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Abstract: Porous cellulose aerogels with different compositions have been fabricated via three
methods, including regular freezing, directional freezing, and hydrothermal treatment, using pure
cellulose oxide and cellulose oxide/graphite oxide composites, respectively. The cellulose aerogels are
highly elastic and light in weight. The carbon aerogels show an ordered structure through directional
freezing with layered skeleton bones and some folds. Unlike low-temperature freezing, the structures
can obtain elastic properties. When the deformation is 20%, carbon aerogels can rebound to 95% of
their original volume. The cellulose oxide/graphite oxide composite aerogels are synthesized into
carbon-aerogel composites, which also have stable and robust structures of bone skeletons due to
nanosheets. The carbon-aerogel composites have more than 85% resilience under 40% deformations.
Carbon aerogels prepared from nanocelluloses have a novel three-dimensional network structure
and have the application of elasticity, which is expected to be applied to metallurgical technology
and the aerospace field. Through directional freezing, the carbon aerogels have regular structures
of layered skeleton bones with some folds. In contrast to low-temperature freezing, the structures
possess excellent elastic properties.

Keywords: cellulose aerogel; carbon aerogel; directional freezing; temple free

1. Introductions

Carbon aerogel is a novel nanoporous material with many unique properties, such
as low density, large porosity, high specific surface area, and low thermal conductivity [1].
These excellent properties expand a wide range of applications, including supercapaci-
tors [2], lithium-ion batteries [3], sensors [4], and environmental remediation [5]. However,
many researchers have reported that carbon nanotubes [6], graphenes [7,8], and synthetic
polymers [9] were prepared into 3D porous aerogel materials, which were high-priced and
had low mechanical properties. Recently, some research reported that bioaerogels had
been fabricated from biomasses such as bacteria cellulose, nanocellulose, watermelon, and
pectin [10].

The nanocellulose fibers have good mechanical properties, lightweight and nanoscale
dimensions, sustainability, and good biodegradability [7,11,12]. These characteristics have
led nanocellulose fibers to be widely used to construct aerogels with concrete surfaces
and excellent mechanical properties [13-15]. Although nanocellulose fibers” aerogels have
good compressibility, they are less elastic, so the fabrication of flexible and compressible
nanocellulose fibers” aerogels remains a significant challenge. Graphene oxide is a new
carbon material with excellent physical properties and chemical structure. Still, the solid
m—1 stacking and van der Waals force interactions between the lamellae make it poorly
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dispersed in the matrix [16,17]. Adding graphene oxide can improve nanocellulose fibers’
aerogel elasticity and increase its dispersion.

There are different types and functions of cellulose in the cell wall, with a wide
range of diameter distribution, ranging from a few nanometers to 100 nanometers, with a
certain aspect ratio and crystallinity, which can be used as one-dimensional nanomaterials.
Cellulose in the cell wall can be extracted using physical-mechanical methods, chemical
treatment, or biological enzymatic hydrolysis. Using natural raw materials containing
cellulose, the diameter of the cellulose is reduced to a nanometer scale, ensuring the integrity
of the polymer chain structure of the cellulose raw material, thereby obtaining smaller
nanofibers [18]. Wang et al. [19] combined nanofibrillated cellulose (NFC) and carbon
nanotube aerogels in their hybrids in a synergistic manner. Combining nanocelluloses
and carbon nanotubes allows a wide variety of responsive electroactivity and pressure
sensing. Most reports show that cellulose-combined carbon nanotubes or graphenes
improve mechanical properties [20—22]. This paper dried cellulose aerogels with different
raw materials using normal freezing, directional freezing, and hydrothermal methods.
Cellulose aerogels were obtained from pure cellulose and cellulose oxide/graphite oxide
composites, respectively. The aerogels have good compression resilience. This allows
template-free preparation of ordered porous carbon aerogels and means they have a wider
application.

2. Experimental
2.1. Materials

Coniferous lignocellulose (3.33 wt. %) and cotton cellulose (5 wt. %) were purchased from
NanoFC (purity > 99.95 wt. %, shown in Figure 1). Graphite oxide (purity > 99.95 wt. %) was
bought from the Aladdin Reagent (Shanghai, China) Corporation. 2, 2, 6, 6-tetramethylpiperidine
oxide (CoH1gNO, 98 wt. %) was purchased from the Tianjin Xiensi Biochemical Technology
Corporation (Tianjin, China). Sodium hypochlorite (NaClO, analytical reagent) was pur-
chased from the Tianjin Bohua Chemical Reagent Corporation (Tianjin, China). Sodium
hydroxide (NaOH, 98 wt. %) was purchased from Shanghai McLean Biochemical Technol-
ogy Corporation (Shanghai, China). Sodium Bromide (NaBr, 99.9 wt. %) was purchased
from the Shanghai McLean Biochemical Technology Corporation (Shanghai, China).
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Figure 1. (a) Scanning electron microscope of coniferous lignocellulose; (b) FT-IR spectra of conifer-

ous lignocellulose.

2.2. Preparation of Cellulose Aerogels

As the raw materials, the purchased celluloses were mixed into deionized water and
dispersed by ultrasonic. The ordered and disordered porous structures of cellulose aerogels
were dried through different temperatures and methods. The disordered structures of
cellulose aerogels were prepared from cellulose dispersions (0.8 wt. %) that were freeze-
drying at the temperatures of —15 °C (a,), —80 °C (by, in ultra-low temperature freezer),
and —180 °C (¢, in liquid nitrogen), respectively. The corresponding samples after car-
bonization were named 4, b, and ¢, respectively. In a homemade freeze-drying apparatus,
ice grew unidirectionally from the bottom to the upper surface when the stainless steel
bottom of the vessel was immersed in liquid nitrogen (Figure 2). The suspension was then
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transferred to a freeze-drying vessel, and the ordered porous structure of cellulose aerogel
with oriented porosity was freeze-dried. The cellulose solution (0.8 wt. %) was poured
into the Teflon mold, and then the copper plate was placed in liquid nitrogen, followed by
insulating plastic foam to cover the device. After freeze-drying, the cellulose aerogels with
the ordered pores were obtained and named 4 after carbonization.

Figure 2. Schematic diagram of directional freezing device: (a) liquid nitrogen storage unit; (b) copper
coin; (¢) Teflon cubic container with a stainless steel bottom.

2.3. Preparation of Oxidized Cellulose/Graphite Oxide Aerogel

Graphite oxide was adopted into the cellulose to improve the elasticity of cellulose
aerogel. The graphite oxide constitutes layered structures that can reinforce the connection
of oxidized celluloses due to reactions between hydroxyl groups and carboxyl groups. The
purchased celluloses were not oxidized because of many hydroxyl groups.

The preparation method of oxidized cellulose in the following embodiment used the
CoH;gNO oxidized cellulose method as follows: The cellulose aerogel and deionized water
were mixed and sonicated at 1200 W for 30 s to obtain the mixture, where the cellulose in the
combination was 0.8 wt. %. A total of 0.025 g of C9H;g3NO catalyst and 0.25 g of NaBr was
added to 300 mL of the tincture under continuous stirring, and then 1020 mL of 4 mmol/L
aqueous NaClO solution was added. The pH of the mixture was kept at 10.5 by adding
305 mL of 0.5 mol/L aqueous NaOH solution and stirring for 12 h. After the reaction, the
mixture was centrifuged at 10,000 rpm for 20 min, after which the lower cellulose oxide
aerogel was washed to neutral (pH = 7) in an appropriate amount of deionized water to
obtain cellulose oxide.

The oxidized cellulose/graphite oxide aerogels were prepared by two methods, in-
cluding the freeze-drying and hydrothermal methods.

(1) Freeze-drying: The mixed solutions of oxidized cellulose and graphite oxide
were prepared with different concentrations (deionized water was the solution), including
3 mg/mL and 4 mg/mL (Al,), 4 mg/mL and 3 mg/mL (A2;), 6 mg/mL and 8 mg/mL
(A3,), and 8 mg/mL and 6 mg/mL (A4,), respectively. At the same time, the mixed solution
of unoxidized celluloses and graphite oxide was prepared with two concentrations of
6 mg/mL and 8 mg/mL (A5;), respectively, as a comparative experiment.

The above-mixed solutions were dispersed uniformly by ultrasonic and heated at
90 °C in a water bath. The composite aerogels were obtained by freeze-drying for 12 h in
the directional freezing device.

(2) Hydrothermal method: The mixed solution of oxidized celluloses and graphite
oxide was dispersed uniformly with ultrasonic for 30 min. The different concentrations
of the mixed solution were 3 mg/mL and 4 mg/mL (B1,), 4 mg/mL and 3 mg/mL (B2,),
6 mg/mL and 8 mg/mL (B3;), and 8 mg/mL and 6 mg/mL (B4,), respectively. The
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solution of B1 was divided into two parts joined into ethylenediamine and ammonia water,
respectively. The pH of the two parts was 9.5-10.5 and named C1, and C2,.

The above solutions (20 mL each) were put into the hydrothermal kettles and reacted
at 120 °C for 6 h. When the reactions were completed, the solutions were dialyzed in
ethanol solutions of 20 wt. %. The composite aerogels were obtained after freeze-drying.

2.4. Carbonization of Aerogels

The samples of ag, by, ca, da, Ala, A2,4, A34, A4y, Ay, B1,, B2,, B34, B4,, C1,, and C2,
cellulose aerogels were pyrolyzed and carbonized to a, b, c, d, A1, A2, A3, A4, A5, B1, B2, B3,
B4, C1, and C2 carbon aerogel in a flowing of Ar atmosphere at the rate of 40 mL/min and
heated at 500 °C for 1 h at the heating rate of 3 °C/min.

2.5. Experimental Characterization

Fourier transform infrared (FTIR) was recorded at room temperature with Bio-Rad FTS
6000 to characterize the chemical structures of the aerogels with KBr disks for solid samples.
Raman spectra (Renishaw Spectroscopy, West Dundee, IL, USA) were texted the chemical
structures. The yield during pyrolysis was calculated based on the mass of the final aerogels.
The morphology of aerogels was investigated by scanning electronic microscopy (SEM,
54800, Hitachi Ltd., Hitachi, Japan). Raman crystal phases of the obtained aerogels were
identified at room temperature by X-ray diffraction (XRD, Rigaku D/MAX 2500 V/PC,
Rigaku, Tokyo, Japan) using CuKo X-ray. The volume shrinkages of cellulose aerogels and
composite aerogels were calculated by measuring the volume sizes of aerogels before and
after carbonization. The electronic universal materials testing machine tested the aerogels’
compression resilience performances (Meister, CMT 4304, Xi’an, China).

3. Results and Discussion
3.1. Organizational Structures of Cellulose Aerogels

The macrostructures of cellulose aerogels are shown in Figure 3. The surfaces of
cellulose aerogels that were freeze-dried at —15 °C were irregularly radial with multiple
radial centers (Figure 3a). The radial centers were the crystallization points after the
freezing. When the frozen temperature was reduced to —80 °C (Figure 3b), the surface
structure of cellulose aerogel was similar to the sample frozen at 15 °C. The crystallization
process diagram of cellulose aerogels is shown in Figure 3c. From the mechanism diagram,
it can be seen that a hierarchical structure appeared with increasing thickness. Lower
temperatures led to faster crystallization of the lower structure, separating the liquid—solid
interface inside the cellulose aerogels. The lower temperature led to the remote disordered
structure of aerogels. When liquid nitrogen was used as the freezing medium, the cellulose
aerogel’s surface differed from the samples frozen in the ultra-low temperature freezer.
Figure 3d shows that the central region’s crystallization mode is perpendicular to the top
from the bottom, while the crystallization mode of the edge region is from the boundary to
the interior. The crystallization process diagram of cellulose aerogels is shown in Figure 3f.

The structure of sample d frozen by directional freezing presented the lamination
structure due to temperature gradient (Figure 3e). The cellulose showed the structures of
flaky and regular crystallization. From the image of macro morphology, it can be seen that
layered structures appeared at the intersection of temperature gradient directions. Between
the layered structures, the gaps were obtained due to the ice crystals’ freeze-drying. The
gaps are conducive to the compression resilience of cellulose aerogels. The crystallization
process is shown in Figure 3g.
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Figure 3. Surface macromorphology of cellulose aerogels prepared by different freezing methods,
(a) —15 °C—sample a; (b) —80 °C—sample b; (c) structural cross-sectional diagram of internal
structure of samples at —15 °C and —80 °C; (d) liquid nitrogen—sample c; (e) directional freezing—
sample d; (f) structural cross-section diagram of cellulose aerogel prepared by liquid nitrogen freezing;
(g) structure diagram of cellulose aerogel prepared by directional freezing.

3.2. Microstructures of Cellulose Carbon Aerogels

Figure 4 shows samples a, b, ¢, and d microstructures by SEM. Samples a and b
had similar structures of short-range order, which were dispersed inside the aerogels
without regular connections (Figure 4a,b) [23]. This structure of aerogels may have poor
compression resilience properties. As seen in Figure 4c, the carbon aerogels dried in a
liquid nitrogen environment had stable directional lamination structures [24]. Some were
arranged regularly, and the pores were between the layers of aerogels. The sizes of pores
ranged from 20 to 100 um, and the shapes of pores were long columnar. Figure 4d showed
that the surface morphology of sample d prepared by directional freezing consisted of
regularly arranged sheets with the range of 10-100 um. There were many connections
between the sheets shown in the image of SEM. It is worth noting that the folds occurred
in the sheets because of the deviation in heat transformation during the freezing process.
The incomplete uniform temperature gradient resulted in crystallization and wrinkling
phenomena.

The results of the microstructures of cellulose carbon aerogels dried by different meth-
ods showed that the cellulose carbon aerogels dried by directional freezing have regular
layered structures, which is beneficial to compression resilience properties. Therefore, the
composite cellulose aerogels would be dried by directional freezing.

3.3. Cellulose/Graphite Oxide (GO) Carbon Aerogels

The microstructures of A3 and A4 were similar. Figure 5 shows the microstructures
of A3. In contrast to cellulose aerogels, the GO in the aerogels provided the connections
and skeleton supporting for the composite aerogels. It can be seen that the columnar pore
structures appeared in the boundary of A3 and elliptical pore structures in the center of the
sample before carbonization. After carbonization, there were many pore structures with
pore sizes ranging from 10-100 pm in the internal of A3. The internal structures of A3 were
looser and had fewer interlayer connections.
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Figure 4. Scanning electron microscope images of cellulose carbon aerogels freeze-drying at
(a) =15 °C, (b) —80 °C, (c) in liquid nitrogen environment, and (d) by directional freezing.

Figure 5. Scanning electron microscope of A3 dried by directional freezing (a) before carbonization
and (b) after carbonization.

Before carbonization (Figure 6a), there were many regular columnar pores with diame-
ters ranging from 20 to 100 um [25,26]. Compared with cellulose aerogel d, the accumulation
of columnar pores increases the compressibility direction of the sample. The columnar
pore accumulation structures were more stable with junctions than the lamellar structures.
Moreover, the regular accumulation of A5 columnar pores accounts for more than 95% of
the area. The structures have greatly improved, and their performance will be improved to
a certain extent. After carbonization, the structure of carbonized long fiber/graphite oxide
composite aerogel A5 is somewhat damaged. However, compared with the carbonization
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results of short fiber /graphite oxide composite aerogel A3 and A4, their structures are still
packed with closely arranged columnar pores without macroscopic looseness.

—~
&
~

Transmittance(%)

Figure 6. Scanning electron microscope of A5 dried by directional freezing (a) before carbonization
and (b) after carbonization.

FT-IR spectra were tested to analyze the changes in the functional groups on the com-
posited aerogels after carbonization (Figure 7a). The characteristic peaks of A3 occurring
at 1050-1250 cm ! corresponded to C-O-C stretching vibrations [27]. The weak peak at
1450 cm~! was attributed to the C—-H bond [28]. The stretching vibration peak of C-H in
CHj is 2903 cm~!. The —OH functional group has a broad peak of around 3358 cm ! [29].
From the results of FTIR, it can be seen that A5 (prepared with unoxidized celluloses and
graphite oxide) has a weak peak of 3358 cm ! for the O-H bond.
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Figure 7. (a) FT-IR spectra of A3, A4, and A5; (b) XRD patterns of A3, A4, and A5; (c¢) Raman spectra
of A3, A4, and Ab5.



Coatings 2023, 13, 1297 8 of 12

After carbonization, all of these oxygen-containing groups were significantly reduced
owing to the dehydration and decarboxylation during carbonization. The XRD diffraction
pattern of composited aerogel presents two broad peaks at 6.2° and 14.6°, attributed to
(002) and (101) indications of cellulose, respectively (Figure 7b). After carbonization, the
peak of composited aerogels appeared at 15.9° and 22.6° [30], corresponding to the (002)
lattice plane of reduced graphene oxide, which meant that reduced graphene oxide was
formed.

As shown in Figure 7c, the D-band peak at 1346 cm ! and G-band peak at 1588 cm~*
were observed, corresponding to the disordered carbon structure and graphitic carbon
structure, respectively [31]. It is known that the relative intensity ratio (Ip/Ig) of the D-band
to the G-band represents the disorder and defect degree in carbon [32]. The ratio of Ip to
I was 0.993, 0.982, 0.9650, implying a high extent of graphitization. Due to the increase
in graphite, the Ip/Ig of A4 (0.982) was lower than that of A3 (0.993). The Ip/Ig of A3
was higher than that of A5 (0.96). This could be because oxide cellulose causes a more
disordered carbon structure.

Figure 8a shows the density of the sample before and after carbonization. For cellulose
aerogel d dried by directional freezing, the density of 4 with the lowest original density
is not the smallest after carbonization; even the density before and after carbonization is
the closest in all samples. However, the mass loss of sample d is large during carboniza-
tion. Considering its single lamellar structure, it should be caused by the intense volume
contraction of d during pyrolysis and carbonization.

0. 030 — 00
(a) o | Before carbonization (b) l
0. 0254 7/ @ After carbonization
/ _— __ 807
420.0204 % _ \ e
;; S ‘é 601
>0.0151 / =
& N =
2 / = 407 i
£0.0104 E
0. 0054 201 ’—‘ H ﬂ
0. 000 1 ; — ' r 0+ + + + + . r r T -
d A3 A5 Bl B2 B3 B4 Cl1 C2 d A3 A A5 Bl B2 B3 B4 Cl C2
Sample Sample

Figure 8. (a) The density of the sample before and after carbonization; (b) volume shrinkage of
sample carbonization.

Before carbonization, it can be found that: (1) The density of cellulose aerogel 4 with a
single lamellar structure prepared by the directional method is the smallest (0.012 g/cm?);
(2) The density of C1 (0.0135 g/cm?3) and C2 (0.0138 g/cm?) is slightly higher than d because
C1 and C2 also have relatively regular lamellar structures. The total concentration of the
solution is slightly less than d while there will be some volume shrinkage in the process of
hydrothermal forming a wet gel, so the density of C1 and C2 is close to d; (3) The density of
cellulose/graphite oxide aerogel A3 (0.0132 g/ cm?), A4 (0.014 g/ cm?), and A5 (0.016 g/ cm?)
dried by directional freezing is higher, which is because the total concentration of these
three sample solutions is increased. Among them, the relative content of cellulose that plays
the role of connection and support in the A4 sample is high, which makes the structure
more compact in directional freezing. While the connection between long fibers in A5 and
graphite oxide is closer than that between short fibers in A3 and graphite oxide, so the
density of A4 and A5 is greater than A3; (4) The total concentration of BT (0.022 g/cm?) and
B2 (0.019 g/cm?) solutions using the hydrothermal method without adding a linker is the
same as that of A3, A4, and A5. Still, there will be some volume shrinkage in hydrothermal,
forming a wet gel and increasing the density [33,34]. The content of graphite oxide in B1
is high, and graphite oxide is regularly arranged. The volume shrinkage is more serious
in the process of hydrothermal forming a wet gel, so the density is greater; (5) The total
concentration of B3 (0.027 g/cm?) and B4 (0.024 g/cm?) solutions is twice that of B1 and B2,
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so the density is higher. The content of graphite oxide in B3 is high, and graphite oxide
is regularly arranged. The volume shrinkage is more serious during the hydrothermal
forming of a wet gel, so the density is the largest.

Calculation of pyrolysis yield:

Vi-Vv2 o
V= 1 < 100% 1)
the pyrolysis yield is V. It is V1 when there is no change in volume and V2 when the volume
shrinks, and the nature of the shrinkage is the accumulation of thermal expansion and
volatiles.

The figure can show the volume shrinkage of the sample after in Figure 8b. The
volume shrinkage of d, A3, A4, A5, B1, B2, B3, B4, C1, and C2 is 72%, 40%, 32%, 17%, 10%,
12%, 15%, 17%, 25%, and 16%, respectively. The degree of volume shrinkage of the sample
is closely related to its microstructure. The lamellar cellulose aerogel 4 has the largest
volume shrinkage without the support of graphite oxide structure during the carbonization
process, and the single lamellar structure has no cellulose connection support [35,36].

Through the analysis of the morphology and structure of cellulose aerogel and cel-
lulose carbon aerogel prepared by non-directional and directional freezing methods, it is
found that only cellulose aerogel d prepared by directional freezing meets the requirements
of this topic for compression resilience in structure. However, the structures of a, b, and ¢
dried by the non-directional method also have certain compression resilience due to the
existence of irregular structures (Figure 9). Under 20% shape variable, the resilience of sam-
plesd, A3, A4, A5, B1, C1, and C2 is 95%, 80%, 58%, 89%, 92%, 70%, and 62%, respectively.
Directional cellulose aerogel d has the largest resilience rate of all of the samples under the
condition of 20% deformation (Figure 9a), but the resilience rate under the condition of 40%
(Figure 9b) deformation is the smallest of all of the samples. This is because there are fewer
connection points between the layers of 4. Most of them are damaged after the deformation
increases, resulting in a low rebound rate. At the same time, this also leads to the minimal
force that d samples can bear during deformation.
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Figure 9. Compressive resilience in the z-direction of sample carbonization front: (a) deformation
20%; (b) shape variable 40%.

The carbonization of aerogel will damage the internal structure to a certain extent,
reducing the strength and toughness of the material (Figure 10). After the carbonization of
the A3 and A4 samples, the pressure borne by the material under different deformation
variables is almost zero, which is caused by the decrease in strength after cellulose car-
bonization. Due to the unique internal microstructure of A5, with the tight connection of
long fibers, it has a certain degree of resilience. In addition, the rebound rate of A3 and A4,
which show a 40% deformation after carbonization, is higher than that before carbonization
because of the disappearance of the cellulose after carbonization. At the same time, the
interior of A3 and A4 is composed of carbon fibers and graphite. The distribution of mass
is more uniform than that of the samples before carbonization. This will make the internal
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force distribution of the sample more uniform, which is beneficial for avoiding structural
damage caused by uneven force distribution in some areas.
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Figure 10. Compressive resilience of samples in X-direction before and after carbonization: (a) 20%
deformation after carbonization; (b) deformation before carbonization: 20%; (c) 40% deformation
after carbonization; (d) deformation before carbonization 40%.

4. Conclusions

In this paper, cellulose carbon aerogel materials were prepared by different methods,
and their microstructure and compression elastic properties were studied. The structures of
cellulose aerogels were composed of nanosheets as the connection during the crystallization
process dried by directional freezing. The directional freezing method produced stable
porous structures. The regular porous arrangements were made using the controlled
freezing technique. CNF is a connecting support in the composite aerogel structure, and
GO is the cellulose oxide/graphite oxide aerogels that feature single lamellar structures.
When the directional cellulose aerogel is under 20% deformation, the d with homogeneous
internal pores exhibits a 95% highest rebound rate. The rebound rate of A3 and A4 reaches
over 75% with a shape variable of 20%. However, some internal cellulose structures will
be lost during the carbonization of aerogel, which will also lessen the substance’s strength
and toughness; carbonization will reduce the rebound rate of the material, solving the
cyclic compressibility and recoverability of existing aerogels under large deformations. It
is anticipated that it will be employed in various aerospace and civil high-performance
dampening, sensors, and other industries.
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