain a superior specific volu-
metric capacitance of 5.64 F cm™ even at such high scan rate. There is a
typical semicircle shown in the high frequency region of the Nyquist
plot (Fig. 6d), which is a representation of the interfacial charge
transfer resistance. Calculated from the Nyquist plot, the ESR of the
device is 4.4 Q, indicating its excellent electrochemical response at high
frequency range. The low resistance also suggests efficient charge
transfer at the interface between electrode and electrolyte. The proper
pore distribution benefits ion transportation. These characteristics
correspond to the small voltage drop at the beginning of the GCD
curves [37]. In the low frequency range, the curve exhibits almost a
vertical line, indicating an ideal behavior of the supercapacitor. After
successive cycling of 400 h (9000 cycles) by CV test and 10,000 cycles
by GCD study, the capacitance retention of the supercapacitor can
maintain 80.7% (Fig. 6e) and 90.2% (Fig. S16), respectively. In
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Fig. 6. Electrochemical performance of the full device. (a) CV curves at scan rates of 1-200 mV s™; (b) GCD curves at current densities ranging from 3 to 50 mA cm™; (c) Capacitance
retention value versus current density calculated by GCD study; (d) Nyquist curve after one cycle; (e) Cycling stability test of the device at 20 mV s, inset is our supercapacitor, a LED
and a switch are assembled onto a flexible PCB; (f) Ragone plot of our supercapacitor as compared to other recently-reported ones.
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addition to the essential features of highly conductive network and
moderate porous structure of the GF-Ni-Au current collector, its high
mass loading and good electrode matching properties synergistically
bring about the outstanding electrochemical results of the super-
capacitor.

To evaluate the energy and power properties of the supercapacitor,
the related parameters calculated from the GCD curves are presented
in the Ragone plot (Fig. 6f). Our device exhibits a maximum E, value of
6.19mWhcem™ at the P, of 20.02 mW cm™, and maintains an E, of
2.51mWhem™ at the tested maximum P, of 334.15mW cm™. We
compare these figures of merit with some of recently reported energy
storage devices, including typical Li ion battery (4 V, 500 mAh) [38],
CNT//Fes0./C [35], GF//NTO/CT [39], MnOs,//Ti-Fes03@PEDOT
[31], Ni/MnO,-FP//Ni/AC-FP [40], MnO,//Fe;O3/PPy [7] and com-
mercial supercapacitor (5.5V, 100 mF) [35]. Most of them are fabri-
cated based on 3D current collectors. The P,-E, curve (Fig. 6f) of our
as-prepared device is positioned on the top right corner of this plot. Its
maximum E, is compatible to the commercial Li ion battery (4 V, 500
mA h) while delivering a 10-time higher P,. Its maximum P, can reach
the level of commercial supercapacitor (5.5 V, 100 mF) with one order
of magnitude larger E,. Table S1 documents the comparison of some
recently-reported energy storage devices in details, including C,, C,,
maximum energy density (E;q) and maximum power density (P,qx)-
Our device exhibits a comparable P,,,, and an outperforming E, ..
among all the devices. Remarkably, the C, of our device is outstanding
among them even when the total packaging volume is included.
Moreover, the C, -index is several to dozens of times higher than the
others.

By combining with these typical industrial processing technologies
(hole drilling, electroless plating and electro plating, and PCB packa-
ging), we obtain supercapacitors with various shapes and different
sizes. They have square and circle shapes with side lengths or
diameters of 0.2cm, 0.4cm, 0.6 cm, 0.8cm, 1.0cm, 1.2 cm, 1.4cm,
respectively, as shown in Fig. S17b. Due to the volume-tunability of the
device, to match the size of the flexible PCB, we assemble the 0.4 cm
ones with an LED and a switch onto a flexible PCB by silver paste, as
shown in the inset of Fig. 6e. After charging for a while, both of them
can drive the red LEDs, as shown in Figs. S17a and S17c.

4. Conclusions

In summary, we demonstrate a scalable fabrication route by
metallizing commercially available GF for the free-standing super-
capacitor electrodes. Their hierarchically macroporous and mesopor-
ous structures can not only facilitate the free access of ion transport to
the interior and exterior surface of the film and shuttling across the
channels, but also provide a large SSA for high mass loading of the
active materials. The high conductive and hierarchical feature of the 3D
metallized framework enable highly efficient ion and charge transport.
In addition, these binder-free, 3D electrodes can effectively release
stresses caused by volume expansion/shrinkage during the charge-
discharge cycles. All the above merits make them attractive as promis-
ing electrodes for supercapacitors. Furthermore, the 3D conductive
framework presented here is applicable to a wide range of electrode
materials. Combined with the industrial packaging technologies, we
efficiently obtain a series of high-reliable and high-performance asym-
metric supercapacitors. The above-mentioned features of the devices
illustrate great potential close to practical applications.
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