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ABSTRACT: Hierarchically porous carbon aerogels (CAs) were synthesized by following a green, facile preparation route involving
ice-templating and lyophilization followed by carbonization. For the first time, we report CAs prepared with a cooling rate of 7.5 K/
min, demonstrating a very high specific surface area (SSA) of 1260 m2 g−1 without any physical or chemical activation steps, and the
electrode prepared using the latter aerogel showed superior electrochemical performance with a specific capacitance of 410 F g−1 at 2
m V s−1 with a cyclic stability of 94% after 4500 charge−discharge cycles. The effects of the ice-templating cooling rate and the solid
content of lignin and cellulose nanofibers (CNFs) in the suspension on the structure and electrochemical performance of the CAs
were investigated. The ice-templating process and the cooling rate were found to have a large effect on the generation of the
nanoporous structure and the specific surface area of carbon aerogels, while the solid content of the lignin-nanocellulose suspension
showed negligible effects. When assembled as a supercapacitor (SC), a remarkable specific capacitance of 240 F g−1 at 0.1 A g−1 was
achieved. The relaxation time constant for the prepared SC was 1.3 s, which shows the fast response of these SCs. In addition, an
energy density of 4.3 Wh kg−1 was also obtained at a power density of 500 W kg−1. Thus, this study opens new perspectives for the
preparation of green, environment-friendly, free-standing, high-performance CA electrodes for future energy storage applications.

KEYWORDS: carbon aerogels, ice-templating, nanoporous structure, supercapacitors, specific capacitance

■ INTRODUCTION
Carbon aerogels (CAs) are materials having a three-dimen-
sional (3D) hierarchical network structure with interconnected
macro-, meso-, and micropores. Typically, CAs have a low
density, high specific surface area (SSA), controllable pore size,
and good chemical as well as mechanical stability, which have
attracted increased research attention in recent years.1−3

Different methods have been reported for the preparation of
CAs such as pyrolysis of the organic polymer frameworks
prepared using the sol−gel polymerization technique4,5 and
silica template-assisted techniques.6 These techniques, how-
ever, had limitations; for example, the processes did not
adequately address the issue of ion mobility due to a lack of
adequate amount of mesoporous structures in the obtained
CAs to facilitate the ion diffusion. Moreover, micropores
obtained were smaller in sizes or were narrow in shape,
resulting in poor accessibility for electrolyte ions, high cost,
and complex preparation processes including physical or

chemical activation steps for generating high SSA.7,8 With
the increasing energy demand of the world, the need for an
economical, renewable, and abundant alternative to the
conventional carbon precursors has been explored by several
researchers around the world using biomass. Among those,
lignin-based CAs showed potential for future energy storage
applications.2,8

One of the recent advancements for efficiently isolating
lignin from black liquor is the invention of the LignoBoost
process, which offers lignin with high purity, high yield, and
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low ash and carbohydrate contents, with low investment and
operation costs.9,10 The high aromatic content in lignin, which
results in a high carbon yield, is the key factor that makes lignin
an attractive raw material for the preparation of CAs.8,11,12 Due
to their unique hierarchical pore structure with numerous
interconnected pores in all ranges, i.e., micropores (<2 nm),
mesopores (2−50 nm), and macropores (>50 nm), these CAs
exhibit good electrical double-layer capacitance (EDLC). Yet
their successful applications in energy storage devices demand
even higher capacitance values of these electrodes to compete
with the conventional carbon electrodes made using graphene
or carbon nanotube.8,11 Recently, an approach via ice-
templating process followed by lyophilization and carbon-
ization has emerged as a promising preparation route to
manufacture lignin-based anisotropic porous carbons, which
are useful for various applications like supercapacitors,2,8,11,13

electromagnetic interference shielding (EMI) materials,14,15

and for CO2 capture.11,16 Ice-templating is a segregation-
induced templating process of a second phase (such as
polymers, ceramics, or metals) using a solvent in which the
second phase is either soluble or dispersible to facilitate crystal
growth in their solidified phase. These solvent crystals are
removed by sublimation, resulting in a templated porous
structure where the pores replicate the morphology of solvent
crystals.17−19 There are several factors that influence the
microstructure of ice-templated materials. The structure of the
aerogels is strongly influenced by the freezing source and
conditions. The freezing step can be done in different ways, for
example, freezing the sample in a normal freezer (typically
around −25 °C), which is enough for freezing aqueous
suspensions, or using a liquid nitrogen bath (−196 °C) with a
controlled cooling rate.17,18 The nucleation mechanism of the
ice crystals with respect to the source temperature has been
well established. Ice crystal nucleation and growth are
controlled by the degree of supercooling. If the supercooling
is low, which is the case for normal freezer conditions, crystal
growth is kinetically more favored than nucleation. Hence, the
structure would consist of fewer numbers of larger pores after
the sublimation process. However, in the case of a high degree
of supercooling, as in the case of direct freezing in liquid
nitrogen, nucleation is more dominant than crystal growth,
resulting in a larger number of smaller pores.18,19 It has been
established that adjustments in the cooling rate and temper-
ature gradient provide high control over the final pore size and
pore orientation of the ice-templated structures.17,19−21 The
final morphology of the materials can also be tuned by
changing the solid content of the suspension since the pore
generation depends on the amount of water present in the
suspension. It has been observed that a too low solid content
in the initial suspension led to weaker structures, while a too
high concentration resulted in nonporous microstructures.18,20

In previous studies11 on lignin-based CAs prepared through
ice-templating, we reported that CAs consisting of kraft lignin
and 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-
mediated oxidized cellulose nanofibers (CNFs), which were
ice-templated from the suspension with a solid content of 6 wt
% with a cooling rate of 10 K/min followed by lyophilization
and carbonization, led to a specific capacitance of 129 F g−1 at
a current density of 0.2 A g−1.11 In a comparative study
performed by Thomas et al.,8 CAs were prepared from
different types of lignins and mechanically fibrillated CNFs,
where the solid content of the initial suspension was 2.3 wt %
and the ice-templating cooling rate was 10 K/min, showing a

higher specific capacitance of 163 F g−1.8 Even though these
studies used the ice-templating technique for preparation of
the lignin-/CNF-based CAs, the crucial importance of different
ice-templating process parameters (solid content of the lignin/
CNF suspensions and ice-templating cooling rates) on the final
morphology, SSA, and electrochemical performances of CAs
remains to be explored. Tuning the hierarchical pore structure
of CAs by careful selection of ice-templating processing
parameters can be beneficial for obtaining excellent electrodes
for supercapacitors (SCs).
The aim of the current study was to investigate the

importance of ice-templating process kinetics, such as the
cooling rate (5, 7.5, and 10 K/min) as well as fiber−polymer
interactions in lignin/CNF suspensions (3, 5, and 7 wt %) on
the pore structure, and electrochemical performances of CAs.
The hypothesis was that the hierarchical pore structure,
ranging from micropores (<2 nm) to mesopores (2−50 nm)
and macropores (>50 nm), can be tailored by the material
composition and ice-templating parameter used. The results
showed remarkable differences in the CA microstructure,
porosity, specific surface area, and hence electrochemical
performances because of the ice-templating process. The
presented simple and green approach for the preparation of
CAs has great potential for energy storage applications.

■ EXPERIMENTAL SECTION
Materials. BiochoiceTM lignin (L), based on softwood, was kindly

supplied by Domtar Plymouth pulp mill (Plymouth, NC). Sodium
hydroxide (NaOH) and acetic acid (CH3COOH, 96%) were
purchased from Merck KGaA (Darmstadt, Germany). High-purity
sodium chlorite (NaClO2, 77.5−82.5% chlorite content) and sulfuric
acid (H2SO4, 95−98%) were purchased from VWR International AB
(Stockholm, Sweden). CNFs used in this study were prepared
according to the previous method reported by Berglund et al.22

Briefly, carrot residue was alkali-washed for removing the hemi-
cellulose and lignin contents, followed by bleaching using NaClO2 to
obtain a white pulp. After neutralization, the bleached pulp was
subjected to ultrafine grinding in a super mass collider MKCA6-3,
Masuko Sangyo Co (Kawaguchi-city, Japan), resulting in CNFs with 2
wt % solid content.

Preparation of Carbon Aerogels. As the first step in the
preparation procedure for CAs, lignin (L) was dissolved in water by
adding NaOH using a magnetic stirrer for 1 h at room temperature.
Then, the suspension (2 wt %) was added into the dissolved L
solution in required amounts to prepare L/CNF suspensions with
different final solid contents (3, 5, 7 wt %), as shown in Table 1,

keeping the ratio of L to CNF as 75/25 in all suspensions. It was
shown in a previous study that the higher ratio of lignin to CNF is
important for a hierarchical porous structure.8 The specific surface
area increased from 436 to 750 m2g−1 when the lignin content was
increased from 60% to 80% in kraft lignin-based carbon aerogels.
However, the SSA reduced drastically to 331 m2g−1 when the lignin
content increased to 88%. Hence, a ratio that is more prone to giving
high SSA while keeping the idea of having enough CNF to act as the
sacrificial template was chosen for this study.8 These suspensions were

Table 1. Sample Coding, Cooling Rate (C), and Solid
Content (W) of L/CNF Suspensions

sample coding (K/min) ice-templating cooling rate solid content (wt %)

C10W3 10 3
C10W5 10 5
C10W7 10 7
C7.5W7 7.5 7
C5W7 5 7
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stirred using a magnetic stirrer for 24 h at room temperature for
achieving uniform distribution of the CNFs in the L and placed in the
refrigerator overnight at 4 °C. Before proceeding to the ice-templating
process, all of the suspensions were mixed in a high-speed rapid mixer
(SpeedMixer DAC 150.1, High Wycombe, U.K.) at 2000 rpm for 2
min.
The ice-templating process was done by pouring the L/CNF

suspensions into a Teflon mold, which was fixed on the top of a
copper rod. The bottom end of the copper rod was dipped into a
liquid nitrogen bath (at −196 °C), and the cooling rates during ice-
templating were controlled (10, 7.5, and 5 K/min) using a
temperature controller connected at the top of the copper rod.
Major processing steps of the CAs are schematically represented in
Figure 1. Using higher-solid-content L/CNF suspensions (7 wt %) for
varying the ice-templating cooling rate would be advantageous for
creating more nucleation sites and hence smaller macropores
compared to those CAs made from lower-solid-content L/CNF
suspensions (3 and 5 wt %). This will increase the retention time for
electrolyte ions during discharging of the supercapacitor. However,
increasing the solid content above 7 wt % would result in highly
viscous L/CNF suspensions, limiting the possibility of performing a
bubble-free ice-templating process, which is a critical step in the
preparation of carbon aerogels.
Due to the temperature difference between top and bottom ends of

the suspension in the Teflon mold, unidirectional freezing is achieved.
After freezing was completed, the ice-templated material was
transferred to a freezer at −20 °C and kept for minimum 3 h before
the lyophilization process. Martin Christ α 1-2 LD plus lyophilizer
(LABEX Instrument AB, Helsingborg, Sweden) was employed at 1
mbar pressure, for 72 hours, at a shelf temperature of 30 °C for
converting the frozen samples into L/CNF aerogels. For carbonizing
the L/CNF aerogels to CAs, the Nabertherm RHTC-230/15
horizontal tube furnace in a N2 atmosphere (ATHAM AB, Has̈selby,
Sweden) was used. As reported in our previous study, the
carbonization procedure was chosen to obtain a high carbon content,
high SSA, electrode wettability, and an interconnected and
hierarchical porous structure for the CAs.8 L/CNF aerogels were
initially heated from room temperature to 100 °C and kept
isothermally at 100 °C for 1 h to remove the entrapped moisture
from aerogels. To maximize the release of the volatiles and stabilize
the L/CNF aerogels for further heat treatment, L/CNF aerogels were
heated to 400 °C followed by isothermal holding at 400 °C for 1 h.
Later, the temperature was increased from 400 to 1000 °C and
maintained at 1000 °C for 1 h to complete the carbonization
procedure.8 Lower carbonization temperatures would lead to
predominantly amorphous carbon with a relatively lower SSA and
hence conductivities, while higher carbonization temperatures would
result in ordered, partially graphitic and hydrophobic carbon, which is
not wettable by the electrolyte.6,8,11 Therefore, the carbonization
temperature was kept at 1000 °C, which was found to be suitable for
preparing stable carbon aerogels with good electrochemical perform-
ances.8,11 All of the heating steps in the process were done at a fixed
heating rate of 5 °C/min. After cooling to room temperature, CAs

were taken out from the furnace and washed three times with 0.1 M
acetic acid for a duration of 1 h for each washing. Afterward, these
CAs were washed with distilled water to remove the traces of acetic
acid, until the pH of the water became neutral. Properly washed CAs
were transferred carefully to a vacuum oven and dried at 80 °C
overnight to obtain the final CAs for further characterization.

Characterization. Cellulose nanofibers (CNFs) were analyzed for
their topographic information using atomic force microscopy (AFM)
under the tapping mode with a Veeco MultiMode scanning probe
(Santa Barbara) and Bruker TESPA tips (Camarillo). Very dilute
suspensions of CNFs (.001 wt %) were drop-casted onto a freshly
cleaved mica sheet and dried in the vacuum oven at 80 °C. AFM
height images were captured for determining the width of CNFs.
More than 100 fibers were analyzed, and average height values were
taken for the accuracy of the measurement.

The viscosity of L/CNF suspensions was measured using a
constant shear rate vibro viscometer SV-10 (A&D Company, Tokyo,
Japan) at 22 °C. Periodic sinusoidal vibrational motion of sensor
plates with a frequency of 30 Hz and amplitude <1 mm was utilized
for the measurement of viscosity.

The carbon yield of the L/CNF aerogels was determined by
dividing the mass of the carbon aerogel obtained after carbonization
with the mass of L/CNF aerogels before carbonization. Porosity of
the carbon aerogels was measured using eq 1, where ρb is the bulk
density of CA and ρc is the density of amorphous carbon (2.26 g/
cm3).23

i

k
jjjjjj

y

{
zzzzzz

ρ
ρ

= − ×porosity 1 100%b

c (1)

Bulk density was calculated by dividing the mass of CAs with their
bulk volume. Bulk volume was obtained by measuring the physical
dimensions of CAs. Volume shrinkage during the carbonization
process was estimated using eq 2

=
−

×
V V

V
volume shrinkage 100%i f

i (2)

where Vi and Vf are the initial volume before and the final volume
after carbonization, respectively.

Thermal properties of individual materials, i.e., lignin and CNFs,
were analyzed using a thermogravimetric analyzer (TGA) TA
Instruments Q500 (New Castle, DE). TGA was performed in a N2
atmosphere at a heating rate of 5 K/min, and the temperature profile
was similar to that used for the actual carbonization process.

The Brunauer−Emmett−Teller (BET) Micromeritics Gemini VII
2390a (Chemical Instruments AB, Stockholm, Sweden) was used for
analyzing the specific surface area (SSA), the average pore size, and
the pore volume of the CAs at 77 K. Degassing was done using a
Micromeritics FlowPrep060 sample degassing system at 300 °C for 3
h prior to the BET measurement to remove the adsorbed moisture
from CAs. The standard t-plot method was used for the analysis of

Figure 1. Schematic representation of various processes involved in the preparation of CAs.
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micropores, and N2 adsorbed at a relative pressure P/P0= 0.99 was
utilized for the determination of the total pore volume.
The morphologies of longitudinal and transverse sections of the

CAs were investigated using a scanning electron microscopy (SEM)
JSM-IT300 JEOL (Tokyo, Japan) under an acceleration voltage of 20
kV. Energy-dispersive X-ray spectroscopy (EDX), using the same
SEM instrument equipped with a silicon drift detector (Oxford X-
MaxN 50 mm2, Oxford Instruments, Abingdon, U.K.), was used for
analyzing the elemental composition of CAs. The microstructure of
CA was also studied using a high-resolution FE-SEM (Magellan 400
XHR SEM, FEI Company, Hillsboro, OR). To analyze the effect of
different cooling rates during ice-templating on the pore structure of
CAs, Image J 1.53 e (National Institutes of Health) was used.24 Three
different areas from a single SEM image were chosen, and the fraction
of total area occupied by the pores was measured. To increase the
accuracy, average values are reported.
X-ray microtomography (XMT) technique was used for the

quantitative microstructural analysis of CAs prepared using different
cooling rates. Interior tomography scans were carried out using a 3D
X-ray microscope (XRM) and a Zeiss Xradia 510 Versa (Carl Zeiss X-
ray Microscopy, Pleasanton, CA) using a 20× objective with the field
of view 0.5 mm and spatial resolution 0.5 μm (in terms of voxel size).
The scanning was carried out with an X-ray tube voltage of 70 kV, a
tube power of 6 W, and without any X-ray filters. During a scan, 4501
projection images (radiographs) were acquired, over a sample rotation
of 360°, with the exposure time ranging between 3.0 and 3.7 s, which
resulted in total scan times in the range of 5.5−6.5 h. The
tomographic reconstruction was carried out using filtered back-
projection with Zeiss Scout-and-Scan Reconstructor software (version
14.0). The 3D visualization and quantitative analysis of the carbon
foam samples were obtained using Dragonfly Pro Software (Object
Research Systems, ORS).25

Orientation of CNFs in the L/CNF aerogels was studied in the
MAX IV synchrotron laboratory (Lund, Sweden) using a NanoMAX
beamline, based on the diffractogram of the cellulose crystals. A
photon energy of 10 keV was used, which corresponds to a
wavelength of 0.123984 nm. The beam size was 250 × 250 nm2,
and a sample area of 80 × 40 μm2 was analyzed in a single scan. The
obtained scattering vector q was converted to the scattering angle 2θ
using eq 3.

π
λ

θ=q
4

sin
(3)

where λ is the wavelength of the X-ray beam.
Princeton Applied Research VerstaSTAT 3 potentiostat/galvano-

stat (AMETEK Scientific Instruments, Wokingham, U.K.) connected
with a three-electrode cell kit (Pine Research Instrumentation,
Durham, NC) was used for electrochemical analysis of the CAs.
Platinum was used as the counter electrode, and Ag/AgCl was used as
the reference electrode. The electrolyte was 1 M sulfuric acid
(H2SO4). Cyclic voltammetry (CV) measurements were done at
different scan rates ranging from 2 to 100 mV s−1 in the voltage
window of 0−1 V. Specific capacitance from CV measurements was
calculated using eq 4

∫=
−

C
mv V V

I V
1

( )
d

V

V

2 1 1

2

(4)

where C is the specific capacitance in F g−1, m is the mass of active
materials loaded as the working electrode in mg, I (A) is the discharge
current, v (mV s−1) is the scan rate, and V1 (V) and V2 (V) are the
lower and upper limits of the voltage window used in the CV test,
respectively.

Galvanostatic charge−discharge (GCD) measurements were
performed to evaluate the rate capabilities of CAs in the current
densities ranging from 0.1 to 1 A g−1. Specific capacitance from GCD
was calculated using eq 5

= Δ
Δ

C
I t

m V (5)

where C (F g−1) is the specific capacitance, I (A) is the discharge
current, Δt (s) is the discharge time, ΔV (V) is the potential window,
and m (mg) is the total mass of the electrode material.

Specific energy density (E) and specific power density (P) derived
from galvanostatic tests can be calculated from eqs 6 and 7

= Δ
E

C V
2

2

(6)

=
Δ

P
E

t (7)

Figure 2. (a) AFM height image for CNFs, (b) viscosity of aqueous L/CNF suspensions measured at around 22 °C, (c) thermal behavior of L and
CNFs in similar conditions used for the carbonization process, and (d) carbon yield obtained after carbonization of the L/CNF aerogels at 1000
°C.
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where E (Wh kg−1) is the average energy density, C (F g−1) is the
specific capacitance, ΔV (V) is the potential window, P (W kg−1) is
the average power density, and Δt (s) is the discharge time.
Cyclic stability studies were performed using the same three-

electrode system, and the stability of the CA for 4500 charge−
discharge cycles was measured at a current density of 5 A g−1.
Electrochemical impedance spectroscopy (EIS) measurements were
performed in the frequency range of 10−2−105 Hz to determine the
resistances of the CAs. Detailed information about the electro-
chemical measurements performed in this study using the two-
electrode system is provided in the Supporting Information.

■ RESULTS AND DISCUSSIONS
Morphology of CNFs used is shown in Figure 2a, whose
average width was 4.8 ± 3.4 nm. Viscosities of aqueous
suspensions of lignin (L) and CNFs were measured, and the
obtained values are graphically shown in Figure 2b and values
are shown in Table S1 (given in the Supporting Information).
A significant increase in viscosity from 24 to 936 mPa·s was
observed when the solid content of L/CNF suspensions was
increased from 3 to 7 wt %. The viscosity of the precursor
suspensions is important because it affects the nucleation and
growth kinetics of ice crystals during the ice-templating
process, thus regulating the microstructural features like pore
size, pore shape, and wall thickness. Viscosity also plays an
important role in 3D macrostructure development and
mechanical properties, depending on if the CA is free-standing
or collapsible.18,21,26 In this study, all L/CNF suspensions
resulted in free-standing L/CNF aerogels after the lyophiliza-
tion process.
Thermal degradation of the L and CNFs was studied using

TGA, and the results are shown in Figure 2c. L showed a high
amount of residue (38.3%) after 1 h at 1000 °C, indicating that
it is a good precursor for carbon. CNFs retained 23.1% of the
residue at 1000 °C, which indicates that in addition to the
function as a rheology modifier in L/CNF suspensions, CNFs
would also behave as sacrificial templates by providing porosity
during carbonization, a well-established fact supported by

previous studies.8,11,16 Carbon yield for CAs was varied
between 17% (for C5W7) and 30% (for C10W7). It was
observed that the solid content in the L/CNF suspensions was
linearly related to the final carbon yield, as represented in
Figure 2d. The cooling rate during ice-templating is found to
have profound effects on the final carbon yield. As the cooling
rate was decreased (from 10 to 5 K/min), the carbon yield also
decreased (30.8−17.7%). This is likely due to the fact that
decreasing the cooling rate resulted in the formation of larger
ice crystals during the ice-templating process, which led to the
formation of larger and more accessible macropores in the CAs
after lyophilization. The latter resulted in the easier release of
the volatiles generated during carbonization and consequently
decreased the final carbon yield of those CAs.
Bulk density, porosity, and volume shrinkage for all CAs are

presented in Table S2 (Supporting Information). Bulk density
of CAs varied between 0.017 g cm−3 (C10W3) and 0.094 g
cm−3 (C10W7). It was also observed that with an increase in
the solid content (3−7 wt %) the bulk density increased. Bulk
porosity was found to be higher than 95% for all CAs, and the
volume shrinkage ranged between 64 and 73% for all CAs.
Bulk density, porosity, and volume shrinkage for all CAs are
presented in Table S2 (in the Supporting Information).
N2 adsorption isotherms for CAs obtained from the BET

analysis are shown in Figures 3a and S1. Corresponding BET
surface area values are shown in Figure 3c. From the BET
results (Figure 3c), it is evident that the ice-templating cooling
rate has the most significant impact on the pore structure and
specific surface area of CAs. The highest specific surface area
(SSA) of 1260 m2g −1 was observed for C7.5W7, which was
prepared at a cooling rate of 7.5 K/min, while for C10W7 the
SSA was 753 m2g −1 and for C5W7 the SSA reduced drastically
to 115 m2g −1.
The sharp increase in the adsorption isotherm for C7.5W7

at low relative pressures (P/P0 < 0.2) compared to the other
CAs as shown in Figure 3a clearly indicated the presence of a
large number of accessible micropores and mesopores.8,29 This

Figure 3. (a) N2 adsorption isotherms of CAs prepared with different ice-templating cooling rates; (b) pore-size distribution for corresponding
CAs; (c) specific surface area of CAs; and (d) Raman spectrum for C7.5W7.
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is further confirmed by the pore-size distributions shown in
Figure 3b, where the C7.5W7 showed a higher contribution of
SSA from pore sizes ranging between 2 and 7 nm compared to
the other two samples. C7.5W7 also showed the highest pore
volume of 0.566 g cm−3, while C5W7 showed the lowest pore
volume of 0.079 g cm−3.
All of these results demonstrate that the ice-templating

process and especially controlling the cooling rate can be used
to tailor the structural evolution of the CAs. Regarding the
effect of solid content in the suspensions, the SSA increased
from 656 to 756 m2 g−1 when the solid content was increased
from 3 to 5 wt %. Further increase of the solid content to 7 wt
% had no significant effect on the SSA (753 m2 g−1). On the
other hand, the number of micropores was increased (502 m2

g−1 for C10W3 to 660 m2 g−1 for C10W7), as seen in Table 2.
Detailed results from BET analysis are listed in Table 2, and
the percentage contributions of micro-, meso-, and macropores
are shown graphically in Figure S1b.
The Raman spectrum of C7.5W7 is shown in Figure 3d.

Two distinctive characteristic peaks centered at 1340 and 1585
cm−1 correspond to D (ring breathing mode of SP2 carbon
atoms in the rings) and G bands (in-plane bond stretching of
SP2 carbon atoms in rings), respectively, and the ratio of
intensities ID/IG was found to be 1.07, indicating the presence
of a graphitic crystalline structure with edge defects and
disorders.30−32 The presence of a broad 2D peak around 2676
cm−1 demonstrated the turbostratic carbon structure in the
CA.30,31,33

The morphologies of the carbon aerogel’s transversal and
longitudinal sections are shown in Figures 4 and S2.

Micrographs clearly show that all of the CAs possessed an
anisotropic microstructure with a honeycomb-like structure in
the transverse sections and a parallel-channel-like structure in
the longitudinal sections. It was observed from the SEM
micrographs (Figure S2 in the Supporting Information) that
with the increased solid content from 3 to 7 wt %, the
macropore size decreased because of the increased viscosity of
L/CNF suspensions, which restrict the lateral ice crystal
growth as a result of the generated shear stress. The latter
factor induced the creation of more and more nucleation sites
on the bottom of the samples, resulting in smaller macro-
pores.18,20,34 The CAs made under different cooling rates
during the ice-templating process showed remarkable differ-
ences in their microstructures, as shown in Figure 4 (Figure 4a
shows the transverse sections, and Figure 4b shows the
longitudinal sections). The macropore size increased as the
cooling rate decreased from 10 to 5 K/min. A similar tendency
of an increase in pore-size dimensions with a decrease in the
cooling rate was reported for ice-templated CNF foams.19 As
discussed in the BET results, the CA exhibited the optimum
hierarchical pore structure with the greatest surface area (1260
m2 g−1 with 70% micropores and 30% mesopores and
macropores) when the cooling rate was 7.5 K/min. In contrast,
a faster cooling rate (10 K/min) developed a larger ratio of
micropores (87%), and a slower rate (5 K/min) increased the
number of macropores (as shown in Figure 3) to a large extent,
resulting in a drastic reduction of SSA. These observations are
in accordance with the conclusions obtained from the BET
analysis.18−20

Table 2. Results from BET Analysisa

carbon
aerogels

SSA
(m2 g−1)

SSA micro
(m2 g−1)

SSA meso + macro
(m2 g−1)

pore volume
(cm3 g−1)

av. pore diameter
(nm)

percentage SSA of micropores
(%)

C10W3 656.2 502.2 154.0 0.29 1.76 76.5
C10W5 756.1 613.8 142.3 0.32 1.71 81.2
C10W7 753.0 659.9 93.01 0.32 1.70 87.7
C7.5W7 1260 894.6 366.2 0.57 1.79 71.0
C5W7 115.8 26.8 89.1 0.08 2.71 23.1

aSpecific surface area (SSA), contribution of micropores to SSA, combined SSA by mesopores and macropores, pore volume, average pore
diameter, and percentage micropore SSA of the total SSA.

Figure 4. SEM images of L/CNF CAs at different ice-templating cooling rates of 10, 7.5, and 5 K/min. (a) Transverse cross section (perpendicular
to the direction of ice crystal growth during ice-templating) and (b) longitudinal section of CAs (parallel to the direction of crystal growth during
ice-templating).
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Cell walls of C7.5W7 (Figure 5a) were observed to have
numerous nanosized wrinkles, as shown in Figure 5b,c. To
quantify the macropore size variation with the cooling rate,
image analysis (Image J software) was used to threshold these
microstructures. The resulting porosity and estimated pore
sizes (an example of which is shown in Figure S3, Supporting
Information) are shown in Table 3. The average macropore

size increased from 16 μm on the fastest cooled ice-templating
(at 10 K/min) to 67 μm for the lowest cooling rate (5 K/min),
and the corresponding fraction of area covered by pores in the
selected area of the image (Figure S3 in the Supporting
Information) was increased from 16 to 33%.
Further investigation on the anisotropic structure of CAs

was performed using 3D X-ray microtomography (the
experimental setup is shown in Figure 6a), and the results
confirm the conclusions obtained from SEM analysis. Three-
dimensional reconstruction images (Figure 6b) as well as two-
dimensional (2D) sectional views of CAs are shown in Figure
6 (transverse and longitudinal directions are shown in Figure
6c,d, respectively). The cell-wall thickness of the CAs with
different cooling rates was measured using Dragonfly software.
The measurements showed that the cell-wall thickness
increased with a decreasing cooling rate from 2.6 ± 0.3 μm
(for 10 K/min) to 2.9 ± 0.4 μm (for 7.5 K/min), and the
highest was for 5 K/min (3.7 ± 0.4 μm). These results are
found to be higher than the wall thickness of previously
reported ice-templated CNF foams (0.2−0.4 μm, made from 1
wt % CNF suspension).19 This could be due to the higher solid
content of initial suspensions (7 wt %) and the higher carbon
yield as well as the lower volume shrinkage of the CAs caused
by the presence of lignin during carbonization.
Figure S4a (in the Supporting Information) shows a

representative X-ray diffraction spectrum of the L/CNF
precursor aerogels after the integration of the intensities
along the radius. Strong cellulose peaks from (200) and (004)
planes were observed at 2θ of 22.5 and 34.3°, respectively.27

The weak peak at approximately 31° can be ascribed to the
contribution from sodium (Na).28 The representative diffracto-
gram for the L/CNF precursor aerogel and the azimuthal
integration of the (004) planes are shown in Figure S4b,c. It

can be clearly seen that the relative intensities of the (004)
planes did not change noticeably, indicating that the CNFs
were randomly oriented in the aerogel.
Elemental analysis of the CAs indicates (shown the Table S3

in the Supporting Information) that the carbon content varied
between 88 and 95 atomic percentage (at %), the oxygen
content was between 3 and 11 at %, and minor amounts of Na
(<2 at %) and S (<1 at %) were present, which could be due to
the high purity of lignin derived from the isolation process.35

Figure 7 shows the electrochemical properties of prepared
CAs measured using a three-electrode cell with 1 M H2SO4 as
the electrolyte. From CV and GCD measurements, the highest
electrochemical performance was observed for C7.5W7, with a
specific capacitance of 410 F g−1 at 2 mV s−1 and 303.5 F g−1 at
0.1 A g−1. As shown in Figure 7a, CVs were near-rectangular-
shaped at lower scan rates, and Figure 7b shows the deviation
to a quasi-rectangular shape toward the higher scan rates.
Figure 7c,d shows the CV and GCD curves for C7.5W7 at
different scan rates and current densities. Figure 7a,b clearly
illustrates that the decrease of the cooling rate from 10 to 7.5
K/min remarkably improved the electrochemical performance
of the CAs because of the 66% increase in their SSA (from 753
to 1260 m2g−1), as mentioned in BET results. It is also
important to note that at 7.5 K/min the carbon structure
contained more mesopores, approximately 30%, compared to
nearly only 12% of mesopores at 10 K/min, which is likely
beneficial for achieving high electrochemical performance as
mentioned earlier. Further reduction in the cooling rate to 5
K/min led to a very low SSA (115 m2g−1) and larger
macropores as observed in morphology analysis (shown in
Figures 4 and 6). The resulting macropores could not act as
charge reservoirs during the charging and discharging
processes, leading to poor electrochemical performance (19.5
F g−1 at 2 mV s−1 and 7.4 F g−1 at 0.1 A g−1). Thus, a cooling
rate of 7.5 K/min was found to be an optimum value to have
both a good hierarchical porous structure and superb
electrochemical performances. While comparing the electro-
chemical performances of CAs prepared using suspensions of
different solid contents, C10W7 showed a higher specific
capacitance (190 F g−1 at 2 mV s−1) than C10W5 (136 F g−1

at 2 mV s−1) and C10W3 (110 F g−1 at 2 mV s−1). Even
though the BET surface areas for C10W7 and C10W5 were
observed to be similar, as shown in Table 2, the higher
percentage of accessible micropores could be the reason for the
high SC for C10W7. Figure 7e,f represents the capacitance
values obtained for CAs from CV (values are provided in Table
S4 in the Supporting Information) and GCD measurements
(values are given in Table S5 in the Supporting Information),
respectively, at different scan rates and current densities.

Figure 5. (a) Longitudinal section of C7.5W7. (b) Magnified images of the cell-wall microstructure showing the presence of wrinkled layers in
nanodimensions. (c) Enlarged view of the wrinkles circled in Figure 4b.

Table 3. Quantitative Measurement of Pore Size and
Fraction of Area Covered by Pores in Figure S3 Done Using
Image J Software

carbon
aerogels

average pore size
(μm)

fraction of selected area covered by
pores (%)

C10W7 16 16
C7.5W7 23 27
C5W7 66 33
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The best CA (C7.5W7) was also further investigated as a
free-standing electrode; two-electrode measurements were
performed to demonstrate the electrochemical performance
of the electrode when it was mounted as a practical
supercapacitor (SC). A schematic illustration of the SC
assembly is shown in Figure S8 in the Supporting Information.
Figure 8a shows the physical dimensions of the electrode
material (approximately 6 mm wide and 11 mm long, and mass
5.3 mg). The electrode was completely submerged in 1 M
H2SO4 without deformation, indicating good wettability of the
CA in the electrolyte. As observed from Figure 8b,c, CV curves
were nearly rectangular even at higher scan rates and GCD
curves were also symmetrical, indicating the good capacitive
behavior of this CA (C7.5W7). A high specific capacitance of
240 F g−1 was obtained at 0.1 A g−1 from the GCD analysis (as
shown in Figure 8d), which is 150 and 190% higher than the
capacitance values obtained from similar CAs reported by
Thomas et al.8 and Geng et al.11 at the same current density.
The Ragone plot for the SC is shown in Figure 8e, and the
highest energy density of 8.3 Wh kg−1 was observed for a
power density of 50 W kg −1. Figure 8f shows the comparison
of specific capacitances reported for different carbon SC
electrodes prepared from lignin as well as other sources, and
Table S6 shows the list of different parameters used for analysis
of their electrochemical characteristics. Even though the
specific capacitance values are depending on different

parameters used for the electrochemical measurements,
which makes the direct comparison difficult, C7.5W7 showed
high SSA and good specific capacitance compared to different
carbon electrodes reported in the literature.1,4,5,8,11,13

Electrochemical impedance spectroscopy (EIS) was con-
ducted for the in-depth analysis of the capacitive behavior of
the C7.5W7 electrode. Proper selection of the separator
material and the low bulk solution resistance of the electrolyte
led to negligible equivalent series resistance of nearly zero as
shown in the Nyquist plot (Figure 9a). Meanwhile, the
relatively low charge-transfer resistance (RCT) of approximately
10 Ω indicates both the good contact of the electrodes with the
current collectors and the well-interconnected porous structure
in the C7.5W7 electrode resulting in low contact resistance
and low ionic resistance, respectively.36,37 Figure 9b shows the
variation of absolute impedance (|Z|) with frequency, and the
Bode plot in Figure 9c represents the capacitor response
frequency, f 0, at a phase angle of 45°. For the current
supercapacitor assembly, the response frequency was found to
be 0.12 Hz, indicating that the SC would exhibit pure
capacitive behavior below the “knee frequency”, 0.12 Hz. The
phase angle of the SC was found to be around 71° at the
frequency of 0.01 Hz (Figure 9c), which is comparable to ideal
supercapacitors having a phase angle of 90°.38

Figure 9d,e shows the variation of real and imaginary parts of
capacitances, respectively, against frequency. The imaginary

Figure 6. Three-dimensional X-ray microtomography results for CAs prepared using different ice-templating cooling rates (10, 7.5, 5 K/min). (a)
Experimental setup of the XMT-scanning showing the Zeiss Xradia 510 Versa system, a close-up of the carbon foam sample, and the position and
dimension of the reconstructed ROI within the sample; (b) 3D reconstruction of CAs (c) and (d) 2D slices of the CAs in the transverse and
longitudinal sections, respectively.
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component of capacitance shows a peak, and the intercept to
the maximum gives the response frequency from which the
relaxation time constant for the SC can be calculated. The
relaxation time constant τ0 (τ0 = 1/ω0) was found to be 1.3 s,
indicating the fast response of SC to deliver the stored charges
during discharging. The relaxation time constant obtained in
this study is superior compared to the biomass-based activated
carbon SC electrodes39,40 and is comparable to chemically
activated graphene-based SC electrodes.38,41 The cyclic
stability of C7.5W7 electrodes has been analyzed using a
three-electrode system at the current density of 3 A g−1, and
the obtained charge−discharge cycles are represented in Figure
9f. After 4500 charge−discharge cycles, C7.5W7 electrodes
showed an excellent cyclic stability of 93.8% and good
structural integrity even after cyclic stability analysis, as
shown in Figure S6. The undisturbed microstructure in Figure
S6 clearly indicates that the CAs possess good mechanical
strength and handleability to be able to use as stable SC
electrodes like the already-reported lignin-based CAs by
Thomas et al.8 All of these results show the suitability of
these materials as potential SC electrodes with a long lifespan.

■ CONCLUSIONS

This study aimed to better understand the ice-templating
process mechanism including processing parameters such as
the cooling rate and solid content of lignin and the cellulose
nanofiber suspension with an emphasis on the influence of the
hierarchical porous structure and consequently electrochemical
characteristics of the carbon aerogels. The cooling rate was
shown to be the most influential factor in designing the
structure of CAs to achieve outstanding electrochemical
performance, while the solid content showed little influence.
The CA prepared using 7.5 K/min as the cooling rate from the
suspension with 7 wt % solid content (C7.5W7) possessed the
hierarchical porous structure containing numerous pores in
nanometer dimensions along with nanosized surface wrinkles,
which resulted in the highest surface area of 1260 m2 g−1 and
demonstrated an excellent specific capacitance of 410 F g −1 at
2 mV s −1. The practical symmetric supercapacitor assembled
using C7.5W7 CAs as electrodes also showed a remarkable
capacitance of 240 F g−1 at 0.1 A g −1. The current SC
exhibited a good energy density of 8.3 Wh kg−1 at a power
density of 50 W kg−1 and 4.3 Wh kg−1 at a power density of
500 W kg−1, and the cyclic stability of the electrodes after 4500

Figure 7. Electrochemical behavior of CAs obtained from the three-electrode method. (a, b) Comparison of CVs (scan rate 5 mV s−1) and GCDs
(current density 0.1 A g−1) obtained for CAs prepared using different ice-templating cooling rates. (c, d) CVs and GCDs of best-performing
C7.5W7 at different scan rates and current densities, respectively. (e, f) Specific capacitances (F g−1) of CAs at different scan rates and current
densities obtained from CV and GCD analyses.
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Figure 8. Electrochemical behavior of the C7.5W7 analyzed using the two-electrode method. (a) Images showing the actual dimensions of the
electrode used for the study and its wettability in 1 M H2SO4. (b, c) CVs and GCDs for the CA materials at different scan rates and current
densities. (d) Specific capacitance obtained for the CA electrode at different current densities. (e) Ragone plot showing the energy density of CA at
different power densities. (f) Comparison of the specific capacitance vs SSA for C7.5W7 with the already-reported carbon-based SC electrodes.

Figure 9. Electrochemical impedance spectroscopy (EIS) results obtained from the two-electrode analysis for C7.5W7. (a) Nyquist plot of CA in
the frequency range between 10−2 and 105 Hz. (b) Variation of absolute impedance |Z| (Ohm) vs frequency (Hz). (c) Bode plot showing the
characteristic frequency ( f 0). Evolution of real (d) and imaginary (e) capacitance with respect to the frequency. (f) Cyclic stability of the electrode
up to 4500 charge−discharge cycles measured using the three-electrode system, and the inset showing the charge−discharge cycles during GCD
analysis from 4475 to 4500 cycles.
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charge−discharge cycles was 94%. Moreover, the prepared CA
electrodes are free-standing and binder-free, and no special
activation steps were needed, indicating their versatile potential
to be used in SCs for future energy storage applications. In
addition to energy storage, the idea of controlling the ice-
templating parameters to tune the structure can be beneficial
for developing hierarchically porous materials for other
applications like EMI shielding, CO2 adsorption, carbon
aerogel composites, insulation materials, etc.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.2c01033.
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composition of carbon aerogels (Table S3); specific
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capacitance values at different scan rates from galvano-
static charge−discharge measurement (Table S5);
comparison of SCs made from different carbon
materials, analysis conditions, and their specific
capacitances (Table S6); N2 adsorption isotherms of
CAs prepared with different suspensions having different
solid contents during ice-templating. N2 adsorption
isotherms of CAs and graphical representation of
percentage of micro-, meso-, and macropores in the
CA (Figure S1); effect of solid content on the
microstructure of L/CNF based carbon aerogels (Figure
S2); image analysis performed on the cross-sectional
micrographs of C7.5W7 (Figure S3); results from the
orientation study for L/CNF precursor aerogels (Figure
S4); cyclic voltammetry results from the three-electrode
system of measurement for CAs at different scanning
rates (Figure S5); microstructure of C7.5W7 after the
cyclic stability analysis (Figure S6) and the super-
capacitor assembly (Figure S6) (PDF)
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