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Highlights

* Ni-Cu graphene foam was prepared by atmospheric pressure CVD.

* Ni-Cu graphene foam displayed mainly monolayer and bilayer.

*The electrochemical properties of Ni-Cu graphene foam as a current collector were
evaluated.

* Ni-Cu graphene foam current collector displayed a high electrochemical performance.

Abstract

This study reports on Ni and Ni-Cu graphene foam prepared by atmospheric pressure
chemical vapour deposition. The Ni-Cu foam alloys were prepared using a three-dimensional
(3D) scaffold template of polycrystalline nickel foam which is commonly used as a current
collector in supercapacitor electrodes. The morphological, composition and structural
characterization of as-grown Ni and Ni-Cu graphene foam were carried out using confocal
Raman spectroscopy imaging, scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HR-TEM), energy-dispersive X-ray spectrometer (EDS)
and X-ray photoelectron spectroscopy (XPS). The results demonstrated that Ni-Cu graphene
foam is mainly monolayer and bilayer as compared to Ni graphene foam which is typically a
few-layer graphene. The electrochemical performance of Ni and Ni-Cu graphene foam as
current collectors were evaluated in a three-electrode electrochemical cell using 1 M NaSOa4
aqueous electrolyte and porous activated carbon (AC) produced from lightweight material
cork (Quercus suber) as the active electrode material. The AC on Ni-Cu graphene foam
current collectors exhibited a high specific capacitance (250-300 F g ' at 1 A g'!) and good
electrochemical stability (94—100% capacitance retention) over 6000 constant charge-
discharge cycles at 5 A g™'.
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1. Introduction

Supercapacitors (or electrochemical capacitors) have attracted considerable recent attention
due to their high power density, fast dynamics of charge propagation, long cycle life
performance (>10,000 cycles), low maintenance, safe and reliable performance, for energy



storage applications [1]. Also, supercapacitors have the potential to complement or eventually
replace the rechargeable batteries for some energy storage applications. But, supercapacitors
are plagued with a lower energy density (i.e. ~5-8 Wh kg™!) as compared to rechargeable
lithium-ion batteries (120-200 Wh kg ") [[2], [3], [4]]. Therefore, there are great research
efforts towards enhancing the performance of supercapacitor devices to have considerable
energy densities comparable to that of lithium-ion batteries. According to their charge storage
mechanism, there are two types of supercapacitors, i.e. electrochemical double-layer
capacitor (EDLC) and pseudocapacitor. EDLC stores charge electrostatically with the
charged ion located at the surface of the electrode material. However, the charge storage
mechanism of pseudocapacitors involves a fast redox reaction at the electrode-electrolyte
interface [5,6]. Carbon-based materials have been mostly used as the electrode materials for
EDLC due to their high specific surface area, good electrical conductivity and large pore size
distribution (micro, meso and macropores) [7,8], while pseudocapacitors are from redox-
active materials such as transition metal oxides or hydroxides and conductive polymers.

Hybrid materials or devices incorporating EDLC and pseudocapacitor materials are thought
to give the next generation high-performance supercapacitor devices [9,10]. In hybrid
supercapacitors, EDLC electrode materials are commonly used as negative electrodes and
pseudocapacitive materials as positive electrodes to improve the overall energy storage
capacitance of the supercapacitors. These materials are commonly coated on Ni foam current
collector which is a low density permeable three-dimensional (3D) material with very high
porosity [[11], [12], [13], [14], [15], [16], [17], [18], [19]]. A typical current collector for
electrochemical energy storage systems should have high electrical conductivity, excellent
chemical stability and potential window in electrolytes (to support the electrochemical
stability window and the ionic conductivity of electrolytes), and good mechanical strength or
flexibility. Ni foam has proved to be a good current collector in aqueous and organic/ionic
liquids electrolytes (e.g. see most articles on the electrochemical performance of
supercapacitors).

Previously, studies have prepared 3D graphene foam by a chemical vapour deposition (CVD)
process using the Ni-foam template [20]. These 3D Ni graphene foam networks were used as
templates for the synthesis of 3D graphene nanocomposites for high-performance
supercapacitor electrodes [[21], [22], [23]]. A 3D Ni graphene foam framework
advantageously serves as a 3D support of large capacity to uniformly anchor the transition
metal oxides/hydroxides as well as electrically conductive polymers with well-defined size,
shapes, and crystallinity for the enhanced electrochemical performance of the supercapacitor
electrodes. Research efforts have been focused on improving the interactions between
graphene foam and their composite materials to optimize the pseudocapacitance and further
improve the performance of supercapacitors [[21], [22], [23]]. The interface between the
collector and active electrode materials is also important since it controls the contact
impedance of the electrodes. Besides, active materials directly grown on the current
collectors have shown to have improved contact impedance [[21], [22], [23]]. Nonetheless,
more effort is needed in designing current collectors, especially with reduced ohmic drops at
the interface between active materials and current collectors for the enhanced electrochemical
performance of the supercapacitors.

Herein, we report on atmospheric pressure AP-CVD synthesis of graphene on Ni and Ni-Cu
foam substrates. Ni-Cu foam alloys were prepared using a 3D scaffold template of
polycrystalline nickel foam which is commonly used as a current collector in supercapacitor
electrodes. The characterization of as-grown Ni and Ni-Cu graphene foam was carried out



using confocal Raman spectroscopy imaging, scanning electron microscopy (SEM), energy-
dispersive X-ray spectrometer (EDS) and X-ray photoelectron spectroscopy (XPS). The
electrochemical properties of Ni and Ni-Cu graphene foam as current collectors were
evaluated in the three-electrode electrochemical cell using an aqueous electrolyte. Based on
the characterization results, Ni-Cu graphene foam displayed mainly monolayer and bilayer as
compared to Ni graphene foam which is typically a few-layer graphene. The active electrode
material (activated carbon) coated on Ni-Cu graphene foam current collectors displayed a
higher electrochemical performance compared to electrode materials on Ni and Ni graphene
foam current collectors.

2. Experimental details
2.1. Ni and Ni-Cu graphene foam synthesis

For Ni-Cu foam alloy preparation, 5 x 5 mm? pieces of Ni foam were cleaned by annealing at
1000 °C under Ar and H: at flow rates of 300 and 200 standard cubic centimeters per minute
(sccm), respectively, for 30 min. A 3D scaffold template of polycrystalline nickel foam with
an areal density of 420 g m? and a thickness of 1.6 mm was purchased from Alantum
(Munich, Germany). 5 x 5 mm? pieces of Cu films were obtained from an annealed (99.8%
purity) 25 pm thick copper foil purchased from Alfa Aesar. The Cu films were cleaned by
immersing them in an aqueous nitric acid for 10 s, to get rid of impurities, and then washed
with distilled water followed by an ultrasonic bath with isopropanol to remove the residues.
Furthermore, a cleaned Cu film with a mass of 148 mg was pressed on 5 x 5 mm? piece of Ni
foam with a mass of 837 mg, then annealed at a high temperature of 1140 °C (above the
melting point of Cu, i.e. 1086 °C) under Ar flow (1000 sccm) for 10 min to melt and diffuse
Cu in Ni foam surface, as illustrated in Scheme 1. After annealing the mass of the sample was
equivalent to the total mass of Cu film plus Ni foam (987 mg), and this sample was referred
to as Ni-15 mass% Cu foam alloy. Similarly, two cleaned 5 x 5 mm? pieces of Cu films with
a total mass of 282 mg were pressed together, then on a piece of Ni foam with a mass of

837 mg and annealed at 1140 °C under Ar flow (1000 sccm) for 10 min to obtain Ni-25
mass% Cu foam alloy (Scheme 1).
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Scheme 1. Ni___Cu foam alloy preparation route.

Ni-Cu foam alloy

Moreover, Ni, Ni-15 mass% Cu and Ni-25 mass% Cu foam substrates were placed at the
centre of an AP-CVD quartz tube, then graphene growth was carried out at 1000 °C for 5 min
using a mixture of gasses, Ar:H2:CH4 with flow rates of 300:9:10 sccm, respectively.
Immediately after 5 min growth time, the CH4 was stopped and the tube was pushed to a
cooler region of the furnace to allow the samples to rapidly cool down to room temperature.



2.2. Morphological, composition and structural characterization of Ni and Ni-Cu
graphene foam

The characterization of the as-grown Ni and Ni-Cu graphene foam samples was carried out
using different techniques: Raman spectroscopy, scanning electron microscopy (SEM, Zeiss
Ultra Plus 55 field emission scanning electron microscope operated at 2.0 kV), high-
resolution transmission electron microscopy (HR-TEM, using a cold feld-emission JEOL
F200 TEM operating at 200 kV), energy-dispersive X-ray spectrometer (EDS), and X-ray
photoelectron spectroscopy (XPS, using a Thermo Fisher photoelectron spectrometer fitted
with a monochromatic Al Ka radiation X-ray source). The Raman spectroscopy
analysis/imaging was carried out using the WITec alpha300 RAS+ confocal Raman
microscope. The analysis was carried out using a 50%/0.75NA objective and 532 nm laser at a
power of 2 mW. The image scans were acquired over 25 x 25 um? areas with 100 points per
line and 100 lines per image using an integration time of 3 s. The image scans were obtained
by scanning the sample under the laser spot using a piezo-scanner which is quite fast and very
accurate. The diffraction-limited laser spot size is estimated by Ax =0.61 x //NA4, where / is
the wavelength and N4 is the numerical aperture of the objective used for analysis. Therefore,
for 50x/0.75NA objective used in this work, the lateral resolution is about 433 nm. The
spectral resolution is in the order of 1 cm™'. WITec Project FIVE software was used for
Raman image data processing.

2.3. Electrochemical characterization

Moreover, the as-grown Ni and Ni-Cu graphene foam samples were farther tested as current
collectors in a three-electrode configuration using a Bio-Logic VMP300 potentiostat/
galvanostat workstation at room temperature. The electrodes were prepared by making a
homogenous paste of 80 wt% active material (activated carbon (AC)), 10 wt% carbon black
and 10 wt% polyvinyl difluoride (PVDF) binder with dropwise addition of N-methyl
pyrrolidone (NMP) in an agate mortar. The paste was then coated on 1 x 1 cm? of Ni and Ni-
15 mass% Cu foam, and graphene-coated Ni, Ni-15 mass% Cu and Ni-25 mass% Cu foam
current collectors and dried in an oven at 60 °C overnight to ensure complete evaporation of
the NMP. Thereafter, the masses of the coated active material (AC) on current collectors
were 2.9 mg AC/Ni, 1.9 mg AC/Ni graphene foam, 2.4 mg AC/Ni-15 mass% Cu foam,

2.1 mg AC/Ni-15 mass% Cu graphene foam and 1.6 mg AC/Ni-25 mass% Cu graphene
foam. Before three-clectrode measurements, the active material was pressed onto the current
collectors under a pressure of 30 MPa. The three-electrode measurements, i.e. cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were performed in 1 M NaSO4 aqueous electrolyte with glassy carbon as
the counter electrode and Ag/AgCl as a reference electrode. The measurements were carried
out in the negative potential window (—0.8—0.0 V vs. Ag/AgCl). The EIS was performed over
a frequency range of 10 mHz to 100 kHz in an open circuit potential. A porous AC used in
this work was produced from cheap and lightweight material cork (Quercus suber), a spongy
material that comes from the bark of an evergreen oak tree. This AC was synthesized and
fully characterized and tested for supercapacitor applications in our previous work [11,12].
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Fig. 1. The optical microscope images with an overlay cluster analysis images of different parts of the samples:
(a) Ni graphene foam, (b) Ni-15 mass% Cu graphene foam, (c) Ni-25 mass% Cu graphene foam, and (d) the
corresponding cluster average spectra (each spectrum-color correspond to the cluster image area of the same
color in (a—)).

3. Results and discussion

3.1. Morphological, composition and structural characterization of Ni and Ni-Cu
graphene foam

3.1.1. Raman spectroscopy imaging

The quality and the number of layers of as-grown Ni and Ni-Cu graphene foam were
evaluated using confocal Raman imaging. Because of the irregular surface of the Ni foam, the
laser beam with a spot size of ~433 nm was scanned over a focused area (25 x 25 um?) to
avoid a variation in the detected signal counts. Besides, a large area (>50 um?) of the
irregular surface of Ni foam could be scanned using the True Surface Imaging mode which
keeps the true surface of the sample in constant focus during the entire measurement
procedure. Fig. 1 shows the Raman imaging data of as-grown Ni and Ni-Cu graphene foam.
Fig. 1(a) to (c) displays the overlay cluster analysis images on the optical microscope images
of different parts of the samples, and the corresponding cluster average spectra are presented
in Fig. 1(d). These Raman spectra reveal that the as-grown Ni and Ni-Cu graphene foam have
a non-uniform thickness, i.e. monolayer, bilayer and few-layer graphene. Briefly, in the
Raman data processing tool of WITec Project FIVE software, the cluster analysis of the
acquired Raman image data set automatically finds similar spectra in an image spectrum data
set and creates the cluster distribution maps and the corresponding cluster average spectra. It
can be seen in cluster images of Fig. 1(a), that Ni graphene foam has non-uniform thickness



with dominating few-layer graphene. On the contrary, Ni-15 mass% Cu graphene foam (Fig.
1(b)) displays less few-layer graphene with dominating mono and bilayer graphene compared
to Ni graphene foam while Ni-25 mass% Cu graphene foam showed almost only bilayer
graphene (Fig. 1(c)). In Fig. 1(d), the absence of the D-band in the Raman spectra shows
high-quality as-grown graphene since the presence of D-band demonstrates defects in the
translational symmetry of the graphene lattice [24,25].
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Fig. 2. The mapping of 2D peaks FWHMs and /,p// ratios and the corresponding distribution of the /I
ratios of the Raman data set of: (a—c) Ni graphene foam, (d—f) Ni-15 mass% Cu graphene foam, and (g—i) Ni-25
mass% Cu graphene foam.

Moreover, the analysed areas of each sample, as shown in Fig. 1, were stitched together in the
mapping of 2D peaks Full width at half maximum (FWHM) and the corresponding 2D-to-G
peaks intensities ratio (/2p//G), as presented in Fig. 2. The 2D peaks FWHMs in the range of
26-38 cm! and Lop//G ratios in the range of ~2.5-4.5 are attributed to monolayer graphene
(MLG). In addition, the FWHMs is in the range of 39—70 cm™! and 2p/[G ratios in the range
of 0.7-2.2 are attributed to bilayer graphene (BLG) [26,27], while for Few-layer graphene



(FLG) the distribution of the FWHMSs is >70 cm™! and I2p/IG < 1. Fig. 2(a—c) presents the
graphene features of Ni graphene foam which show mainly FLG (/2p//G < 1). In Ni graphene
foam, the 2D peaks FWHMs underestimate the number of layers because of random (non-
Bernal) stacking of graphene which yields 2D peaks FWHMs close to those of MLG

(~40 cm™). Ni typically grows non-uniform FLG graphene with a significant fraction of non-
Bernal stacking. Fig. 2(d—f) presents the graphene features of Ni-15 mass% Cu graphene
foam which shows dominating MLG and BLG and displays less FLG compared to Ni
graphene foam. This is mainly due to Cu in Ni-Cu alloy which has a very low decomposition
rate of CHs compared to Ni, therefore, it reduced an amount of decomposed carbon which
materialized into graphene. A further increase in Cu content in Ni foam (Ni-25 mass% Cu
graphene foam) showed only a fraction of MLG and mainly BLG (Fig. 2(g—1)). This is in
agreement with previously published results on CVD graphene growth on Cu-Ni alloy
substrates which demonstrated a preferential growth of Bernal stacked bilayer graphene
[26,28,29].

3.1.2. SEM and HRTEM

The surface morphologies of the Ni, Ni-15 mass% Cu and Ni-25 mass% Cu graphene foam
samples were examined using SEM (Fig. 3). Fig. 3(a) presents an SEM image of the Ni foam
without graphene at low (inset figure) and high magnification which shows a smooth surface.
On the contrary to Ni foam smooth surface, Ni (Fig. 3(b)), Ni-15 mass% Cu (Fig. 3(c)) and
Ni-25 mass% Cu (Fig. 3(d)) graphene foam displays wrinkles and ripples which could be
attributed to the differences in thermal expansion coefficients between graphene and the
metal substrates [30]. Furthermore, the surface of Ni-Cu alloy (i.e. before graphene growth,
inset of Fig. 3(d)) appears different from that of Ni foam (inset of Fig. 3(a)) mainly because
of the Cu foil which was first melted and, then diffused in Ni foam surface. Moreover, the
surface morphology of Ni-25 mass% Cu graphene foam at the backside of the sample (Fig.
3(e), without Cu) appears similar to that of Ni graphene foam. This demonstrates the effect of
a Ni-Cu gradient alloy. The 3D porous structure of Ni foam was maintained in both Ni and
Ni-Cu graphene foam, as shown by Fig. 3(b) and (e) inset figures, respectively. Fig. 3(f)
displays a typical HRTEM image of graphene foam after etching away the nickel template
which shows a selected area electron diffraction (SAED) pattern (inset figure) similar to that
of a few-layer graphene with a d-spacing of ~0.123 and 0.213 nm corresponding to Miller-
Bravais indices (1-210) outer ring and (1—110), respectively [31].



Fig. 3. SEM images: (a) Ni foam (inset: low magnification image), (b) Ni graphene foam, (c) Ni-15 mass% Cu
graphene foam, (d) Ni-25 mass% Cu graphene foam, and (e) the backside (without Cu) of Ni-25 mass% Cu
graphene foam (inset figures are low magnification SEM images). (f) The HRTEM image of graphene foam
after etching away the nickel template and the corresponding selected area electron diffraction pattern (inset
figure).

3.1.3. EDS and XPS

Moreover, the elemental composition of the as-grown Ni and Ni-25 mass% Cu graphene
foam were obtained using EDS, as shown in Fig. 4. It can be seen from this figure that a high
bulk content of carbon is dramatically reduced in Ni-Cu foam alloy as compared to Ni



graphene foam. This is primarily due to the lowered CH4 decomposition rate of Ni by Cu
since it has a very low CH4 decomposition rate compared to Ni.
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Fig. 4. EDS data: (a) Ni graphene foam, and (b) Ni-25 mass% Cu graphene foam.

Fig. 5, Fig. 6 show the XPS analysis of the as-grown graphene foam samples. Fig. 5 presents
the wide scan XPS spectra of (a) Ni graphene foam, (b) Ni-15 mass% Cu graphene foam and
Ni-25 mass% Cu graphene foam (c) topside and (d) backside, and the corresponding
elemental compositions are shown in Table 1. The Ni graphene foam sample displays high
carbon content as compared to Ni-Cu graphene foam samples, as expected. The XPS spectra
of Ni-Cu graphene foam display C, Ni, Cu and O present in the samples. Furthermore, the
backside of Ni-25 mass% Cu graphene foam does not show Cu hence it displays high carbon
content similar to Ni graphene foam. It is also observed that a Ni-Cu alloy prepared with less
Cu has less oxygen content, e.g. a Ni-15 mass% Cu graphene foam had about 6.3 at.%
oxygen compared to Ni-25 mass% Cu graphene foam with 29.2 at.% (Table 1). This high
oxygen content could be from an oxide layer residue after cleaning Cu films by immersing
them in aqueous nitric acid and non-vacuum annealing of Ni-Cu at a high temperature of
1140 °C (to melt Cu foil and form a Ni-Cu alloy). Therefore, this could be avoided by
depositing and annealing Cu film on Ni foam under a high vacuum chamber. Moreover, the C
Is core level spectrum of Ni graphene foam (Fig. 6(a)) shows the strongest peak of sp?> C—C
at 284.8 eV which indicates a graphene component, and the low-intensity oxide constituent,
C—-0 at 286.3 eV. The O 1s core-level spectrum of Ni graphene foam (Fig. 6(c)) further
confirms the oxide constituents present in the surface of the sample. In O 1s spectrum, a peak
at 530.1 eV is attributed to the metal oxides (i.e. the ionization characteristics of oxygen
species integrated in the material as OH™ or O2?~ [32]), and the O 1s peaks at 531.9 and

533.1 eV are ionization associated with weakly adsorbed organic species [32]. Similar to Ni
graphene foam, the C 1s core level spectrum of Ni-25 mass% Cu graphene foam (Fig. 6(d))
shows the strongest peak of sp? C—C (graphene component) and low-intensity oxide
constituents. The Ni 2p and Cu 2p core-level spectra (Fig. 6(e) and (f)) confirm the Ni and Cu
metal and a fraction of Ni- and Cu-oxides constituents present in the surface of the sample.
The metal oxides are also confirmed by O 1s peak at 530.1 eV (Fig. 6(g)).
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Fig. 5. Wide scan XPS spectra of (a) Ni graphene foam, (b) Ni-15 mass% Cu graphene foam and Ni-25 mass%

Cu graphene foam (c) topside and (d) backside.

Table 1. XPS relative fractional concentrations of elemental compositions of Ni, Ni-15 mass% Cu and Ni-25
mass% Cu graphene foam.

Peaks Ni graphene Mi-15 mass% Cu  Ni-25 mass% Cu graphene
position (cV)  foam graphene foam foam
(at.%) (at.%) (at.%) [at.%)

(topside) (backside)

284.8 (C 1s) 97.3 .4 504 925

531.3 (O 1s) 1.8 6.3 292 5.5

8537 (Ni2p) 09 1.3 14.2 20

9332 (Cu - 20 6.2 -

2p)
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Fig. 6. XPS core level spectra: (a) C 1s, (b) Ni 2p and (c) O 1s spectra of Ni graphene foam. (d) C 1s, (e) Ni 2p,

(e) Cu 2p and (c) O 1s spectra of Ni-25 mass% Cu graphene foam.
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3.2. Electrochemical characterization

Moreover, the electrochemical performance of the Ni foam, Ni and Ni-Cu graphene foam as
current collectors were evaluated in the three-electrode configuration in the negative potential
window (—0.8-0.0 V vs. Ag/AgCl) using activated carbon as an active electrode material and
1 M NaSOs4 aqueous electrolyte. It is worth mentioning that due to low cost and high
availability, the AC electrode materials are the most widely used electrode materials,
especially as the negative electrodes. In Fig. 7(a) the CV curves of the current collectors
without the active material are shown, to illustrate that Ni foam coated with Cu has a better
current response, and with a graphene coating, it has the highest current response. This could
be a reason why the electrode material on Ni-Cu graphene foam current collectors exhibits a
higher current response, as seen in Fig. 7(b).

Fig. 8(a) to (d) displays the CV curves of the AC on Ni foam, Ni and Ni-Cu graphene foam
current collectors evaluated over different scan rates in the range of 10-100 mV s™!. All the
CV curves demonstrate a typical electrical double layer capacitor (EDLC) behaviour with its
quasi-rectangular characteristic shape which is a feature of porous carbon materials. Fig. 8(e)
to (h) presents the GCD curves at different current densities in the range of 1-5 A g! in the
potential window of —0.8-0.0 V vs. Ag/AgCl. The GCD curves display a triangular shape
with a linear discharge curve indicating a typical capacitive nature. However, at low current
density (1 A g!), the GCD curves of the AC on Ni-Cu graphene foam current collectors
show a longer discharge time than a charging time (Fig. 8(g) and (h) inset figures) which
could be due to the capacitance contribution from the current collectors since the ions have
enough time to be intercalated/extracted into/out of the electrode during
charging/discharging.

Moreover, in agreement with the CV curves (Fig. 7(b)), the GCD curves of the AC on Ni-Cu
graphene foam current collectors display a longer discharge time as compared to the
electrode material on Ni and Ni graphene foam current collectors (Fig. 9(a)). From the GCD
curves the specific capacitance, Cs (shown in Fig. 9(b)) of the electrodes was calculated using
the following equation [3,33,34]:

~y Tt
("" T mAV (1)

where [ is the current (A), At is the discharge time (s), m is the total mass of the active
material (g) and AV is the potential window (V).

It can be seen from Fig. 9(b) that the AC on Ni-Cu graphene foam current collectors display a
higher electrochemical performance in terms of the calculated Cs compared to electrode
materials on Ni and Ni graphene foam current collectors. The AC on Ni-25 mass% Cu
graphene foam current collector exhibited a high specific capacitance of 289.7 F g ! ata
current density of 1 A g”!, and at a high current density of 5 A g, the specific capacitance
remained as high as 106.7 F g”!. Similarly, the AC on Ni-15 mass% Cu graphene foam
current collector exhibited a high specific capacitance of 257.8 F g™! at a current density of

1 Ag' andat5 A g ! the specific capacitance remained as high as 81.6 F g™!. The specific
capacitance reported in this work for AC (derived from Quercussuber) on Ni-Cu graphene
foam current collector in 1 M NaSO4 aqueous electrolyte is higher than that reported for ACs
(based on various biomass-derived carbons) on Ni foam current collectors and various
electrolytes (see Table 2).
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Fig. 9. The electrochemical performance of AC on Ni foam, Ni and Ni-Cu graphene foam current collectors: (a)
GCD plots at a current density of 2 A g™'. (b) Specific capacitance as a function of current density. (¢) Nyquist
plots and (d) capacitance retention over 6000 GCD cycles at 5 A g7!.

Table 2. A comparison of specific capacitances of the reported AC (from various biomass plant) and carbon-
based electrode materials on Ni foam current collector and the present work. All values were measured using the
three-electrode configuration.

Electrode material/current collector Electrolyte Potential window Current density Specific capacitance Refs.

w) g " Fg "
AC{Quercussuber)/Ni-25 mass% Cu graphene foam 1 M Na,S0, —0.8-0.0 1.0 280.7 This work
AC(Quercus Suber)/Ni-15 mass% Cu graphene foam 1 M Na,50, —0.8-0.0 1.0 257.8 “This work
AC[Quercus Suber)/Ni graphene foam 1 M Nay50, 0.8-0.0 1.0 57.0 This work
AC(Quercus Suber)/Ni foam 1 M Nay504 —0.8-0.0 1.0 49.1 This work
AC(Quercus Suber)/Ni foam 1 M LisS0, —1.0-0.0 0.5 105 F. Ochai-Ejeh et al. 2018 [11]
AC[Quercus Suber)/Ni foam 1M KOH —1.0-0.0 10 1022 F. Ochai-Ejch et al. 2017 [12]
AC(Ranana peels)/Ni foam 1 M NaNO; —0.9-0.0 0.5 221 0. Fasakin et al. 2018[13]
AC-Mn,0, /Ni foam 1 M Na,S0, 0.0-0.8 0.1 124 K. Makgopa et al. 2017 [14]
“OLC-Mng0, /Ni foam 1 M Na,80, 0.0-0.8 0.1 195 K. Makgopa et al. 2017 [14]
AC{Commercial)/Ni foam 6 M KOH 1.15-0.0 - 177 I. 1. Misnon et al. 2017 [15]
AC{Commercial}/Ni foam 1 M NauS0, = 1.0-0.0 0.8 ~100 M. Huang et al. 2014 [16]
AC({Commercial)/Ni foam 1 M Na,S0, —0.8-0.0 - ag" L. Li et al. 2014 [17]
Graphene hydrogel/Ni foam 0.5 M NayS0, —1.0-0.0 10 157.7 H. Gao et al. 2012 [18]
Graphene-Ag/Ni foam 1 M Nay50, 0.8-0.0 - 210° Y. Shao et al. 2013 [19]

* Onion-like carbon (OLC).
" Measured from CV at 10 mV s "
© Measured from CV at ~2mV s .

The electrochemical impedance spectroscopy was further used to evaluate the
electrochemical performance of the AC on Ni foam, Ni and Ni-Cu graphene foam current
collectors at an open circuit potential, as shown by the Nyquist plots in Fig. 9(c). From this
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figure, all the electrodes do not show a semi-circle in the high-frequency region, except for
AC on Ni foam (see inset to Fig. 9(c)) which demonstrates a slightly higher electrode-
electrolyte interface charge transfer resistance (Rct) of 3.1 Q. AC on Ni foam, Ni, Ni-15
mass% Cu and Ni-25 mass% Cu graphene foam current collectors display the equivalent
series resistance (ESR, i.e. the intersection of the Nyquist plots on the x-axis) of 0.94, 0.83,
0.35 and 1.8 Q, respectively. AC on Ni-15 mass% Cu graphene foam displays less ESR
compared to other electrodes and this is due to the alloying of Ni foam with Cu and graphene
coating. However, for AC on Ni-25 mass% Cu graphene foam current collector, a high ESR
could be due to the high oxygen content in the current collector surface which oxidized a
fraction of Ni-Cu alloy into metal oxides with poor electrical conductivity but high redox
reactivity which could have contributed to the high capacitance of this electrode.
Furthermore, the vertical part of the Nyquist plots (in the low-frequency) with angles >45°
could be attributed to resistance due to the diffusion of the fast ions, which resulted in the
deviation from the ideal capacitive trend. From the vertical part of the plots, it can be seen
that all the electrodes exhibit similar diffusion path length except for AC on Ni graphene
foam. Good electrochemical stability (94—100% capacitance retention) for AC on Ni foam,
Ni and Ni-Cu graphene foam current collectors was recorded over 6000 constant charge-
discharge cycles (Fig. 9(d)).

4. Conclusion

In this work, the Ni-Cu foam alloys were prepared using a three-dimensional (3D) scaffold
template of polycrystalline nickel foam which is commonly used as a current collector in
supercapacitor electrodes. After that, graphene was grown on Ni and Ni-Cu foam substrates
by AP-CVD. The characterization of as-grown Ni and Ni-Cu graphene foam revealed that Ni-
Cu graphene foam is mainly monolayer and bilayer as compared to Ni graphene foam which
is typically few-layer graphene. The electrochemical properties of as-grown graphene foam
samples as current collectors were evaluated in a three-electrode electrochemical cell in the
negative potential window using an aqueous electrolyte and activated carbon as active
electrode material. The active electrode material coated on Ni-Cu graphene foam current
collectors displayed a higher electrochemical performance compared to Ni and Ni graphene
foam current collectors. The enhanced electrochemical performance of Ni-Cu graphene foam
current collector is mainly due to the synergistic effect between Ni and Cu and the coating
graphene sheet. Generally, graphene in electrode materials (or composites) improves
capacitance performance and retention life [35,36]. The Ni-Cu graphene foam current
collector has the potential to impact on electrochemical performance of supercapacitors.
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