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Abstract

Three-dimensional graphene-based structures such as graphene aerogels or foams have shown
applications in energy, environmental, and many other areas. Here, we present a method to convert
raw cotton into functional aerogels containing a significant amount of nitrogen-doped graphene
(N-graphene) sheets grafted on carbonized cellulous fibers. Urea was introduced into raw cotton as a
molecular template as well as a nitrogen source to synthesize mushroom-like N-graphene sheets
strongly attached to cotton skeletons. The excellent processibility of raw cotton allows us configure
bulk or meter-long fiber shaped aerogels, with high porosity and flexibility. Synergistic effects
stemming from the integration of N-graphene and carbonized cotton skeletons promise potential
applications as conductive electrodes for supercapacitors, with a measured specific capacitance of
107.5 F/g in a two-electrode system. Our results indicate a low-cost and scalable approach toward

high-performance graphene-based aerogels and electrodes via biomass templating.
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Nanoscale

Introduction

Three-dimensional (3D) porous structures usually have light weight, large surface area and
excellent flexibility, with a wide range of applications in our life.l'"* Graphene, as a nanoscale
building block, can be manufactured into versatile 3D porous materials such as aerogels, foams and
aerogel fibers."> ! Synthesis methods for those graphene aerogels and foams are critical, as they
determine the structure and properties of the resulting graphene products. To this end, a number of
methods have been developed, for example, graphene aerogels or foams can be made by solution

assembly of graphene oxide sheets or chemical vapor deposition (CVD) on porous templates.” " T

n
those materials, graphene or graphene oxide sheets create the main skeleton (pore walls) for the
porous structure, which is flexible and compressible to certain degree. The mechanical strength and
flexibility are primarily limited by the deformation of graphene walls as well as the interaction
between graphene sheets (e.g. van der Waals forces). In order to provide strength, graphene sheets

forming the pore walls are usually densely stacked, decreasing available surface area that is

important in some applications (e.g. catalysis, energy storage).

Fibrous structures widely exist in nature and they can be directly converted into functional

14-16]

aerogels,’ or mixed with nanomaterials (e.g. graphene oxide, silica nanofibers) to produce 3D

[17,18] Raw

frameworks with enhanced mechanical properties and better performance in applications.
cotton, an abundant biomass consisting of entangled microscale cellulose fibers, is extremely light
and flexible. Also, assemblies of raw cotton can be continuously spun into long fibers and woven

into fabrics, indicating excellent processibility. Certainly, thermal annealing could convert cotton into

carbonized 3D networks,[19] however, additional active materials must be introduced in order to bring
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functionality. Here, our idea is to use cotton as a fibrous template to fabricate shaped aerogels and
simultaneously graft graphene sheets inside the porous structure to impart functionality. Furthermore,
we have chosen a nitrogen-rich molecule, urea, to produce nitrogen-doped graphene (N-graphene)
which leads to high performance in supercapacitor applications. Although nitrogen doping of

[20-22]

graphene is considered as an effective way to improve applications, aerogels based on

N-graphene have seldom been reported.

Results and discussion

Our method involves mixing of two precursors (cotton and urea) and subsequent annealing to
form functional aerogels in controlled shape (see Experimental for details). Urea powders were
dissolved in distilled water and an entanglement of cotton was immersed in the urea solution, which
was then subjected to freeze-drying to make porous structure. Here, urea serves as a molecular
template (to form graphene) and also nitrogen source (for N-doping) while cotton microfibers act as
the carbon source to grow N-graphene in a two-step process at increasing temperature, as depicted in
Scheme 1. First, layered g-C3N,4 and small carbon clusters (intermediates) were generated from urea
and cotton, respectively, at about 500-600 °C (Fig. S1), and then N-graphene nanosheets were
formed between the g-C;N, layers (as template, which was decomposed then) at reaction temperature
up to 900 °C.**1 The above mechanism enables one-step synthesis of hierarchical aerogels

containing carbonized cotton skeletons and N-graphene sheets, as discussed later.

Photos of samples in different stages are shown in Fig. 1a, in which a mixture of cotton and urea
was placed in a rectangular dish container, and a block of porous structure was obtained after

freeze-drying, and finally a black-color aerogel was produced after thermal pyrolysis. Monolithic
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products in different shapes (triangles, balls, cylinders) have been fabricated (Fig. 2b). This aerogel,
consisting of carbonized cotton cellulose and grafted N-graphene sheets, is termed as CF@N-G-X (X
represents the ratio of urea content) aerogels. After reaction, the volume of the CF@N-G is only ~
57% of that precesuor aerogel because of the shrinkage of raw cotton fiber and the consuming of
urea. Also, the weight loss during the pyrolysis is as high as 87.3% because of the carbonization. The
resulting CF@N-G areogels have bulk densities of 8.3 to 42.8 mg cm™ depending on the ratio of raw
cotton to urea during synthesis (from 1:30 to 1:2). The light-weight aerogel can be placed on a dog’
tail flower without deforming the needles. After pyrolysis, the aerogel surface changed from
hydrophilic to hydrophobic due to the loss of oxygen containing functional groups on the cotton
cellulose. Thus a small block of aerogel could quickly uptake a floating dyed diesel oil membrane on
water surface by capillary adsorption (Fig. S2). In addition, the aerogel is fire-resistant when

subjected to flame burning.

Despite the low density, a cylindrical CF@N-G aerogel is robust enough to sustain repeated
bending and buckling without collapse (Fig. 1c). Previous graphene aerogels generally cannot be
bent into large angles. Mechanical tests also reveal excellent elasticity under uniaxial compression.
The aerogel could recover to original height after being compressed to strains up to 60%, which is
also shown in compressive stress-strain curves (Fig. 1d). The mechanical strength of CF@N-G
aerogels also depends on the ratio of raw cotton to urea, where a relatively small ratio (1:3) yields the
highest strength (~60 kPa at 60% strain) (Fig. 1e). By increasing the initial ratio of urea to raw cotton
from 3:1 to 10:1, more carbon fibers were consumed into N-graphene during the pyrolysis and the
maximum compressive stress of corresponding aerogel decreased to 20 kPa (at e=60%, Fig. le),

which further proved that the mechanical strength of CF@N-G is mainly attributed to the carbon
4
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fiber. After being compressed for 1000 cycles, a residual strain of about 10% was observed due to the

deformation of the cotton skeleton (Fig. S3).

When an entangled cotton mass is picked up from solution, it tends to shrink and form a yarn, a
process similar to wet-spinning of fibers. To take this advantage, we first immersed raw cotton into
urea solution and then slowly drew it into a continuous, uniform yarn assisted by a custom-made
motor spinning setup (Fig. 2a, 2b). Cotton/urea fibers with lengths of 50 cm to 2 m can be spun in
this way, having diameters in the range of 1-3 mm. After freeze-drying and thermal pyrolysis as done
for bulk aerogels, a black-color CF@N-G fiber was obtained with the same length as the original
cotton yarn but reduced diameter (Fig. 2b). The fiber is flexible enough to be knit into a
butterfly-knot, and is also conductive (can be used as a conducting wire for connecting a
light-emitting diode). Upon over-twisting, a straight CF@N-G fiber could be converted into a helical
shape with close-arranged micro-loops along the length direction, and further over-twisting resulted
in the formation of even more complex structures such as double-helices (Fig. 2c¢). Utilizing this
excellent processibility of raw cotton, it is possible to create functional aerogels in many different

macroscopic forms (e.g. 3D bulk structures, long fibers and woven fabrics).

Scanning electron microscopy (SEM) characterization on the microstructure of CF@N-G
aerogels reveals three distinct features. Unlike conventional graphene oxide-based hydrogels and
aerogels, here the carbonized cotton fibers form the main skeleton for the porous network while
N-graphene sheets were grafted on the fiber surface like mushrooms grown on a trunk (Fig. 3a, 3b).
Therefore our CF@N-G aerogels have a hierarchical porous structure. Second, graphene (oxide)

sheets in most of previously reported aerogels are usually stacked densely into pore walls in order to
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provide sufficient mechanical strength and structural stability, however, in CF@N-G aerogels
N-graphene sheets are randomly grown from the cotton fibers and more separated from each other
(Fig. 3c). This is favorable for maximum exposure and access of graphene surface area. Third, since
cotton-derived N-graphene sheets are directly grown from the fiber surface, the interface is
chemically bonded resulting in strong adhesion between the graphene and cotton fiber. This is also
evident from the transmission electron microscopic (TEM) images in which N-graphene sheets
remain on the fiber surface after ultra-sonication treatment (Fig. 3d, Fig. S7). Compared to bulk form
aerogels, the fiber-shaped CF@N-G spun-yarn aerogels appear more aligned but less porous because
of the spinning and densification of cotton fibers (Fig. S4). By adjusting the initial ratio of urea to
raw cotton, the N-graphene sheets can grow into different sizes (Fig. S5). To further investigate the
role of urea and raw cotton during the pyrolysis, raw cotton and urea was heated separately under the
same conditions as control samples. The correspondingly products have different morphologies
compared with CF@N-G, indicating that the combination of urea and raw cotton is necessary in the
synthesis of the “mushroom-branch” structure (Fig. S5, S6).

Chemical reaction during the fabrication process was monitored by FT-IR (Fig. 4a). For the
raw cotton, the peaks at 1640 cm™, 1430 cm™, 1350 cm™ correspond to the hydrophilic functional
groups such as C=0, C-OH and C-O-C. The finally product of CF@N-G has none of the above
peaks but two new peaks at 1550 cm™, 1165 cm™ which mainly attribute to the stretching vibrations
from C=N and C-N, indicating successful nitrogen-doping during thermal pyrolysis. Raman
spectrum of the CF@N-G sample further revealed the formation of graphitic carbon with a G-band at
1578 cm’™ (Fig. 4b). The D-bands centered at 1360 cm™ and the trend of D/G ratios (CF@N-G>CF

and CF@N-G>Graphene) reflect the presence of defects in CF@N-G because of nitrogen-doping
6
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which breaks the sp” carbon plane. Compared with graphene aerogel, the blue shift of CF@N-G is
due to the reduction of the in-plane correlation length (sp2 grain size) within ordered graphite layers.
X-ray photoelectron spectroscopy (XPS) analysis reveals the introduction of nitrogen atoms into the
structure of CF@N-G. The content of nitrogen dopant was estimated to be 5.4 atom% according to
the XPS analysis (Fig. 4c). A certain amount of oxygen was also detected which could be attributed
to adsorbed oxygen-containing molecules. The high-resolution N1s XPS spectrum of CF@N-G
demonstrates the presence of graphitic N and pyridinic N and it is worth noting that the percentage of
graphitic N in CF@N-G is much higher than pyridinic N (Fig. 4d), which is important for
pseudocapacitive effect. By adjusting the temperature of the second pyrolysis step, CF@N-G with
different N loadings can be obtained (Fig. S8). The content of N dopant decreased from 5.40% (at
900 °C) to 1.46% (at 1100 °C). Also, corresponding Raman spectra reveal the G band becomes
sharper and the intensity ratio of the D to the G band has decreased (Fig. S8), suggesting enhanced
graphitization at higher temperature and controlled nitrogen doping during the synthesis process
because of some C-N bonds were broken and nitrogen atoms were removed with increasing
temperature'** >,

The performance of CF@N-G aerogels as supercapacitor electrodes was characterized by cyclic
voltammetry (CV) measurements in a three-electrode configuration in 6 M KOH aqueous solution at
room temperature (Fig. 5). Meanwhile, carbon fiber aerogels (CF aerogels) made without urea were
also tested as a control sample. Compared with CF aerogels, some Faradaic humps were observed at
~ -0.2V in CF@N-G curves (Fig.5a), this is probably due to redox reactions of the doped nitrogen

atoms such as graphitic and pyridinic nitrogen species. Also, to further investigate the

electrochemical performance of CF@N-G samples, they were fabricated into supercapacitor devices

7
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and measured in a two-electrode system in a 6 M KOH aqueous solution (Fig.S9). As shown in Fig.
S9, among the CF@N-G supercapacitor devices, the CF@N-G-5//CF@N-G-5 device exhibits the
highest specific capacitance. At the scan rate of 2 mV/s, CF@N-G-5 presents a specific capacitance
of 107.5 F g'1 while the CF@N-G-10 device and CF@N-G-3 device only has 52.5 F g’1 and 73.3 F
g respectively. Compared with other N-doped graphene aerogels, the specific capacitance of our
electrodes is not very high properly due to the slightly higher bulk density (~ 20 mg cm™) and low
specific surface area of the carbon fibers (Table S1). Among the CF@N-G samples, the CF@N-G-5
exhibited the highest specific capacitance. At higher scan rates, the diffusion effect limiting the
migration of the electrolytic ions throughout the CF@N-G electrodes causes some active areas of
CF@N-G to become inaccessible for charge storage, resulting in considerable decrease in specific
capacitance *®!. The introduction of N-doped graphene onto carbon fibers has enhanced the specific
surface area of the CF@N-G (For CF@N-G-5, the BET specific surface area is 90.9 mz/g while CF
aerogel is 7.5 mz/g) and the surface wettablility of these carbon materials, and also induced
pseudocapacitive behavior. Besides, the etching of carbon fiber into N-graphene has reduced the
weight of CF@N-G aerogels, thereby increasing the specific capacitance than CF aerogels. Aslo,
galvanostatic charge-discharge experiments were done at various current densities (Fig. 5c), and
compared with the quasi-linear appearance of CF samples, the inflections of CF@N-G-5 imply the
impact of pseudocapacitance due to the effect of nitrogen atoms. By adjusting the synthesis
temperature of CF@N-G-5 from 900 °C to 1100 °C, samples with lower nitrogen doping were
obtained and correspondingly the specific capacitance declined (Fig. S10), indicating that nitrogen
doping plays an important role in electrochemical performance. As shown in Fig. S8, the Nls

spectrum of CF@N-G synthesized at 900 and 1100 C were fitted into two peaks, a lower energy

8
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peak near 398 eV, corresponding to pyridinic N and a higher energy peak around 401 eV
corresponding to graphitic N. The atomic percentages of graphitic N and pyridinic N were quantified
as 3.6% and 1.8% at 900 C and 1.29% and 0.17% at 1100 C. It is clear to see that with
temperature increased, pyridinic N decreased significantly (from 1.8% to 0.17%), leaving more
stable graphitic N within the graphene lattice (decreased from 3.6% to 1.29%), this change could
make CF@N-G-5 synthesized at 900°C have higher pseudocapacitance than that at 1100 ‘Cwhile

have less stability than CF@N-G-5 1100°C.

Furthermore, the long-term cyclic stability was investigated using CV measurement at a scan rate
of 100 mV s within a potential window of -0.5-0.5V. After charging-discharging for 10 000 cycles,
the capacitance retention of CF@N-G-5 maintains 63.5% which is lower than CF aerogel with
91.2% of the initial specific capacitance (Fig. 5d). This variation may be due to the effects from
doped heteroatoms which result in the pseudocapacitor with reduced cycle stability. However, the
specific capacitance increases for CF@N-G-5 1100 °C during the cyclic charge-discharge process
(Fig. 5d). The long term performance maintains at about 120% of the initial specific capacitance over
10 000 cycles, which shows that this CF@N-G-5 1100 °C electrode displays excellent stability,
probably due to the enhancement of graphitization or in situ activation of the electrode to expose
additional surface area.

Conclusions

In conclusion, we have demonstrated a simple and economic strategy for the scalable fabrication
of elastic, hierarchical structured graphene-based aerogels and fibers through the combination of raw
cotton and urea via a thermal condensation method. Unlike previously reported method using
graphene oxide as the starting materials, the successful synthesis of our N-doped graphene aerogels

may provide new insights into the design and synthesis of flexible graphene-based aerogels. The
9
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as-prepared graphene-based aerogels are constructed by nitrogen-doped graphene tethered to carbon
fibers, forming the unique “mushroom-branch” structure. With their low density, excellent elasticity
and multifunctionality in fire resistance, oil adsorption and supercapacitor electrodes, our aerogels

have a range of potential applications in heat insulators, adsorbents and electrodes.
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Two-step heat treatment

step 1. 600 'C

600 C Step 2. 900 C

g-C;N,

g-C;N, decomposed

600 'C ! SN ;
O e Nitrogen-doped Graphene

Carbon intermediates

900 C

Cotton

(b)

Carbon intermediates

Infusion of carbon intermediates Decomposition of g-C;N, Production of N-graphene
into g-C;N,
®  Blue color dots-nitrogen atoms from g-C;N, @ Purple color dots-carbon atoms from raw cotton

@ Grey color dots-carbon atoms from g-C;N,

Scheme 1. Flow diagram for the fabrication of the CF @N-G structure. a) Urea and raw cotton were mixed
together and then heated. The synthesis process involves a two-step heat treatment. First, urea was transferred
into g-C3;N, and carbon intermediates were generated from cotton fibers at 600 °C; then, as the temperature
increased, the carbon intermediates were condensed into graphene nanosheets. b) Detailed reaction mechanism
for synthesis of N-doped graphene. Carbon intermediates were infused into the interlayer space of g-C;N, and
due to the confinement of g-C3;Ny4, carbon intermediates rearranged into graphene sheets; meanwhile, g-C5Ny

was decomposed. In this regard, the g-C;N, acted as the template for synthesis of N-graphene.
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Figure 1. Fabrication of bulk-form CF@N-G aerogels. a) Photos of raw cotton mixed with urea solution,
the precesuor aerogel and the CF@N-G aerogel. b) CF@N-G aerogels with different shapes. ¢) A cuboid
CF@N-G aerogel is flexible enough to allow bending. d) The stress-strain curves of CF@N-G aerogel (urea:
raw cotton=3:1) at different maximum strain of 20%, 40% and 60%, respectively. Insets are digital images
showing compressibility of CF@N-G aerogel. e) The maximum stresses of CF@N-G-3, CF@N-G-5 and

CF@N-G-10 at maximum strain of 20%, 40% and 60%.
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CF@N-G fiber

o

CF@N-G fiber

Single-helix Double-helix

Figure 2. Fabrication of fiber-shaped CF@N-G aerogels. a) Photos of the wet fiber drawing process.

Cotton and urea were mixed together in water for 24 h, and then the wet fiber was drawn from the solution

with tweezers. b) Photo of spinning stage with rotation motor. The wet fiber was spun with an adequate speed

to form the precursor fiber. Then the dried precursor fiber was carbonized to fabricate the CF@N-G fiber. c)

CF@N-G butterfly knot, CF@N-G fiber can be used as a conducting wire, and a helix, double helix CF@N-G

fiber (the scale bar is 1 mm).
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(b)

@ N-graphene

@ Carbon fiber Mushroom-Branch

Figure 3. SEM and TEM micrographs of CF@N-G aerogels. a) Illustration of the morphology of the
CF@N-G aerogel and the photograph of a “mushroom-branch” structure in nature. b) SEM image of the
internal part of a CF@N-G aerogel. c) Close view of N-graphene nanosheets grafted to carbon fiber. d) TEM

image of N-graphene sheets grafted to a carbon fiber.
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Figure 4. FT-IR, Raman and XPS spectra. a) FT-IR spectrum of CF aerogel, g-C5N,, raw cotton and
CF@NG. b) Raman spectrum graphene aerogel, CF aerogel and CF@N-G. c¢) XPS survey spectra of CF@N-G,
g-C3N, and CF aerogel. d) High-resolution N1s spectrum of CF@N-G with the peak deconvoluted into

graphitic N and pyridinic N peaks.
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Figure 5. Electrochemical performance of CF@N-G aerogels. a) CVs of CF@N-G-5 electrode at different
scan rate in 6 M KOH aqueous solution. b) Calculated specific capacitances of the CF aerogel and CF@N-G
electrode. c) Galvanostatic charge-discharge curves of CF@N-G-5 at a current density of 1, 2, 5, and 10 A/g. d)
Cyclic tests of CF aerogel, CF@N-G-5 900 °C and CF@N-G-1100 °C after 10,000 charging and discharging

cycles at 100 mV/s.
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Experimental

Synthesis of Bulk-form CF @N-G Aerogel

Carbon fiber@N-doped graphene aerogel (CF@N-G aerogel) was synthesized as follows: First, purified raw cotton
was immersed into saturated urea aqueous solution (The ratio of raw cotton to urea by weight was kept at 1:3, 1:5,
1:10, and aerogels obtained were named as “CF@N-G-X” wherein X represents the ratio of the urea content.) with
a desired mold followed by freezeing for 24 h. Then, the frozen sample was subjected to freeze-drying for 48 h.
After sublimation of ice, a white cotton@urea aerogel was fabricated. The obtained cotton@urea aerogels were
then transferred into a tubular furnace for pyrolysis under argon flow. The sample was heated to 600 °C at a heating
rate of 1 °C min™ and kept at this temperature for 1 h, then heated to 900 (or 1000, 1100 °C) at 1 °C min”! and
held at these temperatures for 1 h to complete the pyrolysis process, and cool to room temperature naturally to yield
black and ultralight CF@N-G aerogels.

For comparison, pure urea was pyrolyzed under the same conditions without the presence of cotton. Also, another
reference sample of carbon fiber aerogel (CF aerogel) was synthesized by pyrolysis of raw cotton without adding
urea with the same method.

Fabrication of Fiber-shaped CF @N-G Aerogel

CF@N-G fibers were fabricated using a motor. First, raw cotton was soaked in urea solution for 24 h followed by a
wet-fiber drawing process with tweezers (one can draw a fiber with desired length by this way). Next, put one side
of the fiber on a custom-made spinning stage and another side on the spinning needle which was fixed on the motor.
The diameter of the fibers can be controlled by the speed of spinning motors. After freeze-dried, the as-spun fiber
was then transferred into the tubular furnace for pyrolysis under argon flow.

Electrochemical Characterization

Electrochemical measurements were carried out in both three-electrode and two-electrode system using an
electrochemical workstation (CHI660D, Chenhua Instruments, China) with 6 M KOH solution as the electrolyte.
The as prepared porous materials were directly used as the electrode. Typically, a thin slice of the aerogel was split
from the monoliths and clamped by two polymeric blocks. Platinum wires twisted around the polymeric clamps and
connected to the aerogel electrode were used as current collectors with a Pt wire and Ag/AgCl as the counter and
reference electrodes. For the fabrication of CF@N-G//CF@N-G supercapacitor devices, two slices of CF@N-G
were immersed in 6 M KOH and were separated by a filtration paper, then tested by the platinum wires twisted

clamps. The electrochemical performance was characterized by cyclic voltammetry. The specific capacitance of

17
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each sample was calculated from the CV curves according to the following equation:
I
Cear=F - dVIvav

Where [ is the response current (A), m is the total mass of aerogel electrodes (g), 4V is the potential range (V),

v is the potential scan rate (mV/s).
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3 i

Bulk or meter-long fiber shaped aerogels containing a significant amount of nitrogen-doped
graphene (N-graphene) sheets grafted on carbonized cellulous fibers were fabricated from raw
cotton and urea.
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