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In view of their advantages (plasticity, low density, adjustable pore size, high porosity of >99.9%), three-
dimensional graphene aerogels (GAs) are widely used for energy storage and adsorption separation,
which has inspired the development and optimization of the corresponding synthetic techniques. In
particular, self-assembly in the liquid phase features the benefits of tunability and sustainability and is
viewed as a promising strategy of GA synthesis. During hydrothermal GA preparation, hydrophilic
graphene oxide (GO) gradually turns lipophilic upon reduction, and the resulting phase transition
separation and polarity change induce self-assembly into an aerogel. However, the effect of solution
polarity on the structure or state of dispersed GO nanosheets, which affects the final property-
determining process of automatic assembly, is still unclear. Herein, we prepared a series of GAs by
hydrothermal reduction of unwashed GO with vitamin C in liquid-phase systems of different polarity and
investigated the effects of polarity on the self-assembly process and aerogel properties using a range of
instrumental techniques. The results showed that GO reduction is slowed down in weakly polar systems
and further demonstrated that the shape of partially reduced graphene oxide (rGO) flakes depends on
solution polarity. Flaky, layered, and stacked rGO particles obtained in strongly polar media self-

Received 9th April 2019 assembled into anisotropic gully aerogels that were brittle and almost completely inelastic. Conversely,
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in weakly polar media, the prepared rGO sheets were twisted, which increased the number of contact
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Introduction

The discovery of graphene triggered a wave of research on the
preparation and application of new carbon-based materials.
Three-dimensional (3D) graphene materials such as graphene
aerogels (GAs) are used much more widely than their two-
dimensional counterparts because of the high porosity, high
specific surface area, high compressibility, high elasticity, low
density," and excellent mechanical properties of the former.
Moreover, GA microstructure control allows this material to be
used for energy storage,”* water treatment,”® environmental
remediation,'® insulation,* electrodes," " pressure sensing,'***
etc.
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points and modes between sheets and

resulted in self-assembly into uniform-pore-structure

honeycomb aerogels that showed good elasticity and could be repeatedly compressed.

At present, GAs are usually prepared by template methods in
which graphene is deposited on substrates such as metal foam
and silica gel*® by chemical vapor deposition’® and the
substrate is then removed by etching to obtain an aerogel
structured similarly to the template. Aerogels prepared in this
way exhibit good physical and mechanical properties, preserve
the original properties of graphene, and have fewer defects.
However, the template approach requires the use of high
temperature, involves a multitude of steps and complicated
procedures, employs or produces toxic and harmful substances,
and is not easily upscaleable. In addition, 3D printing methods
have been recently used to prepare graphene oxide (GO) inks'**®
and regular-structure GAs.”* At present, hydrothermal reduc-
tion, which exhibits the advantages of low cost, high yield, easy
scalability, and controllability, is the most widely reported and
upscaleable GA production technique, featuring the steps of GO
dispersion in aqueous solution, hydrothermal reduction (direct
or in the presence of a reducing agent),"*>** and freeze-drying or
supercritical drying of the obtained wet gel. GO used in the
above techniques can be easily produced by the improved
Hummers' method but requires cleaning, i.e., should be washed
to neutrality, since acidic conditions adversely affect the self-
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assembly of aerogels into 3D structures.*® Typically, as-
prepared GO is first washed with aqueous HCI until no sulfate
ions are detected in the filtrate by the BaSO, precipitation test.
Next, acetone or other solvents are used to remove hydrochloric
acid, and then is washed with deionized water until the filtrate
is neutral. Importantly, GO does not swell under acidic condi-
tions and is therefore easy to filter or centrifuge, while swelling
into a sol under close-to-neutral conditions complicates filtra-
tion and necessitates the utilization of time-consuming purifi-
cation procedures (ion exchange or ultra-high-speed
centrifugation), which results in low yields.

GO is amphiphilic, featuring hydrophilic edges and hydro-
phobic graphene structure. As in the case of ionic surfactants,
the amphiphilicity of GO depends on the ionization degree of
boundary -COOH groups or the pH of the dispersion solution.
For example, higher pH may result in increased charge accu-
mulation on flake edges and hence, in increased hydrophilicity,
while lower pH reduces the amount of charge at edges and thus
results in poor dispersibility in water. Generally, the self-
assembly process is complicated by the concomitant occur-
rence of agglomeration. Although this problem can be miti-
gated by pH adjustment, this strategy involves the introduction
of other atoms and results in aerogel preparation and property
uncertainties, e.g., when pH is adjusted to 11 with aqueous
ammonia, the N content of aerogels can reach 7%.>*

According to literature, the process of hydrothermal GA
preparation features the gradual reduction of GO and the
concomitant change of its properties from hydrophilic to lipo-
philic. The above polarity change results in phase separation,
i.e., individual flakes are attracted to each other by van der
Waals forces and randomly assemble into a 3D gel.”” Since the
polarity of rGO decreases with increasing extent of GO deoxy-
genation, the aggregation behavior of the former should be
affected by solvent polarity. However, the effects of solvent
polarity on the self-assembly of GO into GAs have not been re-
ported yet.

Herein, we prepare GAs in media of different polarity, aiming
to reduce the agglomeration tendency of graphene and change
its solution-phase morphology and thus prepare GAs with good
physical and mechanical properties under acidic conditions.

Experimental

GO was prepared by an improved Hummers' method.”®
Expanded graphite (5 g) was added to a conical flask containing
concentrated H,SO, (450 mL) and concentrated H;PO, (50 mL),
and the mixture was stirred for 30 min at room temperature.
Subsequently, KMnO, (30 g) was slowly added over 30 min in
small portions upon fast stirring, and the mixture was slowly
heated to 50 °C, kept at this temperature for 3 h, and cooled to
below 5 °C in an ice bath. Next, water (600 mL) was slowly added
while maintaining the temperature at =5 °C. Finally, H,O,
(30 wt%, 30 mL) was added, and the solid was washed several
times with 10 vol% HCI and then with 2 vol% HCI (by centri-
fugation) until no BaSO, precipitation was detected. Finally, the
washed precipitate was dispersed in deionized water (1 L), and
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the dispersion was filled into 10 x 12 x 17 cm® bags and freeze-
dried to afford GO.

As shown in Fig. 1 the obtained GO was dispersed in aqueous
ethanol (ET) or deionized water (50 mL, 1.5 mg mL ') by
sonication for 1 h. Vitamin C (VC; 100 pL, 100 mg mL ") was
added into brown dispersions. After stirring, the homogeneous
suspension was added into a glass-lined Teflon reactor. And
then the reactor was placed into an oven held at 95 °C for
a certain time to induce reduction, and the obtained wet gel was
freeze-dried to afford GA. Aerogels prepared from aqueous
solutions were denoted as GA-W, while those prepared from
ethanolic solutions were denoted as GA-ET. Alcohol content
(x, vol%) and hydrothermal reduction time (y, h) were recorded
as GA-ET-x-y.

Gel volume (V,,) was calculated by measuring the diameter
(d) and height (%) of the gel cylinder as Vi, = 0.257d’h.

Thermogravimetric analysis (TGA; Mettler Toledo TGA 2) of
GAs was performed by heating ~5 mg samples in an alumina
crucible from 50 to 300 or 600 °C at a rate of 10 °C min~" in
a flow of N, (50 mL min™%).

X-ray photoelectron spectroscopy (XPS; ESCALAB 250Xi,
Thermo Scientific) analysis was performed using mono-
chromatized Al K, (1486.6 eV) radiation at a power of 150 W.
Binding energies were calibrated using the C 1s peak at
284.8 eV. XPSPeak41 software was used to perform peak fitting
(20% Gaussian and 80% Lorentzian) employing the Shirley
background mode.

Scanning electron microscopy (SEM) images were acquired
on a Carl Zeiss EVO18 microscope (Germany). Samples were
pasted on a conductive adhesive without spraying Au and
directly imaged at different angles by controlling the rotating
roll of the sample platform.

Raman spectra were recorded on a Horiba Jobin Yvon Lab-
RAM HR800 microconfocal Raman spectrometer (France) using
a detection wavelength of 612 nm.

Results and discussion

As mentioned above, this work mainly aimed to investigate the
influence of solution polarity on the properties of GAs and
discuss their formation mechanism. Table 1 lists the dielectric
constants (i.e., measures of polarity) of solutions used for GA
preparation, while Table 2 lists the corresponding pH values for
a GO concentration of 1.5 mg mL ™", rdelim revealing that all
solutions were strongly acidic (pH = 2.5-2.8).

The dispersion law of GO is similar to the principle of similar
compatibility, with GO/rGO acting as the solute, and the

Hydrothermal reduction

—

Frecze drying

——

e

-

Fig.1 GA preparation.
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Table 1 Dielectric constants of aqueous ethanol solutions®
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Dielectric constant

Ethanol content  Dielectric ~ Ethanol content

(Wt%) constant  (wt%) Dielectric constant
0 80.14 50 50.4

10 74.6 60 44.7

20 68.7 70 39.1

30 62.6 80 33.9

40 56.5 100 24.55 (ref. 30)

hydrothermal system acting as the solvent. Thus, with the
decrease of solution polarity, the tendency of rGO to aggregate
with each other will decrease. The tendency of rGO to dissolve
and aggregate is balanced where it cannot aggregate to form
a stable 3D shape. As shown in Fig. 2, under the experimental
conditions of this paper, solvent polarity gradually decreased,
and gel volume linearly increased with increasing ET content,
while no self-assembly into a stable-shape gel was observed in
100% ET. That is to say, although rGO polarity is determined
only by the degree of reduction, solvent polarity affects the
mutual attraction of graphene sheets and their aggregation
degree, therefore influencing gel volume. Fig. 3 shows the
change of gel volume with reduction time at constant solvent
polarity, revealing a power-law-type dependence. With
increasing time, the reduction degree and lipophilicity
increased, while the polarity decreased, and the final volume
was negatively correlated with solvent polarity.

On the macro level, the wet gel volume change was very
obvious, which indicated that system polarity greatly influenced
gel formation. The effect of solvent polarity on gel microstruc-
ture was probed by SEM imaging, as shown in Fig. 4 and 5.
Notably, GA-W exhibited a flake-like texture, while rGO featured
a flake-like cascade and showed certain anisotropy, in agree-
ment with previous reports.>*?® With increasing reaction time
(i.e., with increasing reduction degree), the content of hydro-
philic groups decreased, the pores between sheets became
smaller, and the cross-linkages between sheets became closer.
As a result, the sheet was somewhat deformed, the whole
assembly became more compact, and a gully was finally formed
(Fig. 4b). Conversely, completely different behavior was
observed for GA-ET. In this system, partially reduced graphene
sheets were bent and twisted, which increased the number of
contact modes and contact points between sheets to form
a honeycomb aerogel with random pore characteristics and
a relatively uniform structure. With increasing reduction time,
the connected ones became closer, and the pores became
smaller (Fig. 4d). However, the GO sheets became progressively
more deformed with increasing solvent polarity, exhibited
a decreased aggregation tendency to form a aerogel and the

Table 2 pH values of GO dispersions

a

26

Ethanol content (vol%)

Fig.2 Dependence of wet gel volume and solution dielectric constant
on the ET content of the precursor solvent.

- m - GelW
- A -Gel-ET-30%

Volume (cm?)
[

Time (h)

Fig. 3 Dependence of wet gel volume on reaction time.

pores therefore concomitantly became larger (Fig. 4e and f). The
results of the above analysis were consistent with the change of
wet gel volume. Fig. 5 compares differences between the two
solution systems in greater detail, revealing that in aqueous
solution, graphene sheets were obviously stacked®" and exhibi-
ted increased thickness, which made them easily observable
from a side-on perspective (Fig. 5b and d). GAs formed in
ethanolic solutions were uniform and were characterized by
numerous contact modes and contact points between sheets,
which were cross-linked and self-assembled into aerogels with
a honeycomb pore structure upon reduction (Fig. 5g and h).
The effects of solvent system on aerogel chemical properties
were probed by TGA, XPS, and Raman spectroscopy analyses of
freeze-dried samples. Fig. 6a shows TGA curves of GA-W
samples prepared using different reduction times, while
Fig. 6b shows the corresponding DTG curves, revealing the

Water 10% (v/v)* ET

30% (v/v) ET 50% (v/v) ET 70% (v/v) ET

pH 2.56 £ 0.01 2.65 £ 0.05

“ Means 10 mL of ethanol added to 90 mL of deionized water.

This journal is © The Royal Society of Chemistry 2019
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Fig.4 SEMimages of (a) GA-W-3h, (b) GA-W-5h, (c) GA-ET-30%-1h,
(d) GA-ET-30%-5 h, (e) GA-ET-30%-3 h, and (f) GA-ET-50%-3 h.

occurrence of two rapid weight losses at 70 °C (volatilization of
adsorbed moisture) and 180 °C (decomposition of oxygen-
containing groups). The weight loss below 125 °C was
ascribed to the evaporation of adsorbed/bound water or other
volatile substances such as ethanol and hydrogen chloride, and
the decomposition of oxygen-containing groups was concluded
to be complete at 300 °C, since almost no weight loss was
observed between 300 and 600 °C. Fig. 6a shows that weight loss
above 125 °C decreased with increasing reduction time, which
was attributed to the concomitant reduction of oxygenated
group content, ie., the weight losses of GO and GA-W-22 h in
the range of 125-300 °C equaled 49.95 and 6.76%, respectively.
Fig. 7a and b show the TGA and DTG curves of GA-ET samples,
respectively, revealing that weight loss was negatively correlated
with reduction time and water content (i.e., with solution
polarity). In conclusion, since the decomposition of oxygenated
groups led to GA weight loss, the latter parameter was negatively
correlated with the degree of reduction. Therefore, it was
inferred that the presence of weakly polar substances delays or
interferes with GO reduction, and the extent of this delay was
concluded to increase with decreasing solvent polarity, as was
verified by subsequent analysis.

As GO contains numerous oxygenated groups such as
-C(OH), -COOH, -COOR, -COC-, and -C=0, changes in the
relative contents of these groups upon reduction were detected
and analyzed using XPS. Further information is obtained from
the fitting of XPS peaks according to the literature.>*>* Table 3
lists the literature-reported positions of C 1s and O 1s peaks for
different functional groups, and Fig. 8 and 9 show fitted C 1s
spectra of GA-W and GA-ET-30% samples. As can be seen from
the change of peak shape, the content of graphene C=C bonds
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Fig. 5 Detailed comparison of GAs prepared in two polar solution
systems. (a) Digital profile of GA-W-3 h, with (b), (c), and (d) showing
SEM images from different perspectives. (e) Cross-sectional photo-
graph of GA-ET-30%-3 h, with (f) showing the corresponding SEM
image, and (h) and (g) showing magnified sections of (f).

increased with increasing reduction time, while the contents of
other carbon-containing groups concomitantly decreased. This
decrease was most pronounced for C=0 bonds, ie., a large
number of these bonds were reduced by VC. Comparison of the
above two figures demonstrates that reduction was relatively
rapid in aqueous solution (Fig. 8), for which a very high degree
of reduction was achieved after 3 h and did not change much as
the reduction time was extended to 5 h, in agreement with the
results of TGA. Conversely, reduction in 30 vol% ethanol was
slow, and the relative content of C=0 moieties was still high
after 3 h, with a value similar to that achieved after 3 h reduction
in water realized only after 22 h. Fig. 10 shows the fitted C 1 s
spectra of GA-ET-3 h prepared in solutions with variable ethanol
contents, demonstrating that with increasing ethanol content,
the content of C=C groups was somewhat reduced, while that
of C=0 moieties increased. Thus, reduction degree was nega-
tively correlated with ethanol content.

Changes of O 1s spectra were investigated in a similar way.
Fig. 11 and 12 show the fitted O 1s spectra of GA-W and GA-ET-
30% samples, respectively. With increasing reduction time, the

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 TGA curves of GO and GA-W samples prepared using different
reduction times.
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Fig.7 TGA curves of GA-ET samples prepared using different reaction
times and ET contents.

observed peaks became flatter, which indicated that the content
of O-containing groups decreased. Based on the changes of
oxygen content in Table 4 (The higher the reduction, the lower
the oxygen content), it was concluded that the extent of reduc-
tion achieved in less than 2 h in water could only be reached
after 22 h in 30 vol% ethanol, in agreement with previous
results. Notably, the relative content of conjugated C=O
moieties increased with increasing extent of reduction, which
was caused by the conjugation of C=C and C=0 groups and
agreed with the enhancement of C=C peak intensity.>* Fig. 13
shows that the O 1s peak shape changed from flat to towering

This journal is © The Royal Society of Chemistry 2019
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Table 3 O 1s and C 1s binding energies of different functional
groups®*=¥’

Group Binding energy (eV)
C1s

C=C 284.6
C-0 286.3
C=0 287.2
COOR 288.9
O1s

C=0, conjugated*® 530.7
C=0 531.5
C-0-C 532.6
C-0 533.5
H,O 534.0

1h

Intensity (a.u.)

5h

290 285
Binding Energy (eV)

Fig. 8 Fitted C 1s spectra of GA-W samples prepared at different
reduction times.

Intensity (a.u.)

200 285
Binding Energy (eV)

Fig. 9 Fitted C 1s spectra of GA-ET-30% samples prepared at different
reduction times.
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Fig.10 Fitted C 1s spectra of GA-ET-3 h samples prepared in solutions
with different ethanol contents.
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Fig. 11 Fitted O 1s spectra of GA-W samples prepared at different
reduction times.

with increasing ethanol content at constant reduction time,
indicating a concomitant increase of oxygen content (shown in
Table 4). That was the extent of reduction at constant reaction
time was negatively correlated with ethanol content.

In addition, aerogel composition was probed by Raman
spectroscopy. The Raman spectrum of graphene comprises
several peaks, namely G, D, and G’ bands.** The most intense
peak, i.e., the G band, corresponds to the in-plane vibration of
sp> carbon atoms and appears at ~1580 cm ', effectively
reflecting the degree of graphene crystallinity/regularity. The D
band, often used to characterize structural defects or edges in
graphene samples, is thought to reflect the extent of disorder in
graphene and is believed to be caused by lattice vibrations

21160 | RSC Adv., 2019, 9, 21155-21163
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Fig. 12 Fitted O 1s spectra of GA-ET-30% samples prepared at
different reduction times.

Table 4 O and C atomic contents in difference samples

Samples O (atomic%) C (atomic%)
GA-W-1 h 76.34 22.1
GA-W-3 h 77.62 20.29
GA-W-5 h 81.34 17.42
GA-W-22 h 85.79 12.73
GA-ET-30%-3 h 76.15 22.55
GA-ET-30%-7 h 80.06 18.11
GA-ET-30%-22 h 84.65 13.77
GA-ET-3 h-0% 80.6 17.25
GA-ET-3 h-10% 80.58 18.24
GA-ET-3 h-30% 79.68 19.24
GA-ET-3 h-70% 77.01 21.59

leaving the center of the Brillouin region. Therefore, the
intensity ratio of these bands, Ip/Ig, allows one to roughly esti-
mate the degree of structural integrity in rGO. Fig. 14 shows that
I/l significantly increased upon reduction, indicating that GA
formability after reduction was very poor. This behavior was
ascribed to the fact that large pieces of GO were broken into
small fragments upon 1 h ultrasonication before reduction,
which increased the boundary effect* and, hence, Ip/Ig.
According to the results of TGA and XPS analyses, the degree of
GO reduction increased with time in both water and 30%
ethanol, decreasing with increasing ethanol content at constant
reduction time. The change of I/I; was consistent to that of
reduction degree, which was ascribed to the reduced effect of
cross-linking between sheets and the increased importance of
the boundary effect upon reduction. Concomitantly, the relative
content of C=O moieties decreased, which resulted in
decreased boundary conjugation and enhanced the effect of sp*
carbons. At the same time, as the oxygen-containing groups left,
more fragments were generated, which enhanced the boundary
effect and led to the increase of Iy/Ig.

This journal is © The Royal Society of Chemistry 2019
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Fig.13 Fitted O 1s spectra of GA-ET-3 h samples prepared in solutions
with different ethanol contents.
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Fig. 14 Dependence of aerogel Ip/lg ratio on reduction time and
ethanol content.

Similarly to chemical properties, the physical properties of
aerogels prepared in various polar systems were also different,
as exemplified by the stress-strain curves shown in Fig. 15. For
both GA-ET-30%-3 h and GA-W-3 h samples, stress increased
with increasing strain. However, the GA-W-3 h curve was not
smooth and featured zigzags. During the compression process,
there were abrupt changes (marked by red circles), i.e. the strain
was unchanged or changed very little, while the pressure
dropped off precipitously. This was due to the breakage of the
aerogel by brittle fracture of the internal pore walls in parallel
pressure direction during compression (Fig. 16b). When the
aerogel was prepared in water solution, the graphene nano-
sheets were stacked in sheet forms, resulting in very thick pore

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 Stress—strain curves of GA-W and GA-ET samples (maximum
strain = 80%).

Fig. 16 Compression—decompression testing of (a—c) GA-W and (d—
f) GA-ET samples; (a and d): before compression; (b and e): during
compression, (c and f) after compression.

colloidal dispersion reduction short time reduction long time

EAS e B i
J :Bending sign ™

Fig. 17 Mechanism of hydrothermal GO reduction in water (a) and
aqueous ethanol (b). The red dashed line indicates H-bonding inter-
actions, while the black dashed line indicates van der Waals hydro-
phobic interactions.

walls and loss of flexibility and elasticity as in the single layer

graphene. Conversely, the GA-ET-30%-3 h curve was smooth
and showed that stress increased with increasing strain, in line

RSC Adv., 2019, 9, 21155-21163 | 21161


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02658d

Open Access Article. Published on 05 July 2019. Downloaded on 4/22/2026 12:16:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

with elastic behavior. Compression-decompression tests
(Fig. 16) revealed that GA-W-3 h was very brittle and easily lost
elasticity during compression (Movie S1t). In contrast, GA-ET-
30%-3 h featured good compressibility and elasticity, returning
to its original state after decompression and sustaining
numerous compression-decompression cycles (Movie S27).
Therefore, GA-ET-30%-3 h was concluded to be well suited for
use in adsorption and separation applications. The above
phenomenon was explained by considering the results of cross-
sectional and SEM imaging (Fig. 5), which demonstrated that
rGO nanosheets were obviously stacked and became thickness,
therefore became rigid, resulting in loss of elasticity for GA-W,
while the pores were uniform, and the rGO nanosheets were
cross-linked at the boundary, and no stacking, showed excellent
flexibility for GA-ET.

Based on the above results, we concluded that the process of
aerogel assembly changed in weakly polar solutions, probably
because the concomitant change of the degree of oxygenated
group protonation resulted in slow reduction. Moreover,
decreased solution polarity caused the distortion and defor-
mation of partially reduced graphene oxide sheets, which were
no longer as smooth as those obtained in the aqueous solution.
Concomitantly, the structure of these sheets changed from two-
dimensional (in the aqueous system) to distorted three-
dimensional, which was accompanied by loss of orientation.
As a result, a larger number of contact modes were formed in
the assembly process, and the stacking of non-flat sheets
eventually afforded aerogels with uniform pores. A possible
mechanism of GA formation is shown in Fig. 17. In the begin-
ning, GO sheets randomly float in the solution, and rGO sheets
produced by GO reduction remain flat in aqueous solution.
Under the action of hydrogen bonding and van der Waals
forces, rGO sheets get close to each other and engage in strati-
fied stacking to form the aerogel in Fig. 5a. In weakly polar
media, rGO sheets are distorted, probably because of their
enhanced lipophilicity and decreased polarity, and are conse-
quently better dispersed, which results in a decreased aggre-
gation tendency and the increase of the number of contact
modes, finally furnishing aerogels with uniform pores (Fig. 5e).

Conclusions

Herein, we prepared GAs in media of different polarity by direct
reduction of GO that was not washed to neutrality (pH 2.5-2.8,
1.5 mg mL '), revealing that the chemical/mechanical proper-
ties and microstructure of aerogels was broadly variable and
showing that wet gel volume increased approximately linearly
with solution polarity within a certain range. Instrumental
analyses revealed that the decomposition temperature of GA
oxygenated groups was close to 180 °C and demonstrated that
weight loss upon heating increased with increasing solution
polarity. Moreover, XPS spectroscopy revealed that the relative
content of graphene C=C bonds decreased with decreasing
solvent polarity at constant reduction time, while the oxygen
content concomitantly increased. At constant solvent polarity,
the degree of reduction increased with increasing reduction
time, but the maximal degree of reduction was higher for
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strongly polar systems, as confirmed by I,/ ratio changes. The
above behavior was ascribed to the progressive loss of boundary
cross-links and increasing of the fragments with increasing
reduction degree, which resulted in increased boundary defec-
tiveness. Chemical property analysis allowed us to conclude
that the extent of reduction in strongly polar systems exceeded
that in weakly polar ones, i.e., the presence of a weakly polar
component (ethanol) delayed or interfered with the reduction
process. The results of SEM observation and compression
testing showed that GO nanosheets in the strongly polar solu-
tion system were flat and assembled via layer-like stacking with
a certain degree of anisotropy, which afforded aerogels with
a gully pore structure, high brittleness, and poor elasticity.
Conversely, twisted 3D GO sheets were present in weakly polar
systems, which increased the number of contact points and
modes during assembly and afforded aerogels with a uniform
honeycomb-shape pore structure, good elasticity, and
compression-decompression cycling stability.

Importantly, we successfully prepared a graphene aerogel
with good physical and mechanical properties under strongly
acidic conditions bypassing the time- and labor-intensive steps
of GO cleaning, which ensured the applicability of the devel-
oped technique to large-scale production. Aerogels prepared by
this method can be used for energy storage, adsorption sepa-
ration, and other applications, and are expected to be
commercialized in the near future.
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