
Electrochemical Properties of Biobased Carbon Aerogels Decorated
with Graphene Dots Synthesized from Biochar
Bony Thomas, Gejo George, Anton Landström, Isabella Concina, Shiyu Geng, Alberto Vomiero,
Mohini Sain, and Kristiina Oksman*

Cite This: https://doi.org/10.1021/acsaelm.1c00487 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Carbon aerogels prepared from low-cost renewable resources are
promising electrode materials for future energy storage applications. However,
their electrochemical properties must be significantly improved to match the
commercially used high-carbon petroleum products. This paper presents a facile
method for the green synthesis of carbon aerogels (CAs) from lignocellulosic
materials and graphene dots (GDs) from commercially available biochar. The
produced carbon aerogels exhibited a hierarchical porous structure, which
facilitates energy storage by forming an electrical double-layer capacitance.
Surprisingly, the electrochemical analyses of the GD-doped carbon aerogels
revealed that in comparison to pristine carbon aerogels, the surface doping of
GDs enhanced the electrochemical performance of carbon aerogels, which can
be attributed to the combined effect from both double-layer capacitance and
pseudocapacitance. Herein, we designed and demonstrated the efficacy of a
supercapacitor device using our green carbon electrode as a sustainable option. These green carbon aerogels have opened a window
for their practical use in designing sustainable energy storage devices.
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■ INTRODUCTION

The deteriorating global environment and critical energy issues
have led to the search for new energy materials/devices with
excellent storage and power/energy density, which has been a
hot topic in the past few years.1−3 Supercapacitors are energy
storage devices that consist of electrochemical double-layer
capacitors (EDLCs) and pseudocapacitors.4 Fast and reversible
redox reactions according to the charge storage mechanism are
the basis of pseudocapacitors.4 Pseudocapacitors are associated
with high theoretical capacitance values. However, their
disadvantages include a short cycle life, low energy density
(as a result of low conductivity), a relatively low reaction rate
for the redox mechanism, and more importantly, the redox
reactions lead to the structural collapse of the material.5 In
electrode materials featuring very high surface areas, the
performance of EDLCs depends mainly on the double layer to
support the physical adsorption/desorption of ions. On the
other hand, advantages such as a long cycle lifetime, superior
power density, fast charge/discharge rate, and excellent
retention rate due to electrostatic interactions are associated
with ideal EDLCs. Therefore, research on EDLCs has been
gaining momentum over the past few years.6 The key to
improving the performance of EDLCs is to develop an active
material (electrode) possessing a good specific capacity. In the
past decade, carbonaceous substances have emerged as

potential electrode materials for EDLCs owing to their good
conductivity and low-cost production routes.7−9

Several studies have reported the use of high-capacitance
electrodes composed of different carbon materials such as
activated carbon, carbon nanodots, and graphene-based carbon
materials.7,10,11 As an alternative to the conventional resources
for the aforementioned carbon materials, lignin is increasingly
used for the preparation of carbon-based supercapacitor
electrodes due to its high thermal stability, easy availability,
low cost, and high carbon yield.12 Lignin is a byproduct from
paper and pulp industries throughout the world. Millions of
tons of lignin are produced annually for use in low-value
applications.13 As a potential resource for high-value carbon
materials, lignin-based carbon aerogels (CAs) have proven to
achieve a hierarchical pore structure, high porosity, low
density, and interconnected structure with the use of the
proper processing routes, which are essential for a good
supercapacitor electrode material.14,15 Different types of lignins
such as Kraft lignin (KL)14,15 and soda lignin15 have been used
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for the preparation of freestanding, binder-free carbon aerogel
electrodes. The preparation involved the carbonization of
freeze-dried lignin/cellulose nanofibers (CNF) aerogels, which
were ice-templated to generate an anisotropic microstructure.
Kraft lignin-based carbon aerogels achieved a high capacitance
of 163.4 F g−1 at 0.1 A g−1 current density, and an energy
density of 5.67 Wh kg−1 was achieved at a power density of 50
W kg−1.15 However, their electrochemical performances could
be improved using different approaches such as activation
techniques to increase the surface area or the doping of
aerogels using carbon nanomaterials, which would increase
both the electrical double-layer capacitance and the pseudo-
capacitance (PC).
Among the different types of carbon nanomaterials,

graphene-based materials are the most promising for super-
capacitor applications due to their extraordinarily high surface
area and superior electrical conductivity.2,17 It has been
reported that if the entire surface area of single-layer graphene
were successfully utilized, it would result in an EDLC
capacitance of 550 F g−1 with an energy density of 19 Wh
kg−1.16,17 However, the charge transfer in graphene-based
materials can only take place when the graphene system forms
a dense cross-linked network, which reduces the surface area.
As a result, in most practical cases, graphene-based electrodes
have a low surface area that is accessible to electrolyte ions.
Hence, one of the main challenges in graphene-based
supercapacitors is to increase the energy storage density
because, in reality, they have a much lower EDLC capacitance
than the expected theoretical value.17,18 The latest graphene-
based nanomaterials to be developed are graphene quantum
dots (GQDs). GQDs are characterized by an atomically thin
graphitic plane with sp2-hybridized carbon and dimensions of
less than 100 nm. GQDs show remarkable properties such as
good dispersibility in common solvents, abundant active sites
(due to a large number of functional groups and defects),
bandgap opening owing to quantum confinement, comparable
size to biomolecules, and excellent optical properties.19 These
advantageous properties of GQDs facilitate their use in
numerous applications.20−22 In addition, the nanoscale size
of the graphene in GQDs aids in creating numerous surface
defects and edge states on a pure graphene plane.23 As a result,
GQDs have confined energy bandgaps along with delocalized
charge carriers, leading to additional properties such as a high
surface area and the ability to transport both ions and
electrons/holes.24 Compared to other graphene-based nano-
materials, GQDs with the abovementioned morphology
enables ion transport, leading to easier access and the diffusion
of ions.1,26 Size-dependent quantum confinement and edge
electronic states determine the π−π conjugated electronic state
of the GQDs. Thus, explicit properties of GQDs can be
tailored by tuning the size and, consequently, the energy states.
The aforementioned attractive properties of GQDs make them
ideal candidates as EDLC electrode materials possessing
acceptable capacitance and storage capability.1,25 The top-
down and bottom-up approaches are the two synthetic
methodologies used to produce GQDs. The decomposition,
oxidation, or exfoliation of economical and readily available
carbon materials (e.g., graphite, carbon nanotubes, graphene
oxides, fullerenes) is the basis of the top-down approach, which
generally involves the use of strong acids such as KClO3,
HNO3, and H2SO4 for the hydrolyzation.26,27 The bottom-up
approach, on the other hand, involves the synthesis of GQDs
from small aromatic structures. This approach has the

advantage of controllable properties of the final product, but
the disadvantages are a low yield and complex preparation
routes. Compared to the bottom-up methods, the top-down
approach can control the size distribution of GQDs under
facile reaction conditions.26,28 Interestingly, biomass waste
such as rice husks, waste peels, food waste, and biomass
derivatives have recently emerged as attractive precursors for
GQD production due to their renewable, economical, and
sustainable characteristics.29

Although many studies have been conducted on the
preparation of biomass-based GQDs, few studies have analyzed
their electrochemical properties. To the best of our knowledge,
the present work introduces the novel use of biomass-derived
graphene dots (GDs) as a functional additive for improving the
electrochemical performance of green carbon aerogels derived
from lignocellulosic materials. Thus, this study can be
considered as a significant step toward future energy storage
by introducing a completely biomass-based, self-standing,
binder-free, and high-performance carbon electrode for
supercapacitor applications.

■ EXPERIMENTAL SECTION
Materials. The biochar (brand name Biohiili) used in the present

work was supplied by RPK Hiili Oy (Mikkeli, Finland). This type of
carbon has a carbon content of ∼97% and is most commonly used as
a soil conditioner. The biochar was prepared by the pyrolysis of
Finnish hardwood at a temperature of 350 °C. Sulfuric acid (95−98%,
ACS Reagent, CAS No: 7664-93-9) and nitric acid (70%, ACS
Reagent, CAS No: 7697-37-2) were purchased from Merck KGaA
(Darmstadt, Germany). Distilled water was used for all experimental
procedures. Kraft lignin (CAS No: 8068-05-1) with a low sulfonate
content (Mw of ∼10 000) was purchased from Sigma-Aldrich (St.
Louis, MO), whereas cellulose nanofibers (mechanically fibrillated)
from birch hardwood with an approximate diameter of 15 nm were
prepared based on the work reported by Berglund et al.30

Preparation of Carbon Aerogels. The first step in the
preparation of carbon aerogels (CAs) is the preparation of a lignin/
CNF suspension for producing lignin/CNF precursor aerogels. Kraft
lignin (KL) and an aqueous suspension of mechanically fibrillated
cellulose nanofibers (1 wt %) were mechanically mixed at a ratio of
60:40, respectively, to obtain a lignin/CNF suspension having a final
solid content of 2.4 wt %. The obtained lignin/CNF suspension was
kept in a refrigerator at 4 °C for 12 h before proceeding to the ice-
templating process. Ice-templating was performed by carefully adding
the lignin/CNF suspension to a cylindrical Teflon mold mounted on
the top end of a copper rod. The bottom part of the copper rod was
immersed in a liquid nitrogen bath. The top end of the copper rod
was connected to a heating element that maintained a cooling rate of
10 °C min−1 during the ice-templating process. The temperature
difference between the ends of the copper rod helped to achieve
unidirectional freezing of the suspension from the bottom to the top.
After the ice-templating process, the frozen samples were transferred
to a freezer (−20 °C) for 2 h. The final step in the preparation of the
lignin/CNF aerogels was freeze-drying, which was performed in an
Alpha 1-2 LDplus freeze dryer (Martin Christ GmbH, Osterode,
Germany), where the fully frozen samples were subjected to a
pressure of 1.00 mbar for 72 h and the shelf temperature was
maintained at 30 °C. The obtained lignin/CNF aerogel was
carbonized in a Nabertherm RHTC-230/15 horizontal tube furnace
(Nabertherm GmbH, Lilienthal, Germany) under a nitrogen (N2)
atmosphere to prepare the Kraft lignin-based carbon aerogel, denoted
as KLCA60, where KL stands for Kraft lignin, CA stands for carbon
aerogel, and 60 indicates the percentage of lignin present in the
lignin/CNF precursor aerogels. For the carbonization process, the
lignin/CNF aerogel was heated from room temperature to 100 °C at
a rate of 5 °C min−1 and was maintained at 100 °C for 1 h. After
removing the moisture, the temperature was increased from 100 to
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400 °C at a rate of 5 °C min−1 and was then isothermally maintained
at 400 °C for 1 h. Further heating was carried out from 400 to 1000
°C at a rate of 5 °C min−1, followed by isothermal holding at 1000 °C
for 1 h to complete the carbonization process. The preparation steps
for KLCA60 are schematically shown in Figure 1a.
Preparation of Graphene Dots (GDs) from Wood Biochar.

For the synthesis of GDs, in a representative reaction, 2 g of the
biochar was taken in a 100 mL round-bottomed flask and then mixed
with an acid mixture of H2SO4 and HNO3 (3:1 ratio) based on a
previously reported work.31 This mixture was then heated to 90 °C
and kept under reflux for 6 h. A schematic representation of the
reaction process is presented in Figure 1b.
Upon completion of the reaction process, the reaction mixture was

diluted with 100 mL of distilled water. This diluted dispersion was
initially filtered under vacuum using a 1.6 μm pore size Whatman
glass microfiber filter (Whatman International Ltd., Maidstone, U.K.)
to remove the large unreacted biochar particles. The obtained clear
dispersion was filtered through a 0.2 μm pore size poly-
(tetrafluoroethylene) (PTFE) syringe filter (Sartorius Stedim Biotech
GmbH, Göttingen, Germany) to remove the unreacted carbon and
other particles that were larger than 200 nm. GDs were present in the
brown filtrate obtained after the double filtration. However, owing to
the strong oxidative acid treatment, the filtrate was acidic in nature
and required purification to neutralize the dispersion. A dialysis
membrane was used for the purification process, which took up to
48−72 h. The obtained neutralized solution was kept in an air oven at
100 °C for 24 h to obtain the dried GDs. The yield was found to be
10−12% in comparison with the initial quantity of biochar, which was
in accordance with previous results, where GDs were synthesized
from biochar/biomass.31

Preparation of Graphene Dots Surface-Doped Carbon
Aerogels. To incorporate the GDs into the prepared KLCA60
(Kraft lignin-based carbon aerogel produced by carbonizing the

lignin/CNF aerogel with 60% lignin), an aqueous dispersion of the
GDs was prepared, and the aerogel was dipped into it. After several
tests, it was optimized that KLCA60 (weight ∼ 0.12 g) can absorb 4.3
mL of the aqueous GD dispersion. After absorption of GD dispersion,
the dipped sample was kept in an air oven at 80 °C for 24 h to remove
the moisture. The dried sample was then heated in a tube furnace at
180 °C for 1 h under a nitrogen atmosphere to induce the attachment
of the GDs on the surfaces of KLCA60. The temperature was limited
to 180 °C because at higher temperatures, the GDs tend to lose
carboxyl groups through decomposition.

UV−Visible and Photoluminescence (PL) Spectroscopy. A
Cary 5000 UV−vis spectrophotometer (Agilent Technologies, Santa
Clara, CA) and an FLS980 PL spectrofluorometer (Edinburgh
Instruments, Edinburgh, U.K.) were used for UV−visible and
photoluminescence (PL) spectroscopy. The samples were analyzed
by dispersing the GDs (0.01 wt %) in distilled water and then
recording the spectra. In the PL spectroscopy, the effect of the
excitation wavelength on the spectra was analyzed by recording the
emission spectra at different excitation wavelengths from 350 to 510
nm. The absolute fluorescence quantum yield was measured using an
integrating sphere, with water as the reference. The presence of GDs
in the carbon aerogels after decoration was confirmed by solid-state
PL spectroscopy using the same instrument.

Raman Spectroscopy. The Raman spectra of the biochar and
GDs were recorded by placing the material in a holder on a Bruker
SENTERRA Raman microscope (Bruker Corporation, Billerica, MA).
The spectra were recorded over a Raman shift of 50−4500 cm−1 using
a 532 nm laser with a laser power of 2 mW and a magnification of
20×.

X-ray Diffractometry (XRD). The XRD patterns of the GD
powder and the carbon aerogels were analyzed by recording the X-ray
diffraction using Cu Kα radiation and a machine equipped with a
PIXcel3D detector and a graphite monochromator. A Panalytical

Figure 1. Schematic representation of the preparation steps for GD-doped carbon aerogel. (a) Preparation of carbon aerogel from lignin/CNF
suspension. (b) Synthesis of GDs from biochar using oxidative acid treatment involving 3:1 concentration of H2SO4/HNO3; the reaction mixture
was refluxed for 6 h at 90 °C. (c) Surface doping of prepared carbon aerogels using GDs synthesized from biochar.
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Empyrean X-ray diffractometer (Malvern, U.K.) was used for the
analysis by 2θ scanning from 10 to 50°. The instrument was operated
at a voltage of 45 kV and a current of 40 mA.
Thermogravimetric Analysis (TA). A TGA Q500 analyzer (TA

Instruments, New Castle, DE) was used to analyze the thermal
properties of both the precursor biochar and the GDs. A nitrogen
atmosphere was used during the analysis in a temperature range of
25−900 °C at a heating rate of 10 °C min−1. The thermal properties
of the Kraft lignin and cellulose nanofibers were analyzed from room
temperature to 1000 °C at a heating rate of 10 °C min−1 under a
nitrogen atmosphere.
Fourier Transform Infrared Spectroscopy. The sample was

mixed with dry KBr (after drying at 80 °C in a vacuum oven for 3 h)
and then formed into pellets. A Vertex 80v spectrometer (Bruker,
Ettlingen, Germany) was used to record the spectra in the medium IR
spectral range.
Atomic Force Microscopy (AFM). Samples were prepared by

drop-casting a drop of 0.01 wt % aqueous GD dispersion onto a mica
plate (freshly cleaved) and drying it at 80 °C under vacuum in an
oven for a few minutes to avoid agglomeration of the particles. The
tapping mode on a Nanoscope Multimode system (Veeco Metrology,
Santa Barbara, CA) was utilized for the AFM analysis of the
topography of the GDs. The cantilever used was antimony-doped
silicon (NCHV-A, Bruker) with a tip radius of 8 nm and a spring
constant of 42 N m−1. Gwyddion software (open source) was used to
analyze the obtained AFM images. The final images presented are
after the subtraction of the mean plane and the removal of the
polynomial background.
Transmission Electron Microscopy (TEM). A 0.015 wt %

aqueous GD dispersion was used to prepare the sample for TEM
analysis (JEM-2200FS, Jeol, Tokyo, Japan). A single drop of
dispersion was drop-cast onto a carbon grid and then dried. Prior
to drop-casting, the dispersion was bath sonicated for 5 min.

Brunauer−Emmett−Teller (BET) Surface Area Analysis. The
surface areas of the GD-incorporated carbon aerogels were measured
using a BET instrument (Gemini VII, Micromeritics Instrument
Corp., Norcross, GA). The samples were first degassed under
nitrogen at 180 °C for 3 h, after which the surface area was measured
at relative pressures (P/P0) between 0 and 1 using an equilibration
time of 10 s and an evacuation rate of 50 mm Hg min−1.

Field Emission Scanning Electron Microscopy (FE-SEM). The
structure and morphology of the carbon aerogels and the effect of the
GD incorporation were studied using a high-resolution FE-SEM
(Magellan 400 XHR SEM, FEI Company, Hillsboro, OR). Samples
were prepared by carefully peeling the outer surface with tape so that
the microstructure of the carbon aerogels would be retained for a
detailed analysis. Images from both the cross section and longitudinal
section were recorded. Elemental analysis using the SEM−energy-
dispersive X-ray spectroscopy (EDX) data of the carbon aerogels was
conducted using a scanning electron microscope (JSM-IT300, Jeol,
Tokyo, Japan) equipped with a silicon drift detector (Oxford X-
MaxN, 50 mm2, Oxford Instruments, Abingdon, U.K.).

Electrochemical Measurements. Electrochemical analysis was
performed using a Princeton VersaStat 3 electrochemical workstation
(Ametek Scientific Instruments, Wokingham, U.K.). A typical two-
electrode system in a symmetric configuration with 6 M KOH as the
electrolyte was employed for the cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements. The
current collectors were composed of the Inconel 600 superalloy, and
the separator was Whatman filter paper (Grade 1, GE Healthcare,
Machelen, Belgium). In a typical experiment, the mass of one CA
electrode was ∼2.5 mg, with an area and thickness of ∼20 mm2 and 2
mm, respectively. The electrodes were freestanding, and no binders
were used during the electrode preparation. A frequency range of 0.01
Hz to 100 kHz coupled with a sinusoidal signal of 10 mV was
employed for the EIS measurements. The galvanostatic charge−
discharge (GCD) curves were then utilized to determine the specific

Figure 2. (a) UV−visible spectrum. (b) Photoluminescence (PL) spectra at different excitation wavelengths, showing the optical properties of the
produced GDs in an aqueous medium (0.01 wt %). (c) Atomic force microscopic image of GDs. (d) TEM image showing graphene particles with
an ordered carbon structure and a size range of 5−15 nm.
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gravimetric capacitance (C) of the samples according to the following
equation

C
I t
Vm

4= Δ
Δ (1)

where I is the discharging current, ΔV is the scanned potential
window during the study, Δt is the time taken for the full discharge,
and m is the mass of the electrode material used for the study. The
power (Pd) and energy (Ed) densities were calculated using the
following equations

E
C V

4 2 0.6d
g

2

=
Δ

× × (2)

P
E

td
d=

Δ (3)

Cyclic stability was analyzed using a three-electrode measurement
system (Pine Research Instrumentation, Durham, NC) equipped with
Princeton Applied Research VersaSTAT 3 potentiostat/galvanostat.
The counter and reference electrodes used were platinum and Ag/
AgCl electrodes, respectively. Briefly, 1 M H2SO4 was used as the
electrolyte.

■ RESULTS AND DISCUSSION
In the present work, carbon aerogels prepared from
lignocellulosic precursors by ice-templating and freeze-drying
followed by carbonization were incorporated with GDs, which
can be used as supercapacitor electrodes. UV−vis and PL
spectroscopies were employed to study the optical properties
of the as-prepared GDs. The UV−vis absorption spectra of the
GDs are shown in Figure 2a. The spectrum clearly reveals that
the GDs have a strong absorption in the UV region. The
characteristic absorption spectrum showing a shoulder at ∼260

nm is due to the graphitic structure of the material.26,32 The
presence of aromatic sp2 domains in the system leads to π−π*
transition, which may also cause strong absorption below 300
nm.31 Figure S1a is a photograph of an aqueous solution of
GDs when exposed to daylight and a 365 nm UV lamp. In
daylight, a dilute aqueous solution of GDs is light brown, clear,
and transparent but exhibits blue fluorescence under excitation
by a 365 nm UV light.
To further understand the optical properties of the prepared

GDs, a detailed PL spectroscopic analysis of the sample was
performed using different excitation wavelengths. Figure 2b
shows the PL emission spectra of the GDs with excitation
wavelengths ranging from 350 to 510 nm. PL spectra showing
the dependence upon the excitation wavelengths are character-
istic of most luminescent GDs.32,33 The large number of
different emissive sites/functional groups on GDs and the
optical selection of differently sized GDs are the major
contributors to excitation-dependent features, as in the present
case.32,34 The PL quantum yield was found to be 1% for the
produced GDs, with water as the reference material. The
presence of acidic and salt impurities resulting from the
neutralization process, as well as the lower carbon quality of
the starting material compared to other starting materials such
as graphene oxide and graphite,31 could be the reason for the
relatively lower quantum yield.
Morphological and structural characterizations of the

prepared GDs were performed using TEM and AFM analyses.
An AFM image of the GD particles is shown in Figure 2c. The
topographic heights of the quantum dots were found to be
between 1 and 3 nm (Figure S1b), which indicates the
presence of 2−6 graphene sheets/layers in the particles.35

Figure 3. (a) FTIR spectrum of GDs exhibiting numerous surface functional groups. (b) Thermogravimetric analysis of GDs compared to the
biochar precursor showing a higher weight loss of GDs owing to the decomposition of carboxylic acid groups. (c) Thermogravimetric analysis of
KL and CNF. (d) Raman spectra of biochar precursor, GDs prepared from biochar, and carbon aerogel KLCA60. (e) X-ray diffractometry of the
GDs and KLCA60.
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Almost 85% of the GDs have a height profile between 1 and 3
nm, further evidencing a uniform size distribution (Figure
S1b,c). TEM images of the GDs are depicted in Figure 2d,
which clearly reveal that the produced GDs range in size
(diameter) from 5 to 15 nm. However, extensive surface
interaction of the GDs due to the presence of a large number
of −COOH and −OH groups on the particle surface led to
interparticle hydrogen bonding and π−π stacking.31 This is the
reason for the widespread superlattice formation, as apparent
from the TEM images. The TEM images of the GDs also
reveal the presence of a clearly noticeable lattice structure with
a lattice spacing of 0.24 nm, which can be attributed to the
(1120) plane of graphene.36

The presence of a high concentration of −OH groups in the
prepared GDs was confirmed by the occurrence of a peak at
approximately 3277 cm−1 in the FTIR spectra (Figure 3a). In
addition to the −OH peak, the Fourier transform infrared
(FTIR) spectra also confirmed the presence of −CO groups
attributed to the peak at ∼1738 cm−1 and the C−O−C
stretching vibration at 1280 cm−1.37 The FTIR spectra also
revealed the characteristic bands of an aromatic compound
(peak at 1642 cm−1 is due to the skeletal vibration of aromatic
rings). The good dispersibility in an aqueous medium for the
produced GDs can be attributed to the presence of the
aforementioned functional groups on the surface.
Figure 3b,c shows the thermograms of the biochar, prepared

GDs, Kraft lignin (KL), and cellulose nanofibers (CNF). The
biochar precursor lost only ∼20% of its weight after the
completion of the temperature cycle. There were slight mass
losses before 100 °C and at ∼600 °C, which can be attributed
to the evolution of moisture and the decomposition of residual
lignin fractions, respectively.38 Nevertheless, the higher thermal
stability of the biochar is due to the aromatic function-
alities.39,40 The GDs exhibited a weight loss of ∼50% at 600
°C, which was due to the removal of the carboxylic acid groups
present at the edges of the quantum dot structure.41 Vaźquez-
Nakagawa et al.41 reported that the skeletal structure of GDs

tends to decompose at temperatures between 700 and 900 °C.
KL and CNF showed char residues of 45 and 24%,
respectively, after thermal treatment at 1000 °C. This indicates
the sacrificial templating of CNF during the carbonization
process that contributed to the formation of hierarchical
porous carbon aerogels (CAs).15 Figure 3d shows the Raman
spectra of the biochar, GDs, and KLCA60 over the spectral
range of 900−3500 cm−1. The Raman spectra show distinctive
graphitic features, such as the D band (∼1310−1335 cm−1),
which is the result of defects in the carbon structure, along
with the G band (∼1600 cm−1), which is due to the C−C
deformations (in-plane).42 The presence of a well-defined
intense G band demonstrates that the GDs are highly
crystalline, with an integrated graphitic nature. The prevalence
of functional groups and vacancies leads to the presence of
defect D bands in the spectra. The ID/IG ratio for the GDs in
the present work was 0.89, denoting the high graphitic content
of the material. Figure 3e shows the X-ray diffractogram of
GDs showing a peak at 2θ = 23.4°, which is different from the
characteristic diffraction peak of graphene at 2θ = 26.3° that
corresponds to the (002) plane of carbon materials. This shift
in the peak position can be attributed to the change in size, the
numerous edge effects, and the presence of functional groups,
leading to the partial destruction of the carbon atom network.
KLCA60 showed broad peaks located at 2θ = 21 and 2θ = 44°,
as shown in Figure 3e, which represent the (002) and (101)
planes of the partially graphitized carbon structures.

Effect of GDs When Incorporated into Carbon
Aerogel Based Supercapacitor Electrodes. The morphol-
ogy of the GD-incorporated carbon aerogels was studied using
FE-SEM, and the images are shown in Figure 4. KLCA60
displayed anisotropic macroporous structures arising as a result
of the ice-templating process that assisted in the fast mass or
electrolyte ion transfer in the longitudinal direction and hence
is advantageous for several applications, including super-
capacitor electrodes, thermal insulation, and carbon dioxide
adsorption.14 In this study, carbon aerogels without GDs were

Figure 4. Microstructure of the prepared materials. (a) and (e) Longitudinal views of KLCA60 and GD-doped KLCA60; magnified images of the
longitudinal sections showing the surface texture of both are shown in (b) and (f). Cross-sectional views of KLCA60 and GD-doped KLCA60 are
shown in (c) and (g), and the respective high magnification images are shown in (d) and (h).
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produced as references (Figure 4a−d) for comparison with the
GD-incorporated samples. The FE-SEM images of the carbon
aerogel samples also revealed the presence of small particles on
the surface of the material, which was characterized using
localized EDX spectra (Figure S2). The EDX spectrum of
these samples indicated that at several places, the sodium
concentration was much higher on the surface, suggesting that
the particles may be sodium salts (sodium sulfate or
carbonate). These salts formed as a result of the migration
of sodium ions from the core of the cell walls to the surface
during the carbonization process.14 However, the introduction
of GDs into the carbon aerogel system led to some interesting
observations. The FE-SEM images of the GD-incorporated
carbon aerogels revealed the absence or relatively low quantity
of the aforementioned sodium salts. EDX analysis also revealed
a reduced sodium content in the GD-incorporated aerogels
(Figure S2). This can be attributed to two reasons: (a) the
high surface area of the GDs due to their nanodimensions
allowed them to envelope the salt particles by forming a layer,
and (b) the carboxyl groups present on the GDs, as evidenced
by FTIR, reacted with the salt particles and hence they were
not visible under FE-SEM. The removal of these sodium salts
exposed the previously closed meso- and micropores, which
improved the properties of the carbon aerogels, as demon-
strated by the results from surface area analysis shown in
Figure 5b and Table 1.

The presence of GDs on the surface of KLCA60 was
confirmed using solid-state PL spectroscopy at an excitation
wavelength of 315 nm, as shown in Figure 5a. The emission
peak observed at 550 nm in the PL spectrum indicates the
effective doping of KLCA60 with GDs. Raman spectroscopy
and XRD were ineffective for confirming the doping of GDs
because both KLCA60 and GDs showed characteristic peaks
that were overlapping and indistinguishable. The exposure of

meso- and micropores of the GD-incorporated carbon aerogels
was further corroborated by the Brunauer−Emmett−Teller
(BET) surface area analysis of the samples, and the results are
summarized in Table 1.
Figure 5b shows the N2 adsorption isotherms of both the

carbon aerogels and the GD-incorporated carbon aerogels. The
GD-incorporated carbon aerogels exhibited a higher surface
area of 503 m2 g−1 compared to those without GDs (436 m2

g−1), which is in accordance with the FE-SEM results. It was
observed that with the incorporation of GDs into KLCA60, the
micropore area was remarkably enhanced, which confirms the
opening of previously closed micropores, as discussed earlier.
In addition, the aggregation of GDs can result in the
conversion of existing mesopores in KLCA60 to numerous
micropores. This is further evidenced by the reduction in the
pore volume (0.222 cm3 g−1 compared to 0.254 cm3 g−1 for
KLCA60) and average pore diameter (1.77 nm compared to
2.33 nm in KLCA60) for the GD-doped KLCA60.
The effect of the incorporation of GDs on the electro-

chemical properties of the carbon aerogels as the electrodes in
supercapacitors was evaluated. A two-electrode setup was
utilized for the electrochemical analysis with 6 M KOH as the
electrolyte, and the supercapacitor assembly is schematically
represented in Figure S3a. Prior to testing, all of the electrodes
were dipped in a 6 M KOH solution for 3 h. The cyclic
voltammetry (CV) curves for both the carbon aerogels and
GD-incorporated carbon aerogels are shown in Figure 6a,b,
respectively. The CV curves of the carbon aerogel show nearly
rectangular shapes, indicating good capacitive capability
connected with low contact resistance, leading to the efficient
transport of ions. However, an interesting observation
regarding the CV curves of GD-incorporated carbon aerogels
is the presence of a pseudocapacitance and a quasi-rectangular
shape for the curves. The CV curves of the GD-incorporated
carbon aerogels show a pair of redox peaks at the voltages of
0.62 and 0.85 V, respectively, as a result of the
pseudocapacitance originating from the electrochemical
reactions taking place at the GD active sites (edges and
functional groups).43 The GD-incorporated carbon aerogels
show marginally larger areas under the CV curve and hence a
higher specific capacitance compared to the pristine carbon
aerogels (Table S1). The enhanced capacitance of the GD-
loaded carbon aerogels was also exhibited in the galvanostatic
charge−discharge (GCD) curves of the two sets of samples.
The GCD profiles of pristine carbon aerogels and GD-
incorporated carbon aerogels at varying current densities (0.1−

Figure 5. (a) Solid-state photoluminescence (PL) spectrum of KLCA60 doped with GDs at 315 nm excitation wavelength. (b) Nitrogen
adsorption isotherms of KLCA60 and GD-incorporated KLCA60.

Table 1. BET Specific Surface Area, Contribution of Specific
Surface Area by Micropores, Pore Volumes, and Average
Pore Diameters Obtained from Brunauer−Emmett−Teller
(BET) Surface Area Analysis of KLCA60 and KLCA60 with
GDs

sample
BET surface
area (m2 g−1)

micropore
area (m2 g−1)

pore volume
(cm3 g−1)

avg. pore
diam. (nm)

KLCA60 436 223 0.254 2.33
KLCA60
with GDs

503 436 0.222 1.77
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1 A g−1) are shown in Figure 6c,d, and the capacitance values
at different current densities for KLCA60 and GD-doped
KLCA60 are shown in Figure 7a,b. Analogous to the CV
results, it can be seen that the GD-doped carbon aerogels
displayed higher discharging times at all current densities,
indicating that the GD-doped samples have a higher specific
capacitance than the pristine samples due to the increased
surface area as well as the pseudocapacitance. The capacitance
of the carbon aerogels increased from 157.1 to 180.4 F g−1 at
0.1 A g−1 current density upon the incorporation of GDs,
thereby further proving the positive effect of the GD into
carbon aerogels. Undoubtedly, the CV and GCD results
(Table S2) indicate that the introduction of GDs into CAs
enhances the electrochemical performance of the parent
material by the synergistic effect of the increased surface area
(by the opening of pores closed by salt deposition) along with
the pseudocapacitance, as a result of numerous functional
groups and edges. This means that the GD-doped KLCA60
exhibits the characteristics of both electrical double-layer
capacitance (EDLC) and pseudocapacitance (PC). To
distinguish the respective contributions from EDLC and PC,
capacitance differentiation was carried out according to the
Trasatti analysis44 (Figure 7c,d), and the detailed calculations
are summarized in the Supporting Information. According to
the Trasatti analysis,44 for GD-doped KLCA60, the total
capacitance contributions from EDLC and PC were 57 and
43%, respectively (Figure 7d).
Electrochemical impedance spectroscopy (EIS) was em-

ployed to further investigate the electrochemical behavior of
the CAs, and the Nyquist plots are displayed in Figure 7e (the

inset shows an enlarged view of the high-frequency region).
The charge-transfer resistance at the interface between the
electrode and the electrolyte can be estimated from the
diameter of the semicircle in the Nyquist plots (inset shown in
Figure 7e) in the high-frequency region, which is obtained
from the x-intercepts in the Nyquist plot.45 For the GD-doped
KLCA60, the charge-transfer resistance was measured as 18 Ω
compared to 19 Ω for KLCA60, which indicates a low internal
resistance and a relatively higher conductivity, which favors
their application in supercapacitors. The carbon aerogels had
an equivalent series resistance (ESR) value of <1 Ω; however,
for the GD-incorporated carbon aerogel, the value increased
owing to the higher contact resistance between the electrode
and current collector. The presence of the inclined vertical line
in the Nyquist plot of the pristine carbon aerogel represents
effortless ion transfer in the electrodes, which indicates ideal
double-layer capacitive behavior in these materials. However,
in the GD-incorporated sample, a near 45° region can be
observed in the intermediate frequency region, indicating the
presence of Warburg impedance in the GD-incorporated
material. An equivalent circuit has been modeled by fitting the
EIS spectra using ZView software and is represented in Figure
S3b. The model shows good agreement with the experimental
EIS data, as clearly observed in Figure S3c,d. Corresponding
parameters have been listed in Table S3. The Ragone plots
presented in Figure 7f show that the GD-doped carbon
aerogels exhibit energy densities of 6.3 and 3.8 Wh kg−1 at
power densities of 50 and 500 W kg−1, respectively, compared
to 5.5 and 3.3 Wh kg−1 energy densities at power densities of
50 and 500 W kg−1, respectively, for the pristine carbon

Figure 6. (a) and (b) CV curves of supercapacitors composed of KLCA60 and GD-doped KLCA60 at different scan rates. (c) and (d) GCD curves
of KLCA60 and GD-doped KLCA60 at different current densities.
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aerogels. Cyclic stability analysis at 3 A g−1 up to 3000 charge−
discharge cycles (Figure S4) indicated that the GD-
incorporated carbon aerogels retained 92% of their initial
capacitance, demonstrating the high stability of these materials
as supercapacitor electrodes. Thus, the GD-doped aerogels
exhibit pure capacitive behavior that is closely associated with
better ion diffusion in the interior parts of the electrodes rather
than the ideal double-layer capacitive behavior.1,46

The improvement in the electrochemical properties of the
carbon aerogels upon the introduction of GDs can be
explained as follows. Upon incorporation, the GDs remained
distributed on the surface of the carbon aerogels, which
consequently caused the removal of salt particles that
otherwise tended to obstruct the pores in the carbon aerogels.
The doping of GDs on the aerogels also led to an increased
surface area for the material as a whole. Upon closely
examining the properties of KLCA60 and GD-doped
KLCA60, it was clear that the energy storage mechanism in
KLCA60 was purely based on the electrical double-layer

capacitance (EDLC), whereas, in the GD-doped KLCA60, the
capacitance was contributed by both the EDLC and
pseudocapacitance. Hence, it can be concluded that the
doping of nanosized GDs on carbon aerogels leads to a
reduction in the capacitance contribution from the double-
layer capacitance, but on the other hand, the GDs contribute
remarkably toward pseudocapacitance, and hence, the total
specific capacitance of the GD-doped KLCA60 is higher than
that of the pristine KLCA60.

■ CONCLUSIONS
Novel GDs ranging in size from 5 to 15 nm were successfully
synthesized from bio-derived carbon by oxidative acid
treatment involving sulfuric and nitric acids. The synthesized
biomass-based GDs were incorporated into carbon aerogels to
fabricate supercapacitor electrodes and were subjected to
electrochemical analysis. The specific capacitance of the GD-
doped carbon aerogels was 180.4 F g−1 compared to 157.1 F
g−1 for pristine carbon aerogels. The GD-doped carbon

Figure 7. Results from the electrochemical analysis. (a) Specific capacitances for KLCA60 at different current densities and (b) specific
capacitances of GD-doped KLCA60 at different current densities obtained from GCD analysis. Capacitance contribution calculation using Trasatti
method: (c) plot of the reciprocal of the gravimetric capacitance (C−1) against the square root of the scan rate (ν0.5). (d) Plot of C against the
reciprocal of the square root of the scan rate (ν−0.5). (e) Nyquist plots obtained from EIS measurements and (f) Ragone plots of the carbon
aerogels and GD-incorporated carbon aerogels.
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aerogels exhibited energy densities of 6.3 and 3.8 Wh kg−1 at
power densities of 50 and 500 W kg−1, respectively, which are
higher than those of the pristine carbon aerogels. The present
work thus proves the concept of using waste-derived biocarbon
to design high-quality functional carbon nanomaterials.
Furthermore, such novel green functional materials can be
exploited as functional additives to improve the electro-
chemical properties of lignin-based carbon aerogels.
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