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ABSTRACT

Carbon aerogel (LWCA) with hierarchical porous was prepared from pheno-

lated wood by self-assembling and one-step carbonization/activation process,

and the pores formation were be controlled by adjusting the content of hex-

amethylenetetramine (HMTA). The influence of HMTA concentration on the

morphological features and final electrochemical properties of LWCA materials

were investigated. The characterization and properties of LWCA were investi-

gated by XRD, XPS and N2 adsorption. The results showed that the doping of

HMTA could orientate the hierarchical porous framework of carbon aerogels,

and the best carbon aerogels had uniform coral pore structure. The specific

surface area and pore volume was as high as 1845m2g-1 and 1.05m3 g-1,

respectively. In addition, the resulting carbon aerogel exhibits excellent elec-

trochemical performance. LWCA exhibited a high specific capacitance of

154.15Fg-1 at 0.5Ag-1. High capacitance retention (at the current density of

5Ag-1, the specific capacitance retention reaches 92.62%) and excellent rate

performance (70% capacitance retention at 5A g-1) were possessed. This work

provides a simplified technical method to develop biomass base carbon mate-

rials with controllable and layered porous for high charge storage capabilities.
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GRAPHICAL ABSTRACT

Introduction

With the continuous advancement of the energy

transition, the promotion of renewable energy from

alternative energy to main energy has attracted the

attention of the industry. Electrochemical energy

storage occupies an important position in the energy

output system, and the development of high-perfor-

mance energy storage equipment is essential to meet

the growing need for small electronic products and

modern new energy vehicles [1–3]. Supercapacitors

(SCs) have become one of the most promising elec-

trochemical energy storage devices due to their large

capacitance [4], ultra-fast charging [5] and discharg-

ing process and long cycle life [6]. It can store a large

amount of electric charge first, and then release it

stably with ultra-high power density. Two charged

electrode plates that are very close together will fur-

ther increase its own capacitance. Undoubtedly,

according to the unique energy storage mechanism of

supercapacitor, carbon material has become one of

the ideal candidate materials for supercapacitor

materials by virtue of the advantages of energy

storage mechanism of electric double layer capacitor

(EDLC) [7, 8].

Recently, various carbon-based materials have

been used as commercial supercapacitor electrode

materials, such as graphene [9], carbon nanotubes

[10], carbon fibers [11], carbon aerogels [12] and car-

bon nanospheres [13]. Among them, although gra-

phene and carbon nanotubes have high electronic

conductivity, large specific surface area and electro-

chemical stability, the high cost of graphene and

carbon nanotubes has limited their wide application

[14, 15]. At the same time, the bond interactions of

van der Waals force and p-p usually lead to irre-

versible stacking of graphene nanosheets, which

leads to significant reduction of specific surface area

and specific capacitance [11, 16]. It is worth noting

that carbon aerogels have great research value in

energy storage attribute to their low cost, high

porosity, large surface area and excellent physical

and chemical stability [17, 18]. Phenolic carbon

aerogels, as the most traditional carbon aerogels,

have been widely studied [19]. Unfortunately, phe-

nols and aldehydes are mainly derived from petro-

chemical resources, which is widespread concerned

because of environmental pollution and unsustain-

able [20, 21]. Under such circumstances, biomass-

based carbon aerogels with controllable carbon

structure are of great importance in research as high

performance electrochemical materials [22].
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Biomass phenol liquefaction is a kind of active

liquid substance which is converted from agricultural

and forestry biomass resources through liquefaction

reaction under the condition of phenol as liquefaction

agent [23]. After liquefaction, the liquefied product

has thermal fluidity and can be dissolved in some

mixed organic solvent binary system, and various

polymer materials can be prepared. As a catalyst,

acid catalyst can reduce wood components to small

components. These components then react with

phenol or polyols to form derivatives and dissolve in

liquefied solvents. Liquefied products can be used as

raw materials for synthetic resins [24]. Compared

with traditional carbon aerogels, the preparation of

carbon aerogels by wood liquefaction can not only

make full use of wood resources at the molecular

level, maximize the comprehensive utilization of

wood, but also reduce the consumption of petro-

chemical resources, which is conducive to

sustainability.

In the work, we developed a new approach to

fabricate biomass-derived carbon aerogel (LWCA)

from wood waste by liquefaction, self-assembling

and one-step carbonization/activation process. As a

traditional catalyst and crosslinking agent, HMTA

could promote polycondensation between low

molecules and crosslinking between molecular

chains. The adjustable network structure and pores

formation of LWCA could be controlled by adjusting

the content of hexamethylenetetramine (HMTA). The

effect of HMTA on the relationship between the

microstructure, the surface chemistry and the

pore distribution of LWCA was also investigated in

detail. Furthermore, electrochemical measurements

such as cyclic voltammetry (CV), electrochemical

impedance spectroscopy (EIS) and galvanostatic

charge/discharge tests were carried out to evaluate

the electrochemical properties of LWCA.

Experiments

Materials

Chinese fir (C. lanceolata, 0.1\D\ 0.3 mm) was

obtained from the raw Chinese fir debris crushed by

the grinder. Phosphoric acid (H3PO4), phenol,

formaldehyde solution (37.5 wt%) and hexam-

ethylenetetramine (HMTA) were all provided by

Damao Chemical Reagent Factory, Tianjin, China.

Absolute ethanol was used as a solvent. All chemicals

were analytical pure (AR) and used directly during

the experiment.

Synthesis of wood-based carbon aerogels
from liquefied wood (LWCA)

The liquefied wood was obtained according to the

previous studies [25]. The LW gels were prepared by

the one-pot sol - gel process. In a typical synthesis,

5 g of liquefied wood (LW) and hexamethylenete-

tramine (0.9wt% on the weight of LW) was added to

3 ml of absolute ethanol mixed solvent in a glass tube

followed by stirring at room temperature to obtain a

homogeneous solution. Then, 3 ml of formaldehyde

(F) was added to the above solution, and the mixed

solution was sonicated for 20 min. The obtained

solution was placed into the closed container and

kept at 85 �C for 72 h for gelation and aging. The

obtained wet gels were subjected to solvent exchange

with absolute ethanol followed by freeze-drying

process for 10 h at - 60 �C. The obtained aerogels

(LWA) were heated in N2 at 5 �C min-1 up to 800 �C
for 1 h, and then held isothermally for 1 h under a

steam flow of 5 g min-1. Finally, carbon aerogels

from liquefied wood (LWCA) were prepared by one-

step carbonization/activation process. Various con-

centrations of HMTA were used to control the pore

structure of LWCA, the obtained samples were

named with LWA-x and LWCA-x (x = 1, 2, 3, 4,

representing 0.9, 1.8, 2.7 and 3.6 wt% of HMTA,

respectively).

Characterization

The surface of the sample was tested by scanning

electron microscope (SEM, jsm-it300lv), and the

microstructure of the sample was obtained. X-ray

diffraction (XRD) measurement was taken using an

X-ray diffractometer (Ultima IV), where the current

and voltage were maintained at 40 mA and 40 kV,

respectively, and the wavelength was k = 1.5418. The

crystal structure of the sample was tested from 10� to
80� at a scanning speed of 5� min-1. Raman spectra

were obtained by Horiba scientific LabRAM HR

evolution spectrometer. The laser excited 532 nm to

avoid damaging the sample. The specific surface area

and pore size distribution of the samples could be

easily obtained by micrometrics Tristar II 3020

instrument test and Brunauere–Emmette–Teller
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(BET) model. The specific surface area of micropores

was measured by t-plot method. The total pore vol-

ume of single point method and micropore volume of

t-plot method were used. Before measurement, the

sample was degassed with N2 at 120 �C for 10 h.

X-ray photoelectron spectroscopy (XPS) test was

performed with Al Ka rays (1486.6 eV) on Thermo

Scientific K-Alpha.

Electrochemical measurements

The electrochemical workstation was used to char-

acterize the electrochemical properties of the samples

at room temperature. The three electrode system

consists of counter electrodes (15 mm 9 15 mm

platinum electrodes), working electrode (coated

nickel foam electrode) and reference electrode (HgO

reference electrode). The preparation methods of the

working electrodes were as follows: the mixture of

active materials, polytetrafluoroethylene (PTFE) and

carbon black (mass ratio 8:1:1) was mixed into N-

methyl pyrrolidone to form slurry, and then evenly

coated on foam nickel sheet (10 mm 9 10 mm). It

needs to be dried at 80 �C for 12 h before pressing.

Electrochemical measurement was taken through

CS310H electrochemical workstation (Wuhan Cor-

rtest). Constant current charge and discharge test

(GCD) (working potential is - 1 to 0 V), cyclic

voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) were used to study the electro-

chemical properties of samples. The electrolyte was

6 M KOH solution. With the aid of GCD curve, the

weight specific capacitance C of LWCA-x could be

obtained by the calculation formula on the following

equations:

C ¼ I� Dtð Þ= m� DVð Þ ð1Þ

where ‘‘I’’ represents the current density, ‘‘Dt’’ repre-
sents the discharge time, ‘‘m’’ is the mass of the active

substance and finally ‘‘DV’’ is the voltage interval

without IR drop [26].

Results and discussion

Synthesis and Characterization of LWCA-x

The synthetic pathway of LWCA with self-assembled

hierarchical porous coral network structure is illus-

trated in Fig. 1. Under the catalysis of acid, wood was

liquefied by phenol to form phenolic wood, and then

reacted with formaldehyde to form macromolecular

long chain. Under the action of curing agent (HMTA),

a series of crosslinking action took place in the sys-

tem, and finally formed the gel. The high temperature

carbonization of aerogels led to the transformation of

carbon skeleton into ordered carbon structure, and

the removal of organic matter from the structure

significantly increased the conductivity of the mate-

rial [27]. In addition, after carbonization, the com-

pactness of the material became higher, and the

stacking of internal particles became denser, which

was more conducive to the conduction of electrons.

Moreover, activation was a commonly used method

to regulate pore structure of carbon aerogels [28]. The

steam one-step activation technology not only

reduced the cost and environmental pollution, but

also simplified the preparation process to a large

extent.

The physical state of the hydrogel prepared from

the wood liquefaction will further reflect the influ-

ence of the different content of the curing agent on

the system. As shown in Fig. 2a, with the increase of

curing agent content in the system, the strength of

hydrogel gradually increased, which directly verified

the generation of different hydrogel structures. In

addition, if the system contained excessive curing

agent, a large amount of aqueous liquid will be

generated during the preparation process, which

corresponded to the equation in Fig. 1. The phe-

nomenon in Movie S1 indicated that the residual

liquid in the system was spilled after the aerogels

were extruded by external forces. After removing the

external force, the sample recovered its original

morphology, and the spilled liquid returned to the

system again. This may be attributed to the regula-

tion of HMTA on the pores of carbon aerogels, which

provided a basis for further SEM testing. Figure 2b

shows LWCA-x after carbonization activation.

Among them, high HMTA content brought about the

formation of excessive volatile products in the

structure. After high temperature calcination, volatile

products escaped, which might be the reason for the

excessive volume expansion of LWCA-4.

SEM images showed the morphology of all sam-

ples, including aerogels and carbon aerogels (Fig. 3).

As can be seen from Fig. 3a, the samples with less

curing agent showed a smooth and flat morphology.

After carbonization, the structure of LWCA-1 did not

change significantly (Fig. 3b). It was worth noting
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that the further increase of curing agent content could

increase the strength of structural crosslinking, and

even led to the formation of obvious pore structure

(Fig. 3a, c, e, g). Except for LWCA-4, the original

spatial structure of the samples was almost main-

tained after calcination at high temperature. LWCA-3

had abundant coral-like pore structure. This kind of

structure could make the electrolyte easy to enter into

the structure, which will shorten the diffusion dis-

tance and penetration time of the electrolyte.[29].

Obviously, the coral network structure of the aerogel

before carbonization was also helpful for carboniza-

tion and water vapor activation. With further

increase the ratio of HMTA (Fig. 3h), the carbonized

sample showed a large degree of structural collapse.

In general, it was confirmed that the addition of

MHTA resulted in the formation of a specific inter-

connected porous network. This was consistent with

the macroscopic characterization of Fig. 2. It was

fully illustrated that the controllable preparation of

layered porous carbon aerogels could be easily real-

ized by controlling the amount of HMTA added.

Figure 1 Synthesis route of porous carbon aerogel from wood liquefaction.

Figure 2 The digital image shows a hydrogels with different HMTA content and carbonized b HMTA-x.
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XRD diffractograms of LWCA-x samples are

shown in Fig. 4a. Similar to conventional carbon

materials, strong XRD peaks 2h = 24 and 43� were

found, which was assigned to the disordered gra-

phitic (002) plane and (100) plane [30]. The pickup

position shown in the XRD spectrum in the

figure was indexed to the (002) and (100) spacing,

which was used to characterize the disordered

(amorphous) structure of LWCA-x [31]. With the

increase of HMTA content, the diffraction peak shif-

ted. According to Eq. 2dsinh = n k (d is the plane

spacing, n is the interference series, h is the diffraction

(a) LWA-1 (b) LWCA-1

(c) LWA-2 (d) LWCA-2

(e) LWA-3 (f) LWCA-3

(g) LWA-4 (h) LWCA-4

Figure 3 SEM of samples: a,

c, e and g were aerogels

containing different

concentrations of HMTA, b, d,

f and h are carbon aerogels

containing different

concentrations of HMTA.
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angle, k is the incident wave length), LWCA-3 had

the largest diffraction angle and the smallest crystal

plane spacing (for LWCA-1, LWCA-2, LWCA-3 and

LWCA-4, the calculated d is 0.36, 0.37, 0.35 and 0.35,

respectively). In addition, LWCA-3 had the widest

and weakest diffraction peak. This proved that

LWCA-3 had the largest number of defects. At the

same time, Raman spectroscopy (Fig. 4b) was used to

verify the graphitization of the four samples. All

samples showed two distinct peaks at * 1337

and * 1600 cm-1. The two main peaks corre-

sponded to bands D (associated with defect/disor-

dered carbon) and G (band sp2 carbon atoms are

generated by in-plane vibration, corresponding to

graphite carbon). It was well known that the intensity

ratio of the D/G belt (ID/IG) was be used to measure

the degree of graphitization [21]. For LWCA-1,

LWCA-2, LWCA-3 and LWCA-4, the intensity ratio

of the D/G band (ID/IG) was 0.99, 1.02, 1.08 and 1.04,

respectively, indicating that the curing agent content

will affect the defects and disorder of the LWCA

structure. Among them, the structural defects and

disorder of LWCA-3 were higher than that of other

samples.

The elemental chemical states on LWCA-x surface

were determined by XPS analysis [32]. It could be

confirmed that the four samples showed diffraction

peaks near the binding energies of 284, 532, 400 and

133 eV, corresponding to C 1 s, O 1 s, N 1 s and P 2p,

respectively (Fig. 5a). Among them, the deconvolu-

tion C 1 s spectrum of LWCA-3 (Fig. 4b) included

four bands of 284.6, 285.0, 286.5 and 289.5 eV, corre-

sponding to different carbon functional groups of C–

C, C–N/C–O, C–O and C=O, respectively, which was

mainly caused by the intrinsic graphitization struc-

ture and surface functional groups [33]. Table 1

shows the contents of carbon, nitrogen, oxygen and

phosphorus in LWCA-3. The fitting analysis results

of characteristic peaks of N 1 s high-resolution XPS

spectrum are shown in Fig. 5c, including three char-

acteristic peaks of pyridine nitrogen (N-6), pyridine

(N-5) and quaternary nitrogen/nitrogen oxides (N-

Q), corresponding to the binding energies at 398.5,

401 and 402.2 eV, respectively[34]. Studies have

shown that N-5 and N-6 contribute to the formation

of pseudocapacitance, while N-Q can improve the

conductive properties of the material through elec-

tron transfer of graphite [4, 22, 35]. To some extent,

doping of heteroatoms can make the original carbon

aerogel material have more defects and active sites.

The O 1 s and P 2p spectra of LWCA-3 (Fig. 5c and

Fig. 5d) revealed the presence of O and P elements.

Among them, the functionalities containing phos-

phorus came from the residual phosphoric acid in

liquefied wood raw materials. The XPS high-resolu-

tion fine patterns of LWCA-1, LWCA-2 and LWCA-4

are shown in Figure S1. Similar to LWCA-3, the other

three samples all had similar surface elemental

chemical states.

The pore properties of LWCA-x were studied by

N2 adsorption-adsorption isotherm (Fig. 6). The iso-

therms of all samples after activation showed a

10 20 30 40 50 60 70 80

2 Theta(°)

LWCA-1
 LWCA-2
 LWCA-3
LWCA-4

(002)

(100)

In
te

ns
ity

(a
.u

.)

(a)

600 800 1000 1200 1400 1600 1800 2000

In
te

ns
ity

(a
.u

.)

Wavenumber(cm-1)

 LWCA-1
  LWCA-2
  LWCA-3
 LWCA-4

D G

ID/IG=0.99

ID/IG=1.02

ID/IG=1.08

ID/IG=2.24

(b)

Figure 4 XRD pattern a and Raman spectrum b of LWCA.
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combined isotherm of type I and type IV (Fig. 6a)

[36]. The curve rose rapidly under relatively low

pressure (P/P0\ 0.05), and a slight hysteresis loop

appeared in the range of 0.4\P/P0\ 0.9, which

represented the existence of micropores and meso-

pores [37]. Figure 6b shows the pore size distribution

of LWCA-x. Barrett–Joyner–Halenda (BJH) model

was usually used to characterize pore size distribu-

tion. The pore size was mainly concentrated in

0.5–4 nm. Table 1 shows the specific surface area and

pore volume related parameters of LWCA-x. The

average pore diameters of the four samples were all

above 2 nm. In addition, the specific surface areas of

LWCA-1, LWCA-2 and LWCA-4 were 1186m2g-1,

1575m2g-1 and 1538m2g-1, respectively, while the

specific surface area of LWCA-3 was as high as

1845m2g-1. The specific surface area and pore vol-

ume of LWCA-x samples increased first and then

decreased with the increase of HMTA content. When

HMTA content was 2.7 wt%, the Vtot of LWCA-3

reached at 1.05 cm3 g-1. What could be obtained

from the information in the table is that the meso-

pores in the system dominate. These results were

caused by the unique pore structure of LWCA-3.

From the above analysis, the specific surface and

porous structure of LWCA could be controlled by

adjusting the content of HMTA. During the activation

process, the coral-like structure of LWCA-3 was more

conducive to the entry of steam. Therefore, this was

one of the reasons why the sample had large specific

surface area and reasonable pore size distribution.

Obviously, layered porous structure and large

specific surface area of LWCA-3 could improve its

electrochemical properties. It was beneficial to the

rapid diffusion and adsorption of electrolyte ions on

the large surface, and mesoporous was beneficial to

the ion transport. At the same time, it could make the

electrolyte have better permeability between the

sample structures. The microporous structure can

improve the contact area of the sample. Therefore,

LWCA-3 had the most effective electrochemical

double layer capacitance performance when applied

in supercapacitors [38, 39].

Electrochemical performance

In order to explore the electrochemical performance,

LWCA-x was evaluated in a typical three electrode

system in a 6 M KOH aqueous electrolyte. Cyclic
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Figure 5 a The XPS survey spectrum, b C1s spectrum, c N1s spectrum, d O1s spectrum and e P 2p spectrum of LWCA-3.
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voltammetry (CV), constant current charge and dis-

charge (GCD) and electrochemical impedance spec-

troscopy (EIS) were used [40]. Figure 7a shows the

CV curves of different electrode materials at a scan

rate of 5mVs-1. The curve of all sample showed an

approximate rectangular shape, indicating the excel-

lent electric double layer capacitance response of the

electrode material [41]. It was worth noting that the

area enclosed by the rectangle corresponded to the

maximum and minimum specific capacitance in the

CV curve [42]. LWCA-3 had the largest rectangular

area, meaning that it had the largest specific capaci-

tance at the same scan rate, which was attributed to

the unique framework structure and larger pore

volume of LWCA-3. Further, the LWCA-3 sample

was tested at a scan rate of 5-100mVs-1 (Fig. 7b). It

was found that even at a scan rate of 100mVs-1, the

CV curve of the sample still exhibited a perfect

approximately rectangular shape without deforma-

tion, demonstrating that the combination of meso-

pores structure and micropores structure of LWCA-3

provided an ion transfer pathway, showing fairly fast

electrochemical response and excellent rate stability

[43].

Figure 7c shows the GCD curve of all samples at a

current density of 0.5Ag-1. The lines of all samples in

the figure were approximately triangular, indicating

that the electrochemical response mainly came from

the electric double layer and had good electrochem-

ical reversibility [44]. The ohmic drop was negligible,

indicating ideal capacitance characteristics with fast

I-V response and small resistance [32]. In addition, It

could be seen from Fig. 7c that LWCA-3 had the

longest charging time and discharging time, reveal-

ing that LWCA-3 had the highest specific capacitance

under the same current density, which was consistent

with Fig. 7a [33]. Figure 7d shows the individual

measurements of LWCA-3 at different current den-

sities. The charge–discharge curves of LWCA-3

showed an approximate isosceles triangle shape, and

there was no obvious deformation under the condi-

tion of 5 A g-1, and exhibited its excellent rate per-

formance and small internal resistance, which was

attributed to the large active surface, short diffusion

path and good electrical conductivity [45].

Electrochemical impedance spectroscopy (EIS) was

used to analyze electrode resistance and electrolyte

diffusion resistance. The morphology and structure

of materials had great influence on the transport of

ions and charges [46]. Figure 7e shows Nyquist plotsT
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of samples. As shown in the Fig. 7e, the EIS curves of

all samples had smaller ohmic resistance (RS) and

very low charge transfer resistance. It was found that

the curve of LWCA-3 in the low frequency region

was the most vertical and had the shortest 45� tran-

sition section, meaning that the resistance of LWCA-3

was smaller than other samples. According to pre-

vious analysis, the formation of coral-like macropores

and the opening of the pores could greatly increase

the contact area between the electrolyte and the car-

bon material [47]. LWCA-3 had a reasonable layered

nanopore structure, which could not only provide

more accessible surface products for ions, but also

acted as an ion channel to increase the diffusion rate

of electrolyte ions [48]. High specific surface area

provided abundant storage conditions for charge.

LWCA-x showed high utilization rate in electro-

chemical behavior through controllable preparation

scheme and three-dimensional highly interconnected

structure [49]. In addition, coral-like structure and

large specific surface area were the key to the

preparation of carbon electrode materials.

For carbon materials, good capacitance perfor-

mance needs many factors such as pore structure and

conductivity to complete [50]. For carbon aerogel

from liquefied wood, the layered porous structure

not only completed the efficient transmission of

electrolyte ions, but also provided more storage sites

for charge (Fig. 7f). As we all know, the capacitance

was the key factor for the electrode material [51, 52].

According to formula (1), the specific capacity of

LWCA-1, LWCA-2, LWCA-3 and LWCA-4 is 120.03,

132.2, 154.15 and 97.13 Fg-1 at the current density of

0.5A g-1 in 6 M KOH electrolyte, respectively. In

addition, the published data of the specific capaci-

tance of LWCA as a single electrode showed higher

values than other carbon materials in the current

work mentioned in Table 2. The breakthrough

advantage of LWCA-3 was due to its high specific

surface area and a large number of mesoporous

structures. As we all know, after carbonization at a

certain temperature (generally higher than 650 �C),
the amorphous carbon formed in the carbon frame-

work at low temperature transforms into an ordered

carbon structure of sp2, which significantly improved

the conductivity of the LWCA-3 material. The specific

capacitance of aerogel had a certain degree of con-

tribution [27]. Under the same conditions, after the

current density was increased by ten times, the

capacitance retention rate reached more than 70%,

which proved the excellent rate capability of LWCA-

3 (Fig. 8a). As shown in Fig. 8b, the GCD experiment

was carried out at a current density of 5Ag-1. After

4500 cycles, the weight specific capacitance of

LWCA-3 electrode material did not decrease signifi-

cantly. The cyclic stability of the material was main-

tained at 92.62%. Moreover, the GCD curves of the

first cycle and the last cycle overlap well, which

proved that the electrode material has no obvious

change after multiple charge and discharge, and had

good cycle stability.
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Conclusion

A hierarchical porous carbon aerogel with control-

lable structure was prepared by using wood lique-

faction, followed by steam activation. Benefit from

low density, controllable pore size and large specific

surface area, the electrode prepared by this material

as the preparation of supercapacitor showed very

good electrochemical performance. Among them,

hexamethylenetetramine (HMTA) was used as the

structural control agent to prepare LWCA-x

(x = 1,2,3,4, respectively). The final results showed

that the specific surface area of the samples were as

high as 1845m2g-1 in the three electrode system with

current density of 0.5Ag-1. LWCA-3 had a high

specific capacitance of 154.15Fg-1. Even if the current

density was increased ten times, the retention rate of

specific capacitance was still above 70%. LWCA-3

had a wide range of pore structure and high stability,

which was conducive to the further study of super-

capacitor electrode materials. In addition, extraction

of wood rich carbon aerogels from rich biomass

materials played a key role in exploring economically

sustainable biomass materials.
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Table 2 The comparison of the specific capacitance of carbon materials

Electrode

materials

Raw materials SSA (m2

g-1)

Capacitance (F

g-1)

Testing conditions Reference

aCA CMC 428 152.6 0.5 A g-1, 6 M KOH [12]

S-CA Phenols, aldehydes 830 105 1 A g-1, 6 M KOH [26]

NGAs Melamine, GO 157 170.5 0.2 A g-1, 6 M KOH [53]

CA-L20 Lignin, R, F 779 142.8 0.5 A g-1, 6 M KOH [54]

OM-CA H2O2, phenols, aldehydes 450 151 0.5 A g-1, 6 M KOH [55]

CAs Starch, phenols and aldehydes 734 147 1 A g-1, 6 M KOH [44]

rGO(180) aerogel GO,CNT - 129 0.1 A g-1, 1 M

Na2SO4

[56]

LWCA Chinese fir, phenol, formaldehyde

solution

1845 154.15 0.5 A g-1, 6 M KOH This
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