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ABSTRACT

The graphene-based aerogels with good electrical conductivity and compressibility have been
reported. However, it is challenging to fabricate the graphene aerogel to have excellent
mechanical stability for its application in wearable devices. Thus, inspired by macroscale arch-
shaped elastic structures and the importance of crosslinking in microstructural stability, we
synthesized the mechanically stable reduced graphene oxide aerogels with small elastic
modulus by optimizing the reducing agent to make the aligned wrinkled microstructure in
which physical crosslinking is dominant. We used L-ascorbic acid, urea, and hydrazine hydrate
as reducing agents to synthesize the graphene aerogels rGO-LAA, rGO-Urea, and rGO-HH,
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respectively. Hydrazine hydrate was found to be best in enhancing the physical and ionic
interaction among graphene nanoflakes to achieve a wavy structure with excellent fatigue
resistance. Notably, the optimized rGO-HH aerogel maintained structural stability even after
1000 cycles of compression of 50% strain and decompression, showing 98.7% stress retention
and 98.1% height retention. We also studied the piezoresistive properties of the rGO-HH
aerogel and showed that the rGO-HH-based pressure sensor exhibited excellent sensitivity
(~5.7 kPa™") with good repeatability. Hence, a super-compressible and mechanically stable
piezoresistive material for wearable functional devices was demonstrated by controlling the
microstructure and surface chemistry of the reduced graphene oxide aerogel.

Low elastic modulus \

Wearable functional devices

504 %
. 181 10% Strain
= R -
) =2 S 6] aane it
Z 165 * * T 2 30% Strain
= =
K - 2 1] Ml
= * w k4 50% Strain
Z as L 124
= * 2 8 %
83 8 104 - -
” ¥ x % High stability
8 70% Strain
33 16 32 13 30 31 25 29  This Work 0 40 80 120 160
References Time (sec)

High mechanical stability

<
= o 2
S0% Stran «] High sensitivity 22
1004 1000 Cycle _Rf”w”:;‘" w ;
-
R.-/":'\'J/ 26 ’i’ = e
Rl Ref121] Ref113] * E .
H [ - =
E * ¥ : ]
2 80 Ref[29] ) 2 5
: 7z = # -
: o e e 2 S
= 70 Ref[14] Z g E E E < s *
o -
« * % k ok kKK

92 95 953 955 975 98.08

% Height Retention

~

37 38 39 40 25 41 30 42 43 44 45 46 This
Work
References

Graphene aerogel

Wave-like lamellar structure

Enhanced physical
crosslinking

CONTACT Duckjong Kim @ dkim@gnu.ac.kr @ School of Mechanical and Aerospace Engineering, Gyeongsang National University, 501, Jinju-daero,
Jinju, Gyeongnam 52828, South Korea
Supplemental data for this article can be accessed online at https://doi.org/10.1080/14686996.2023.2214854.

© 2023 The Author(s). Published by National Institute for Materials Science in partnership with Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0001-6372-8785
https://doi.org/10.1080/14686996.2023.2214854
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2023.2214854&domain=pdf&date_stamp=2023-06-03

Sci. Technol. Adv. Mater. 24 (2023) 2

1. Introduction

Elastic functional materials with high mechanical sta-
bility and compressibility are essential for various
applications such as electronic skin [1-3], and wear-
able devices [4,5]. Recently, conductive aerogels
synthesized by active materials such as MXene [2,3],
metal-organic frameworks (MOFs) [6], graphene
[4,5,7,8], etc. have been used for wearable electronic
devices because of their good electrical conductivity
and elasticity. MXene aerogel showed good mechan-
ical characteristics. For example, Hu et al. [2] fabri-
cated the MXene aerogel with high compression
elasticity and pressure sensitivity. The sensitivity of
the pressure sensor was significantly high (~80.41
kPa™') owing to a low elastic modulus (high compres-
sion under less stress). Though, the major drawback of
MXene is its low structural stability because, in con-
trast to graphene, it would degrade extremely fast in
the environment. According to the literature, MOFs
[6,9,10] are a novel type of porous materials with high
crystalline and tunable structure, which have good
mechanical properties and a large surface area.
However, pure MOFs have been used rarely, owing
to the difficulty in shaping and processing the fragile
and insoluble MOF crystals. As a result, MOFs have
been frequently employed with additives to minimize
fragility and enhance crosslinking of the MOF aerogel.
Graphene is a promising candidate for conductive
aerogels because it has high electrical conductivity
due to the two-dimensional SP* hybridization struc-
ture, allowing electrons to traverse without scattering
[11]. Graphene has excellent environmental stability,
making them appropriate for industrial applications
[12,13]. However, the wearable applications of these
conductive aerogels are severely constrained by their
poor mechanical stability and high elastic moduli.
Typically, conductive materials have high elastic mod-
uli and resistance to elastic deformation, which limits
their ability to sense minute pressures. Fabricating
supercompressible and mechanically stable with low
elastic modulus graphene aerogel is required for wear-
able device applications.

Several kinds of literature have been published on
flexible graphene aerogel in which they tried to
enhance the mechanical properties by microstructural
modifications. For example, Qiu et al. [14] reported
a superelastic cellular structured graphene aerogel
produced by freeze drying that retained 76% of its
stress and 93% of its height after 1000 cycle tests. Li
et al. [15] prepared a macroporous structured
Graphene aerogel by a hydrothermal process which
showed 96% stress retention after 10 cycling tests
under 50% strain. The properly aligned and control-
lable stacking between the graphene nanoflakes
decreases the aggregation during compression,
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resulting in a mechanically stable aerogel. Also, it has
been found that the wavy structure of the graphene
aerogel showed more elasticity and mechanical stabi-
lity because the wave shape behaves like the spring,
which increases the recoverability of the aerogel up to
the elastic limit [4,16,17]. The structural design, such
as lamellar, honeycomb, wavy structure, etc., and the
alignment between the nanoflakes are the key attri-
butes to achieving high compressibility, excellent elas-
ticity, and fatigue resistance of the graphene aerogel.
The freeze-casting process improves the microstruc-
ture of graphene aerogels [4,12,17,18], which offers an
ordered and interconnected microstructure [17,19].
For example, Gao et al. [17] fabricated the chitosan-
graphene oxide aerogel by bi-directional freezing,
which produced the lamellar structure. In accordance
with the literature, lamellar structured aerogel demon-
strates less strength reduction and plastic deformation
than disordered aerogel. It has been found that aligned
microstructure is formed through freeze casting, but it
is not employed to form proper crosslinking between
graphene nanoflakes. So, to create the proper cross-
linking during the freeze casting, additives are highly
required. The primary role of additives is to make
effective crosslinking between the graphene nano-
flakes, which helps to improve mechanical stability.
The aerogel structure becomes more crosslinked and
compact with the addition of additives, which
enhances the mechanical strength [5,18,20-24]. For
example, Zhang et al. [24] prepared the graphene/
cellulose nanocrystal (GCHA) aerogel, which has low
density, flexibility, and high moduli. It has been
observed that the compression modulus of GCHAs
(GCHA50 ~ 60 kPa under 50% strain), which signifi-
cantly increased with an increase in the loading of
CNGCs, can be used to control the mechanical strength.
Qin et al. [25] showed how the aerogel could be
changed into a flexible and elastic aerogel by including
a water-soluble Polyimide (PI) precursor in the
mechanically fragile rGO aerogel. With the addition
of PI, rGO/PI nanocomposite aerogel exhibits a strong
interaction between rGO and PI by a chemical mod-
ification which enhances the fatigue resistance and
elastic modulus. The increased density and crosslink-
ing by the additives can make the aerogel mechanically
stable but also mechanically strong and brittle. This
could be due to more chemical crosslinking than phy-
sical crosslinking between the nanoflakes. It is very
difficult to reform the chemical crosslinker (chemical
and ionic bonding) without changing any condition
(thermal or chemical) [5,16,26-28]. Thus, the high
elastic modulus of the aerogel makes it challenging
to develop wearable devices (like strain and pressure
sensors) based on the composite aerogel because these



Sci. Technol. Adv. Mater. 24 (2023) 3

applications require high stress to compress or bend
the aerogel. Thus, developing a new fabrication pro-
cess without additives is necessary.

Thus, inspired by macroscale arch-shaped elastic
structures and the role of the crosslinking in micro-
structural stability, we tried to synthesize the mechani-
cally stable reduced graphene oxide aerogel with small
elastic modulus by optimizing the reducing agent
because reducing agents act as the crosslinker during
the reduction and play an essential role in the micro-
structure control. We aimed to improve mechanical
and electrical qualities without using directed freezing,
thermal annealing, or any additional additives and
polymers. This work investigated the effect of redu-
cing agents on the inter-sheet interaction and shape of
the graphene nanoflakes. The selection criteria for
reducing agents depend on the pH condition, compo-
sition, and reduction strength. Generally, the reducing
agents with high pH are strong reducing agents. The
key consideration for choosing the reducing agents
with different pH values and strength of chemical
agents with different compositions are: (i) a low den-
sity and wave-shaped microstructure that realizes high
compression and (ii) strong physical crosslinking,
ensuring mechanical fatigue resistance. Hence, we
characterized the microstructure and surface chemis-
try of the reduced graphene oxide aerogel synthesized
using different reducing agents such as L-ascorbic
acid, urea, and hydrazine hydrate. This has helped to
gain further insight into the surface chemistry - struc-
ture relationship to optimize the reduced graphene
oxide aerogel fabrication process. The aerogels pre-
pared under different conditions were used for
mechanical and feasibility tests for their application
in a piezoresistive sensor.
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2. Experimental section
2.1 Materials

Graphene oxide suspension (10 mg/ml) was supplied
by the Graphene all (South Korea). Hydrazine hydrate,
24-26% in H,O (RT), L-ascorbic acid (99%), and urea
were purchased from Sigma-Aldrich. All the afore-
mentioned analytical chemicals were used to prepare
the graphene aerogels.

2.2 Synthesis of rGO aerogel

Reduced graphene oxide aerogels were synthesized
using different reducing agents, such as L-ascorbic
acid, hydrazine hydrate, and urea, via a hydrothermal
process, as shown in Figure 1. Furthermore, L-ascorbic
acid, urea, and hydrazine hydrate have a pH of 3.5, 7,
and 10.5, respectively. The mass ratio of the reducing
agents with graphene oxide was fixed (GO: reducing
agent = 1:1) to investigate the pH influence of the redu-
cing agent on the reduced graphene oxide aerogel. The
pH of the rGO-LAA, rGO-Urea, and rGO-HH suspen-
sions after the addition of reducing agents was about 2,
4.5, and 9, respectively, as verified by a pH meter
(HANNA, HI 8424). Enhancing crosslinking between
the rGO flakes is the primary goal of using reducing
agents. Furthermore, 100 mL of 10 mg/mL GO aqueous
solution was heated to 40°C. After that, a reducing
agent was added to the GO solution under continuous
stirring. The mixture was poured into the Teflon-lined
stainless-steel autoclave. After that, the hydrothermal
procedure was performed for 3 h at 160°C.

After cooling the autoclave to room temperature,
the hydrogel was rinsed with de-ionized water several
times to remove the debris of reducing agents. The

rGO-LAA .

Freezing at
-60 °C for 4 h

Freeze drying

for 48h w
Graphene
Aerogel
rGO-HH .

Figure 1. Schematic diagram of the fabrication of rGO aerogels by a hydrothermal process with different reducing agents.
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rGO hydrogels produced by different reducing agents
(l-ascorbic acid, hydrazine hydrate, and urea) were
frozen at —60°C and then freeze-dried for 48 h to
form aerogel.

2.3 Characterization

The surface morphology and microstructure of the
aerogel were investigated by field emission scanning
electron microscopy (FESEM, Tescan S800).
Furthermore, hydrogel samples were cut before the
freezing process for FESEM analysis owing to their
negligible effect on aerogel microstructure. Infrared
(IR) spectra of samples were measured using Nicolet
iS10 (Thermo Fisher Scientific). X-ray photoelectron
spectroscopy (XPS) of reduced graphene oxide aero-
gels was conducted by NEXSA G2 (Thermo Fisher
Scientific). Furthermore, the mechanical compression
tests of the aerogels were conducted using JSV-H1000
(Core Tech) at a speed of 150 mm/min. Additionally,
three samples were examined for each case of reducing
agent to ensure consistency. Moreover, compression
experiments were performed five times to test the
accuracy of the elastic modulus. The 1000-cycle test
at 50% compression strain was used to evaluate the
elasticity and mechanical stability of the rGO aerogels:
rGO-HH, rGO-Urea, and rGO-LAA. The data acqui-
sition system, DAQ970A (Keysight), was used to mea-
sure the electrical resistance of the rGO-HH aerogel
while characterizing the piezoresistive properties of
the aerogels. The sensor resistance was stabilized for
20 min to obtain a steady baseline resistance. The
baseline resistance of the rGO-HH aerogel was 19.7-
19.8 Q.

3. Results and discussion
3.1 Mechanical properties of aerogels

The compression tests for up to 50% strain were con-
ducted for different rGO aerogels to analyze the effect
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of reducing agents on the stress-strain curve (see
Figure 2(a)). We found two regions: a linear elastic
region (up to 20% strain) and a densification region
(>20% strain) [28]. In the former, stress increased
linearly with strain. The slope, in this case, was deter-
mined by the crosslinking present in the aerogel [21].
The elastic deformation in this region can be recov-
ered after unloading. In the latter region, the slope of
the stress-strain curve increased with strain due to
reducing the pores inside the aerogel. The linear-
elastic region of rGO-HH was broader (up to 40%
strain) than that of the other cases that use reducing
agents, which are beneficial for mechanical stability.

Figure 2(b) shows that the linear elastic moduli of
the reduced graphene oxide aerogels were significantly
small, which is beneficial for developing sensitive
piezoresistive pressure sensors. The pH condition
can effectively tune the softness of the reduced gra-
phene oxide aerogels during reduction because the
elastic modulus of rGO-HH (~0.128 kPa) is smaller
than that of rGO-Urea (~0.189 kPa) and rGO-LAA
(~0.285 kPa). Our aerogels demonstrated low elastic
moduli compared to the other aerogels reported in
similar works [13,15,25,29-33] (see Figure 2(c)).

Five cycles of compression-decompression of aero-
gels were conducted by the mechanical testing
machine, as shown in Figure 3(a). Figure 3(b) shows
the height recovery for 10-80% strain of the graphene
aerogels synthesized with or without reducing agents.
Furthermore, rGO-HH showed the best recovery
(~92%) at 80% strain, indicating the minimum loss
in energy dissipation during the compression-
decompression test. In other cases, rGO and rGO-
Urea showed approximately ~90% recovery for the
same strain. However, in the case of rGO-LAA, the
recovery was approximately 90% for 40% strain, which
decreased to about 78% for 80% strain.

The stress recoverability also showed mechanical
stability because stress retention indicates the amount
of the bond structure among the graphene nanoflakes
that was recovered after releasing the stress. The cyclic
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test was conducted at constant stress (ranging from
5.68 to 5.96 kPa) to evaluate the stress recoverability of
the aerogels, as shown in Figure 3(c). The primary
motive for fixing the stress is to observe the change
in the elastic modulus by monitoring the strain after
the cyclic test. Figure 3(c) shows that the graphene
aerogel prepared with or without the reducing agents
exhibited a variation in the strain at constant stress
because of the different elastic moduli, as explained in
Figure 2(b). The recovery of rGO prepared without
a reducing agent under stress was ~64.7%, indicating
less recoverability of the aerogel. Furthermore, rGO-
LAA showed slightly better stress recoverability of
~73.6%. The stress retention of rGO-Urea was
~91.1%, significantly higher than those of the rGO
and rGO-LAA. Furthermore, the rGO-HH exhibited
near complete recovery under stress (~99.5%) after the
5™ cycle, indicating that rGO-HH is the best in fatigue
resistance. The fatigue resistance of graphene aerogels
can be efficiently controlled by reducing agents having
different pH, not just variations in pH conditions,
because reducing agents also serve as crosslinking
agents. Mechanical test results show that rGO-NaOH
aerogel (pH ~ 11) is less mechanically stable than the
aerogels prepared with reducing agents (Figure SI).
The stress recovery of rGO-NaOH (~66) is slightly
greater than that of rGO aerogel (~64.7%), but the
height recovery of rGO-NaOH (~71.2%) is much
lower than that of rGO (~90%). The lower mechanical
stability of rGO-NaOH aerogel confirms that the pH
condition is insufficient to guarantee mechanical
stability.

Again, to understand the reason behind the
mechanical stability, energy dissipation is measured
before and after the 20™ cycle under 50% strain
shown in Figure S2. From the figure, it has been
observed that the dissipated energy of aerogels under
the same unloading increased in the 1** cycle because
of the breakage of the bond and collapse between the
graphene flakes. It has been observed that rGO-HH
and rGO have low dissipation energy than the rGO-
LAA and rGO-Urea. The difference is that the higher
the initial cycle amplitude, the greater the energy

releases, particularly when the initial cycle amplitude
is larger than the crack initiation threshold. The rea-
son behind the low energy dissipations is less cross-
linking, more physical crosslinking, and the wave-
shaped structure of the aerogel.

Cyclic tests are needed to confirm the cause of the
low energy dissipation. It has been found that the
dissipation energy declines with the number of cycles,
the crosslinking may rupture in the first cycle, and
there will be less bond reformation which is proved
in rGO, rGO-LAA, and rGO-Urea. On the other hand,
rGO-HH showed significantly less change in dissipa-
tion energy after the 20™ cycle test, which confirms the
reformation of the physical crosslinking after defor-
mation. Therefore, it can be inferred that, under the
same unloading stress level, rGO-HH showed little
energy dissipation change, meaning there is no further
loss in the crosslinking. As a result, we can conclude
that at the initial deformation state, the physical cross-
linking would play a major role in energy dissipation.

Furthermore, the cyclic test was conducted up to
1000 times under 50% strain to investigate the
mechanical stability of the rGO-HH aerogel (see
Figure 4(a)). The rGO-HH aerogel showed ~98.7%
stress and ~98.1% height retention after the 1000™
cycle, significantly higher than the other aerogels
tested up to the 20™ cycle (Figure S2). However, the
height retention of rGO-Urea was approximately simi-
lar to that of rGO-HH; its stress retention was ~90.6%
at the 20" cycle under 50% strain. Hence, the com-
pression-decompression test was repeated up to the
1000™ cycle to examine the mechanical stability of
rGO-Urea; moreover, the stress and height retentions
of rGO-Urea were reduced to ~38.4% and ~90.8%,
respectively (Figure S3).

Hence, rGO-HH demonstrated improved mechan-
ical stability than other aerogels, making it the better
choice for wearable device applications.

The stress and height retentions of rGO-HH aero-
gel after the 1000™ cycle under 50% strain is superior
to those of other carbon-based materials and their
composites, such as PI/rGO/Cobalt [18], Chitosan-
FeCl;-CNC [21], GO aerogel [13], biomass-based
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carbon aerogel [29], GE/CMC [34], C-CMC/rGO [35],
and rGO/CNT-CNF [36] (see Figure 4(b)).

3.2 Mechanism of enhancement in mechanical
stability

The IR spectroscopy confirmed the presence of func-
tionalities in the graphene structure, as shown in
Figure 5(a). Several types of oxygen functionalities of
graphene oxide (GO) were readily identified, namely,
edge carboxyl groups (COOH at 1714 cm ™), carbo-
nyls (C-O stretching at 980 and 1067 cm™"), ketone
groups (C=0 at 1765cm™") at vacancy edges, and
basal plane hydroxyl and phenol groups (edge hydro-
xyls) (C - OH at 1341 cm™!) [5]. The vibrational
C-H stretching occurred at 2778-3099 cm ™. The pre-
sence of physisorbed water was observed on GO sur-
faces through OH stretching peaks at 3498-3925 cm ™',
Moreover, IR spectroscopy of graphene oxide con-
firmed the presence of oxygen groups and the location
of the functionalities (Figure S4(a)).

Some functional groups began to be removed as
hydrothermal treatment proceeded without reducing
agents, verified by the reduction of O-H and C=0
stretching peaks [24]. The C-H stretching peaks
(2861-2957 cm™') blue shifted when the bond
strength increased, as shown in Figure 5(a).
However, The C-C stretching peak at 1525 cm ! indi-
cates that the oxygenated surface groups were signifi-
cantly removed due to hydrothermal treatment.
Therefore, the hydrothermal treatment without redu-
cing agents helps to remove the oxygenated functional
groups from the graphene oxide. However, the car-
boxylic groups (1708 cm™') are still on the edge of the
aromatic structure. In the opposite case, rGO-NaOH
(~pH 11) without a reducing agent showed COOH
peak vanished, possibly due to the deprotonation of
COOH at high pH. High pH was ineffective in cross-
linking between the graphene nanoflakes, as con-
firmed by the reduction in the peak intensity of

C-H and C-O stretching peaks in IR spectra shown
in Figure S4(b).

The peak shifting and generation of the functional
groups and binding affinity were studied by IR spec-
troscopy to investigate the effect of reducing agents on
graphene oxide. In the case of rGO-LAA, rGO-Urea,
and rGO-HH, reducing agents were selected based on
variation in pH from 3.5 to 10.5 because pH is attrib-
uted to the altered hydrogen and ionic bonding pat-
terns upon protonation or deprotonation during GO
reduction, which was already confirmed by Enrique
Garcia-Bordejé et al. [16]. However, pH variation does
not enhance the physical and chemical bonding while
reducing agents to act as crosslinking agents. This is
confirmed by the IR analysis of rtGO-NaOH (~ pH 11)
without a reducing agent.

IR spectra showed more CH-stretching peaks in the
case of rGO-LAA compared to rGO-Urea and rGO-HH.
These groups could not form hydrogen bonds; they do
not interact with polar compounds like water. Hence,
rGO-LAA aerogel has the highest chemical crosslinking.
However, The N-H peak at 3315 cm™" was present in the
case of rGO-HH and rGO-Urea because the hydrazine
hydrate and urea have the amine structure [29], which
enhances the hydrogen bonding. rGO-HH showed
another noticeable peak at 1254 cm indicating the
presence of C-N stretching. More physical crosslinking
occurred because the C-N stretching is polarized toward
the nitrogen. However, the same was not found in the
case of rGO-Urea. Thus rGO-HH showed high physical
crosslinking.

Interestingly, the carboxylic peak (1708cm™)
retained its presence in rGO-LAA and rGO-Urea.
However, the carboxylic peak vanished in the case of
rGO-HH (Figure 5(a)) due to the reduction of GO at
high pH because carboxyl groups can be protonated
(R-COOH) or deprotonated (R- COO) depending on
the pH of the solution [19]. Therefore, the removal of
carbonyl/carboxylic groups is favored at high pH
values (~9 and 11), which may be due to the ionization
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of the carboxylic group owing to removing the hydro-
gen atom as a free proton (H") which is confirmed by
the XPS analysis (see Figure S5, Tables S1 and S2).
Figure S5 demonstrates XPS for comparing the rela-
tive proportion of the components derived from the
fitting of the O 1s band and Cl1s band, with the most
significant feature being the decrease of the
C-O-C band in the Ols peak and the COOH band in
the Cls peak by increasing the pH value, which can be
attributed to the removal of epoxide and carboxylic
groups. The COO negative charge ions were formed
on the graphene’s edge, known as deprotonated states
[14]. The deprotonated states can form ionic interac-
tions with other compounds, creating electrostatic
repulsion and attraction (see Figure 5(b)). Table 1
summarizes the effect of reducing agents with varying
pH conditions to understand better crosslinking
between graphene flakes.

The influence of reducing agents on the structure of
the graphene nanoflakes was investigated by FESEM.
rGO aerogel without reducing agent contained disor-
dered and discontinuous fragments (see Figure 5(c)),
likely due to insufficient crosslinking between the gra-
phene flakes. In the case of rGO-LAA, the gap between
the graphene flakes was reduced due to the strong

chemical crosslinking, enhancing the aerogel’s elastic
modulus and compression strength. The morphology
of the rGO-LAA was flat lamellar; moreover, it was
properly aligned, which may be owing to the increased
chemical crosslinking and negligible hydrogen and
ionic bonding (see Figure 5(d)).

The structure of rGO-Urea was aligned; however, it
was less wavy. Also, it had less space between the
graphene flakes, as shown in Figure 5(e). This effect
may be attributed to more hydrogen bonding and little
ionic interaction. The structure of the rGO-HH was
wavier and aligned because of the basicity of hydrazine
hydrate (see Figure 5(f)). During the hydrothermal
process, the mixture of hydrazine hydrate and GO
developed strong physical crosslinking via ionic inter-
action and hydrogen bonding among the graphene
layer. The generated hydrogen bonding and ionic inter-
action created the electrostatic repulsion-attraction
with the n-mt and hydrogen bond, which might have
crumpled the lamellar structures into wave-shaped
lamellar structures during the hydrothermal process.
rGO-HH had a low elastic modulus and a higher linear
elastic region than rGO-LAA and rGO-Urea because of
its wave-shaped structure and more physical crosslink-
ing between the graphene flakes.
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Table 1. Summary of the effect of reducing agent on crosslinking between the graphene nanoflakes.

rGO

rGO-LAA rGO-Urea rGO-HH

C-H Bond
(2825-3164 cm1)

O ®

N-H Bond
(3315 cm?)

C-N Bond
(1254 cm™)

C=0 Bond
(Carboxylic Groups, 1708 cm™!)

OX|X|0

X000

Chemical
crosslinking

X
X

O
t

Change in
Physical

(compared crosslinking

O
X

O
t

t

A

with rGO) Tonic

interaction

— — t

O Presence of the bond

> No bond

The energy-dispersive spectroscopy (EDS) map-
ping was used to confirm the presence of atoms in
the graphene aerogel (Figure S6). Carbon and oxygen
elements were detected in rGO and rGO-LAA.
However, EDS of rGO-Urea and rGO-HH revealed
that carbon and oxygen elements appeared with the
nitrogen, indicating that graphene flakes were also
connected to the nitrogen and contributed to the
create physical crosslinking.

We propose the elasticity and stability mechanisms
of graphene aerogels based on graphene shape and
physical crosslinking between them. Without
a reducing agent, graphene nanoflakes are bonded
through weak interaction. Hence, rGO fragments are
subject to irreversible movement and accumulation
when subjected to an external force, reducing their
resiliency. The reduction of GO with LAA and urea
resulted in strong chemical interaction and a weak
physical crosslinking among rGO nanosheets, result-
ing in rGO-LAA and rGO-Urea with modest layer
thickness and spacing in an ordered lamellar structure.
The layer gap became narrower and collapsed with
each other under extreme compression. The lamellar
layer structure did not entirely recover after releasing
the stress because the chemical bond reformation was
challenging without any conditions (such as tempera-
ture or chemicals). Unlike rGO-LAA and rGO-Urea,
rGO-HH had a wavy structure like a supporting
springboard [17] with high physical crosslinking, con-
tributing to the flexibility of the aerogel. The graphene
layer spacing decreased with negligible plastic defor-
mation when stress was applied. After removing the
stress, the aerogel rebounded quickly like
a springboard. The wave-like lamellar structure and
physical crosslinking [30] facilitated rapid crosslink
reformation even after releasing the high compressive
strain, resulting in fast restoration of the rGO-HH

® Increased number of bonds

f Increased in crosslinking

aerogel to its original shape. Combining these proper-
ties resulted in a stable structure with high compres-
sibility and elasticity. Hence, the structure should be
wavy with physical crosslinking between the graphene
nanoflakes for highly mechanically stable and super-
compressible aerogel.

3.3. Piezoresistive characteristics of rGO-HH
aerogel

The rGO-HH aerogel is a promising candidate for
piezoresistive devices owing to its high mechanical
stability, super-compressibility, elasticity, and good
electrical conductivity. A simple piezoresistive pres-
sure sensor was fabricated by sandwiching the
rGO-HH aerogel between two tapes of aluminum
joined together by silver paste to study the piezo-
resistive property of the aerogel (Figure S7).
Figure 6(a) shows the real-time resistance variation
of the rGO-HH at various compression strains (10-
70% strain). The resistance decreased during com-
pression and quickly increased during decompres-
sion because the contact area between the graphene
flakes influences the conductivity of the rGO-HH
aerogel. The contact area among the graphene
layers increased during the compression, causing
a decrease in resistance (see Figure 6(b)). The cyclic
test was conducted up to five times under different
compression strains (10, 30, 50, and 70%) to eval-
uate the repeatability of the resistance caused by
the compression, as shown in Figure 6(a). We
observed that resistance recovered completely after
the 5™ cycle, indicating that the rGO-HH aerogel
can acts as a stable pressure sensor.

A correlation graph between the percentage
response (AR/R,%) of the sensor versus applied pres-
sures (0 to 9.5 kPa) was plotted to determine the
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Figure 6. Piezoresistive response of rGO-HH aerogel. (a) Real-time resistance at different compression strains. (b) Resistance
changes at a pressure ranging from 1 kPa to 9.5 kPa. (c) Ultrahigh linear sensitivity in a wide pressure range of 0-9.5 kPa. (d)
Comparison of the sensitivity of rGO-HH with other carbon-based sensing materials.

sensitivity (S) of the rGO-HH pressure sensor (see
Figure 6¢). Mathematically, the sensitivity is defined
as [5]

_ AR/Rq
AP

S

where AR denotes the change in resistance under pres-
sure, Ry represents the initial resistance before the
applied pressure, and AP corresponds to the variation
in the applied pressure. We observed from the graph
based on the least-square method that the linear fitting
curve of the rGO-HH sensor at different pressure is
represented by y = 5.7x — 0.044, R* = 0.9982, where y is
the piezoresistive response, x denotes the applied pres-
sure, R? is the correlation coefficient. The value of R®
was 0.9982 (>0.9), indicating that the rGO-HH pressure
sensor has good linearity. The rGO-HH had a linear
sensitivity of 5.7 + 0.2 kPa~" under the pressure range of
0-9.5 kPa, demonstrating the wide working range (see
Figure 6(c)). The detection limit is a theoretical calcula-
tion to estimate the measuring limit of the sensor. It is
calculated by dividing the slope of the linear portion of
the calibration curve by three times the standard devia-
tion of the initial resistance of the aerogel in the absence

of any pressure. The detection limit of the rGO-HH
aerogel-based pressure sensor was approximately
0.0055 kPa. Our sensor demonstrated good perfor-
mance compared to the sensitivity of other pressure
sensors reported in similar works [25,30,37-46] (see
Figure 6(d) and Table S3).

The outstanding sensitivity of rGO-HH can be
ascribed to (i) the highly compressible and elastic
behavior with high mechanical stability and (ii) the
wavy structure creating a proportional increase in the
contact area and decrease in resistance under com-
pression. These results indicate that our rGO-HH
aerogel has high fatigue resistance by excellent struc-
tural stability, enabling stable sensing performance.

4. Conclusion

We successfully fabricated the reduced graphene oxide
aerogels using different reducing agents (L-ascorbic
acid, urea, and hydrazine hydrate) that showed
remarkable changes in the surface chemistry and mor-
phology of the graphene nanosheets. The properties of
the reduced graphene oxide aerogel were changed
based on the reducing agents at different pH values.



Sci. Technol. Adv. Mater. 24 (2023) 10

We found that the pH affected the surface chemistry of
the graphene structure, significantly affecting the
microstructure of the graphene aerogel. The morphol-
ogy of the rtGO-LAA (pH ~2) and rGO-Urea (pH ~
4.5) aerogels was lamellar due to the stacking via
hydrogen and covalent bonding between the graphene
sheets. However, the morphology of the rGO-HH (pH
~9) was wave-like, created by the ionic interaction
and hydrogen bonding among the graphene nano-
flakes. The aligned wave-like structure can effectively
transfer stress under large deformation without struc-
tural damage, ensuring good shape stability.

On the contrary, the lamellar structure showed
good stability at low stress until the friction between
the graphene sheets was developed. The rGO-HH
aerogel showed super-compressibility (elastic modu-
lus of 0.128 kPa), elasticity, and excellent mechanical
stability (98.7% stress retention, 98.1% height reten-
tion after the 1000™ cyclic test under 50% strain).
These enhanced mechanical properties are due to the
wave shape microstructure and the strong physical
crosslinking among the graphene layers. The excellent
mechanical stability and robust microstructure of
rGO-HH aerogel are beneficial for piezoresistive per-
formance, resulting in high sensitivity (5.7 kPa™") and
low detection limit (~0.0055 kPa). The excellent
mechanical and piezoresistive properties can make
the aerogel an attractive candidate for wearable func-
tional devices. We expect our strategy will provide
a fascinating way to create new two-dimensional
nanomaterial-based aerogels.
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