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/Abstract: Hierarchically structured carbon aerogels consist-
ing of one-dimensional carbon nanofibers and a three-di-
mensional carbon skeleton are prepared by sequential imidi-
zation and carbonization of bacterial cellulose/poly(amic
acid) composite aerogels. The as-obtained carbon aerogels
show excellent compressive properties, and can be directly
used as versatile adsorbents for various liquids with superior
sorption capacity and extraordinary recycling performance.
Interestingly, the recycled carbon aerogels can still be used

as electrode materials for supercapacitors with a high specif-
ic capacitance of 194.7 Fg™' and excellent stability, which is
attributed to the interconnected pores for fast ion diffusion,
the maximized active site exposure for efficient charge ad-
sorptions, and crosslinked carbon nanofibers for rapid elec-
tron transport. Therefore, this work provides a new strategy
to develop multidimensional carbonaceous materials for
both environmental and energy applications.

/

1. Introduction

For a long time, carbon-based materials have been regarded
as reliable candidates to solve the severe environmental and
water contamination issues." In recent years, carbon aerogels,
a promising class of carbon materials, have been applied in
a broad range of essential applications, such as adsorption,”
supercapacitors,””’ catalysis,” and hydrogen storage,” due to
their low density, high porosity, adequate corrosion resistance,
and high electrical conductivity.” Carbon aerogels consisting
of one-dimensional carbon nanofibers with high aspect ratio
are extremely intriguing for their unique aligned and intersect-
ed structures,”® which satisfyingly provide maximized adsorp-
tive and conductive properties. Recently, carbon nanofiber aer-
ogels derived from carbonaceous nanofiber monolithic hydro-
gels were obtained through the combination of template-di-
rected hydrothermal carbonization method, freeze drying tech-
nique and pyrolysis process, showing interconnected three-
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dimensional network structures with high sorption capacities
toward various oils and organic solvents.”” However, the fabri-
cation processes not only bring potential environmental risks
with the usage of sodium tellurite, but also are limited for
mass production. Biomass, such as watermelon,"” winter
melon,"" bagasse,"? and plant cellulose,' on the other
hand, has drawn great interest because of the rich reserves, re-
newability, and nontoxicity. Sun etal. synthesized porous
carbon aerogels from renewable biomass waste of coconut
shells via an easy and cost-effective simultaneous activation—
graphitization route,™ which provides short ion-diffusion
channels for energy-storage devices attributed to their unique
two-dimensional graphene-like structures. Nevertheless, the
complicated composition of coconut shells, including cellulose,
lignin, and pentosan, makes them hardly qualified as raw ma-
terials for further usages. Benefitting from the unique microbial
fermentation process,"® bacterial cellulose (BC) consisting of
high-content superfine nanofibers with 40-60 nm in diameter
is free of lignin/semicellulose, exhibiting large specific surface
area, high crystallinity and porosity.""'® Nitrogen-doped
carbon networks have been obtained through the carboniza-
tion of polyaniline-coated BC, which are directly used as excel-
lent electrode materials for supercapacitors.'” Wang et al. pre-
pared ultra-light nanocomposite aerogels consisting of BC and
graphene oxide, showing high sorption capacity (135-
150gg~") toward organic liquids.*” However, the lack of
strong crosslinking bonds/points between bacterial cellulose
derived carbon nanofibers leads to poor shape-retention abili-
ty, which makes it critical to explore next-generation carbon-
nanofiber-based aerogels with excellent mechanical properties
to meet the ever-increasing demand.
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As one kind of the most widely used engineering plastics,
polyimide (Pl) materials possess a great deal of outstanding
merits, such as excellent mechanical properties, high specific
surface area, good thermal stability, and superior electrical con-
ductivity.?"* The successful synthesis of polyimide/carbon
nanofiber nanocomposites with superior mechanical properties
indicates the great possibility of polyimide aerogels as self-sup-
ported sorbents.?? Additionally, flexible nitrogen-doped
carbon membranes fabricated by direct carbonization of heter-
ocyclic polyimide membranes exhibit excellent volumetric ca-
pacitance of 159.3Fcm™ at 1Ag', high rate capability of
127.5Fcm 2 at 7 Ag~', and long cycle life, further manifesting
the potential applications of Pl-based carbon materials as
high-performance electrochemical electrode materials.*”

In this work, carbon aerogels consisting of one-dimensional
carbon nanofibers derived from BC and the three-dimensional
carbon skeleton derived from Pl were successfully synthesized
through the sequential imidization and carbonization of BC/
poly(amic acid) aerogels. Due to the excellent mechanical
properties, porous structures and capillary effect of carbon
nanofibers, the as-obtained carbon aerogels are directly used
as versatile adsorbents, showing superior adsorption capacity
and extraordinary recycling performance. Furthermore, high
specific capacitance of 1947 Fg™' at a current density of
0.5 Ag™", good rate capability, and high capacitance retention
of 94% after 5000 cycles are achieved when the carbon aero-
gels are employed as supercapacitor electrodes. Therefore,
such versatile carbon aerogels may find potential applications
in areas of not only adsorption but also high-performance
energy-storage devices.

2. Results and Discussion

The typical preparation process is displayed in Scheme 1, and
the details can be found in Experimental Section. Freeze-dried
from BC/PAA suspensions in regular molds, white cylindric BC/
PAA-50 aerogel is obtained as shown in Figure 1, displaying
outstanding mechanical properties with a high compressive
modulus of 0=0.63 MPa at a set compressive strain of ¢=

Imidization

—

' Carbonization
4——

Carbon aerogel BC/F aerogel

Scheme 1. Schematic for the preparation of BC/PAA aerogel, BC/PI aerogel,
and BP carbon aerogel.
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Figure 1. Compressive modulus (o) versus compressive strain (¢) curves for
BC/PAA-50, BC/PI-0, BC/PI-12.5, BC/PI-25, BC/PI-37.5, BC/PI-50 aerogels, and
BP-50 carbon aerogel. Insets are the corresponding digital photographs of
BC/PAA-50, BC/PI-50 aerogels, and BP-50 carbon aerogel.

60% (as the black line shows in Figure 1). Then, BC/PAA aero-
gel is turned into deep-yellow BC/PI aerogel, with the imidiza-
tion reaction of —COOH and —NH, groups on PAA chains to
form the six-membrane ring imide (i.e., —CO—NH—CO-).??”
Moreover, two obvious weight loss processes are observed for
the BC/PI-50 aerogel from the TGA curve in Figure S1 in the
Supporting Information. The weight loss of about 43% before
460 °C belongs to the decomposition of bacterial cellulose in
air while the residual weight loss of about 57% at a higher
temperature of about 530°C is due to the decomposition of
more thermally stable polyimide. Furthermore, due to the
strong covalent bonds of the six-membrane ring imide, BC/PI-
50 aerogel shows superior compressive modulus of o=
0.97 MPa at the set compressive strain of e=60% (as shown
by the olive line in Figure 1), which is significantly higher than
those of other fibrous aerogels.”®*’ In addition, the compres-
sive modulus of BC/PI aerogels improves with the increase of
Pl content, which can be attributed to the rigid chains of poly-
imide and enhanced crosslinking effects between polyimide
and ultrafine BC nanofiber networks. Therefore, the BC/PI-50
aerogel displays the most excellent mechanical property, re-
vealing two characteristic deformation regimes:®*” a Hookean
or linear elastic regime at ¢ <6% and a densification regime at
&€>6%. Though a lower compressive modulus of =67 kPa at
the set compressive strain of e=60% (as shown by the navy
blue line in Figure 1) is achieved after carbonization of BC/PI-
50 aerogel, BP-50 carbon aerogel can still endure 200 g weight
without any deformation compared with the poor mechanical
property of BP-O carbon aerogel (as shown in Figure 2a),
which is attributed to the reserved interconnected three-di-
mensional (3D) microstructure where the delicate carbon
nanofibers are strongly supported by the Pl-derived carbon
skeleton. Interestingly, the robust BP-50 carbon aerogel can
even stand on a dog’s tail grass without any bending (Fig-
ure 2b), indicating its low density.

The microstructure of the carbon aerogels was observed by
FESEM as shown in Figure 2 c-2 f. For BP-0 carbon aerogel, bac-
terial cellulose-derived carbon nanofibers with diameter of 40-
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Figure 2. (a) Digital photographs of BP-50 and BP-0 carbon aerogels after
loading of 200 g weight. (b) Digital photographs of BP-50 carbon aerogel
standing on a dog's tail grass. Typical FESEM images of BP-0 (c), BP-100 (d),
and BP-50 (e, f) carbon aerogels at different magnifications.

60 nm are intertwined into 3D networks. Nevertheless, the
lacking of effective crosslinking leads to its poor mechanical
properties. Oppositely, polyimide-based BP-100 carbon aerogel
is consisted of unevenly enclosed shallow holes ranging from
5 to 20 um, which would inevitably hinder the adsorption ca-
pacity toward oils/organic solvents. Completely differing from
the morphologies of BP-0 and BP-100 carbon aerogels, BP-50
carbon aerogel exhibits cellular architectures with smaller and
more uniform holes (~ 10 um). Moreover, the holes are highly
interconnected with each other by the carbon skeleton origi-
nated from polyimide. As magnified in Figure 2 f, numerous
bacterial-cellulose-derived carbon nanofibers cross between
the carbon skeleton to further partition the holes into narrow-
er spaces. In addition, the TEM image in Figure S2 also reveals
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that carbon nanofibers are closely connected between or even
wrapped into the three-dimensional carbon skeleton. The
unique structure consisting of 1D carbon nanofibers inter-
twined within the 3D carbon skeleton can be attributed to the
successfully generated hydrogen bonds between bacterial cel-
lulose nanofibers and PAA chains during the homogenizing
process, which can not only increase the specific surface area,
but also provide more ion diffusion and electron transport
channels. BET analysis shows high specific surface area of
404.4 m>g~" for BP-50 carbon aerogel (Figure 3) with a relative-
ly narrow pore size distribution in the range of 2 to 7 nm
(inset of Figure 3), which is beneficial to achieve higher adsorp-
tion capacity and provide more active sites for charge adsorp-
tion.

300
J 0.124
—~ o
e z .
o 250 w008 °
= 4 Eo.oa- m [
= s .
2 ]
Z 2004 Fow| VN~ veso'd
lc- 5 10 15 20 ...00 u
% 9 Pore diameter (am) ..O '.'
o 150- vo® ey
g 0.... - "...
> 1 o®® ..'l"'.
” 100{ #8
y
) T T T T T T T T T L} 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/Po)

Figure 3. N, adsorption/desorption isotherms and the corresponding pore
size distribution (inset) of BP-50 carbon aerogel.

XRD and XPS analyses were carried out as shown in Figure 4
to demonstrate the surface information of BP-50 carbon aero-
gel. The obvious peak at 20 =25° belongs to a typical (002) in-
terlayer peak of graphite-type carbon (Figure 4a). The atomic
percentages of C and O in BP-50 carbon aerogel (Figure 4b)
are 81.9% and 14.1%, respectively, providing direct evidence
of the high intensity of sp> C—C bond at about 284.6 eV (inset
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Figure 4. Surface information of BP-50 carbon aerogel: (a) XRD pattern; (b) XPS spectrum and the corresponding high-resolution C 1s spectrum.
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of Figure 4b) due to the high-temperature carbonization of
BC/PI aerogel. To emphasize, a high content (4%) of nitrogen
atoms is observed, which may be derived from the precursor
of polyimide. According to the previous report,*? the precur-
sor of polyimide (i.e., polyamide acid) contains enriched nitro-
gen atoms in the polymer chain, which can be hybridized into
the carbon skeleton during the carbonization process and thus
results in high efficiency of nitrogen doping.

The 3D porous structure of BP-50 carbon aerogel with low
density, high hydrophobicity and excellent mechanical proper-
ties makes it an ideal candidate for removal of organic pollu-
tants/oils. As shown in Figure 5a, heptane (stained with Sudan
red 5B) floating on water was rapidly and completely adsorbed
by cylindrical BP-50 carbon aerogel in several seconds even
with slight contact between BP-50 carbon aerogel and the
target pollutant (the dynamic process is shown in Movie S1,
Supporting Information). Attributing to its low density and
high hydrophobicity, the BP-50 carbon aerogel saturated with
organic liquids can float on the surface of water, which makes
it convenient to be recycled after adsorption of organic pollu-
tants/oils.®" In addition, when the BP-50 carbon aerogel is im-
mersed in water to contact with chloroform (stained with
Sudan red 5B) as shown in Figure 5b, chloroform is adsorbed
from water completely and rapidly (with the dynamic process
shown in Movie S2, Supporting Information).

In order to further study the adsorption efficiency of BP-50
carbon aerogel, a series of organic liquids, including petroleum
products (e.g., pump oil), fats (e.g., colza oil), water-miscible
solvents (e.g., isopropyl alcohol, benzyalcohol, DMF, acetone,
and ethanol), and water-immiscible solvents (e.g., chloroform,
toluene, octadecylene, heptanes, cyclohexane, and hexane),
are studied as typical adsorbates. As shown in Figure 5¢, the
BP-50 carbon aerogel generally shows high adsorp-
tion efficiency toward almost all of the liquids with
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Figure 5. Adsorption of organic liquids by BP-50 carbon aerogel. (a) Photo-
graphs showing the adsorption process of BP-50 carbon aerogel toward
heptane taken at time intervals of 5 s. The red heptane floating on water
was stained with Sudan red 5B. (b) Photographs showing the adsorption
process of chloroform by BP-50 carbon aerogel taken at time intervals of 2 s.
The red chloroform droplet at the bottom of water was stained with Sudan
red 5B. (c) Adsorption efficiency of BP-50 carbon aerogel toward various or-
ganic liquids. Weight gain here is defined as the weight ratio of the adsor-
bate to the dried BP-50 carbon aerogel.

the uptake values at 10-40 times of its own weight, Table 1. Comparisons of the adsorption capacity of various adsorbent materials.
depending on the surface tension and viscosity of . .

L. Adsorbent materials Adsorbed substances  Adsorption Ref.
the adsorbed liquids. Furthermore, the crossed capacity [gg~"]
carbon nanofibers between the carbon skeleton can

id I th for liauid fi I Corn stalk gas oil 8 [35]
provide sma p.a ways for liquid flow as well as en- Expanded perlite oil 3975 36]
hance the capillary effect of carbon aerogels, thus Carbon nanofiber/carbon foam  motor 25 [32]
contributing to the high adsorption capacity.”' Carbon nanotube sponges oil/organic solvents 80-180 [37]
More importantly, the BP-50 carbon aerogel displays | Carbon nanotube aerogel vegetable oil 40-80 (38]

h high d ti ity th th f th Microporous polymers oil/organic solvents 5-25 [33]
muc. igher adsorption capacity than .ose of the Sawdust oil 3.77-6.4 39]
previously reported adsorbents (shown in Table 1), | Melon carbon aerogel oil/organic solvents  16-50 1]
such as carbon nanofiber/carbon foam (25 times),*? BP-50 carbon aerogel oil/organic solvents 10-40 This work

melon carbon aerogel (16-50 times),"” conjugated
microporous polymers (5-25 times).?¥ In addition,
the simple preparation process and earth-abundant precursors
for BP-50 carbon aerogel jointly make it a cost-effective ad-
sorbent for removal of organic pollutants/oils in water.
Recyclability of the adsorbents is another key criterion for
environmental remediation applications. In order to demon-
strate the recycling performance of BP-50 carbon aerogel, ad-
sorption-combustion experiments are carried out by using
ethanol as the adsorbate. As shown in Figure 6a, the BP-50
carbon aerogel still maintains a cylindrical shape with inherent
multi-dimensional porous structures (Figure 6b) after the re-
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moval of ethanol by combustion in air. The adsorption capacity
only drops by 5.1% after 5 cycles, indicating stable adsorption
and recycling performance of BP-50 carbon aerogel.
Interestingly, the recycled BP-50 carbon aerogel (denoted as
rBP-50 carbon aerogel) can still be applied as electrode materi-
als for supercapacitors due to its good retention of porous mi-
crostructures after 5 adsorption-combustion cycles. The elec-
trochemical performance of rBP-50 carbon-aerogel-based elec-
trode is measured in 6 M KOH solution using a three-electrode
configuration. In Figure 8a, the near-rectangular shape of CV
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Figure 6. (a) Photographs showing the recycling process of BP-50 carbon

aerogel via combustion. (b) Typical FESEM image of rBP-50 carbon aerogel
after 5 adsorption-combustion cycles. (c) Recycling performance of BP-50
carbon aerogel for adsorption of ethanol by adsorption-combustion pro-
cesses.

curves between —1 to 0V is well-maintained with the in-
creased scan rate, even at a high rate of 200 mVs™, indicating
its ideal capacitive behavior. Furthermore, galvanostatic
charge-discharge curves between —1 and 0V exhibit a triangu-
lar shape without obvious internal resistance, which further
proves the electric double layer capacitor characteristics of
rBP-50 carbon aerogel. According to Equation (1) (see the Ex-
perimental Section), the specific capacitance of rBP-50 carbon
aerogel is calculated to be 194.7 Fg™' at a current density of

~
=
-’

(b)
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0.5 Ag™', which is much more outstanding than the previous
works reporting on carbon-based electrode materials (Table 2),
such as bacterial cellulose/lignin-based carbon aerogel,** and
graphene/carbon aerogel.”” The excellent electrochemical per-
formance can be attributed to the following reasons: 1) First,
the 3D structure of carbon aerogels with interconnected pores
is beneficial to generate more channels for electrolyte diffusion
into the inner spaces through the capillary effect. 2) Second,
the high specific surface area of BP-50 carbon aerogel can ob-
viously provide more active sites for efficient charge adsorp-
tion for fast charge and discharge processes. 3) The intercon-
nected carbon nanofibers within the 3D carbon skeleton seem
to act as “bridges” to more efficiently transport electrons in
the interior structure of the electrode.

Benefiting from the above-mentioned merits of this multi-di-
mensional carbon aerogel, a high capacitance of 108.7 Fg™" is
retained even at a high current density of 10 Ag™', indicating
the good rate capability of rBP-50 carbon aerogel (Figure 7 c).
Figure 7d shows a high capacitance retention of about 94%
for rBP-50 carbon aerogel at a scan rate of 100 mVs™' after
5000 cycles with similar shapes of the CV curves before and
after cycling tests, as shown in the inset of Figure 7d, revealing
excellent cycling stability of rBP-50 carbon aerogel for potential
applications in long-term carbon-based electrode materials.

EIS analysis in the frequency ranging from 10 mHz to
100 kHz with 5 mV amplitude is taken to further investigate
the fundamental resistance behavior of rBP-50 carbon aerogel
as supercapacitor electrodes. As shown in Figure 8, a small
equivalent series resistance of ca. 0.4 Q without evident semi-
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Figure 7. Electrochemical characteristics of rBP-50 carbon aerogel electrode in 6.0 M KOH aqueous solution by using a three-electrode system. (a) CV curves at
different scan rates between 5 and 200 mVs™". (b) GCD curves at various current densities ranging from 0.5 to 10 Ag~". (c) Specific capacitance of rBP-50
carbon aerogel at different discharge current densities. (d) Cycling performance of rBP-50 carbon aerogel at a constant scan rate of 100 mVs™' with the inset

showing the CV curves at the 1st and 5000th cycles.
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lus of 0=67 kPa at a set compressive strain of ¢=
60%, superior adsorption capacity, and excellent re-
cycling performance. Furthermore, the recycled
carbon aerogel can be directly used as the electrode

Table 2. Comparisons of the specific capacitances of carbon-based electrode materi-
als in a three-electrode system.
Conditions  Ref.

Carbon-based electrodes Specific capacitance [Fg™']

BC/lignin based carbon aerogel 124 (0.5 Ag™") 6m KOH [34] material for supercapacitors with excellent electro-
G’ap[h]e”e/carbm aerogel 178.1 (1 Ag :) 6M KOH 1] chemical performance. As a result, we provide a new
ggz—d:r?\gjigzzzr;rbon ig;.és(g?:/;g)q) ;x ::Zosl_'O“ {jﬂ st.rategy to Fiesign rr?ulti-dimgnsional carbon aeroggls
Activated carbon nanofiber 296 (2 mVs~) 6mM KOH  [19] with versatile functions, which may have potential
CNT"-hollow carbon spheres 2015 (0.5Ag™") 6M KOH [42] applications in the fields of environmental remedia-
3D porous graphene 242 2Ag™) 1m H,S0, [43] tion and energy storage.

Bagasse derived carbon 1366 2 mVs™) 6M KOH [12]

rBP-50 carbon aerogel 194.7 (0.5Ag™") 6M KOH This work

carbon nanotubes.

[a] MOF: metal organic framework; [b] ZIF: zeolitic imidazolate frameworks; [c] CNT:

4. Experimental Section

circle is observed in the high frequency region for rBP-50
carbon aerogel, which corresponds to the charge transfer re-
sistance. The vertical slope of the linear part in the low fre-
quency region further indicates the low resistance of ion diffu-
sion and electron transfer for rBP-50 carbon aerogel. Especially,
the conductivity of rBP-50 is dramatically enhanced compared
with rBP-100 carbon aerogel (Figure S3), further indicating the
effectively reduced impedance of rBP-50 by the interpenetrat-
ed carbon nanofibers within the 3D carbon skeleton. Further-
more, slight increase of the resistance can be observed for rBP-
50 carbon aerogel after 5000 cycles, indicating the excellent
capacitive behavior of the electrode, which can be attributed
to the porous structure constructed from 1D carbon nanofibers
and the 3D carbon skeleton.
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Figure 8. Nyquist plots for rBP-50 carbon aerogel in a frequency range from
10 mHz to 100 kHz during the life cycle tests. The inset shows the enlarged
impedance spectra at the high-frequency region.

3. Conclusion

A facile method has been developed to produce multi-dimen-
sional carbon aerogels by the successive imidization and car-
bonization of bacterial cellulose/poly(amic acid) aerogels. The
obtained carbon aerogels composed of one-dimensional
carbon nanofibers derived from bacterial cellulose and the
three-dimensional carbon skeleton derived from polyimide dis-
play excellent mechanical strength with a compressive modu-
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Materials

The bacterial cellulose pellicles (30x40 cm?) were pur-

chased from Hainan Yide Food Co. Ltd. 4,4"-oxidianiline
(ODA), pyromellitic dianhydride (PMDA), triethylamine (TEA, 98 %),
N,N-dimethylacetamide (DMACc), cyclohexane, ethanol, acetone,
N,N-dimethylformamide (DMF), benzylalcohol, hexane, heptanes,
isopropyl alcohol, octadecylene, toluene and chloroform were all
purchased from Sinopharm Chemical Reagent Co. Commercially
available oil products (i.e., pump oil and colza oil) were used as
probing liquids for oil sorption-capacity studies. All chemicals were
of analytic grade and used without further purification.

Preparation of water-soluble poly(amic acid) (PAA)

The polycondensation process of water-soluble PAA (the precursor
of PI) follows our previous work.?" Briefly, 8.62 g of 4,4-ODA and
102 g of DMAc were added into a 250 mL three-neck round
bottom flask, and stirred with a mechanical agitator to be dis-
solved completely. Then, 9.38g of PMDA was added into the
above solution, and stirred at 0°C for 5 h to obtain the prepolymer
of PAA. Subsequently, 4.36 g of TEA was slowly added and stirred
for another 5 h to dissolve PAA. Thus, a viscous PAA solution with
the solid content of 15wt% was obtained. It was then slowly
poured into deionized water at 0°C to guarantee adequate solvent
exchange of DMAc. Finally, the PAA solid was frozen in liquid nitro-
gen (—196°C) and subsequently freeze-dried for further use.

Preparation of BC/PAA, BC/PI aerogels and carbon aerogels

The BC pellicles were firstly immersed into 0.1 M NaOH solution for
6 h, and then washed with deionized water for several times to pH
~7. Then, the rectangular BC pellicles were frozen in liquid nitro-
gen (—196°C) and subsequently freeze-dried. In a typical prepara-
tion process of carbon aerogels, 4 g of PAA was dissolved into
a mixed solution of 90 g deionized water and 2 g TEA to form a vis-
cous PAA solution. Afterwards, 4 g of the freeze-dried BC mem-
brane was cut into 1x 1 cm? pieces and dispersed into the above
PAA solution by homogenizing the mixture at 18000 rom for
30 min using an IKA T25 homogenizer, thus yielding a uniform BC/
PAA suspension containing 4 wt% BC nanofibers and 4 wt% PAA
(with a mass ratio of 1/1 for BC/PI). Then, the suspension was
poured into desired molds, frozen in liquid nitrogen (—196°C), and
freeze-dried for 48 h to form BC/PAA aerogel through the fibrous
freeze-shaping technique.” The obtained BC/PAA aerogel (denoted
as BC/PAA-50, where “50” presents the mass percentage of PAA in
the BC/PAA aerogel) was further heated up to 300°C in nitrogen
flow with a heating rate of 2°Cmin~", during which process it was
respectively kept at 100, 200, and 300°C for 30, 30, and 60 min for

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemnanomat.org

Eiorial ocity

the complete imidization of PAA into polyimide. At last, the BC/PI-
50 aerogel was further heated up to 800°C at a heating rate of
5°Cmin~" and holding at 800°C for 1 h under N, atmosphere to
obtain carbon aerogel, which was labeled as BP-50 carbon aerogel.
Meanwhile, carbon aerogels derived from BC/PAA aerogels with
different BC/PAA mass ratios of 1:0, 7:1, 3:1, 5:3, 0:1 were also ob-
tained using the above procedures, which are denoted as BP-0, BP-
12.5, BP-25, BP-37.5, and BP-100 carbon aerogels, respectively.

Characterization

The compression tests of BC/PAA-50, BC/PI-0, 12.5, 25, 37.5, 50 aer-
ogels and BP-50 carbon aerogels were performed using an elec-
tronic universal testing machine (CMT 4104) equipped with two
flat-surface compression stages at a speed of 2 mms™'. Cylindrical
samples with diameters of ~18 mm and height of ~30 mm were
used in all compression tests. The morphology of the samples was
investigated by field emission scanning electron microscope
(FESEM, Ultra 55, Zeiss) at an acceleration voltage of 5 kV. Transmis-
sion electron microscopy (TEM) image was observed on a JEOL-
2010 transmission electron microscope at an acceleration voltage
of 200 kV. The specific surface area was calculated by the conven-
tional Brunauer-Emmet-Teller (BET) method with a belsorp-max
surface area detecting instrument (Tristar3000). The pore size distri-
bution was derived from the adsorption branches of isotherms by
Barrett-Joyner-Halenda (BJH) method. Phase structure of the
sample was conducted by X-ray diffraction (XRD, X'pert PRO, PANa-
lytical) with Cuy, radiation (A=0.1542 nm) at a speed of 5°min"’
from 26=10° to 70° under a voltage of 40kV and a current of
40 mA. X-ray photoelectron spectroscopy (XPS) analyses were car-
ried out on a RBD upgraded PHI-5000C ESCA system (PerkinElmer)
with Mgy, radiation (hv=1253.6 eV). All XPS spectra were correct-
ed using C1s line at 284.6 eV while curve fitting and background
subtraction were accomplished using a RBD AugerScan 3.21 soft-
ware. Thermogravimetric analysis (Pyris 1 TGA, PerkinElmer) was
performed in air from 100 to 700°C at a heating rate of
20°Cmin~".

Sorption of oils and organic solvents

In a typical sorption experiment, a carbon aerogel was directly
placed in organic liquids or oils until reaching the adsorption equi-
librium, and then taken out for weight measurement. Weight gain
of the aerogel was calculated according to its weight change
before and after adsorption. In order to prevent the evaporation of
the adsorbed organic liquid with low boiling points, the weight
measurement should be done quickly. All adsorption experiments
were conducted three times to get the average sorption capacity.
Recycle of carbon aerogels was accomplished by the direct com-
bustion of aerogels in air to remove the adsorbed liquid.

Electrochemical measurements

Prior to all electrochemical measurements, electrodes were pre-
pared according to the previously reported work.”” Electrochemi-
cal measurements were performed in 6 M KOH aqueous solution
on an electrochemical working station (CHI660D, Chenhua Instru-
ments Co. Ltd., Shanghai) with a standard three-electrode setup,
where the Ag/AgCl and Pt wire were used as the reference and
counter electrode, respectively. The working electrode was pre-
pared by mixing the powder of carbon aerogel (milled using
a quartz mortar), carbon black and poly(tetrafluoroethylene) in
a mass ratio of 80:10:10 to obtain slurry. Then, the slurry was press-
ed onto the nickel foam current collector and dried at 80°C for
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12 h. Mass loading of the electrode materials was fixed at 3 mg.
Cyclic voltammograms (CV) were obtained from —1 to 0V with dif-
ferent scan rates ranging from 5 to 200 mVs~'. Galvanostatic
charge-discharge (GCD) testing was performed between —1 and
0V under different current densities from 0.5 to 10 Ag™". The elec-
trochemical impedance spectroscopy (EIS) measurements were
conducted by applying an AC voltage in the frequency range from
10 mHz to 100 kHz with an amplitude of 5 mV. The specific capaci-
tance (C,) can be calculated from galvanostatic charge-discharge
curves according to Equation (1):

_Ix At
T mxv

G (M

where [ (A) is the current, v (V) is the potential, m (g) is the mass of
electroactive materials, and At (s) is the discharge time.
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