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ABSTRACT

Three-dimensional (3D) structures made of graphene sheets have been developed recently, and have resulted in the
development of a new class of graphene materials known as 3D graphene materials. High-quality free-standing 3D
graphene foam has been synthesized by chemical vapor deposition (CVD) on nickel foam followed by a chemical etching
process to remove the nickel foam as a template. Field-emission scanning electron microscopy (FESEM), x-ray diffraction
(XRD), and Raman spectroscopy measurements were performed to investigate the morphologies, crystal phase, and the
structure of nickel foam (NF), graphene/nickel foam (Gr/NF), and 3D graphene (3D Gr). In this study, the influence of
etching solution and etching time on Gr/NF to produce free-standing 3D Gr was investigated. XRD spectroscopy showed
that the mixed solutions of IM FeCl,:IM HCIl at 80 °C for 3 h can significantly remove the NF and no peaks of NF are
observed, thus indicating a high crystal quality of 3D Gr was obtained. In addition, XRD spectroscopy revealed that by
increasing the etching time beyond 3 h, the intensity of diffraction peaks decreases, thus degrading graphene quality.
This research emphasizes the significance of proper selections of etching solution and etching time in removing the NF to

maintain the characteristic, quality, and surface morphology of 3D Gr after the etching process.
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INTRODUCTION

Graphene has a lot of potential usage in various applications
including energy storage, optoelectronics, and electronics
owing to its extraordinary properties (Ibrahim et al. 2017).
Two-dimensional (2D) graphene subsequently received
great focus and exploration because of its excellent
electrical and thermal conductivity, outstanding mechanical
stability, cycle flexibility, and theoretically high specific
surface area of (2630 m? g'') (Othman & Zainordin 2021;
Rosman et al. 2018; Wang et al. 2019). However, there are
some difficulties in optimizing the 2D graphene such as the
graphene sheets tend to stack or aggregate together leading
to the limitation of the ion transfer, electron transport, and
gas product dispersion caused by the existing strong van
der Waals force and n—r interactions (Kuang et al. 2020).
Therefore, 3D graphene network development can be a
solution as the restacking and aggregation of the adjacent
layers are greatly reduced. 3D graphene has the special
characteristics of graphene nanosheets, and it also has
several advantages, including a very low mass density,
high specific surface area, interconnected and hierarchical
structure, and outstanding mechanical stability (Chen et
al. 2018; Kuang et al. 2020; Mohd Shah et al. 2021). The

superior properties of these 3D graphene constructions
make them useful in various applications, such as solar cells,
catalysis, supercapacitors, sensors, batteries, environmental
decontaminations, conductors, and so on (Chen et al. 2011;
Sun, Fang & Hu 2020).

Various methods were used to produce high-quality
graphene, which is necessary to fully utilize its specific
electrochemical, structural, and thermal characteristics,
thus contributing to a diverse range of high-performance
applications. Given the low number of graphene defects,
great uniformity, and easy to scale up, the chemical vapor
deposition (CVD) approach has been widely used to grow
large areas of graphene on nickel foam (NF) template, thus
exhibiting superior electrochemical efficiency to chemically
prepared graphene (Barin et al. 2015; Lee et al. 2017).
However, etching of the CVD graphene from NF is still an
extremely difficult and crucial procedure. For example, Chen
et al. successfully produced 3D graphene (3D Gr) foam by
etching the nickel substrate using an etching solution and
removing the polymethyl methacrylate (PMMA) layer in
acetone. The PMMA is necessary for the formation of the free-
standing, scalable, and interconnected 3D Gr network (Chen
et al. 2011; Kuang et al. 2020). Nevertheless, contaminants
are incorporated into the generated 3D graphene in this
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way, and several modifications in the surface morphology
of pristine 3D graphene can be recreated if the PMMA
remained on it (Sun, Fang & Hu 2020). The 2D intensity is
reduced from the Raman spectrum by the PMMA residues
present on the graphene surface. This is caused by the
PMMA residues present on the graphene surface creating the
p-type doping effect (Son et al. 2017). The effect of chemical
etching of graphene growth on copper (Cu) foil has been
studied, and the results showed that in a short period, Cu
etching produced a smooth surface with few and small etch
pits by using ammonium persulfate as the etching solution
(Ibrahim et al. 2017). However, Cu residues on the graphene
surface resulted from an incomplete Cu etching time. Some
commercially available Cu etching solutions are ineffective
at entirely removing Cu residues (Deokar et al. 2015).
Thus, determining the best etching solution is required to
completely remove the template to produce a free-standing
3D graphene foam.

In this paper, the influence of each parameter on the
chemical etching technique is reported. An evaluation of how
the etching solution affects the results have been discussed
in detail. The effect of etching time and temperature of
PMMA/GT1/NF in etching solution to completely remove the
NF on the graphene contact was also studied. This research
aims to reveal the effect of each step of the chemical etching
process on the properties, structure, and morphology of
graphene, hence suggesting an optimization of the graphene
etching process.

METHODOLOGY

GRAPHENE GROWTH

Graphene was grown on NF (purchased from TOB) using
the CVD method. Prior to graphene growth, the NF was
thoroughly cleaned in acetone, ethanol, and deionized
water for 10 min each to remove impurities and dried by
a nitrogen (N,) blower before being loaded into the quartz
tube. The first step, the NF substrate was purged with Argon
(Ar) flow, followed by ramping up the furnace temperature
up to 1000 °C under Ar (100 sccm) and hydrogen (H,) (400
sccm) at the rate of 20 °C. After the temperature reached
1000 °C, the Ar and H, were maintained for 50 min to clean
the NF surface and eliminate a thin surface oxide layer. The
growth step was carried out with the flow of methane (20
scem), H, (250 sccm), and Ar (150 scem) for 30 min at the
same temperature. Finally, the chamber was cooled down to
room temperature with the 500 sccm flow of Ar.

THE ETCHING PROCESS OF 3D GRAPHENE

Graphene was etched using the chemical etching method.
The PMMA solution was spin-coated on the graphene/nickel
foam at 1000 rpm for 30 sec. After coating, the sample
was heated at 110 °C for 30 min. To etch the nickel foam,
the PMMA/Gr/NF was soaked in different nickel etching
solutions to study its effectiveness in removing the nickel
template. The etching solutions that were used are:

1 M FeCl, at room temperature for 24 h

1 M HCI at room temperature for 24 h

1 M FeCl,:1M HCI at room temperature for 24 h

IM FeCl, at 80 °C for 3 h

1 M HCl at 80 °C for 3 h

IM FeCl:1M HCl at 80 °C for 3 h

SNk W=

The suspended foam was transferred to deionized water
for 30 min at 80 °C to remove any residual after the nickel
etching. Subsequently, the PMMA layer was removed by
soaking it in hot acetone for 3 h at 60 °C.

ETCHING TIME

Prior to this step, how the etching solution was made is
explained in section “Etching process of 3D graphene”,
using 1M FeCl,:1M HCI at 80 °C. The following changes
were conducted to investigate the influence of each etching
time:

I. That80°C
2. 2hat80°C
3. 3hat80°C
4. 4hat80°C

STRUCTURAL CHARACTERIZATION

To confirm the presence of graphene, Raman spectroscopy
(DXR2xi, Thermo Scientific) was performed on the samples.
Field-emission scanning electron microscopy (FESEM,
Zeiss AM10) was carried out in determining the surface
morphologies of the samples. Finally, x-ray diffraction
(XRD, D8 Advance) was utilized in determining the
crystallographic structure of a material.
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FIGURE 1. Schematic diagram of 3D graphene etching by chemical etching process
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RESULTS AND DISCUSSION

Figure 1 shows the schematic diagram summarizing the
fabrication of graphene grown on NF and the chemical
etching process. Using the CVD method, graphene was
deposited on the NF and then the NF were etched away
with different etching solutions. Different etching solutions
and etching times were used in obtaining a 3D and free-
standing graphene foam without any nickel residues as
explained in the methodology section. Figure 2 shows the
FESEM morphologies of NF, Gr/NF, and 3D Gr. The NF

was used as a template for the direct growth of graphene by
promoting its lateral growth and lowering the energy barrier
(Lee et al. 2017). The NF has a 3D structure, linear grain
boundaries, and a smooth surface(Lee et al. 2017). The color
of the NF turned from bright white (Figure 2[a-c]) to dark
grey (Figure 2[d—f]) after an observable graphene growth.
A 3D, transparent, and hollow graphene microtube structure
(Figure 2[g—i]) was obtained by etching the nickel away
using 1 M FeCl,: 1 M HCI solution at 80 within 3 h. No
existence of NF was noted after the etching process, which
was further verified in Figure 3.

FIGURE 2. FESEM images of (a—c) 3D NF, (d—f) Gr/NF, and (g—i) 3D Gr after nickel was etched away
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The XRD patterns of NF, Gr/NF, and Gr/NF were soaked
in different etching solutions to remove the the NF are shown
in Figure 3. The NF has a sharp peak centered at 26=44.5°,
51.8°,and 76.4° which can be indexed to the (111), (200), and
(220) crystal planes of cubic nickel metal (JCPDS card No.
04-0850), respectively (Figure 3a) (Yan et al. 2020; Zhu et
al. 2018). The Gr/NF (Figure 3b) showed another diffraction
peak at 26=26.4, which corresponds to the (002) reflection
of graphitic carbon (JCPDS card 75-1621). (Figure 3 [c-h])
show the samples soaked in the different etching solution
at different temperature and time. The etching solutions
used for samples in Figures 3 (c—e) and 3 (f~h) were | M
FeCl,, 1 M HCI, and the mixture of 1 M FeCl,: 1M HCI at
room temperature for 24 h at 80 °C for 3 h, respectively.
All of the samples showed diffraction peaks of graphitic

carbon at 26.4° and 54.6° which correspond to (002) and
(004), respectively (Yue et al. 2017). However, nickel peaks
still appeared in all the samples except in 1 M FeCl,: IM
HCI etching solution (Figure 3e and 3h). Compared to
the sample in Figure 3e, Figure 3h exhibits high-intensity
diffraction peaks of graphitic carbon and revealed the high
crystalline structure produced by the 3D Gr. Therefore, the
best etching solution (1 M FeCl,: 1M HCI) at 80 °C for 3 h
can completely remove the nickel template from this study,
because it was high as shown in the graphitic carbon peak
and no Ni peak was detected in the sample. In addition,
temperature also plays an important role in accelerating the
etching rate. At high temperatures, an increase in molecular
momentum can result in an increased etch depth (Patil &
Mudigonda 2016).
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FIGURE 3. XRD pattern of (a) NF, (b) Gr/NF, (c) 3D Gr (1 M FeCl,, room temperature, 24 H), (d) 3D Gr (1 M HCI, room temperature,
24 H), (¢) 3D Gr ( 1 M FeCl,: 1 M HCI, room temperature, 24 H), (f) 3D Gr (1 M FeCl,, 80°C, 3 H), (g) 3D Gr (1 M HCl, 80°C, 3 H),
and (h) 3D Gr (1 M FeCl;: 1 M HCI, 80°C, 3 H)

Another XRD analysis was performed to study the
influence of soaking time and its effect on completely
removing the NF template for free-standing 3D Gr
production by using the best etching solution (1 M FeCl,:1
M HCI) at 80 for 3 h (Figure 4). The XRD patterns of all
samples (1-4 h) show two diffraction peaks at 26=26.4°
and 54.6°, which are attributed to the (002) and (004)
reflections of graphitic carbon, respectively. No additional
diffraction peaks were observed, indicating a high crystal

quality of 3D GF was produced and the NF was completely
etched away. The intensity of diffraction peaks of 3D Gr
showed an increment of time from 1 h to 3 h. However, a
further increase of the sample’s soaking time in the solution
resulted in a decreased intensity of diffraction peaks. It can
be considered that the further increase in soaking time can
degrade graphene quality. Thus, the results revealed that 3 h
is the maximum soaking time to ensure a smooth and good
quality free-standing 3D Gr surface.
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FIGURE 4. XRD of 3D Gr using 1 M FeCl;: I M HCI etching solution at 80°C for 1-4 h

The Raman spectroscopy of NF, Gr/NF, and 3D Gr are  both samples, thus indicating the high quality of graphene
shown in Figure 5. The Gr/NF and 3D Gr spectra show the  produced. The intensity ratio of 2D and G band (/,//,) of
characteristics of 2D and G bands at 2720 cm™ and 1580  Gr/NF (0.40) and 3D Gr (0.46) indicated that both samples
cm’!, respectively (Rosman et al. 2020; Zhu et al. 2018).  of graphene are multilayered (Shao et al. 2015).

No appreciable D band intensity (~1350 cm™) is detected in
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FIGURE 5. Raman specta of NF, Gr/NF, and 3D Gr
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CONCLUSION

Free-standing 3D Gr from the chemical etching process by
etching the NF from the CVD grown GR/NF was successfully
prepared. FESEM, XRD, and Raman spectroscopy were
performed to determine the influence of etching solution
and etching time in producing high-quality free-standing 3D
Gr. It was concluded that the mix solutions of 1 M FeCl,: 1
M HCI could efficiently remove the NF template and other
surface impurities at 80 within 3 h. The results in this work
were believed to bring new insights in utilizing the 3D Gr
in various applications given its unique network structure,
high specific surface area, and remarkable electrical and
mechanical capabilities.
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