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ABSTRACT

Toward macroscopic applications of graphene, it is desirable to preserve the superior properties of single-layer graphene in bulk scale.
However, the AB-stacking structure is thermodynamically favored for multilayer graphene and causes strong interlayer interactions, resulting
in property degradation. A promising approach to prevent the strong interlayer interaction is the staking order reduction of graphene, where
the graphene layers are rotated in-plane to form a randomly stacking structure. In this study, we propose a strategy to effectively decrease
the stacking order of multilayer graphene by incorporating nanospacers, cellulose nanofibers, or nano-diamonds (NDs) in the formation
process of porous graphene sponges. We conducted an ultrahigh temperature treatment at 1500 °C with ethanol vapor for the reduction and
structural repair of graphene oxide sponges with different concentrations of the nanospacers. Raman spectroscopy indicated an obvious
increase in the random-stacking fraction of graphene by adding the nanospacers. The x-ray diffraction (XRD) analysis revealed that a small
amount of the nanospacers induced a remarkable decrease in ordered graphene crystalline size in the stacking direction. It was also con-
firmed that a layer-number increase during the thermal treatment was suppressed by the nanospacers. The increase in the random-stacking
fraction is attributed to the efficient formation of randomly rotated graphene through the ethanol-mediated structural restoration of rela-
tively thin layers induced by the nanospacers. This stacking-order-reduced graphene with bulk scale is expected to be used in macroscopic
applications, such as electrode materials and wearable devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0103826

I. INTRODUCTION

Graphene has attracted wide attention as a two-dimensional
(2D) material for its various excellent properties, such as high
carrier mobility, electrochemical performance,’ optical transpar-
ency,” thermal conductivity,” and mechanical strength.” Many of
these properties are attributed to the unique electronic structure
derived from a one-atom-thick honeycomb lattice of single-layer
graphene. However, the electrical, mechanical, and other perfor-

However, they produce rGO that suffers from a high density of
defects, such as vacancy, which was formed during GO production
and remained even after reduction. Alternatively, the defect
problem can be solved by high-temperature treatment of GO,'°
while it brings about a problem regarding the stacking structure of
multilayer graphene. The thermodynamically stable AB-stacked
structure'” is spontaneously formed at high temperatures. This
AB-stacked structure causes a strong interlayer interaction between

mances were limited by the thinness and small volume of a single-
layer graphene flake. Thus, scaling up high-quality graphene
toward bulk-scale, which is composed of plenty of graphene flakes,”
is necessary for practical applications.”™"”

Considering mass-production compatibility and structure con-
trollability, a promising approach for producing bulk-scale gra-
phene is beginning with graphene oxide (GO) and then reducing it
into reduced graphene oxide (rGO). Hydro-thermal or chemical
methods are the most common approaches for reduction.'"’

graphene layers and results in the degradation of the superior prop-
erties of single-layer graphene. Conversely, theoretical calculations
have predicted that randomly stacked graphene, where each layer is
vertically stacked and randomly rotated, can preserve the electronic
band structure similar to that of single-layer ones.'® This is due to
the smaller interactions between adjacent graphene layers.
Compared to AB-stacked graphene, randomly stacked graphene
possesses superior properties for maintaining a single-layer-like
electronic structure; this has been confirmed in experimental
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studies.'”™”' Individual flakes of randomly stacked multilayer gra-

phene demonstrate a carrier mobility of 7 x 10*cm?*/Vs.”” The
development of randomly stacked graphene manufacturing
methods is essential for the realization of daily applications of
graphene.

Due to the unique reaction pathway, the random-stacking
structure of graphene is effectively maintained by adding ethanol
vapor during the high-temperature treatment of GO. Ethanol
vapor at high temperatures generates carbon containing species
and reactive oxygen species (hereafter called “ethanol-derived
species”), which respectively function as a carbon-supplying source
and an etchant for unstable defective structures in GO during the
reduction process. Their synergetic effect enables efficient defect
healing of GO without causing intense stacking rearrangement.
High carrier mobility was achieved by utilizing this reduction
method for few-layer rGO on substrates.”* However, we found that
this method faced the following problem: the repairing and forma-
tion of randomly stacked structures were limited to the surface
region when preparing bulk-scale graphene. Preparing GO with a
porous structure before the ethanol-associated ultrahigh tempera-
ture process resolved this issue.”” This rGO with a porous structure
was prepared via freeze-drying of GO dispersion and the
ethanol-associated thermal treatment. According to the Raman
spectra analysis, both the internal and surface regions of graphene
reached ~80% of the random-stacking fraction. To further improve
the random-stacking fraction of rGO, we conducted a preliminary
experiment on adding cellulose nanofiber (CNF) as a nanospacer.”
This spacer aims to physically prevent the direct layer stacking of
graphene. In addition to the formation of the randomly stacked
graphene structure, the insertion of the spacer between graphene
layers is expected as an effective approach to reduce the interlayer
interaction caused by ordered stacking. Also, the accessibility of
ethanol-derived species in the samples can be improved during the
thermal treatment, which suppresses the formation of AB stacking.
Choosing the spacer was based on the fact that CNF has high water
solubility and could transform into inert materials at high tempera-
tures without reacting with GO.”>”” Considering the 2D structure
of graphene and the one-dimensional (1D) structure of CNF, this
composite sponge can be regarded as a 2D/1D mixed-dimensional
heterostructure, where the material property is designed with the
combination of different building blocks.”® The rGO/CNF sample
indicated a higher random-stacking fraction than the pure rGO
sample. However, the mechanism of stacking order reduction in
the multilayer graphene remained unclear. Thus, a systematic study
on spacer concentration and the change in stacking structure along
the process sequence is necessary for understanding the stacking
mechanism and further controlling the stacking order of graphene.

To address this issue, it should be a promising approach to
compare the 1D CNF with another kind of nanospacer material
having different dimensionality. Nano-diamond (ND), the candi-
date for another nanospacer material, is a zero-dimension (0D)
material attracting wide attention for its potential applications in
catalysis,”” bio-sensor,”” and so on.”’ The detonation method is
widely used in the industrial preparation of ND. It is followed by
an oxidation process that removes impurities on the surface.”” "
ND particles prepared by the detonation method possess a three-
layered structure. The inner two layers of ND, a core layer and an
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intermediate shell layer, are made up of a cubic diamond crystal
(sp>-hybridization) and the partial layer of a fullerene-like shell
(sp>-hybridization),” respectively. The surface layer of ND has
oxygen-containing groups, and the mentioned oxidation process
can enhance hydrophilicity.”* Because both ND and GO show a
negative Zeta charge, a stable mixed dispersion with electrostatic
repulsion is expected. In contrast to the 1D structure of CNF, ND
is a 0D material with a low aspect ratio, making the formation of
the micrometer-scale agglomerates more difficult. Additionally, ND
transforms into a carbon nano onion, that is the nested sp2 carbon
shells, at high temperature.”® The carbon nano onion is inert and
does not react with graphene during the thermal treatment. These
advantages make ND a promising candidate as a nanospacer for
graphene to produce 2D/0D mixed-dimensional heterostructures
with a low stacking order.

In this paper, we propose a method of reducing the stacking
order in multilayer graphene using nanomaterials with different
dimensions as nanospacers. CNFs or NDs with varied concentra-
tions were added to the GO dispersion, which is the precursor of
the GO sponge. Raman spectroscopy and x-ray diffraction (XRD)
are used to examine the stacking structures of the bulk-scale multi-
layer graphene sponge. The Raman analysis indicates a remarkable
decrease in the stacking order of graphene even with a low concen-
tration spacer. To clarify the role of the spacer in the decrease of
the stacking order, especially the functional difference between
CNF and ND, the periodic structure in the graphene samples is
investigated based on the XRD analysis. Distinct XRD patterns are
observed from the graphene samples, and their analyzed results on
the crystalline size in the stacking direction, as well as the layer dis-
tance, vary systematically according to the concentration of the
spacer. The complicated behavior of the stacking order in graphene
with the spacer can be understood by the two-component model,
which is proposed based on the XRD analysis of the pre-thermal
treatment samples. The different behavior for CNF and ND as
spacer materials can be explained by the aggregation effects in the
samples observed in scanning electron microscopy (SEM) images.
Bulk-scale graphene preserving the properties of single-layer gra-
phene 2D/1D and 2D/0D mixed-dimensional heterostructures will
pave the way for macroscopic applications, for example, piezoresis-
tive sensor”'” for wearable devices as well as electrode materials in
battery”* and supercapacitor.'"’

Il. MATERIALS AND METHODS
A. Preparation of GO, GO/CNF, and GO/ND dispersion

The 1wt.% GO/water dispersion was prepared from bulk
graphite by a modified Hummers’ method.”” The GO flake size was
evaluated to be around 10 um by optical microscopy. The diluted
GO dispersion weight percentage was 0.8 wt. %, which was equal to
that of the GO/spacer composite samples.

The CNFs were prepared by the TEMPO method and used
as received from DKS Co. They featured a high aspect ratio of
4-10 nm in diameter and 1um in length. The GO dispersion was
blended with CNFs in water.”” The GO mass fraction of the disper-
sion was fixed at 0.8 wt. %, while the CNF mass fraction varied
between 0.01, 0.02, 0.05, 0.1, and 0.2 wt. %.
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The NDs were prepared by the detonation method and used
as received from Nippon Kayaku Co. They featured an average of
5nm in diameter. The GO dispersion was blended with NDs in
water. The GO mass fraction of the dispersion was fixed at
0.8 wt. %, while the ND mass fraction varied between 0.01, 0.02,
0.05, 0.1, and 0.2 wt. %.

B. Preparation of GO, GO/CNF, and GO/ND sponges by
freeze-drying

A lab-made vacuum drying system was used for the freeze-
drying process.”” To prepare 1 cm’ cube sponges of GO with or
without spacers, the dispersion was poured into an ice tray and
then frozen using liquid nitrogen. The tray was installed in the
vacuum drying system, and its chamber was pumped for 72h.
Pumping causes the water in the frozen dispersion to sublimate,
leaving the network structure as a GO or composite sponge for the
following thermal treatment. The sponges of 0.8wt.% GO,
0.8 wt. % GO mixed with 0.01 wt. % CNF, and 0.8 wt. % GO mixed
with 0.01 wt. % ND were used for the XRD analysis without the
thermal treatment, respectively labeled as GO, GO/CNF, and
GO/ND.

C. Thermal treatment

The GO and composite sponges were thermally treated in
ethanol/Ar under ultrahigh temperature conditions for repair and
reduction. The ultrahigh temperature process was performed at
1500 °C using a tubular electric furnace (HT1500-50-32P, HEAT
TECH Co.). Its chamber was maintained at low pressure via a
vacuum pump. During the temperature rise, we introduced
20 SCCM of Ar under a total pressure of 34.7 Pa. After reaching the
set temperature, the thermal treatment was conducted by flowing
98 SCCM of Ar and 2 SCCM of ethanol under a total pressure of
133 Pa. The obtained rGO sample from pure GO was called G-0,
while those from GO mixed with 0.01, 0.02, 0.05, 0.1, and 0.2 wt. %
of CNFs (ND) were named GC-1, GC-2, GC-3, GC-4, and GC-5
(GD-1, GD-2, GD-3, GD-4, and GD-5), respectively. Additionally,
a pure GO sponge was prepared by using an infrared radiation
furnace (SR1800G-S, THERMO RIKO Co.) at 1800 °C under Ar
environment as reported in our previous study”’ and the sample
was named as G-1800-Ar and used as a reference.

D. Characterization

The obtained samples were ground in a mortar and character-
ized by Raman spectroscopy and XRD. Raman spectra were
obtained by LabRAM HR-800 UV (Horiba Jobin Yvon) with an
excitation laser wavelength of 532 nm, a power of 1 mW, and a spot
size of ~0.7 um. They were obtained at 20 random spots for each
sample, and the averaged spectra were used for further analysis.
The G'-band is sensitive to the vertically changed structure of the
graphene plane. Thus, the volume fraction of the randomly stacked
structure can be analyzed by G'-band fitting.”> The G’-band
profile is the sum of several peaks originating from both random-
stacked and AB-stacked structures.’® Note that in the literature, the
G'-band is also represented as the 2D band."’ To distinguish this
Raman band from two-dimensional (2D), we use the G’-band
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notation in this paper. Details of the fitting process are described in
Sec. 111 and our previous paper.”” The XRD measurements for the
G-0, GC, and GD series samples were conducted using Ultima IV
(Rigaku Co.) via a standard Cu-Ka source having A =1.5406 nm,
with 40kV and 40 mA. The accuracy of XRD measurement was
confirmed by measuring silicon powders and detecting Si 111 peak
at 28.4°. The measurements for the samples without thermal treat-
ments (GO, GO/CNF, and GO/ND) were conducted by SmartLab
(Rigaku Co.) using a standard Cu-Ka source of A =1.5406 nm,
with 40kV and 40 mA. The scanning speed from 10° to 20° was
0.5°/min. To evaluate the ordered structures of stacked GO and
rGO with and without spacers, the XRD patterns were analyzed by
Bragg’s and Scherrer’s equations. SEM images were taken by
VE-8800 (Keyence) at an acceleration voltage of 15kV. Samples
before grinding were used for the SEM observation.

lll. RESULT AND DISCUSSION
A. Raman analysis of stacked graphene with CNFs

The structure of rGO sponge with CNFs as spacers was evalu-
ated by Raman spectroscopy. The Raman spectra of the GC-1,
GC-2, GC-3, GC-4, GC-5, and the control group samples, G-0 and
G-1800-Ar, were measured as shown in Fig. 1(a). The G-band was
observed at around 1580 cm~!, while the D-band was around
1350 cm™". The G-band derives from the in-plane stretching mode
of the hexagonal lattice of graphene, and the D-band originates
from the hexagon-breathing mode activated by the presence of
lattice defects.*’ The intensity ratio of the D-band to the G-band, I
(D)/I(G), corresponds to the defect density of graphene."
Additionally, the G'-band of the samples was observed at around
2700 cm™" with varying peak shape and intensity. Because the
G'-band is sensitive to the layer number and stacking order of
graphene,”™** the intensity ratio of the G'-band to the G-band, I
(G')/I(G), provides information related to the interlayer interactions
of graphene.

The I(D)/I(G) and I(G')/I(G) ratios of the samples are plotted
against the CNF concentration in Fig. 1(b). The I(D)/I(G) ratios of
the GC series samples ranged between 0.81 and 0.88, while that of
G-0 was 0.57. The relationship between the D-band intensity and
the defect density was classified into two different stages depending
on the latter, namely, the inter-defect distance.” In the case of a
distance larger than ~3 nm, the D-band intensity increases with an
increase in defect density; this is called stage 1. Whereas in the case
of an inter-defect distance less than ~3 nm, the intensity decreases
with an increase in defect density; this is named stage 2. Stages 1
and 2 can be distinguished by the broadening of the D-band. Our
samples were in stage 1 because the full width at half maximum
(FWHM) of the D-band ranged between 60 and 70 cm™ LAY
Compared to G-0, GC series samples demonstrated a higher I(D)/I
(G) ratio, indicating that they featured a higher defect density. This
increase in D-band intensity was attributed to the change in the
structural restoration of GO induced by adding CNFs. The I(D)/I
(G) ratios of the GC series samples were almost constant while the
CNF concentration varied, indicating that amorphous carbon
formed by incomplete graphitization of CNF did not strongly influ-
ence the increase in D-band intensity.
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FIG. 1. (a) Raman spectra of the GC series samples, G-0, and G-1800-Ar. (b) Intensity ratios of D-band to G-band, /(D)/I(G), and G’-band to G-band, /(G')//(G), plotted
against the CNF weight percentage (G-0 and GC series samples). Filled squares denote the (D)//(G) ratio, and open circles denote the [(G')//(G) ratio. (c) and (d)
G'-band fitting of (c) G-0 and (d) GC-5, which provides the randomly stacked structure ratio, T. Black open circles denote the measured spectra. Blue dashed-dotted
curves denote the G',p components originating from the randomly stacked structure of graphene, while the two green dashed curves denote the G'3pa and G’3pg compo-
nents derived from the AB-stacked structure. Red solid curves are the sum of the blue and green curves. (e) Random-stacking fraction of samples with different weight per-
centages of CNF. Filled squares denote the random-stacking fraction of the GC series samples and G-0. The open circle denotes that of G-1800-Ar.

The I(G')/I(G) ratios of the GC series samples (0.45-0.49)
were lower than that of G-0 (0.64), and their dependence on the
mass fraction of CNF exhibited an opposite trend of I(D)/I(G).
This implies that the increase in defects leads to a decrease in the
G'-band intensity;"’ thus, the simple comparison of the I(G')/I(G)
ratio is not suitable for evaluating the stacking order of graphene.
Actually, the G'-band was observed to shift slightly to a lower fre-
quency by ~7 cm™" after adding the spacer, corresponding to the
increase in the randomly stacking fraction as shown by further
analysis of the G'-band described below. To investigate the stacking
order of multilayer graphene with CNFs, further analysis on the
G’-band was conducted as follows.

As conducted in our previous research, the stacking order of
graphene in the bulk-scale samples was evaluated by analyzing the
peak shape of the G'-band.”> According to the research of Cangado
et al,”® the G'-band of multilayer graphene can be deconvoluted
using three Lorentzian peaks. The frequency of the first one is close
to that of the original G'-band of single-layer graphene, which was
located at about 2700 cm™. According to Ref. 38, this G'-band
component is denoted as the G',p, component because it is associ-
ated with the 2D graphite feature, which possesses a low stacking
order along the c-axis, namely, a turbostratic or randomly stacked
structure. The other two peaks are denoted as the G'3ps and G'3pp

components, which are located around 2680 and 2720 cm™ ),

respectively. These are related to the three-dimensional (3D) con-
figuration of graphite, that is, the AB-stacked structure. The G'3pp
intensity is in proportion to the 3D graphite volume.’**’
Cangado’s method was employed to calculate the fraction of
random-stacking structure in the bulk-scale graphene. From the
intensities of the three components, the fraction of random-
stacking graphene, T, can be written as

T [%] = 1Gyp)

=—="——x 100, (1)
1(Glo) + 1(Ghp)

where I(G',p) and I(G'3pg) denote the intensities of G',p and
G'3pp peaks, respectively. For an ideal random-stacking structure of
multilayer graphene, the Raman spectrum demonstrates single-
layer graphene-like features, i.e., a strong G',p, peak with negligible
G'3pa and G/;5pg ones, which will result in a T value close to 100%.
Note that Mohapatra et al.” provided a new method based on the
strong and constant intensity of I(G') for graphene with 100% ran-
domly stacking fraction. This method should be very reliable for
defect-free graphene; however, it is not suitable for our research
using defective graphene as samples because the I(G') decreases for
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the increasing defects,”’ leading to overestimating the volume of
the AB-stacking structure.

Via the stacking order analysis based on the G'-band shape,
the control group sample, G-1800-Ar, showed a low T value of
40%,”” as shown in the supplementary material, Fig. $3. This result
indicates the preferential formation of a thermodynamically stable
AB-stacking structure at high temperatures without the introduc-
tion of ethanol. Another control group, G-0, showed a moderate T
value of 75% [Fig. 3(c)], which confirms the ethanol effect on
suppressing the formation of AB-stacking structure.”””>”” B
adding CNFs, GC-5 showed a T value of 87% [Fig. 3(d)], which is
higher than that of the spacer-less graphene sample, G-0, obtained
with an identical high-temperature treatment. Other GC samples
(GC-1, GC-2, GC-3, and GC-4) also displayed similar T values,
ranging between 85% and 90% [Fig. 3(e)]. This concluded that the
majority of the graphene structures of the GC samples were con-
structed from randomly stacking layers. The T values of GC series
samples did not greatly differ when the CNF concentration
increased, which requires further analysis to understand the mecha-
nism of determining random-stacking fractions. Note that although
the stacking order can be featured by the G'-band analysis, the thick-
ness of multilayer graphene that composes the sponges remains
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unknown using the Raman spectra. Thus, the evaluation of graphene
stacking order using XRD analysis will be given in Sec. I1I C.

B. Raman analysis of stacked graphene with NDs

Since the ND particles possess a smaller diameter and lower
dimensionality than those of CNF, a more effective insertion of ND
is expected. Therefore, we attempted to improve the T value of gra-
phene by changing the spacer material to ND. The Raman spectra
of GD-1, GD-2, GD-3, GD-4, and GD-5 were measured and
plotted with the control groups, G-0, and G-1800-Ar, in Fig. 2(a).
The G-band was observed to be around 1580 cm™', while the
D-band was around 1350 cm™'. The I(D)/I(G) ratios of the GD
series samples ranged between 0.42 and 0.65 [Fig. 2(b)]. Our
samples were on stage 1 because the FWHMs of the D-bands
ranged between 50 and 90 cm™'.*>*” The G'-band of the samples
was observed to be around 2700 cm™" with varying peak shape and
intensity. The I(G')/I(G) ratios of GD series samples ranged
between 0.45 and 0.72.

The G-0 and GD series samples demonstrated similar I(D)/I
(G) and I(G')/I(G) ratios with small fluctuations, indicating that
the GD series samples featured a comparably low defect density
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FIG. 2. (a) Raman spectra of the GD series samples, G-0, and G-1800-Ar. (b) The intensity ratios of D-band to G-band, /(D)/[(G), and G'-band to G-band, /(G')/I(G),
plotted against the ND weight percentage (G-0 and GD series samples). Filled squares denote the /(D)//(G) ratio, and open circles denote the /(G')/I(G) ratio. (c) and (d)
G'-band fitting of (c) G-0, the same as in Fig. 1(c), and (d) GD-5, which provides the randomly stacked structure ratio, T. Black open circles denote the measured spectra.
Blue dashed-dotted curves denote the G’op components originating from the randomly stacked structure of graphene, while the two green dashed curves denote the G’3pa
and G'3pg components derived from the AB-stacked structure. Red solid curves are the sum of the blue and green curves. (e) Random-stacking fraction of samples with
different weight percentages of ND. Filled squares denote the random-stacking fraction of the GD series samples and G-0. The open circle denotes that of G-1800-Ar.
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FIG. 3. (a) XRD patterns of the GC series samples and G-0. The 002 peaks of graphene are observed at ~26°. (b) Fitting of the GC-1 002 peaks. Black open circles
denote the measured XRD patterns. Blue dashed-dotted curves denote the fitting curve with a single pseudo-Voigt function. (c) and (d) Deconvolution of the 002 peaks of
(c) GC-2 and (d) GC-5 into two components. Black open circles denote the measured XRD patterns. Blue dashed-dotted curves denote the first components originating
from the stacked structure of graphene possessing the same dy, and L, as GC-1, while the green dashed curves denote the second components derived from the one
possessing the same dyo2 as GC-1 but smaller L. Red solid curves are the sum of the blue and green one. Ratios of the first component areas over the total peak area,
Agc.q, are displayed. (e) L. of different CNF concentration samples (filled black squares, G-0, and GC series samples). Blue open squares with dashed-dotted lines
denote the L, of the first components, while green open circles with dashed lines denote the second components. (f) Agc.1 plotted against the CNF weight percentage.

with G-0. This similar D-band intensity indicated that NDs did not
significantly hinder the reduction process nor transform into sub-
stances that show a strong D-band. Similarly to the GCs, a slight
decrease in the G'-band frequency for the GD samples was
observed, after adding the spacer. To understand the stacking
order, further analysis on the G’-band was conducted as follows.

Via the stacking order analysis based on the G'-band shape,™
GD-5 showed a T value of 94% [Fig. 3(d)], which is higher than
that of the spacer-less graphene sample, G-0. Other GD samples
(GD-1, GD-2, GD-3, and GD-4) also displayed high T values
ranging between 89% and 95% [Fig. 3(e)]. Similar to the GC
samples, this result concluded that most of the GD samples were
constructed from the graphene layers with randomly stacking struc-
tures. Compared to that of the GC series samples, the GD ones
showed an even higher T value. This indicates that NDs should be
highly effective compared with CNFs when it comes to decreasing
the stacking order of multilayer graphene. The T values of the GD
samples did not differ largely when the ND concentration
increased. The details of the stacking structure variations will be
further discussed by combining the result of the XRD analysis in
Sec. 111 D.

C. X-ray diffraction analysis of stacked graphene with
CNFs

Figure 3(a) shows the XRD patterns measured from the
CNF-incorporated rGO sponges (GC series) and pure rGO sponge
(G-0). The 002 peak derives from the periodicity of the graphene
layer in the stacking direction. The 002 peak position indicates the
layer distance of the samples, while the FWHM of the 002 peak cor-
responds to the crystalline size in the stacking direction. The 002
peak position of G-0 was at 26.2°, and its FWHM was 0.85°. These
values were obtained by fitting the peak with a pseudo-Voigt func-
tion, which is commonly used for XRD analysis of graphite.”’ The
peak positions and the FWHM of the 002 peaks from the GC series
samples ranged between 25.9°-26.0° and 1.52°-1.74°, respectively.

The layer distances (dpy) of the GC series samples and G-0
were calculated by Bragg’s equation,

_nl
" 2sinf’

2

where n, d, 6, and A denote the diffraction order, the layer distance,
the glancing angle, and the wavelength, respectively. The results

J. Appl. Phys. 132, 174305 (2022); doi: 10.1063/5.0103826
Published under an exclusive license by AIP Publishing

132, 174305-6


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

showed that dyy, of G-0 was 0.340 nm, while that of GC-1, GC-2,
GC-3, GC-4, and GC-5 ranged between 0.342 and 0.343 nm.
Compared to G-0, GC samples showed larger layer distances in the
stacking direction, indicating that the addition of CNFs enlarged
the layer distance of stacked graphene. This slight increase indicates
a decrease in the layer number of graphene; this is because the
layer number and distance are directly correlated.” Note that dyo,
of bulk graphite is 0.335 nm,”"*” while that of a typically stacked
rGO is about 0.341 nm.” The details of the layer number will be
discussed later.

The crystalline sizes (L.) of the GC series samples and G-0
analyzed from the XRD patterns were shown in Fig. 3(e). The L.
was determined by Scherrer’s equation as follows:

L. = K4 3)
“" Bcosh’ (
where K denotes the shape factor, which was 0.9;”7 B, 6, and A
denote the FWHM of the 002 peak, the glancing angle, and the
wavelength, respectively. Applicability of Scherrer’s equation is
3-100 nm.” The L. values analyzed from XRD for G-0 and GC
samples were 9.50 nm and 4.63-5.29 nm, indicating the suitability
of Scherrer’s equation to these samples. By adding CNFs as a
spacer material, L. decreased with an increase in CNF concentra-
tion. This was particularly clear in the comparison between G-0
and GC-1. Even when a little amount of CNF (actually, the smallest
in this experiment) was added, the fraction of the random-stacking
structure significantly increased from 75% to about 85% [Fig. 1(e)],
whereas L. rapidly decreased from 9.50 to 5.29 nm. This indicates
that CNFs contribute to the crystalline size reduction due to their
role as a spacer between layers. By dividing L. by dy,, a character-
istic layer number of stacked graphene, which is active for XRD
measurement, can be obtained. The characteristic layer number of
G-0 and GC-1 was calculated to be about 28 and 15 layers, respec-
tively, indicating that the stacking of graphene layers is suppressed

by the addition of CNFs.

It should be mentioned that the 002 peak fitting with only a
single pseudo-Voigt function resulted in a relatively high residential
error of 18%-25% for GC-2 to GC-5, while G-0 and GC-1 dis-
played a low error of 13% and 16%, respectively, as shown in the
supplementary material, Fig. S6(a). The large errors indicate that
the high CNF concentration samples have large structural variation
and cannot be represented by a single component of periodically
stacked graphene. Considering the drastic decrease of L. with a
small number of CNFs and its following gradual decrease with the
increase in CNFs, it is expected that the spacer will first separate
stacked graphene into thin components and then make them even
thinner with an increase in CNF concentration. Thus, for simplicity
of the analysis, we assume that stacked graphene can be mainly
classified into two components, namely, the first and the second
ones. The first component is regarded as the main component
formed by adding a small number of CNFs, and the second com-
ponent is formed by increasing the CNF fraction. We conducted
the peak fitting of the 002 peak with two pseudo-Voigt functions
as described in detail later and found that the residential error of
GC-2 to GC-5 was significantly reduced to 9%-13%, as shown in
the supplementary material, Fig. S6(a). This confirms the
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effectiveness of the two peak deconvolution and the validity of the
assumption.

Since all GC series samples showed a 002 peak at similar 26
angles, we considered that the first and second components of each
sample maintained the same layer distance. Thus, both 26 angles of
the first and second components were fixed to their original values
obtained by the single component fitting. The FWHM of the first
component was fixed to that of GC-1 such that its L. was identical
to that of GC-1. To evaluate the relative abundance of the first
component, Agc | was obtained by taking the ratio of its area over
the total peak area.

This analysis was applied for the XRD patterns of the GC
series samples, except for GC-1. The fitting results are shown in
Figs. 3(c) and 3(d) and in the supplementary material. Agc.
decreased from 88% to 56% for GC-2 and GC-5, respectively. The
change in L. of the second component and Agc.; are shown in
Figs. 3(e) and 3(f), respectively. This tendency indicates that by
increasing the CNF concentration, the formation of the first com-
ponent was restrained, while that of the second was enhanced. It
should be noticed that Raman signals reflect whole portions of
samples, and the analysis of G’-band indicates that the fraction of
randomly stacking graphene is almost constant for the samples
with the addition of the spacer, as shown in Figs. 1(e) and 2(e).
This result should allow us to assume that both the first and the
second components possess the same fraction of the randomly
stacking graphene.

Based on the XRD fitting results, we can infer that the stack-
ing process of graphene with the addition of CNFs can be regarded
as a two-step process. In the first one, the GO aggregates to the
first component size, and the low concentration of CNF restrains
the further aggregation between the first components, leading to a
decreased L. of GC-1, which is about half of that of G-0. As a
result, the accessible region for the ethanol-derived species, where
the formation of AB-stacking is suppressed, is increased, explaining
why the T value of GC-1 increases compared to that of G-0. If the
spacer concentration is high, the second step will occur simultane-
ously. In this process, the spacer physically restrains the formation
of the first component, especially in high CNF concentrations. The
GO flakes are formed into the second component with fewer layers.
Therefore, the CNF concentration strongly affects the second com-
ponent fraction.

D. X-ray diffraction analysis of stacked graphene with
NDs

The XRD patterns of the GD sponges and G-0 as the control
group are shown in Fig. 4(a). The 002 peak positions of the GD
sponges ranged between 25.9° and 26.0°. The FWHM of the
peaks ranged from 1.27° to 1.82°. During fitting, we also found
that the residential error of GD-2 to GD-5 could be reduced from
10%-15% to 7%-10% by using the two-peak fitting in a similar
manner to the one used with the GC samples [Fig. S6(b) in the
supplementary material].

Using Bragg’s equation (2), the calculated dy, values of GD-1,
GD-2, GD-3, GD-4, and GD-5 ranged between 0.342 and
0.344 nm. Compared to G-0, GD samples showed a larger layer dis-
tance in the stacking direction. The observed expansion of dy,
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FIG. 4. (a) XRD patterns of the GD series samples and G-0. The 002 peaks of graphene are observed at ~26°. (b) Fitting of the GD-1 002 peaks. Black open circles
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(c) GD-2 and (d) GD-5 into two components. Black open circles denote the measured XRD patterns. Blue dashed-dotted curves denote the first components originating
from the stacked structure of graphene possessing the same dyo, and L. as GD-1, while the green dashed curves denote the second components derived from the
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squares with dashed-dotted lines denote the L. of the first components, while the green open circles with dashed lines denote the second components. (f) Agp.1 plotted

against the ND weight percentage.

implies that ND decreased the layer number since graphene with
smaller layer numbers had a larger layer distance.”

By adding NDs as a spacer material, L. decreased with an
increase in ND concentration [Fig. 4(e)]. The L% of the GD
samples ranged 4.43-6.31 nm. This was particularly manifest in the
comparison between G-0 and GD-1. When the smallest amount of
NDs was added, the fraction of the random-stacking structure
increased significantly from 75% to around 95% [Fig. 2(d)],
whereas L. rapidly fell from 9.50 to 6.31 nm. This indicates that
NDs contribute to the size reduction of ordered structures of
stacked graphene, presumably due to their function as spacers
between layers. By dividing L. by dyp,, the characteristic layer
number of the GD samples was calculated to be around 18 layers.

The analysis method based on two components was applied
for the XRD patterns of the GD series samples, except for GD-1.
After fitting, the area fraction of the first component, Agp.;, was
obtained using the ratio of the first component area to the total
peak area. The fitting results are shown in Figs. 4(c) and 4(d) and
Fig. S5 in the supplementary material. The first component frac-
tion, Agp.;, decreased from 81% to 25% for GD-2 and GD-5,

respectively. The change in L. of the second component and Agc
are shown in Figs. 4(e) and 4(f), respectively. This tendency indi-
cates that by increasing the ND concentration, the formation of the
first component was restrained, while the second component was
enhanced.

The fitting results of XRD indicate that the process of the
stacking order change in the ND-incorporated samples can be
understood similarly to the case of CNFs, which was described in
Sec. III C. In addition, compared with GC samples, GD ones dem-
onstrated a low Agp_;, indicating that GD possessed a higher effi-
ciency in restraining the formation of the first component. The
reason for the decreased restraining efficiency of CNF will be dis-
cussed in Sec. III E.

It should be mentioned that XRD and Raman spectroscopy
provides information on different portion of samples. Since diffrac-
tion occurs only from periodic structures of samples, XRD can
evaluate crystalline structures but cannot detect un-periodic struc-
tures, including amorphous structures and graphene separated by
spacers. On the other hand, Raman signals reflect whole portions
of samples in each measurement spot. Note that the smaller
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FIG. 5. XRD patterns of GO, GO/CNF, and GO/ND.

measurement area of Raman spectroscopy was compensated by the
measurement at multiple spots. We characterized the random
stacking ratio of whole samples by Raman spectroscopy and uti-
lized XRD for the deep analysis of relatively thick periodic portions
of samples, including AB-stacked graphene whose formation
should be suppressed. This evaluation scheme is effective for inves-
tigating the stacking order of bulk scale graphene. Selected area
electron diffraction (SAED) provides the direct information on the
structure of turbostratic graphene, such as twist angle.39 However,
SAED is not capable of measuring our sample, three-dimensional
graphene sponge, since SAED can only be utilized for a thin
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sample. We would prepare graphene thin film with twisted stacking
and adequate thickness for SAED observation in future research.

E. Mechanism of stacking order change with
nanospacers

By comparing G-0 with GC-1 and GD-1, we found that L.
decreased to almost half after adding spacers. To find out in which
process the change in stacking happened, we conducted XRD mea-
surements of the sponge samples before thermal treatment (GO,
GO/CNF, and GO/ND). Figure 5 shows the XRD pattern observed
from the sponge prepared by freeze-drying the dispersions of the
GO, GO/CNF, and GO/ND, in which the 002 peaks were located at
12.3°, 12.0°, and 11.1° and their FWHM were evaluated to be
0.75° 0.75° and 0.63°. The 002 peaks from GO/CNF and GO/ND
shifted to lower angles, compared to that of GO. These shifts
should be caused by the difference in the pH values for the disper-
sions.”” The pH values for the dispersions of GO, GO/CNF, and
GO/ND measured before freeze-drying were 2.6, 2.9, and 3.5. The
oxygen functional groups on the GO flakes showed increased repul-
sion due to the negative charge with an increase in pH,"” leading to
the larger layer distance for a higher pH value. The dyp, and L. can
be evaluated by applying Bragg’s and Scherrer’s equations, (2)
and (3), with the observed FWHM and 002 peak angles. Obtained
values of the dyg, for GO, GO/CNF, and GO/ND were 0.72, 0.74,
and 0.80 nm, and those of Lc58 were 10.55, 10.62, and 12.45 nm.
The dp, of the pre-thermal treatment samples was larger than that
of the corresponding ones with thermal treatment due to the
oxygen-containing groups in GO.”’

FIG. 6. SEM images of (a) GC-5, (b) GC-1, (c) GD-5, (d) GD-1, and (e) G-0.
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From dyp, and L, the characteristic layer numbers of these
samples were calculated as ~14, 15, and 16 layers, respectively. This
indicates that the stacking number of GO layers before the thermal
treatment does not significantly differ even after adding spacers.
The layer number is comparable to that of the GC (~15) and GD
(~18) series samples but is about half of that of G-0 (~28). Thus,
we can infer that in the case without spacers, the layer number of
stacked graphene increased during the thermal treatment probably
due to the merge of the stacked GO units originally separated by
void gaps. In contrast, the layer number was preserved during the
thermal process in the case of the spacer addition. This represents
the role of the spacers in suppressing the graphene stacking during
the thermal treatment by physically separating the stacked GO
units.

SEM images of the GC-5, GC-1, GD-5, GD-1, and G-0
showed porous structures of graphene sponges (Fig. 6), confirming
that freeze-drying successfully formed a high surface-area structure
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preserved even after the thermal treatments at high temperature.
Particles of around 10um in size were observed on GC-5
[Fig. 6(a)], while none were to be seen on GC-1, GD-5, GD-1, and
G-0 [Figs. 6(b)-6(e)]. This indicates that part of the CNF was
aggregated into the particles in high concentration, obstructing it
from playing a spacer role in the GO composite. Thus, the CNF
results in less contribution to the stacking order reduction in the
following process at high concentration. On the other hand, no ND
aggregate was observed, indicating that ND continued to work as a
spacer even in high concentrations.

Based on the results and the above discussion, we summarized
the stacking order reduction mechanism in multilayer graphene by
inserting nanospacers in Fig. 7. The change in stacking order is
divided into three stages and three steps depending on the concen-
tration of spacers and the process. In the first stage (Fig. 7, left),
without adding any spaces at step (i), the pure graphene sponge
showed a large L. of 9.50 nm and a relatively low T value of 75%.

stage 1 stage 2 stage 3
Random-stacking fraction
T Tl -
[Second component fra - . Spacer
0wt % 0.01 wt >0.01 wt % concentration

(i) dispersion

Freeze-drying l Freeze-drying

(i) sponge as
prepared

Ultrahigh
temperature

l

(iii) sponge
after annealing

\\

@ AB stacking

graphene

‘ Random stacking

' graphene

5 O% Spacer

@ Aggregated
spacer (CNF)

Ultrahigh
temperature

FIG. 7. Schematic image showing the nanospacer effect. The trends in L, random-stacking fraction T, and the first and the second component fractions vs the spacer con-
centration are indicated at the top of the panel. The solid curve donates the L. The dotted curve donates the random-stacking fraction. The dash-dot-dotted curve and
dash-dotted curve donate the first- and second component fractions, respectively. The mechanism diagram is located below the curve graph. It is divided into three stages
from left to right: a graphene sponge without spacers, one with a 0.01 wt. % spacer concentration, and one with a higher spacer concentration, respectively. Each stage is
further divided into three steps of the sample preparation process from top to bottom: (i) dispersion after mixing, (i) the GO sponge after freeze-drying, and (iii) the rGO
sponge after the thermal treatment, respectively. For high spacer concentrations, the CNF was aggregated, whereas the ND was not largely aggregated.
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This was due to the further stacking of the GO flakes, having about
15 layers at step (ii) that compose the GO sponge, into the rGO,
having about 28 layers, during the ultrahigh temperature process at
step (iii). Thus, the formation of AB stacking cannot be prevented
in the internal region of thick graphene where ethanol-derived
species”™”” cannot access, resulting in a relatively low T value. In
the second stage (Fig. 7, middle), a small amount of ND and CNF
was added as a spacer at step (i). L. was reduced to 529 and
6.31 nm for CNF and ND, respectively. This was because the added
spacers prevented the stacking increase during the thermal process
of step (iii) and produced the first component, which is thinner
than the ones without spacers. This is also supported by the preser-
vation of the characteristic layer numbers before and after the
thermal treatment for the spacer-inserted samples. Due to the very
thin layer (~15) of the first components, the ethanol-derived
species can access the surfaces of each graphene flake, resulting in
the formation of random-stacking graphene. Actually, according to
the G'-band analysis on the Raman spectra, the T value increased
to 85% and 89% for CNF and ND, respectively. In the third stage
(Fig. 7, right), with an increase in spacer concentration at step (i),
the T value did not vary from that of the second stage and
remained almost constant. However, L. gradually decreased at step
(iii). The two-component analysis of XRD indicated that the for-
mation of the first component was restrained, while the second one
began to form. The second component fraction was increased,
resulting in the decrease of L. Since the ethanol-derived species
can access the internal region of ~3 nm-thick multilayer graphene
(GO) on a substrate,”** and the accessible length becomes double
(~6nm) for the substrate-free sponges. Accordingly, the T value
for the GC and GD samples did not change significantly, because
the whole part of these samples, in which the thickness of the first
and second components is not more than 6 nm, is within the acces-
sible region for the ethanol-derived species.

4. CONCLUSION

The bulk-scale multilayer graphene sponge with ND or CNF
spacers was obtained by freeze-drying and an ethanol-associated
thermal treatment. Raman spectroscopy indicated a sudden
increase in the random-stacking fraction by the addition of the
spacers. According to the XRD analysis, the composite GO/spacer
sponges before the thermal treatment possessed characteristic layer
numbers comparable to those of the composite rGO/spacer
sponges after the treatment, while the layer number of the pure
rGO sponge was twice as large as that of the pure GO sponge. As a
result, the accessible region for the ethanol-derived species of mul-
tilayer graphene increased after adding the spacers. Consequently,
the random-stacking fraction increased compared to the pure rGO
sponge. The two-component analysis of XRD revealed that the gra-
phene component with a smaller crystalline size was increased with
increasing the spacer concentration, indicating that spacers can
restrain the formation of the relatively thick component. Compared
to the CNF-incorporated samples, the ND-incorporated ones
showed a lower fraction of the thick component, indicating the
effectiveness of ND as a spacer. Some particles were observed in
the SEM image of the sample with a high CNF concentration, indi-
cating that CNFs agglomerated in a high concentration and were
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unable to act as a spacer. The results proved that inserting nano-
spacers, especially NDs with high concentrations, can effectively
reduce the stacking order in multilayer graphene. The controlled
formation of 2D/1D and 2D/0D mixed-dimensional heterostruc-
tures is expected to preserve the superior properties of single-layer
graphene in bulk scale, such as electric conductivity and flexibility.
These practically available properties will pave the way for macro-
scopic applications, for example, electrode materials in battery”*
and supercapacitor,'™'" and piezoresistive sensor””'” for wearable
devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for G’-band fitting of the GC
samples (Fig. S1), G'-band fitting of the GD samples (Fig. S2),
G'-band fitting of the G-1800-Ar (Fig. S3), deconvolution of the
002 peaks of GC-3 and GC-4 (Fig. S4) and GD-3 and GD-4
(Fig. S5) into two components, residential error in XRD peak anal-
ysis of the samples with different spacer weight percentages of CNF
or ND (Fig. S6), SEM images of the GC samples with different
magnification (Fig. S7), and SEM images of the GD samples with
different magnification (Fig. S8).
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Fig. S1 G'-band fitting of (a) GC-1, (b) GC-2, (c¢) GC-3, and (d) GC-4, which provides a randomly
stacked structure ratio, 7. Black open circles denote the measured spectra. Blue dashed-dotted
curves denote the G'2p components originating from the randomly stacked structure of graphene,
while the two green dashed curves denote the G'3spa and G'sps components derived from the AB-

stacked structure. Red solid curves are the sum of the blue and green curves.
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Fig. S2 G'-band fitting of (a) GD-1, (b) GD-2, (¢) GD-3, and (d) GD-4, which provides randomly

stacked structure ratio, 7. Black open circles denote the measured spectra. Blue dashed-dotted

curves denote the G'2p components originating from the randomly stacked structure of graphene,

while the two green dashed curves denote the G'3pa and G'3ps components derived from the AB-

stacked structure. Red solid curves are the sum of the blue and green curves.
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Fig. S3 G'-band fitting of G-1800-Ar!, which provides randomly stacked structure ratio, 7. Black

open square denotes the measured spectra. Blue dotted curves denote the G'>p components
originating from the randomly stacked structure of graphene, while the two green dashed-dotted-

dotted curves denote the G'spa and G'3spg components derived from the AB-stacked structure. Red
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solid curves are the sum of the blue and green curves.
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Fig. S4 Deconvolution of the 002 peaks of (a) GC-3 and (b) GC-4 into two components. Black open
circles denote the measured XRD patterns. Blue dashed-dotted curves denote the first components
originating from the stacked structure of graphene possessing the same dooz and L. as GC-1, while
the green dashed curves denote the second components derived from the stacked structure of
graphene possessing the same doo2 as GC-1 but smaller L.. Red solid curves are the sum of the blue

and green curves. Ratios of the first component areas over the total peak area, Agc.1, are displayed.
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Fig. S5 Deconvolution of the 002 peaks of (a) GD-3 and (b) GD-4 into two components. Black open
circles denote the measured XRD patterns. Blue dashed-dotted curves denote the first components
originating from the stacked structure of graphene possessing the same doo2 and L. as GD-1, while
the green dashed curves denote the second components derived from the stacked structure of
graphene possessing the same doo2 as GC-1 but smaller L.. Red solid curves are the sum of the blue

and green curves. Ratios of the first component areas over the total peak area, Agc.1, are displayed.
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Fig. S6 Residential error in XRD peak analysis of samples with different spacer weight percentages

of (a) CNF and (b) ND. Black-filled squares with solid lines denote the residential error of one

component fitting, while the red open circles with dash lines denote the residential error of two

components fitting.
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Fig. S7 SEM images of (a-c) GC-5, (d-f) GC-3, (g-i) GC-1, and (j-1) G-0 with different
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magnification.

Fig. S8 SEM images of (a-c) GD-5, (d-f) GD-3, and (g-1) GD-1 with different magnification.
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