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Capillary Evaporation on High-Dense Conductive Ramie
Carbon for Assisting Highly Volumetric-Performance

Supercapacitors

Qing Wang, Zhenyu Chen, Qitian Luo, Haijian Li, Jie Li, and Weiging Yang*

Conductive biomass carbon possesses unique properties of excellent
conductivity and outstanding thermal stability, which can be widely used as
conductive additive. However, building the high-dense conductive biomass
carbon with highly graphitized microcrystals at a lower carbonization
temperature is still a major challenge because of structural disorder and low
crystallinity of source material. Herein, a simple capillary evaporation method
to efficiently build the high-dense conductive ramie carbon (hd-CRC) with the
higher tap density of 0.47 cm® g~ than commercialized Super-C45 (0.16 cm?
g~") is reported. Such highly graphitized microcrystals of hd-CRC can achieve
the high electrical conductivity of 94.55 S cm~" at the yield strength of

92.04 MPa , which is higher than commercialized Super-C45 (83.92 S cm~' at
92.04 MPa). As a demonstration, hd-CRC based symmetrical supercapacitors
possess a highly volumetric energy density of 9.01 Wh L~" at 25.87 kW L',
much more than those of commercialized Super-C45 (5.06 Wh L' and

19.30 kW L~"). Remarkably, the flexible package supercapacitor remarkably
presents a low leakage current of 10.27 mA and low equivalent series
resistance of 3.93 mQ. Evidently, this work is a meaningful step toward
high-dense conductive biomass carbon from traditional biomass graphite

carbon, greatly promoting the highly-volumetric—performance
supercapacitors.

1. Introduction

Biomass carbon obtained by anaerobic treatment have become
the extremely potential electrode materials for energy storage
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devices because of their easily controlled
property, naturally structural diversity,
environmental friendliness, and rich
sources.['™] Generally, biomass precursors,
composed of cellulose, hemicellulose, and
lignin, play a vital role in the polymorphism
of biomass carbon, affecting the graphi-
tization degree of carbon materials.>®]
Among them, cellulose derived carbon
with parallel hydrogen bond network pos-
sesses the remarkable crystallinity for the
improvement of electrical conductivity
and the reduction of contact resistance
between interfaces, and provides an effi-
ciently convenient path for realizing the
transmission role of internal electrolyte
ions.'%111 Unfortunately, the existence of
hemicellulose tremendously hinders the
lateral growth of carbon crystals, and the
presence of lignin extensively forms stable
amorphous carbon.['213] Therefore, it is
still crucial for conductive biomass carbon
to rationally develop the highly graphitized
microcrystals (hGMCs).

Super-C45 as a commercial conductive
carbon possesses the high conductivity,
high thermal conductivity, high oxidation
stability, low density, etc., and have been widely applied into
the field of conductive plastics, conductive rubber, conductive
ink, and conductive additives.!'*'° Especially for supercapaci-
tors, Super-C45 plays a conductive role in achieving the outstand-
ing rate performance.l'’~'% Unfortunately, its low tap density and
easy agglomeration will intrinsically prolong the transmission
path of electrolyte ions and occupy a certain volume of active
electrode, badly limiting the application of highly-volumetric—
performance supercapacitors.l?’l Recently, conductive biomass
carbon with the resistivity of lower than 1 Q cm possessed
the advantages of higher tap density (>0.4 cm? g=') than com-
mercialized Super-C45 (0.16 cm?® g~!).[2122] Their conductivities
could be mainly ascribed to surface chemical composition, ag-
gregate structure, porosity, and microcrystalline morphology.!?3]
Among them, the rearrangement and growth of graphite-like
microcrystals would tremendously restrict the rapid movement
of r electrons.”*l The improvement of graphitic degree will
be conducive to the formation of excellently conductive net-
work for further increasing its conductivity.?>-?’l To large-scaly
fabricate the highly dense and highly graphitized conductive

© 2023 Wiley-VCH GmbH
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Figure 1. Schematically structural diagram of high-dense conductive ramie carbon (hd-CRC). a) Optical photo of natural ramie with abundant cellulose.
b) Strategy of preparing hd-CRC by pyrolysis after chemical stripping. c) Capillary evaporation on dense cellulose molecules. d) Representative SEM
image of hd-CRC showing the obviously ordered structure. e) TEM image of hd-CRC revealing the hGMCs. f) Comparison diagram of physical properties

on hd-CRC with commercialized Super-C45.

carbon is still an urgent problem to date. In this regard, high-
temperature pyrolysis and precursor pretreatment methods were
commonly employed to improve the graphitization degree of con-
ductive biomass carbon.?®! For the former, the increasement of
carbonization temperature was conducive to expand the layer
spacing of graphite-like structure and improved the order de-
gree of disorderly turbine-layered nanodomain, but the high-
temperature graphitization treatment badly reduced the yield
and density of conductive biomass carbon. While for the latter,
steam explosion, as the most commonly used method for pre-
cursor pre-treatment, could realize the separation and structural
change of raw materials through chemical decomposition, me-
chanical splitting, and structural rearrangement of steam explo-
sion materials, but it would cause the physical explosion of cellu-
lose crystals.[?] So far, there still lacks a gentle and controllable
strategy to effectively extract the cellulose with complete crystal
structure and to large-scaly prepare the high-dense conductive
biomass carbon with hGMCs at a lower carbonization tempera-
ture.

Here, we report a simple capillary evaporation strategy to ef-
ficiently construct the high-dense conductive ramie carbon (hd-
CRC) with a compacted density of 1.09 cm? g=! and an electrical
conductivity of 94.55 S cm™! at the yield strength of 92.04 MPa.
This chemically stripped ramie precursor with ultra-high cel-
lulose content (95.37%) effectively protect the crystal structure
of cellulose, realizing the densification of cellulose molecules.
Also, a large number of broken C—-C bonds and C-H bonds from
cellulose molecules will be re-organized and re-ordered to re-
construct substantial C=C bonds for the formation of hd-CRC
with hGMCs. Furthermore, the hd-CRC-based symmetrical su-
percapacitors can deliver a high volumetric energy density of
15.82 Wh L~! at 780 W L~'. Even at the high volumetric power
density of 25.87 W L1, the device still has a volumetric energy
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density of 9.01 Wh L~!, much more than those of commercial
Super-C45-based supercapacitor (5.06 Wh L' and 19.30 kW
L1). Attractively, 301.99 F flexible package supercapacitor pos-
sesses a low leakage current of 10.27 mA and low equivalent se-
ries resistance (ESR) of 3.93 mQ, revealing hd-CRC as conduc-
tive additive can helpfully improve the electrochemical stability
and volumetric performance of supercapacitor. This conductive
biomass carbon based on chemically stripped ramie with ultra-
high cellulose content can not only wonderfully store the elec-
trolyte ions, but also provide an effective transport path for ion
diffusion during charging and discharging. Evidently, this hd-
CRC can effectively improve the space volume ratio of active sub-
stances and obviously enhance the diffusion dynamics, synergis-
tically promoting the cycle stability and rate performance of high
volumetric supercapacitors.

2. Results and Discussion

Highly microcrystal-graphitized hd-CRC was synthesized by uti-
lizing the capillary evaporation of cellulose molecules and then
re-construction of C atoms during high-temperature pyrolysis.
As shown in Figure 1a, the natural ramie with 72.43% cellu-
lose, 19.8% hemicellulose, 0.7% lignin, and other water-soluble
substance possesses the characteristics of highly mechanical
strength, high crystallinity, high orientation, and excellent sta-
bility. In this work, Hydroxyl and superoxide anions produced
by peroxyformic acid solution could depolymerize and dissolve
lignin and hemicellulose in the ramie (Figure 1b).?% Gener-
ally, aromatic units could be most easily degraded into small
fragments.®!l Then, the exposed cellulose contained abundant
hydroxyl groups to absorb a large amount of water molecules.
In the subsequent capillary evaporation process, water molecules
will gradually evaporate from the interior of cellulose molecules
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to the surface, and the capillary force between nanocellulose bun-
dles could cause them to aggregate and achieve densification.l*?]
Attractively, the abundant hydroxyl groups on cellulose molecules
could facilitate the formation of hydrogen bonds and increase in-
termolecular forces. Therefore, these chemically-stripped ramies
with ultra-high cellulose content (95.37%) could effectively
change the hydrogen-bond network formed by the interac-
tion between hydroxyl groups through capillary evaporation
(Figure 1c). Finally, the composition forms of C elements from
the chemically-stripped ramies can orderly re-organize the C
atoms and re-construct a large number of C=C bonds for the up-
surge of graphite-like microcrystals. As shown in Figure S1, Sup-
porting Information, obviously fibrous structure with an average
diameter of 16 um on the surface of ramie can evidently prove the
removal of lignin and hemicellulose by observing the destruction
of cell wall. After carbonization atom recombination, the fibrous
structure of hd-CRC can present the obviously ordered structure,
and their average diameter of 6.5 pm can prove the reorganiza-
tion of C atoms during pyrolysis (Figure 1d and Figure S2, Sup-
porting Information). As shown in Figure 1e and Figure S3, Sup-
porting Information, TEM images vividly revealed a hGMCs and
randomly oriented pseudo-graphite structure, which could pro-
vide a large lumber of storage places for electrolyte ions and then
benefit the electron transmission and ion diffusion. Based on it,
we compared the physical properties of hd-CRC with commer-
cialized Super-C45, such as tap density, electrical conductivity,
compacted density, specific surface area (SSA), and pore volume
(Figure 1f). As a result, the hd-CRC demonstrates the following
excellent advantages: i) conductive ramie carbon with a high tap
density of 0.47 cm® g1 can effectively improve the volume pro-
portion of active substances; ii) electrical conductivity of hd-CRC
can peak at 94.55 S cm™! under the yield strength of 92.04 MPa;
iii) compacted density of hd-CRC can achieve 1.09 cm? g~! at the
yield strength of 92.04 MPa; iv) hd-CRC possesses a prominent
SSA of 219.50 m? g! by using the BET method; v) pore volume
of hd-CRC is 0.11 cm? g~! by using the t-plot method, which can
be conducive to reducing the absorption of electrolyte.

Also, hd-CRC with high density could be controllably pre-
pared on a large scale. As shown in Figure 2a, the water bath
process of natural ramie effectively removed the water-soluble
substances of source material. This as-obtained ramie was fully
immersed in the peroxyformic acid solution, and the peroxy-
formic acid molecules rapidly diffused into the fiber bundles.
Among them, hydroxyl and peroxy group reacted with the aro-
matic ring on lignin to directly form the ester (Figure 2b).
The extremely low lignin content properties of natural ramie
quickly promoted to complete the oxidation process and its nat-
ural yellow eventually turned white. Subsequently, chemically
stripped ramie precursors were obtained through the treatment
of NaOH, achieving the purpose of degrading lignin and hemi-
cellulose (Figure 2c and Figure S4, Supporting Information). Fi-
nally, 144.1 g hd-CRC was developed at once, corresponding the
yield of 18.9% (Figure 2d). After the rough grinding and fine
grinding, hd-CRC with high quality could be used as the con-
ductive agent for the application of supercapacitors (Figure S5,
Supporting Information). As shown in Figure 2e,f, natural ramie
with cellulose, hemicellulose, lignin, and other water-soluble
substance shows the obvious stripes and rough network struc-
ture. While the as-prepared chemically stripped ramie precursors
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possess the smooth surfaces and hierarchically ordered struc-
tures (Figure 2gh). Evidently, this capillary evaporation strat-
egy can be used to regulate the capillary tension of cellulose
molecules, which is beneficial for the further densifying and or-
dering of cellulose structures. Besides, the high-dense conduc-
tive ramie carbon could be controllably realized through the syn-
ergistic effect of high crystallinity on cellulose molecules and
high-temperature re-organization on carbon atoms (Figure 2i,j).
As shown in Figure 2k and Figure S6, Supporting Information,
EDS analysis was used to prove the removal of impurity ele-
ments, such as Na, S, and Cl. In order to further determine
the element types of hd-CRC, X-ray photoelectron spectroscopy
(XPS) were applied to characterize the chemical composition and
chemical bonds (Figure 21 and Figure S7, Supporting Informa-
tion). Resulted, the atom proportion of carbon is increasing from
89.10% to 94.12% and graphite microcrystals are significantly
improved, indicating that graphitization degree should be help-
ful to reduce the atom proportion of oxygen (Table S1, Support-
ing Information). According to the peak fitting of carbon ele-
ment, C 1s spectrum is divided into four peaks at 284.80, 285.66,
288.75, and 291.37 eV, corresponding to the C=C/C-C, C-O,
C=0, and O-C=O0, respectively (Figure 2m).**] Among them,
content of C=C peak is obviously higher than that of natural con-
ductive ramie carbon (NCRC), presenting the greatly-improved
crystallinity. This high crystallinity helpfully improves the thick-
ness of pseudo-graphite layer (Table S2, Supporting Informa-
tion). Additionally, relatively high proportion of C=0 group can
promote the water dispersion of carbon materials.

In order to determine the appropriate pyrolysis temperature
of hd-CRC, thermogravimetric analysis of chemically stripped
ramie precursors was employed to observe the decomposition
of intermediates (Figure 3a). When the temperature was near
200 °C, the sample had a slight mass loss due to the removal of
free moisture. While for the range of 280 to 380 °C, the mass loss
of ramie precursors occurred, revealing to the rapid degradation
of cellulose. Further, DTG curve presented a sharp peak, illustra-
tive of the acceleration of thermal weight loss rate (Figure 3b). As
shown in Figure 3c, the particle size distribution curve demon-
strated the uniformity of hd-CRC and its overall average particle
size was about 303.5 nm, benefiting the improvement of com-
paction density for electrode materials. XRD spectrum of hd-CRC
showed two diffraction peaks at 22.4° and 43.3°, corresponding to
the peak (002) and peak (100).3* Interestingly, the (002) diffrac-
tion peak moves to a higher angle with the increase of the pseudo-
graphite layer thickness. While (100) diffraction peak gradually
sharpens, indicating that hd-CRC has a higher graphitization de-
gree and a more ordered crystal structure (Figure 3d). Raman
spectroscopy was used to study the defective density of carbon
materials. Highly dense hd-CRC obviously showed two repre-
sentative peaks at 1346 and 1591 cm™!, corresponding to disor-
dered sp? hybrid carbon and graphitic sp? hybrid carbon, respec-
tively (Figure 3e). The higher integral intensity ratio of hd-CRC
(D/G = 2.56) than NCRC (D/G = 2.17) presents the more de-
fects, revealing that chemically stripped process would result in
the increase of defect density and the decrease of microcrystal
size. FTIR spectroscopy was employed to characterize the surface
functional groups of carbon materials. hd-CRC mainly exists in
the form of C=C bond with tensile vibration, and other forms of
bond are relatively few, such as C-H, C-0O, and C=0, illustrating
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Figure 2. Formative process and morphologies of hd-CRC. a) Photograph of natural ramie treated with water bath, b) chemically stripped process,
c) chemically stripped ramie precursors through capillary evaporation, and d) hd-CRC subjected to rough grinding and fine grinding. e) Typical SEM
image of natural ramie showing the obvious stripes and rough network structure. f) SEM image of natural ramie at low magnification, g) chemically
stripped ramie precursors showing the hierarchically ordered structures, h) chemically stripped ramie precursors showing the smooth surfaces at low
magnification, i) hd-CRC based on capillary evaporation and pyrolysis, and j) hd-CRC at low magnification. k) Element mapping images of hd-CRC for C

element. |) XPS survey of hd-CRC. m) Fitting curve of C 1s.

the higher graphitization degree of hd-CRC, which is consistent
with the results of XRD and TEM (Figure 3f).

Building parameter such as pyrolysis temperature can ac-
curately regulate the graphitization degree, pore size distribu-
tion, and pore volume of conductive ramie carbon. As shown
in Figure 4a,e,i, besides hd-CRC with amorphous and micro-
crystalline network, conductive ramie carbon such as high-
amorphous conductive ramie carbon (ha-CRC) with amor-
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phous network and high-crystalline conductive ramie carbon
(hc-CRC) with microcrystalline network can be successfully pre-
pared at different pyrolysis temperature (800, 1000, and 1200 °C,
respectively) via regulating the rearrangement of carbon atoms.
The conductivity of conductive carbon black with low SSA had
been proved to be beneficial for its graphitization degree.[?] At
a low pyrolysis temperature of 800 °C, the carbon atoms cannot
be orderly rearranged due to the insufficient recombination driv-
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Figure 3. Physical property of hd-CRC and NCRC. a) TGA curve of chemically stripped ramie precursor and natural ramie. b) DTG curve of chemically
stripped ramie precursor and natural ramie. c) Nanoparticle size distribution. d) XRD pattern. e) Raman spectrum. f) FTIR curve.

ing force, resulting in a large number of amorphous structures
(Figure 4c). According to the pore size distribution analysis, the
SSA of ha-CRC is up to 276.31 m? g~ by BET method, mainly
accompanied by a large number of mesopores (Figure 4d). Al-
though h-ACRC with high SSA is beneficial to the storage of
electrolyte ions, the existence of amorphous region hinders the
transmission of electrons (Figure 4b). While at a high pyrolysis
temperature like 1200 °C, carbon atoms can be orderly arranged
to form a large number of graphite microcrystals (Figure 4Kk).
Highly ordered arrangement of carbon atoms will cause the low
SSA of 145.56 m? g~!, accompanied by abundant micropores
(Figure 41). Although hc-CRC can contribute to the rapid trans-
mission of electrons, the low SSA limits the effective storage of
electrolyte ions (Figure 4j). Therefore, the preferred rearrange-
ment of carbon atoms will be helpful to realize the coexistence
of amorphous region and graphite microcrystalline region at a
suitable pyrolysis temperature like 1000 °C (Figure 4g). Such
3D conductive networks exhibit high SSA of 219.50 m? g~! and
suitable pore size distribution, promoting the improvement of
charge transfer efficiency (Figure 4£,h).%

As shown in Figure 5a, the tap density of hd-CRC prepared by
wet milling is 0.47 cm? g=!, which is much higher than that of
commercialized Super-C45 (0.16 cm® g~!). These two conductive
materials simultaneously show the typical adsorption character-
istics of type IV isotherm (Figure 5b). With the relative pressure
of P/P, < 0.1, N, rapidly fills a large number of micropores,
resulting in the increase of adsorption capacity. As shown in
Figure 5¢, pore volume of Super-C45 is about 0.12 cm® g=! by
t-plot method, and the SSA is only 85.61 m? g~! by BET method.
Attractively, after the chemical stripping and capillary evapora-
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tion, the SSA and pore volume of hd-CRC can rapidly increase to
219.50 m* g~ and 0.11 cm® g, respectively. Under the condi-
tion of yield strength, the loose network of hd-CRC is the denser,
corresponding to the gradually decreasing electrical conductivity
(Figure 5d and Figure S8, Supporting Information). When the

yield strength reaches 92.04 MPa, the electrical resistivity of
hd-CRC can be reduced to 0.01 Q cm. This compacted process of

active electrode can determine its overall electrical conductivity,
but excessive compaction will cause difficulties in ion diffusion
and increase the resistance of electrolyte infiltration, further
leading to poor rate performance (Figure 5e and Figure S9,
Supporting Information). Importantly, the electrical conductivity
of hd-CRC can reach 94.55 S cm™ at a compacted density of 1.09
m? g~1. With the increase of yield strength, conductive particles
can begin to contact each other to form a continuous conductive
percolation network for promoting the rapid increase of electrical
conductivity. According to the linear fitting curve, both electrical
resistivity and yield strength of conductive agent can obey a power
law above the percolation threshold (Figure 5f and Figure KSU).
Compared with Super-C45, movement amplitude of hd-CRC can
significantly expand with the increase of yield strength, indicat-
ing a low percolation threshold. Evidently, the synergistic effect
of chemical stripping and capillary evaporation can effectively
regulate the pore size distribution, the SSA, and pore volume.
For the practical applications of hd-CRC, symmetrical super-
capacitors with 1 m Et,NBF,/AN were fabricated to explore the
electrochemical properties of active electrode in the voltage range
of 0-2.7 V. As shown in Figure 6a, AC impedance was used to ex-
plore its charge transfer resistance. In the high frequency region,
the hd-CRC based supercapacitor exhibits a relatively small semi-
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Figure 4. Construction of conductive ramie carbon with different conductive networks. a,e,i) Schematically illustrating the conductive mechanism of
high-amorphous conductive ramie carbon (ha-CRC), high-dense conductive ramie carbon (hd-CRC) and high-crystalline conductive ramie carbon (hc-
CRQ). b,f,j) Schematic diagram of storage of electrolyte ions and transmission of electrons. c,g,k) Representative TEM images of ha-CRC, hd-CRC, and

hc-CRC. d,h,l) Pore size distribution of ha-CRC, hd-CRC, and hc-CRC.

circle and a corresponding equivalent series resistance of 0.75 Q,
revealing the fast charge transfer capability. While in the low fre-
quency region, the curve is close to 90° for reflecting the nearly
ideal capacitance characteristics. CV curve result presents a reg-
ular rectangular shape for proving the fast charge transfer ability,
and possess a relatively high retention rate of capacity at a scan
rate of 2000 mV s~! (Figure 6b and Figure S11, Supporting In-
formation). Further, GCD curve value demonstrates a high spe-
cific capacitance of 27.14 F g~! and a relatively low IR drop of
0.475 V, indicative of the excellent rate performance (Figure 6¢
and Figure S12, Supporting Information). hd-CRC as conductive
additive is conducive to improving the capacity and retention rate
of supercapacitors from 75.92% to 82.87% (Figure 6d and Figure
S13, Supporting Information). Especially, its volumetric capacity
is 15.74 F cm3, and the corresponding capacity improvement
rate is up to 22.26% compared with NCRC based supercapac-
itor, evidently proving that highly dense hd-CRC as conductive
additive could remarkably elevate the volume of active electrode
after compaction (Figure 6e). Besides, multiple supercapacitors
can obtain the prominent capacity or working voltage for prac-
tical application through series connection and parallel connec-
tion (Figure 6f,g). This hd-CRC as conductive additive presents
a highly energy density of 15.53 Wh kg™! at 44.60 kW kg~! and
9.01 Wh L' at 25.87 kW L1, much better than of commercial-
ized Super-C45 (10.11 Wh kg! at 38.60 kW kg~! and 5.06 Wh
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L1 at 19.30 kW L7!), evidently illustrating the excellent energy
storage behavior to solve the low volumetric energy density un-
der the condition of high-power density (Figure 6h,i). In order to
explore the cycle life of hd-CRC based supercapacitor, the reten-
tion rate of device remarkably reaches 75.93% after 50 000 cycles
at a current density of 10 A g~!, demonstrating the outstanding
cycle stability (Figure 6j). The above results can further confirm
that hd-CRC plays a vital role in improving the electrochemical
performance and stability of electrode materials and supercapac-
itor devices.

To further evaluate the feasibility of hd-CRC in highly-
volumetric—performance supercapacitors, the active electrodes
were developed with areal density of 10 mg cm™2 as positive
and negative electrodes to assemble the flexible supercapacitor
by pulping, coating, dying electrode, compacting, tailoring
electrode, and lamination (Figure 7a and Table S3, Supporting
Information). As shown in Figure 7b, Super-C45 as conductive
additive with low density of 0.16 cm? g~! has a high liquid absorp-
tion, resulting in a large consumption of electrolyte. Therefore,
hd-CRC with higher density of 0.47 cm?® g~! builds the efficient
ion transport channels, and effectively reduces the amount of
electrolyte. Adsorption and desorption curve presented the obvi-
ous hysteresis loop, which proved that the concentrated distribu-
tion of mesopores in the electrode could provide a place to realize
the transmission and storage of electrolyte ions (Figure 7c). The

© 2023 Wiley-VCH GmbH
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Figure 5. Intrinsic property of hd-CRC and Super-C45. a) Tap density. b) N, adsorption/desorption isotherms. c) Pore size distribution. d) Electrical
conductivity as a function of yield strength. e) Compacted density as a function of electrical conductivity. ) Linear fitting curve based on power law.

average pore diameter of active electrode (2.14 nm) is much
larger than the diameter of electrolyte ion, effectively reducing
the ion transmission resistance. As shown in Figure 7d, pore
volume of hd-CRC based electrode was about 0.55 cm?® g~!
after compaction, and the SSA was 807.52 m? g~!. As shown in
Figure 7e, ESR of 301.99 F supercapacitor was only 3.93 mQ,
evidently demonstrating the low internal loss of device. Figure 7f
presented the leakage current of hd-CRC based supercapacitor
charged to 2.7 V at 0.25 A. Even if the capacity of supercapacitor
is from 27.38 to 301.99 F, the corresponding leakage current is
only expanded by 4.44 times for indicating a low self-discharge
capability. Its CV curve presented a regular rectangular shape at
a scan rate of 1 mV s7! for indicating the excellent double-layer
capacitance (Figure 7g). GCD curve carried out constant current
charging at a current of 5.48 A. When the target voltage reaches
2.7 V, the charging current of supercapacitor could drop to 0.01
A by adopting the constant voltage charging (Figure 7h and
Figure S14, Supporting Information). Based on it, the retention
rate of device remarkably reached 87.67% after 14 000 cycles at a
current of 11.5 A, demonstrating the outstanding cycle stability
(Figure S15, Supporting Information). Attractively, the device
did not experience overcharging for demonstrating the excellent
stability after 14 000 cycles. Finally, hd-CRC based supercapac-
itor could still successfully light up the parallel LED pattern
by means of tapping (Figure 7i and Figure S16, Supporting
Information).

The highly volumetric-performance of hd-CRC based super-
capacitor is attributed to the outstandingly 3D conductive net-
work formed between active substance and conductive agent,
which can maintain the high compaction density and im-
prove the conductivity of active electrode. First, capillary evap-
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oration strategy regulates the capillary tension of cellulose
molecules, further benefiting the densifying and ordering of cel-
lulose structures. Second, the composition forms of C elements
from the chemically-stripped ramies can orderly re-organize the
C atoms and re-construct a large number of C=C bonds. In addi-
tion, hd-CRC with hGMC:s effectively improves the space volume
ratio of active electrode materials and obviously enhances the dif-
fusion dynamics, synergistically promoting the cycle stability and
rate performance of supercapacitor. More importantly, the capil-
lary evaporation strategy can extremely extract the cellulose with
complete crystal structure, preparing the high-dense conductive
biomass carbon with hGMCs at a lower carbonization tempera-
ture.

3. Conclusion

In summary, an effective capillary evaporation strategy was pro-
posed to build the hd-CRC with hGMCs, solving the rapid
movement of x electrons. Utilizing this strategy, a large
number of broken C-C bonds and C-H bonds from cellu-
lose molecules would be re-organized and re-ordered to re-
construct substantial C=C bonds for the formation of hd-CRC
with hGMCs. This capillary evaporation mechanism eventu-
ally leads to uniquely conductive biomass carbon, which can
remarkably improve the intrinsic properties including elec-
trical conductivity, SSA, pore volume, tap density, and com-
pacted density. Specifically, hd-CRC as conductive additive struc-
turally constructed a 3D conductive network toward the greatly-
improved density of active electrode. A hd-CRC based super-
capacitor presented the prominent power density of 25.87 kW
L1, corresponding to the energy density of 9.01 Wh L7,

© 2023 Wiley-VCH GmbH
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c) GCD curve at a current density of 40 A g~'. d) Curve of mass specific capacitance changing with current density. ) Curve of volumetric capacitance
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of green LEDs.

outperforming most AC-based supercapacitor with Super-C45
as conductive additive (5.06 Wh L' and 19.30 kW L7).
This study clearly proves the effectiveness of hd-CRC in improv-
ing the electrochemical stability and volume performance, pro-
moting the practical application of traditional AC electrode.

4. Experimental Section

Chemicals Reagent and Quantity: Concentrated sulfuric acid (98%,
wt%), formic acid, hydrogen peroxide (30%, wt%), sodium hydroxide, and
hydrochloric acid were acquired from Chengdu Kelong Chemicals Co., Ltd.,
China.

Preparation of Chemically Stripped Ramie: The chemically stripped
ramie was synthesized by a mild chemical process. First, 50 g natural ramie
was treated by water bath at the temperature (90 °C) for 2 h. Then, cooled
ramie was dried in a vacuum oven at 100 °C for 24 h. Sequentially, 1500 mL
formic acid, 300 mL H,0O,, and 12 mL H,SO, were successively added to
the beaker, and stirred at 30 °C for 2 h to obtain the peroxyformic acid so-
lution. Then, 50 g ramie treated with water bath was fully immersed in the
peroxyformic acid at 35 °C for 12 h. The obtained ramie precursors were
treated with 0.5 m NaOH aqueous solution at 50 °C for 2 h. Finally, as-
prepared chemically stripped ramie was washed to neutral by deionized
water, and dried for 24 h at the aimed temperature (70 °C).
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Preparation of NCRC:  The NCRC was synthesized by high-temperature
pyrolysis. First, 500 g natural ramie treated with water bath was evenly
placed in the quartz liner, and slowly pushed into the intermittent rotary
furnace. Then, the natural ramie was heated to 1000 °C at a heating rate of
3 °C min~! under argon atmosphere with a flow rate of 1.2 L min~'. When
the target temperature was reached, the ramie was kept warm for 2 h, and
then naturally cooled to normal temperature. Sequentially, the obtained
carbon treated with rough grinding was treated with 1 m HCl solution for
6 h. Then, the NCRC was washed to neutral by a large amount of deionized
water, and dried for 24 h at the aimed temperature (120 °C). Based on it,
the above NCRC was further refined by wet grinding with the parameter of
350 r min~" and 12 h. Then, the as-prepared NCRC was washed by a large
amount of deionized water, and dried for 24 h at the aimed temperature
(120 °Q). Finally, the obtained NCRC was heated to 500 °C for passivation
treatment, further eliminating the impurity ions.

Preparation of hd-CRC: The hd-CRC was synthesized by high-
temperature pyrolysis. First, 500 g chemically stripped ramie treated with
capillary evaporation was evenly placed in the quartz liner, and slowly
pushed into the intermittent rotary furnace. Then, the chemically stripped
ramie was heated to different aimed temperatures (800, 900, 1000, 1100,
and 1200 °C) at a heating rate of 3 °C min~" under argon atmosphere with
a flow rate of 1.2 L min~'. When the target temperature was reached, the
ramie was kept warm for 2 h, and then naturally cooled to normal temper-
ature. Sequentially, the obtained carbon after rough grinding was treated
with 1T M HCl solution for 6 h. Then, the hd-CRC was washed to neutral
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by deionized water, and dried for 24 h at the aimed temperature (120 °C).
Based on it, the above hd-CRC was further refined by wet grinding with
the parameter of 350 r min~" and 12 h. Then, the as-prepared hd-CRC was
washed by deionized water, and dried for 24 h at the aimed temperature
(120 °C). Finally, the obtained hd-CRC was heated to 500 °C for passivation
treatment, further eliminating the impurity ions.

Manufacturing Process of hd-CRC Based Supercapacitor:  Electrode
paste was prepared by adding the activated carbon (AC), hd-CRC, CMC
(1 wt%), and SBR (50 wt%) to a certain amount of deionized water in a
mass ratio of 85:10:1.2:3.8 through vacuum mixer. Then, the filtered slurry
was evenly coated on the carbon-coated aluminum foil to obtain an active
electrode with an areal density of 10 mg cm~2. Subsequently, the elec-
trode after drying and slicing was compacted to a density of 0.55 g cm=3.
Then, the electrodes after cutting were assembled into different layers of
flexible supercapacitors using the 1 m Et,NBF4/AN as electrolyte. Finally,
electrochemical workstation and Sunway battery test system were used for
electrochemical performance test at room temperature.

Characterization Methods: TEM and SEM characterized the morphol-
ogy, composition, and structure of the obtained materials. XRD analyzed
the phase, crystallinity, and crystal plane structure of the obtained materi-
als. Raman spectroscopy characterized the ordering degree of graphitized
carbon. XPS analyzed the element composition, contents, and bonding
mode of the obtained materials. Nitrogen adsorption and desorption test
characterized the SSA and pore structure of carbon materials. FTIR test
determined the substance composition and molecular structure.
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Supporting Information is available from the Wiley Online Library or from
the author.
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