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Abstract

Developing effective electrodes with commercial-level active mass-loading (> 10 mg cm™2) is vital for the practical
application of supercapacitors. However, high active mass-loading usually requires thick active mass layer, which
severely hinders the ion/electron transport and results in poor capacitive performance. Herein, a self-standing biochar
electrode with active mass-loading of ca. 40 mg cm~2 and thickness of 800 um has been developed from basswood.
The basswood was treated with formamide to incorporate N/O in the carbon structure, followed by mild KOH activa-
tion to ameliorate the pore size and introduce more O species in the carbon matrix. The as-prepared carbon mono-
liths possess well conductive carbon skeleton, abundant N/O dopant and 3D porous structure, which are favorable
for the ion/electron transport and promoting capacitance performance. The self-standing carbon electrode not only
exhibits the maximum areal/mass/volumetric specific capacitance of 5037.5 mF cm~2/172.5F g~ '/63.0Fcm 3 at
2mA cm™2(0.05 A g~"), but also displays excellent rate performance with 76% capacitance retention at 500 mA cm™
(12.5 Ag~") in a symmetric supercapacitor, surpassing the state-of-art biomass-based thick carbon electrode. The
assembled model can power typical electron devices including a fan, a digital watch and a logo made up of 34
light-emitting diodes for a proper period, revealing its practical application potential. This study not only puts forward
a commercial-level high active mass-loading electrode from biomass for supercapacitor, but also bridges the gap
between the experimental research and practical application.
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Article Highlights

+ Basswood-derived free-standing thick carbon electrodes were developed for supercapacitors.
+ The capacitance performance was enhanced by pre-oxidation, solvothermal treatment and KOH activation.
+ Supercapacitors assembled from the optimized electrode exhibited good rate performance and stability.
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1 Introduction

Faced with the increasingly serious energy crisis and cli-
mate change, a huge effort has been contributed to the
“carbon-neutral” energy storage technologies. Super-
capacitors, especially electric double layer capacitors
(EDLCs), show great potential in next-generation energy
storage and supply technology attributing to their mul-
tiple advantages such as low cost/contamination, rapid
charge/discharge capabilities, long lifespan and out-
standing power density (Su et al. 2022; Katsuyama et al.
2022). In EDLCs, the charge is stored/released through
the adsorption/desorption of electrolyte ions at the inter-
face of electrode materials (Zheng et al. 2021a; Liu et al.
2022b; Wang et al. 2022a). Therefore, electrode materials
with superior ion/electron transport channels play a crit-
ical role in determining the energy storage/release capac-
ity of SCs. Following this principle, researchers have
developed a large number of porous carbon electrodes
with seemingly excellent capacitive performance in the
laboratory (Wang et al. 2021f; Guo et al. 2021). How-
ever, those apparently high capacitive performances can
only be achieved on very thin layer with low active mass-
loading (2—3 mg cm~2), which is far from the commercial
requirement (>10 mg cm~2), and the capacitance perfor-
mance of the materials may be overestimated due to low
active mass-loading (Dong et al. 2020; Boyce et al. 2021).
The low mass loading also results in high mass ratio of

inactive components (including the current collec-
tor, membrane, electrolyte, package, etc.), considerably
impeding the development of high energy density, light-
weight, and low-cost supercapacitors. Crucially, increas-
ing the active mass loading always results in rapid fading
of specific capacitance and rate performance due to the
decreased accessible surface area, enlarged electrical
resistance and prolonged charge/ion transport channels.
When the active mass loading increases from laboratory
grade to commercial level, the capacitance decreases by
at least 10% or even more than 50% (Huang et al. 2019b;
Zhao et al. 2020). Thus, it is urgent and meaningful to
develop high active mass-loading EDLCs while maintain-
ing the high capacitive performance.

To bridge the gap between the experimental results
and practical applications, versatile methods have been
developed, which can be classified into the “bottom-
up” and “top-down” strategies (Kuang et al. 2019; He
et al. 2020; Wu et al. 2021). The “bottom-up” strategy
is accustomed to utilizing high conductive low dimen-
sional carbon nanomaterials (such as carbon nanotubes
(CNTs), graphene oxide (GO), graphene quantum dots
(GQDs), etc.) as conductive additives to construct outer
conductive networks between activated carbon parti-
cles (Zhang et al. 2019b; Chen et al. 2021b). In addition,
the basic structural units (CNTs, GO, MXene) can also
serve as electrodes with inner conductive networks via
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various methods such as micelle-induced assembly (Tian
et al. 2020), electrophoretic deposition (Chang and Hu
2019), wet-spinning (Huang et al. 2019b), vacuum fil-
tration (Zheng et al. 2021c), mechanical compression
(Plaza-Rivera et al. 2020) and so on. Although high active
mass-loading could be achieved through such “bottom-
up” strategies, the complexities and/or cost of some strat-
egies render them impractical. Besides, the inevitable
agglomeration or entanglement of those structural units
induced by m—m interaction or capillary effect not only
causes uneven distribution of charges in the electrodes
but also increases the diffusion resistance of electrolyte
ions, resulting in poor ion/electron transport dynamics
and decayed capacitance performance. In contrast, the
“top-down” strategies show great potential in construct-
ing commercial-level active mass loading electrodes with
interconnected porous structure and abundant active
sites, taking advantage of templates [such as metal-based
nanoparticles (Wang et al. 2021a), block copolymer (Liu
et al. 2019b), ice crystals, laser patterning (Dubey et al.
2020), etc.], active site design (heteroatom doping) (Zhao
et al. 2020), and physical/chemical activation (Chen et al.
2021c).

Among a variety of carbonaceous precursors, the
renewable basswood blocks are the promising choice.
Basswood with elaborate hierarchically porous struc-
ture (such as vertical vessels/tracheids, numerous pits
and nanopores) has evolved over hundreds of millions
of years on the earth, which was very suitable for mass
transfer, and its anisotropic structure could be well inher-
ited after carbonization. Their vertical channels act as
electrolyte buffer pools to shorten the diffusion distance
of electrolyte ions, and the penetrating pits on the chan-
nel walls provide paths for electrolyte transfer between
adjacent channels. In addition, their integral self-sup-
porting structure avoids excessive interfacial resistance
that is detrimental to capacitance performance, and the
long-range and ordered conductive framework of the
carbonized sample is beneficial for electrons transfer
(Wang et al. 2021d, 2021e; Qing et al. 2021). In addition,
the main components of basswood (cellulose, hemicel-
lulose, and lignin) contain numerous active functional
groups (like -OH, —COOH, etc.), which favors the com-
bination with dopants (Chen et al. 2020; Xia et al. 2020;
Wang et al. 2021g; Xiao et al. 2022). Therefore, utilizing
basswood as the precursor to improve surface chemistry
and pore properties of the resulted free-standing thick
carbon electrode is a more energy-efficient “top-down”
method.

Herein, we successfully prepared a self-standing N/O
co-doped biochar electrode with high active mass-load-
ing of ca. 40 mg cm™2 and thickness of 800 pm. Owing
to the ingenious synthesis procedure, the basswood
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derived self-standing electrodes possess well-tuned
3D porous structure and abundant N/O dopant, which
endow the electrodes excellent capacitive performance
even though at such high active mass-loading. Spe-
cifically, the maximum areal, volumetric and gravi-
metric specific capacitance of the obtained electrodes
achieved 6538.5 mF cm ™2, 81.7 Fcm ™2 and 223.9 Fg ! at
2 mA cm™2 (0.05 F g™ 1), respectively, along with a promi-
nent rate capability of 3821.2 mF cm™2, 47.8 F cm ™3 and
130.9 F g7! even at 500 mA cm™2 (12.50 F g~!). Moreo-
ver, the symmetric supercapacitors exhibited prefer-
able power density (58.0 mW cm™2, 1996.4 W kg~ and
725.0 mW cm ) and energy density (0.65 mWh cm™2,
8.15 mWh cm™ and 22.44 Wh kg™!) compared to other
state-of-art biomass-based thick electrode superca-
pacitors. The assembled model even can power typi-
cal electron devices including a fan, a digital watch and
a logo made up of 34 light-emitting diodes for a proper
period, revealing its practical application potential.

2 Experimental

2.1 Materials

Basswood was supplied by Chenlin Industrial Co., Ltd.
Formamide (FA, Rhawn Co. Ltd), potassium hydroxide
(KOH, Sinopharm Co. Ltd), ethanol (95%, Sinopharm Co.
Ltd) and hydrochloric acid (HCI, 36%, Nanjing Chemical
Reagent Co., Ltd.) were of analytical grade and used with-
out further purification. Ultrapure water (18.2 MQ cm)
was used throughout the experiment.

2.2 Preparation of FA-OC slices

Basswood blocks (W) were cross-cut into veneers with
the size of 2 cm x 1.5 cm x 0.1 cm. Specifically, five pieces
of basswood were immersed into 60 mL formamide (FA)
for 30 min and then transferred into a 100 mL Teflon-
lined stainless-steel autoclave. The sealed Teflon-lined
autoclave was maintained at 120 °C for 3 h and heated
to 180 °C for 2 h. After the reaction, the autoclave was
cooled naturally. The solvothermal treated basswood
pieces were taken out, washed with pure water and
dried in an oven at 60 °C overnight. The obtained sam-
ples were named FA-W. The FA-W slices were pre-oxi-
dized at 260 °C for 6 h under air flow (200 sccm) and
then carbonized at 1000 °C for 2 h under N, atmosphere
(100 sccm) in a tube furnace, and the heating rate for
both pre-oxidation and carbonization was 5 °C min~™.
Finally, the obtained carbon materials were denoted as
FA-OC. In contrast, the carbonaceous product obtained
from directly carbonization of basswood was labeled as
WC, and the sample obtained from carbonization of the
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pre-oxidized basswood without FA treatment was abbre-
viated as OC.

2.3 Preparation of KOH activated FA-OC slices

Typically, the FA-OC slices were immersed into the
200 mM KOH ethanol solution for 48 h to ensure suf-
ficient penetration of the activator. FA-OC slices loaded
with KOH were placed in an oven at 60 °C to completely
volatilize the ethanol. The dried samples were placed into
a tube furnace and activated at 800 °C (heating rate of
5 °C min) for 2 h under N, flow (100 sccm). The car-
bonized wood slices were immersed in 1 M HCI solu-
tion for 12 h to remove potential inorganic residues, and
rinsed with pure water until pH of the filtrate closed to
7. The dried samples were denoted as FA-OC2. Addition-
ally, other samples were prepared by varying the concen-
tration of KOH ethanol solution (100 mM and 300 mM),
which were labeled as FA-OC1 and FA-OCS3, respectively.

2.4 Material characterization

The attenuated total reflectance Fourier-transform infra-
red spectroscopy (ATR-FTIR, VERTEX 80V) was used
to collect IR spectra to confirm the functional groups
in the functionalized basswood. The morphologies of
the basswood-derived carbon materials were character-
ized by scanning electron microscopy (SEM; JSM-7600F)
at an acceleration voltage of 15 kV. Elemental mapping
was determined by an energy-dispersive X-ray spectros-
copy (EDS, INCA X-Act). The high-resolution transmis-
sion electron microscope (HRTEM, JEM-2100 UHR)
and selected area electron diffraction (SAED) images
were acquired at an accelerating voltage of 200 kV. Ther-
mogravimetric analyses (TGA, NETZSCH TG 209EF3)
were investigated with a heating rate of 10 °C min~! in
N, atmosphere to analyze the thermal decomposition of
samples. X-ray diffraction (XRD, Ultima IV) patterns of
samples were measured at a voltage of 40 kV and a cur-
rent of 30 mA, employing a scanning rate 10° min~' in
the 20 ranging from 10 to 80°. The calculation formulas
of inter-layer spacing (d,,,) and crystallite height (L)
based on the XRD spectra are detailed in Additional
file 1. The Raman spectroscopy (DXR532) with a wave-
length of 532 nm was employed to analyze the defect or
disorder information of carbon materials. The surface
composition of samples was analyzed through X-ray pho-
toelectron spectroscopy (XPS, Thermo Fisher Nexsa)
with a mono-chromicized Al K radiation at 225 W. Nitro-
gen physisorption measurements were measured at 77 K
by Micromeritics ASAP2460 analyzer. The wood-derived
carbon materials were degassed at 200 °C for 8 h before
the test. The pore size distribution was analyzed from
the density functional theory (DFT) model based on the
adsorption isotherm. The specific surface area (SSA) was
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calculated from the Brunauer—Emmett-Teller (BET)
method. Single point adsorption total pore volume (V,)
was calculated at the P/P, of about 0.99.

2.5 Electrochemical measurements

The three-electrode setup was utilized for the electro-
chemical tests at room temperature (~25 °C) on the CHI
760E electrochemical workstations. In 6 M KOH aque-
ous electrolyte, the as-prepared wood-derived carbon
monoliths were employed as free-standing working elec-
trodes and counter electrode (the mass loading was about
40 mg cm™? and the density was about 500 mg cm ™),
nickel foam was used as the collector, the cellulose paper
(NKK-MPF30AC-100) was served as the separator, and
the Hg/HgO electrodes was functioned as the reference
electrodes. Significantly, in 6 M KOH electrolyte, the
symmetrical supercapacitors (SSCs) were assembled with
FA-OC2//FA-OC2 electrodes. Cyclic voltammetry (CV),
galvanostatic charge—discharge (GCD), electrochemical
impedance spectroscopy (EIS, from 10° to 1072 Hz) and
long-term cycling stability were performed. More details
about electrochemical measurements and calculation of
specific capacitance, energy density, and powder density
are stated in Additional file 1.

3 Results and discussion

3.1 Morphology and microstructure characterization

3.1.1 Microscopic morphology of the carbonized samples
Basswood has unique physical properties (anisotropic
structure) and chemical compositions (mainly cellulose,
hemicellulose, and lignin), and can be functionalized by
modifying its structure and/or composition (Chen et al.
2020; Wang et al. 2021c). FA was utilized as the potential
precursor to construct N-functionalized carbonaceous
material considering the coexistence of amino-groups (-
NH,) and carbonyl groups (C=0) in its structure (Zhang
et al. 2021). Figure 1 graphically illustrates the prepara-
tion process of N doped O-rich basswood derived car-
bon monoliths. Briefly, the natural basswood blocks
with tracheid structures were cut perpendicularly to
its growth direction into thin slices with a thickness of
about 0.1 cm (Additional file 1: Fig. S1a, b). FA was the
medium of the solvothermal reaction for basswood. The
reaction system was kept at 120 °C for 3 h to completely
expel the intra-tracheid pressure so as to allow the FA to
fully permeate into basswood slices. The high tempera-
ture (180 °C) and autogenous hyperbaric environment
in the autoclave enhanced the reactivity of formamide.
Formamide could form one-dimensional polyformamide
chains through the Schift-base condensation reaction
(Yang et al. 2021; Liu et al. 2021; Li et al. 2022). Basswood
contained abundant —-OH/-COOH groups (Huang et al.
2019a; Chen et al. 2020). The activity of those groups was
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Fig. 1 aThe design concept and fabrication process of N doped O-rich basswood derived carbon monoliths. SEM images of b the cross-sectional
view of OC, ¢ vertical channels, d pits and e high magnification image of channel wall. High magnification SEM images of f FA-OC, g FA-OC1, h
FA-OC2 and i FA-OC3. j TEM image of FA-OC2, the inset is the SAED pattern. k The EDS mapping of FA-OC2

also enhanced during the solvothermal process (Wang
et al. 2020; Gonzalez-Arias et al. 2021; Lachos-Perez et al.
2022). Hence, formamides or polyformamides (contain-
ing —NH,) can be combined with wood at the molecular
level through dehydration condensation (Li et al. 2022).

The FA-OC carbon monoliths were obtained by the sub-
sequent pre-oxidation and carbonization process.

The pore size was further refined by mild KOH acti-
vation, which includes chemical activation and physi-
cal activation. When the temperature exceeded 400 °C
(the melting point of KOH was 360 °C), KOH was
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gradually transformed into K,CO,, until KOH was com-
pletely consumed at about 600 °C (6 KOH+2 C—2 K
+3 Hy+2 K,CO;). When the temperature higher than
700 °C, K,CO; gradually decomposed into K,O and
CO, until it disappeared completely at about 800 °C
(K,CO3— K,0+CO,). Moreover, the intermedi-
ates (K,CO;, K,0O, and CO,) can be further reduced by
carbothermal reduction at temperatures over 700 °C
(K,CO3+2 C—2 K43 CO, K,0+C—2 K+CO,
CO,+C—2 CO), and the generated metallic K inter-
calated into the carbon lattices to catalyze carbon lattice
rearrangement to improve the degree of graphitization or
expand the carbon lattice spacing to form nanopores (Wu
et al. 2016; Govind Raj and Joy 2017). But the reported
methods usually employed a high dosage to achieve full
activation effect, and their strong activation inevitably
destroyed the integrity of carbon materials and even col-
lapsed the structure (Liu et al. 2020). Other than that, the
severe etching sacrificed the content of heteroatom dop-
ing (Wabo and Klepel 2021). To maintain the integrity
of the self-supporting structure and retain the surface
chemical properties of FA-OC, we immersed FA-OC in
KOH ethanol solution with relatively low concentra-
tion (100 mM, 200 mM and 300 mM, respectively) and
then activated them. The final activated products (FA-
OC1, FA-OC2 and FA-OC3) exhibited good integrity
and only shrank in size (Additional file 1: Fig. Sla, c). The
mass loading of as obtained electrodes (~40 mg cm™2,
~800 pum) was not only higher than most of literature
reports (summarize in Additional file 1: Table S9), but
also fully meets the requirements of commercial-level
supercapacitors (~ 10 mg cm ™).

The surface morphologies and microstructures of sam-
ples were observed by SEM and HRTEM. As shown in
Fig. 1b—e, the OC inherited the vertical and smooth ves-
sel structure of natural wood as the electrolytes buffer
cells to shorten the transport distance of electrolyte
ions, and a number of pits (Fig. 1d) on the wall provided
favorable paths for the rapid transfer of electrolyte ions
between the adjacent channels (Wang et al. 2021b, 2021c,
2021d). The self-supporting structure of FA-OC was well
maintained and the channel walls became rough (Fig. 1f).
The FA-OC samples activated by small dosage of KOH
(FA-OC1, FA-OC2 and FA-OC3) retained the original
low tortuosity channels (Additional file 1: Fig. S2), and
only the vessel walls slightly wrinkled, which was more
pronounced with the increase of KOH concentration
(Fig. 1g—i). The mild KOH activation strategy maintained
the anisotropic structure inherited from the wood chips,
and the low-flexibility channels and continuous con-
ductive paths were conducive to the respectable capaci-
tive performance. To confirm the surface chemistry of
the activated samples, the elemental mapping images
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(Fig. 1k) from EDS test were used to detect the distribu-
tion of elements. Clearly, the FA-OC2 was composed of
evenly distributed C/N/O elements. Furthermore, the
microstructure of FA-OC2 was explored by HRTEM and
the corresponding image is shown in Fig. 1j, which exhib-
ited disordered turbostratic structure and few pseudo-
graphitic domains. The absence of lattice fringe in the
SAED pattern (Fig. 1j inset) also confirmed the amor-
phous feature of FA-OC2.

3.1.2 Characterization of the samples before carbonization
The grafting of N-containing functional groups on
the basswood after the solvothermal process was pre-
liminary confirmed by ATR-FTIR spectra. As shown
in Fig. 2a, compared to the W, the absorption peaks at
3330 ecm™’, 1650 cm ™', and 1315 cm™" of FA-W indi-
cated the stretching vibration of N-H, C=N, and C-N
bonds. In addition, the absorption peaks belonging to
the stretching vibration of non-conjugated C=0O and
C-O functional groups at 1737 cm™' and 1228 cm™*
disappeared, demonstrating the wood monoliths were
successfully N-functionalized via a convenient solvother-
mal reaction (Zhang et al. 2021). The natural basswood
was light yellow and turn brown after the solvothermal
reaction (Additional file 1: Fig. Sla), which was ascribed
to the solvothermal carbonation of basswood and pen-
dant amine-groups (Daikopoulos et al. 2014; Wang et al.
2020). The functionalization of precursor by N-contain-
ing compounds via solvothermal reaction was a universal
strategy, which may be suitable for scaling up.
Furthermore, the superiority of the pre-oxidation was
highlighted by TGA curves, and the differences in pyrol-
ysis behavior of the W, FA-W and pre-oxidized FA-W
(abbreviated as FA-O) are shown in Fig. 2b. The weight
loss of the W before 250 °C was caused by the removal
of its inherent free water. With the increase in tempera-
ture (250-400 C), the rapid weight loss was due to the
six-membered ring opening, glycosidic bond breakage
and oxygen-containing double bond rearrangement in
cellulose and hemicellulose molecules. The shoulder peak
at low temperature (~250 C) belonged to the degrada-
tion of hemicellulose, while the peak at high temperature
(~400 C) was recognized as the degradation of cellulose
(Peng et al. 2019). Different from cellulose and hemicel-
lulose, the decomposition process of lignin was very slow
and complicated due to their native heterogeneous struc-
ture, with continuous weight loss from the initial to the
end and no peak observed (Leng et al. 2022). The residual
amount of W was only 17.2%. In the case of FA-W, the
decomposition generally followed similar thermal behav-
iors as W, but the shoulder peak shifted to the higher
temperature (~280 ‘C). The total yield was calculated as
26.1%, which was higher than that of W, indicating that
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Fig.2 aThe ATR-FTIR spectra of W and FA-W. b The TGA curves of W, FA-W and FA-O. ¢ The XRD patterns, d Raman spectra, e N, sorption isotherms
and f corresponding pore size distributions of OC, FA-OC, FA-OC1, FA-OC2, FA-OC3, respectively

the FA reacted with the basswood components and pro-
moted its conversion to carbonaceous materials (Liu
et al. 2019a). The pre-oxidation was carried out in the air
at 260 C for 6 h (FA-O) and the final carbonization yield
was increased to 43.7%. Taking the low price of basswood,
formamide, and air into consideration, the production
cost of FA-OC samples is inexpensive. The mechanism
of pre-oxidation process in enhancing the characteristics
of wood-derived carbon has been systematically investi-
gated (Shang et al. 2018; Du et al. 2021). In short, the pre-
oxidation process removed the physically adsorbed water,
bound water and light-volatiles, promoted the inter-
molecular cross-linking, stabilized the self-supporting
structure and improved the pyrolysis residual rate. More
importantly, the pre-oxidation increased the O content of
wood by converting alkyl groups to peroxides and alco-
hols, which provided additional pseudo-capacitance and
improved the hydrophilicity of electrodes.

3.1.3 Microstructure characterization of the carbonized
samples

XRD patterns were collected to further analyze the crys-

talline nature of the carbonized samples. The characteris-

tic peaks of OC, FA-OC and FA-OC1/FA-OC2/FA-OC3

were all at around 23° (002) and 43° (101) (Fig. 2c). The

peak intensity of the broad peak was weak, indicating a

low degree of graphitization and crystallization (Zhong
et al. 2021; Yu et al. 2022). To further reveal the difference
of disordered degree and crystallinity between FA-OC
and FA-OC1/FA-OC2/FA-OC3, the interlayer spacing
(dyp2) and crystallite height (L,) were calculated accord-
ing to Bragg and Scherrer formulas (Additional file 1:
Egs. S1 and S2)). The d,,, decreased from 0.378 nm for
FA-OC to 0.371 nm for FA-OC2, demonstrating that the
interlayer spacing was shrunk and tended to generate
partially pseudographitic domains (nano-graphite clus-
ters), which might be due to the intercalation of a small
amount of metallic K into the carbon lattice to catalyze
graphitization during the activation process (Govind
Raj and Joy 2017; Xia et al. 2018). However, with the
increase of the concentration of KOH, more metallic K
incorporated into the carbon lattice resulted in extended
d oo of FA-OC3 (0.373 nm). Clearly, the interlayer spac-
ing of the samples (before and after KOH activation)
was much larger than that of graphite (0.334 nm), indi-
cating their typical disordered structure. On the other
hand, the L, of FA-OC and FA-OC1/FA-OC2/FA-OC3
was 1.0244, 1.1211, 1.1294 and 1.1034 nm, respectively.
The L, of the activated samples was larger than that
of FA-OC. The L, of the activated samples increased at
first and then decreased, which indicated that KOH can
catalyze the formation of ordered nano-graphite clusters
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and the catalytic effect was related to the dosage. These
results were consistent with the phenomenon observed
from HRTEM image (Fig. 1j) that disordered carbon
matrix accompanied by a small amount of short-range
pseudographitic structure. The pseudographitic struc-
ture enhances the conductivity of the carbon skeleton
and facilitates the migration and transfer of electrons,
thus ensuring the decent rate performance of electrodes,
especially at high current densities.

Raman spectra (Fig. 2d) were used to further analyze
the defect or disorder information of carbon materials.
All samples exhibited evident peaks at ~ 1340 cm ™! and
~ 1590 cm ™!, which represented D-band (amorphous sp®
carbon) and G-band (ascribed to the graphitic sp? car-
bon), respectively. Typically, the relative peak intensity
ratios of D and G bands (I,/I;) were utilized to assess the
disorder degree of carbon materials (Jjagwe et al. 2021;
Chen et al. 2022). The pre-oxidation suppressed the
graphitization of the carbon materials (Du et al. 2021).
The graphite layers of the pre-oxidized samples tended
to bend and entangle randomly during the subsequent
carbonization process rather than grow and rearrange,
thus forming a large interlayer spacing (Lin et al. 2020),
and the I,/I; of OC and FA-OC was as high as 1.61 and
1.55, respectively. In the KOH activation process, a small
amount of metallic K could intercalate into the carbon
lattice to catalyze the formation of nano-graphite clusters
(Govind Raj and Joy 2017; Xia et al. 2018), but excessive
metallic K would expand the interlayer spacing and dis-
rupt the arrangement of the ordered graphite clusters.
Consequently, the I/I; decreased from 1.55 for FA-OC
to 1.49 for FA-OC2, but increased to 1.53 for FA-OC3
with the further increase of KOH concentration. The I,/
I of all the samples was greater than 1, which indicated
abundant defects and disordered structure (Wang et al.
2022b). The results of Raman spectra were consistent
with those of the HRTEM image and XRD patterns.

The pore evolutions were analyzed by N, sorption
isotherms and pore size distribution profiles (Fig. 2e,
f). All the samples exhibited an increase in the amount
of adsorbed N, at low-pressure region (P/P;,<0.1) and
a convex trail at high-pressure region (P/P,”0.9), which
were belonged to the micro/macro-porous character
according to IUPAC classification (Thommes et al. 2015;
Chen et al. 2021a). The pre-oxidation process enhanced
the cross-linking degree of basswood components and
inhibited the violent decomposition during pyrolysis,
hence the SSA (204.83 m? g!) and V, (0.13 cm® g™?) of
OC were both slightly higher than those of WC reported
in the literature (Tang et al. 2018). The intermolecu-
lar reactions between FA and basswood components
produced a number of ultra-micropores (~0.6 nm) and
increased the SSA of FA-OC to 312.73 m? g~ ! (Additional
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file 1: Table S1). Ultra-micropores significantly increase
the specific capacitance through desolvation of electro-
lyte ions at low current densities, but electrolyte ions do
not have enough time to desolvate at high current den-
sities, resulting in seriously decay of capacitance (Ding
et al. 2020). After KOH activation, the ultra-micropores
of the FA-OC were widened to large micropores and
the pore size gradually became larger with the increase
of KOH concentration, and the pore sizes of FA-OCI1,
FA-OC2 and FA-OC3 were concentrated at 1.2 nm,
1.3 nm and 2.0 nm, respectively. The large micropores
ensured high specific capacitance at low current density
and improved ion accessibility at high current density.

3.1.4 Surface functional group analysis of the carbonized
samples

XPS analysis was conducted to get more insights into
the changes in the surface functional groups of sam-
ples. The survey spectra for all samples are exhibited in
Fig. 3a, with prominent peaks centered at 284.8, 532.7
and 400.3 eV designated as C1s, O 1sand N 1 s, respec-
tively (Ran et al. 2021; Teng et al. 2021; Zheng et al.
2021b). The quantitative analysis results are summarized
in Fig. 3b and Additional file 1: Table S1. Compared with
WC (7.3 at.%), the increased intensity of O 1 s peak in
OC (12.8 at.%) confirmed that the pre-oxidation pro-
cess introduced more O-containing functional groups.
Comparing FA-OC with OC (Fig. 3a, Additional file 1:
Fig. S3), the emerging N 1 s peak in FA-OC (2.3 at.%)
proved that the FA solvothermal process successfully
introduced N-containing functional groups into bass-
wood, which was consistent with the results of ATR-
FTIR spectra. In addition, the absence of N 1 s peaks in
OC indicated that the inert N, molecules did not react
with carbon matrix during the carbonization process.
Hence, the N in FA-OC should be entirely derived from
grafted N-containing groups formed in the solvothermal
process (Lu et al. 2020). Encouragingly, even at such high
carbonization temperature (1000 ‘C), the N-doping con-
tent was comparable or higher than other N-doped car-
bon materials (Oh et al. 2019; Kim et al. 2019; Guo et al.
2020; Thongsai et al. 2021). Furthermore, the increased
O 1 s content of FA-OC1, FA-OC2 and FA-OC3 was
ascribed to the hydroxide reduction and carbon oxida-
tion initiated by KOH activation (Lii et al. 2022). Notably,
the N 1 s content of FA-OC1 (2.3 at.%) and FA-OC2 (2.2
at.%) was almost the same as that of FA-OC (2.3 at.%),
but that of FA-OC3 decreased (1.8 at.%), which indicated
that excessive intercalation of metallic potassium lead to
partly collapse of the N-containing carbon monolith (Liu
et al. 2020).

Detailed analysis of FA-OC2 was performed by
core level fitting. As shown in Fig. 3¢, four individual
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component peaks were extracted from the high-reso-
lution C 1 s spectrum with binding energies of 284.7,
285.3, 286.6 and 290.1 eV, corresponding to the C-C/
C=C, C-0/C=N, C=0/C-N, and O-C=0, respectively
(Xu et al. 2021; Zhao et al. 2022). The high-resolution
O 1 s spectrum exhibited in Fig. 3d demonstrated the
co-existence of multiple oxygen-based groups covering
quinone groups (C=0, 530.5 eV), phenol/ether groups
(C-OH/C-0-C, 532.7 eV) and carboxylic groups (O-
C=0, 535.2 V) (Hou et al. 2021). The high-resolution N
1 s spectrum was deconvoluted into four individual peaks
at 398.3, 399.4, 401.1 and 403.1 eV, respectively (Fig. 3e),
which corresponded to pyridinic N (N-6, 22.9%), pyr-
rolic/pyridone N (N-5, 6.6%), quaternary N (N-Q, 59.5%)
and N-oxide (N-X, 11.0%), respectively (Liu et al. 2022a).
During the carbonization process, N-6 was preferentially
formed, but with the increase of temperature, the ther-
mally unstable N-6 and N-5 tended to be transformed
into thermally stable N-Q (Zhang et al. 2015). The N-6
and N-Q accounted for 80% of the total N. Normally, the
pseudo-capacitive was triggered on O-surface groups
(carbonyl/hydroxyl/carboxyl) and negatively charged
N-6/N-5 (Additional file 1: Fig. S4). The co-existence of

N/O-containing functional groups not only contributed
to the pseudo-capacitance but also the hydrophilicity.
Besides, the positively charged N-Q enhanced the elec-
tron transfer kinetics at the electrode/electrolyte inter-
face, and heightened the conductivity of the electrodes
(Ghosh et al. 2020).

3.2 Electrochemical performance

3.2.1 Electrochemical performance in three-electrode system
To demonstrate the pore structure, heteroatom dop-
ing and self-supporting structure for improving electro-
chemical properties, the electrochemical behaviors of the
samples were evaluated through the three-electrode sys-
tem in 6M KOH electrolyte. Both the WC and OC exhib-
ited hepar-like CV profiles (Additional file 1: Fig. S5a),
which might be caused by their undeveloped pore struc-
ture. The GCD curve of WC was extremely distorted at
10 mA cm™2 (0.19 A g'), and the specific capacitance
was low (C; of 881.2 mF cm™2, C,, of 25.5 F g~!, Addi-
tional file 1: Fig. S5b). The finite capacitance of WC was
in accordance with the other literatures (Tang et al. 2018;
Ma et al. 2020). Whereas for OC electrodes, the obvious
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faradaic hump indicated the pre-oxidation was beneficial
to enhance the capacitance performance, and the specific
capacitance was elevated to 2640.0 mF cm™2 (66.0 F g™ )
at 10mA cm 2 (0.17 A g™%).

Compared with OC, although the CV curve of FA-OC
still kept hepar shape, its enclosed area was almost dou-
bled at 100 mV s~%, and the pseudo-capacitance hump
was more obvious (Fig. 4a). To further comprehend the
relationship between electrochemical behavior and het-
eroatom doping, CV measurements of FA-OC with
different scan rates (from 20 to 200 mV s~!) were car-
ried out and are exhibited in Fig. 4b. The capacitive/
diffusion-controlled contributions were calculated from
CV curves by the Duun’s method (Augustyn et al. 2014)
(Additional file 1: Eqs. S3-S5) and are summarized in
Fig. 4c. The pseudo-capacitive contribution of FA-OC
electrodes upped to 74% at 20 mV s! and still remained
26% at 200 mV s~! (Additional file 1: Fig. S6a—d). The
high contribution of pseudo-capacitance was associated
with N/O-containing functional groups. In addition, as
the scan rate increased, the CV curves were gradually
deformed due to the slow redox kinetics of heteroatom-
containing functional groups and the solvated electro-
lyte ions did not have enough time to desolvate and enter
the ultra-micropores. The advancement of capacitance
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performance of FA-OC compared with OC was quanti-
fied based on Additional file 1: Eqs. S6-S8 via GCD pro-
files at different current densities (Fig. 4d, e) to reflect
the role of ultra-micropores and N/O-containing func-
tional groups. As presented in Fig. 4f and Additional
file 1: Tables S2, S3, the calculated specific capacitance
of OC was 3190.0 mF cm™2 at 5 mA cm™2 (0.09 A g %)
and decreased to 1431.6 mF cm™? at 100 mA cm 2
(1.85 A g!), and the corresponding C, and C,
reduced from 79.8 F g! and 39.9 F cm™ to 35.8 F g*
and 17.9 F cm™2, while the C, of FA-OC was 4346.1,
3775.0, 2759.2 mF cm™? at 2, 5, 100 mA cm > (0.04,
0.10, 2.00 A g %), respectively (C,, of 120.7, 104.9 and
799 F g7!, C, of 54.3, 47.2 and 34.5 F cm3). Compared
with OC, the increased capacitance of FA-OC at low cur-
rent densities was due to the combined effects of desol-
vation of ions in ultra-micropores and greater O doping
ratio along with additional N doping, while the improved
capacitance retention at high current density was bene-
fited from the improvement of N-Q and N-X species on
the conductivity of the carbon matrix.

The Nyquist plots are also presented in Fig. 4f to inves-
tigate the change of resistance, and the fitted EIS plots
and corresponding equivalent circuit models are exhib-
ited in Additional file 1: Fig. S6e. The X-axis intercept (R,)
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for OC and FA-OC was both nearly 1 Q, which meant
the small internal resistance assigned by high-tempera-
ture carbonization. In the high-frequency region, the R ,
related to the charge transfer resistance of FA-OC was
smaller than OC. In the low-frequency region, the slope
of fitted EIS curves of FA-OC was steeper than that of the
OC (Additional file 1: Table S4), indicating their smaller
diffusion resistance, higher electrical conductivity, and
faster ion diffusion rate, which was responsible for the
improved rate capability.

Although the rate capability of FA-OC was improved
compared to OC, the enhancement was still unsatisfac-
tory. For FA-OC, due to the ion-sieving effects (Eliad
et al. 2001), few electrolyte ions can enter the interior
of ultra-micropores (~0.6 nm) especially at high cur-
rent density. The rapid loss of capacitance at high current
density was mainly caused by the poor ionic accessibil-
ity and limited oxidation—reduction reaction kinetics of
N/O-containing functional groups (Ding et al. 2019). The
specific capacitance was only 821.8 mF cm ™2 (23.1 F g™},
10.3 F cm™) at 500 mA cm™2 (9.62 A g~ !). To further
improve their comprehensive capacitance performance,
the mild KOH activation method was adopted. The
micropores were widened to reduce the influence of ion
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sieving and provide more electric double-layer capaci-
tance. On the other hand, the low KOH concentration
introduced more O-containing species to elevate pseudo-
capacitance contribution without losing the N-contain-
ing functional groups through mild hydroxide reduction
and carbon oxidation.

The capacitance performances of the activated sam-
ples (FA-OC1, FA-OC2 and FA-OC3) were tested and
the results are depicted in Fig. 5. The CV curves of all the
activated electrodes presented the rectangular shape and
covered larger enclosed area than FA-OC (Fig. 5a), indi-
cating that the activated samples possessed higher charge
storage capability. In detail, the FA-OC2 maintained the
rectangular shape even at the scan rate of 100 mV s
(Fig. 5b), demonstrating its ameliorated rate capabil-
ity. Moreover, the pores of the heteroatom-rich FA-OC2
electrode are dominated by large micropores. As the scan
rate increased, the CV curve gradually turned to shuttle-
shape due to the increased ion transport resistance and
the delayed Faradaic reaction. There is no linear relation-
ship between the specific surface area and capacitance
because not all micropores are electrolyte ions acces-
sible (Yan et al. 2014). Although the SSA of FA-OC2
was smaller than that of FA-OC1, the micropores of
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the former were wider, which greatly weakened the
hindrance of ion sieving effect on the electric double-
layer capacitance and provided more active sites for
energy storage. Additionally, in aqueous electrolyte (6M
KOH), the capacitive performance depended more on
heteroatom-containing functional groups than on spe-
cific surface area (Wei and Yushin 2012). Although the
N-doping content of FA-OC2 was almost identical to that
of FA-OCI1, the O-doping content of FA-OC2 was higher
than that of FA-OCI. Thus, the superior capacitive per-
formance of FA-OC2 was reasonable. With the increase
of KOH concentration, the small micropores were gradu-
ally expanded into large micropores, and the content of
O-containing functional groups was improved. However,
excessive KOH sacrificed part of the N content due to
the strong etching reaction, resulting in the decrease of
capacitive performance for FA-OC3.

At the scan rate of 100 mV s}, the contribution of
electric double-layer capacitance for FA-OC, FA-OCI,
FA-OC2 and FA-OC3 was 46%, 61%, 56% and 51%,
respectively (Fig. 5c, Additional file 1: Figs. S6-S9),
indicating that KOH activation improved the utiliza-
tion of micropores and thus increased the double-layer
capacitance. Besides, the introduction of O-contain-
ing functional groups during KOH activation process
provided additional pseudo-capacitance. At the cur-
rent density of 2 mA cm™2 (~0.05 A g ), the specific
capacitance (C, C, C,) of the FA-OC1, FA-OC2 and
FA-OC3 was 4688.5 mF cm ™2 (154.5 F g1, 58.6 F cm™3),
65385 mF cm™2 (2239 F g7}, 81.7 F cm™®) and
6516.3 mF cm™2 (229.4 F g7}, 81.5 F cm ™), respectively
(Fig. 5d, e). Upon increasing the current density up to
100 mA cm™2 (2.27 A g~! for FA-OC1, 2.50 A g~ for
FA-OC2, 2.63 A g~! for FA-OC3), the specific capaci-
tance (C, C,, C,) of FA-OC1, FA-OC2 and FA-OC3
retained 2973.1 mF cm™ (97.8 F g7}, 37.2 F cm™3),
42594 mF cm™? (1459 F g7}, 532 F cm™®) and
3763.4 mF cm™2 (133.2 F g7}, 47.0 F cm ™), respectively
(Fig. 5f, Additional file 1: Table S5-S7). The inferior per-
formance of FA-OC1 to FA-OC2 was due to insufficient
KOH dosage and low effective specific surface area. How-
ever, FA-OC3 exhibited a slightly lower capacitance than
FA-OC2 as the current density increased, which was due
to the excessive activation of KOH leading to the loss
of some N/O species. Thus, the appropriate KOH con-
centration kept a balance between surface-controlled
electrical double-layer capacitance and diffusion-con-
trolled faraday pseudo-capacitance, which closed the gap
between the initial capacitance and rate performance.
The rich N/O functional groups were favorable for the
infiltration of electrolyte. The mild activation method
maintained vertical channels and stable self-supporting
structure, which was conducive to the rapid transport
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of electrolyte ions and electrons. On the other hand, the
micropores matching the electrolyte ion size ensured the
accessibility of electrolyte ions at high current density.
Even when the current density increased to 500 mA cm 2
(1250 A g1), the specific capacitance of FA-OC2
remained at 3821.2 mF cm™2 (130.9 F g1, 47.8 F cm™3).
This rate performance was far superior to that of some
wood-based electrodes and other biomass-based self-
supporting electrodes, C, such as the CCE-SP elec-
trode where the maximum current density applied only
reached at 10 mA c¢cm™ (Sun et al,, 2021) and the WC@
Ag-20@NiCo,S,-20 (Wang et al., 2021d) and WC-E-100-
48 (Wang et al,, 2021c) electrodes where the C_ decayed
by 50% when the current density increased from 1 to
50 mA cm ™%

The volumetric capacitance performance is an essen-
tial indicator for portable electronics with limited space.
Regrettably, for most supercapacitors, especially those
based on powder electrodes, the relationship between
volumetric and gravimetric capacitances is contradic-
tory. Generally, the effective surface area available for
electrolyte ions of the dense electrodes was limited, and
the transport channels of electrolyte ions were tortu-
ous, resulting in poor gravimetric capacitance. While
the carbon electrodes with large effective surface area
(low density) lost volume capacitance when achieving
high gravimetric capacitance. The FA-OC2 electrode
benefited from the low tortuosity self-supporting mac-
rostructure and dense microstructure (the mass load-
ing of ca. 40 mg cm™?) as well as abundant heteroatom
functional groups. The C,, was 223.9 F g~ ! at 2 mA cm™>
(0.05 A g™1), and the corresponding C, was 81.7 F cm ™2,
Compared those values with the results reported in
several references, FA-OC2 electrodes showed advan-
tages to some wood-based carbon monoliths and other
biomass-derived self-supporting (thick) electrodes. For
example, although the cotton rose wood derived car-
bon monoliths exhibited the C,, of 140 F g™, the C, only
achieved 28 F cm™> (Ma et al. 2020). The C,, and C, of
the thick electrode derived from delignified basswood
(Wang et al. 2021e) was 65 F g~ and 2.67 F cm ™2, respec-
tively. The highly dense graphene exhibited a high C, of
155 F cm ™2, and their C,, was only 136 F g~! (Han et al.
2018).

The limited installation space of components in port-
able electronic devices also requires the maximization
of capacitance per unit surface area (termed SSA-nor-
malized capacitance and is computed from Additional
file 1: Eq. S9). The inherent capacitive properties can be
revealed by the SSA-normalized capacitance. In the liter-
ature, some electrodes exhibited high SSA but low SSA-
normalized capacitance, such as P-doped thick carbon
electrode (959 m? g%, 21.5 uF cm™2) (Wang et al. 2021b),
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enzymolysis-treated wood (1418 m?* g%, 23.1 pF cm™?)
(Wang et al. 2021c), activated fir wood (703.5 m?* g},
40.6 pF cm™?) (Zhang et al. 2019a), petroleum coke
derived PCs (2140 m? g%, 12.2 uF cm™?) (Zuliani et al.
2018), and RGO/CFs (525 m* g%, 30 uF cm™?) (Sun et al.
2019), which indicated their insufficient SSA utilization.
For FA-OC2 monoliths, the concentrated pore size dis-
tribution matching the electrolyte ion size improved the
utilization of SSA, and the abundant N/O functional
groups provided huge faraday pseudo-capacitance, and
the low SSA (126.2 m? g~!) corresponded to an ultrahigh
SSA-normalized capacitance (177.4 uF cm ™). In particu-
lar, the N-6/N-5/-C=0/-OH groups in carbon mono-
liths were considered to play key roles in enhancing the
SSA-normalized capacitance via faradaic redox reaction.

Moreover, the EIS measurements were also performed
to investigate the kinetics of the electrodes (Fig. 5f) and
the corresponding equivalent electric circuit is exhib-
ited in Additional file 1: Fig. S10. For traditional coated
electrodes, there is a lack of continuous conductive chan-
nels between active materials, and the additional bind-
ers increase the electron transfer resistance. In addition,
the intricate microscopic morphology between the active
materials results in tortuous electron/electrolyte ion
transfer paths and lengthened transfer distance. For the
self-supporting FA-OC2 carbon monoliths, the continu-
ous conductive carbon skeleton provides effective paths
for electron transfer, and the N-X/N-Q groups enhance
the electron transfer kinetics at the electrode/electrolyte
interface. The FA-OC2 showed a steeper line at the low-
frequency region and a smaller semicircle at the middle-
frequency region, and the W, and R, were 1.80 Q and
0.37 Q, respectively (Additional file 1: Table S8), mani-
festing their faster electrolyte ion diffusion and transfer
rate. The charge transfer resistance was comparable to
other wood-based electrodes [CW-P-9.24, 0.78 Q) (Wang
et al. 2021b); WC-E-100-48, 0.99 Q (Wang et al. 2021c¢)],
and distinctly smaller than some of the commercial thick
electrodes (NCPC, 20.0 Q (Lin et al. 2021); LFMP nano-
plates, 14.1 Q (Zhao et al. 2019)) reported in the litera-
ture. Furthermore, long-term stability is another vital
parameter for evaluating the capacitance performance of
electrode materials. We investigated the durability of the
FA-OC1/2/3 by cycling between — 1 and 0 V for 20,000
cycles at the current density of 500 mA cm ™2 (11.36 A g~*
for FA-OC1, 12.50 for FA-OC2, and 13.16 for FA-CO3).
Notably, FA-OC2 described the ultra-long cycling stabil-
ity of nearly 94.3% capacitive retention (Fig. 5f).

3.2.2 Electrochemical performance in two-electrode system

To further explore the practical performance of FA-OC2,
the symmetric supercapacitors (FA-OC2//FA-OC2) were
assembled and measured in 6M KOH electrolyte and the
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model diagram is exhibited in Fig. 6a. Clearly, the CV
curves maintained quasi-rectangular shape at the range
from 5 to 50 mV s~ (Fig. 6b), and the corresponding fit-
ted b value confirmed the synergistic effect of double-
layer capacitance and pseudo-capacitance (Fig. 6¢). The
GCD curves exhibited the symmetric triangle shape at
different current densities (Fig. 6d), implying its supe-
rior electrochemical reversibility. Notably, the symmetric
two-electrode devices possessed a diminished specific
capacitance calculated from GCD curves by Additional
file 1: Eqs. S10-S12, which was approximately 80% of that
in the three-electrode configuration. Such decrease was
probably caused by the increased device resistance and
ion transportation resistance (Fig. 6e). The devices pre-
sented the C’, of 5037.5, 4421.3 and 3622.9 mF cm ™% at 2,
20 and 100 mA cm ™2 (0.05, 0.50 and 2.50 A g~*'), which
corresponded to the C',, of 172.5, 151.5 and 124.1 F g,
the C’, of 63.0, 55.3 and 45.3 F cm™>, respectively (Fig. 6f
and Additional file 1: Table S9). In addition, after 10,000
and 20,000 GCD cycles at 100 mA cm™2 (2.50 A g™,
the capacitance of FA-OC//FA-OC remained at 90.7%
and 86.3%, respectively (Fig. 6g). The energy den-
sity and power density are crucial parameters for SCs
toward practical applications (quantified based on Addi-
tional file 1: Eqs. S13-S18). As illustrated in Ragone
plots (Fig. 6h), compared with other energy storage
devices, such as electrochemical capacitors, lead batter-
ies (PbO,/Pb), nickel-metal hydride batteries (Ni/MH),
primary and secondary lithium-ion batteries (Li pri-
mary and Li-ion batteries), the binder-free SSCs assem-
bled with FA-OC2 delivered decent energy density and
power density, which filled the gap between traditional
capacitors and Li-ion batteries. At the current den-
sity of 2 mA cm™? (0.05 A g'), the maximum energy
density achieved 0.65 mWh cm™2, 22.44 Wh kg, and
8.15 mWh cm™3, respectively. In addition, the maximum
power density obtained at 100 mA cm ™2 (2.50 A g ') was
58.0 mW cm™? (1996.4 W kg' and 725.0 mW cm™3).
The initial capacitance, rate capability and energy/power
density of the proposed FA-OC2//FA-OC2 devices
were comparable or higher than other wood-based and
biomass-based devices reported in literature [such as
CW-P//CW-P (Wang et al. 2021b), WC@Ag-20//WC@
Ag-20@NiCo,S,-20 (Wang et al. 2021d), WC-E-100-48//
WC-E-100-48 (Wang et al. 2021c), AWC//MnO,@WC
(Chen et al. 2017), CW//Co(OH),@CW (Wang et al.
2018), and CCF-SP//CCEF-SP (Sun et al. 2021)], and the
comparison data are visualized in Fig. 6i and Additional
file 1: Table S11.

3.2.3 Demonstration of practical application
As illustrated in Fig. 7a, although the mass loading of
as-prepared dense thick electrodes was as high as about
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40 mg cm™?, their vertical channels not only acted as

buffer cells for the electrolyte to shorten its diffusion
distance, but also provided fast channels for transport-
ing electrolyte ions along the thickness direction, and
the pits on the walls facilitated the transfer of the elec-
trolyte between the adjacent channels, and the micropo-
res matching the electrolyte ion ensured the effective
utilization of the electrolyte ions. On the other hand,
these integral self-supporting electrodes with continu-
ous conductive skeleton avoided the excessive interfacial

resistance and thus provided the effective paths for elec-
tron transfer, and the N-doping enhanced the electron
transfer kinetics at the electrode/electrolyte interface.
The abundant N/O-functional groups in the carbon
matrix not only contributed to the additional pseudo-
capacitance but also increased the hydrophilicity of
electrodes to facilitate the rapid diffusion of electrolyte
ions. Although the N/O-containing functional groups
provided additional pseudo-capacitance, they were not
directly participated in the conversion reaction, implying
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that the N/O-doped carbon materials possessed sustain-
able capacitive energy storage capability. The uniform
self-supporting structure not only provided the homoge-
neous distribution of electrons and electrolyte ions along
the thickness direction but in the whole monoliths, which
ensured the stable electrochemical reaction and fur-
ther improved the capacitive property. Hence, the three
tandem all-carbon devices were capable to power a fan
(Fig. 7b), illuminate a parallel “NJFU” logo (Fig. 7c) made
up of 34 green light-emitting diodes (LEDs, 3 V), and run
the digital watch for more than 5 h (Fig. 7d), revealing
their practical application potential.

4 Conclusion

In summary, this work developed a self-standing car-
bon electrode with commercial-level active mass-load-
ing (~40 mg cm~?) and large active mass layer thickness

(~800 um) from basswood. Owing to the well-designed
synthesis method, the carbon electrode possesses well
conductive skeleton, abundant N/O dopants, and self-
standing 3D porous structure. The synergistic effects
from the low electrical resistance, optimal doping and
free-standing porous structure significantly enhance
the capacitive performance. As a result, the high areal/
gravimetric/volumetric/SSA-normalized capaci-
tances (6538.5 mF cm™2, 223.9 F g7!, 81.7 F cm™2 and
177.4 puF cm™2 at 2 mA cm™2 (0.05 A g '), the good
rate capability (3821.2 mF cm™% 130.9 F g~! and
47.8 F cm ™2 at 500 mA cm ™2 (12.50 A g™1)) and cycling
stability (~94.3% after 20,000 cycles at 500 mA cm™?)
are realized in the three-electrode configuration. The
assembled symmetric supercapacitors deliver the spe-
cific capacitance of 5037.5 mF cm™2 (172.5 F g”! and
63 F cm_?’) at 2 mA cm™?, with the corresponding



Yan et al. Biochar (2022) 4:50

energy density of 0.65 mWh cm™? (22.44 Wh kg™ },
8.15 mWh cm_3). Furthermore, the three tandem all-
carbon supercapacitors are capable of powering typi-
cal electronic devices including a fan, a parallel “NJFU”
logo made up by 34 green light-emitting diodes (LEDs,
3 V), and a digital watch for proper time, revealing
their practical application potential. This study not
only develops a highly effective commercial-level active
mass-loading electrode material for supercapacitors,
but also inspires the utilization of sustainable biomass
for energy-related applications.
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