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Abstract: The self-templating method is a facile and
low-cost strategy to synthesize porous carbon materials,
but the obtained products usually have low yields,
limited specific surface areas (SSAs), and broad pore
size distributions. It is a great challenge for the self-
templating method to prepare the sub-nanometer (0.5
1.0 nm) microporous carbon that is preferred for high-
performance supercapacitors. In this study, carbon dots
(CDs) are employed as the sole precursor to prepare
porous carbon without using any activating agents. The
obtained carbon materials have large SSA (2733.6 m?
¢~!), high micropore area ratio (92.5%), high packing
density (0.82 g cm~3), high yield (12%), and concentrated
sub-nanometer pore structure. The formation mechanism
of such porous carbon and the unique functions of CDs
as self-templates are interpreted by various characteriza-
tions. When used as electrodes for supercapacitors, this
carbon material exhibits specific capacitance up to 639
F g7! and is compatible with electrolytes of wide pH
values and enlarged voltage windows (1.3-1.7 V). The
symmetric devices assembled by such material exhibit
low self-discharge behaviors, excellent energy densities
(15.9-44.1 Wh kg™!), and good cycling performance even
under the commercial-level mass loading (10 mg cm~2)

on electrodes.

Introduction

Porous carbon materials, due to their large specific surface
area (SSA), tunable pore structures, excellent stability, and
rich surface chemistry,/'*] have received wide research in
catalyst supports, fluid adsorption and separation, energy
storage devices, etc. Among the commercial energy storage
devices, supercapacitors possess high power density, excellent
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rate performance, and ultra-long cycle life.[*7 Most super-
capacitors employ the porous carbon as electrodes,®*'° and
thus, the pore size distribution and porosity of the porous
carbon are crucial for enhancing its performance in practical
applications.['?] The optimal microporous carbon should
have high density (>0.7 g cm~?) and large specific surface area
(SSA > 2000 m? g7!), along with moderate nitrogen/oxygen
functional groups for improving both hydrophilicity and
pseudocapacitance. Particularly, the sub-nanometer (0.5-
1.0 nm) pores are mostly effective for the ion desolvation
and adsorption, facilitating the high volumetric energy density
storage in supercapacitors.['>-1°]

The traditional strategies for synthesizing porous carbon
can be classified into the activation routes and the template
methods, which are insufficient to produce the sub-nanometer
microporous carbon materials on a large scale.['*] The activa-
tion routes require some highly corrosive chemical reagents
(e.g., ZnCly, KOH) or high-temperature steams (e.g., CO,,
0, or H,0) for etching carbon to produce micropores.['-2]
These corrosive reagents often damage the reaction appara-
tus, leading to high cost and low yield, while the steam etching
process is time-consuming, resulting in carbon materials
with low SSA and random pore size distributions.[>*20]
The template methods employing soft or hard templates to
synthesize carbon materials usually produce macroporous
or mesoporous structures, leading to low volumetric capac-
itance of supercapacitors.’’?8] In addition, the process of
synthesizing and removing templates is the most complex and
time-consuming, which significantly increases the production
cost and may require highly hazardous reagents like HF.[>30]
In contrast, the self-templating methods are more efficient
and greener for producing microporous carbon. By directly
calcining some precursors, such as biomass and metal-organic
salts, microporous carbon can be synthesized facilely with few
corrosive agents, without complex/expensive templates and
highly toxic reagents.[*'-*] However, biomass typically results
in disordered pore structures. While selecting appropriate
precursors can help mitigate this issue, the pore distributions
of the resulting products remain limited by the raw materials,
making the precise design difficult.**”] The product yield of
metal organic salts (K*, Na't) is generally low (<4%), and
the biomass-derived carbon materials always exhibit a limited
SSA (<2000 m? g!) after direct calcination. Although recent
studies suggest that the use of highly reactive alkali metals
(Cs*) can improve the results, it also introduces significant
safety concerns.[>?*3%39] Therefore, it is still a challenge to find
suitable self-templating precursors for preparing microporous
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carbon with high packing density (>0.7 g cm~?), large SSA
(>2000 m? g1), high yield (>10%), high micropore area ratio
(>90%), and especially rich sub-nanometer pores.

Carbon dots (CDs), including carbonized polymer dots
(CPDs), are a type of organic—inorganic hybrid nanomaterial
with complex structures intermediate between inorganic
nanocrystals (hard templates) and organic polymers (soft
templates).[***?] Based on this unique merit of CDs, we
used them as pore-makers to produce sub-nanometer porous
carbon successfully. In the previous report,[**] CDs were
employed as additives to crosslink polymers rather than
primary materials, because the fluffy CDs powder decom-
posed and vaporized rapidly during calcination, resulting in
a low yield of carbon less than 1%. Since the numbers
of sub-nanometer pores were limited in the final products,
the as-prepared sample had an SSA of 1020 m?> g~! and
a specific capacity of 516 F g~!. When the corrosive agent
ZnCl, was used to improve SSA at 800 °C, the yield of the
obtained porous carbon was very low. In addition, the as-
prepared carbon electrodes performed poorly in the neutral
electrolytes due to their inappropriate surface groups, limiting
their practical applications.

In the present work, we developed a CDs-dominated pre-
polymerization and pre-etching route to overcome the above
problems, in which the well-designed CDs were used as the
sole precursors to prepare porous carbon, and any corrosive
activation at high temperature was never needed. In the pre-
polymerization, the CDs crosslinked with each other to form
a highly dense hydrogel, which ensured less weight loss during
the subsequent calcination. During the pre-etching process, a
diluted solution of alkaline was applied to break amide bonds
in CDs, extract small fragments, and generate numerous
micropores in the hydrogel. After calcination without any cor-
rosive agents, the as-prepared samples have high micropore
area ratios (92.5%-98.3%), tunable SSA (1000-3000 m? g '),
high yields (10%-14%), high packing density (up to 0.82 g
cm~?), and abundant sub-nanometer pores. When the optimal
samples are assembled into supercapacitors, their specific
capacities reach 639 F g~!, and the symmetric devices exhibit a
wide pH applicability range and large voltage windows (1.3—
1.7 V). Even at the high mass loadings (10 mg cm~2) on the
electrodes, the supercapacitors exhibit high energy density,
low self-discharge, excellent rate performance, and strong
cycling stability. Our present results expanded the knowledge
of CDs in porous carbon synthesis by establishing CDs as the
main role in the self-template methods.[*+4’]

Results and Discussion

Experimentally, citric acid (CA) and polyethyleneimine (PET)
were used to synthesize CDs hydrothermally, which formed
hydrogels in the subsequent pre-polymerization (Scheme 1).
Energy dispersive spectroscopy (EDS) confirmed the uniform
distribution of carbon (C), nitrogen (N), and oxygen (O)
elements within the hydrogel (Figure S1). Afterwards, the
above carbon dot hydrogels (CDHs) were pre-etched in a
2 M KOH aqueous solution at 90 °C and then washed
with deionized water thoroughly and labeled as CDH-e. X-
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ray photoelectron spectra (XPS) of CDs, CDH, and CDH-¢
were measured to study their compositions. In Table S1, the
potassium (K) content was detected to be only 0.1% in CDH-
e, indicating the efficient removal of KOH by the washing
process. Ultimately, the CDH-e was calcined without any
activating agents at an appropriate temperature. For example,
after calcination of the CDH at 800 °C, the obtained porous
carbon was designated as CCDH-800.

The Transmission Electron Microscopy (TEM) images
reveal the precursor CDs are monodispersed with an average
size of about 5 nm (Figure S2), while their high-resolution
TEM (HRTEM) images (Figure la) display a distinctive
fringe distance of 0.21 nm, corresponding to the (100)
plane of graphite.[*] The broad diffraction peak observed in
the X-ray diffraction (XRD) patterns (Figure 1b) indicates
the nanoscale size and low crystallinity of CDs.[*’! Fourier
transform infrared spectroscopy (FTIR, Figure 1c) reveals
vibration bands at 3442, 1711, 1650, 1386, and 1189 cm™,
corresponding to O—H/N—H, C=0, C=N, C—N, and C—0O
groups, respectively. The full XPS in Figure S3a reveals
three main peaks: C 1s (286 eV), N 1s (400 eV), and
O 1s (532 eV), with atomic proportions of 69.3%, 12.3%,
and 18.5%, respectively. In the high-resolution spectrum
(Figure S3b), the C 1s peak can be deconvoluted into
four components corresponding to sp?> carbon (C—C/C=C,
284.4 V), sp® carbon (C—O/C—N, 285.3 V), carbonyl carbon
(C=0, 286.2 eV), and carboxyl carbon (COOH, 287.9 eV),
respectively. The N 1s peak can be resolved into three
distinct peaks (Figure S3c) at 398.7, 400.1, and 401.5 eV,
representing the pyridinic N, the pyrrolic N, and the graphitic
N, respectively.*] The O 1s peak contains two components
of C=0O and C—O at 531.0 and 532.1 eV, respectively
(Figure S3d). The above results confirm that CDs possess 7 -
conjugated carbon cores and various surface groups, such as
amine and carboxyl functional groups, which are the basis of
the pre-polymerization and the pre-etching processes.

To clarify the mechanism of the pre-etching process,
the fluorescence spectra (Figure S4) of CDs, the scanning
electron microscopy images (SEM; Figure 1d,f), and TEM
images (Figure S5) of CDH and CDH-e were examined and
compared, respectively. The fluorescence of CDs was nearly
eliminated after KOH etching, indicating the structure of CDs
was significantly damaged. In addition, the initially smooth
surface of the CDH hydrogel disappeared, and instead, a large
number of wrinkles and pores on the CDH-e surface emerged,
which is the most intuitive manifestation of the etching step.
The pore size distribution curve calculated by the density
functional theory (DFT) (Figure le) indicates that before
etching the hydrogel has almost no pores, while after etching
the hydrogel possesses lots of pores, primarily less than 20 nm,
and the SSA is increased by over ten times, from 0.88 to
9.47 m?> g~! after the pre-etching process. After etching, the
nitrogen adsorption—desorption isotherms (Figure S6) shifted
from Type VI to Type I, indicating a transition from the
adsorption on a non-porous solid surface to the microporous
adsorption. To further investigate the etching impact on the
calcination process, thermogravimetric analyses (TGA) were
conducted on CDs, CDH, and CDH-e, respectively. The TG
curves (Figure 1g) reveal that before 150 °C, the weight loss
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Scheme 1. Schematic diagram of the synthetic procedure for CCDH-800.
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Figure 1. a) HRTEM images, b) XRD patterns, and c) FTIR spectra of CDs. d) SEM images of CDH. e) Pore size distributions calculated by the DFT
method. f) SEM images of CDH-e. g) TG curves of CDs, CDH, and CDH-e.
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of these samples primarily corresponds to the evaporation of
the residual moisture in the system. The temperature range of
150° to 300 °C is associated with the thermal decomposition
of those surface organic groups, and CDs exhibit the much
higher weight loss because their surface groups are more
apt to be lost than those crosslinked in hydrogels, which
demonstrates that pre-polymerization is crucial to the yield
enhancement. Since CDH was not subjected to etching and
washing, more organic small molecules remain adsorbed
in comparison with CDH-e. The decomposition of these
molecules leads to a faster mass loss of CDH than that of
CDH-¢ below 400 °C. The DTG curves (Figure S7) show
that the interval with the highest mass loss rate occurs
between 300° and 500 °C, corresponding to the formation of
carbon materials (dehydrogenation, aromatization, and car-
bonization), similar to those biomass calcination processes.*]
Beyond 500 °C, the mass change begins to level off, indicating
that the samples’ structures become stable after calcination.
Based on the above characterization and analyses, we believe
CDs play the key role in the pre-etching process, in which
KOH breaks the amide bonds in CDs to generate numerous
small fragments. After washing away these fragments and K
species with water, the defects and pores in the hydrogel will
transform into the desired sub-nanometer pores during the
subsequent calcination process.

The morphologies of the porous carbon were studied
by SEM and TEM, respectively, in comparison with the
control samples. The CDH-e hydrogels were calcined at 700°,
800°, and 900 °C to obtain CCDHs (CCDH-700, CCDH-
800, and CCDH-900), respectively. Their production yields
are 14%, 12%, and 10%, respectively, which are distinguished
among those of porous carbon in the literature. SEM images
(Figure 2a,c,e) reveal that CCDHs have three-dimensional
network structures with interconnected pores, while TEM
images (Figure 2b,d,f) confirm these samples have stacked
carbon structures and abundant micropores. To highlight
the necessity of the etching step, one CDH hydrogel was
immersed in 2 M KOH solution for 30 min at room
temperature (not 90 °C), rinsed with water thoroughly, and
then calcined at 800 °C. The as-prepared sample was named
as Control I, which has a smooth sheet structure without
any three-dimensional pores (Figure 2g). And its TEM
images (Figure 2h) do not reveal any discernible micropores.
Furthermore, to compare our CDs’ self-template etching
method with the traditional KOH activation route, another
CDH hydrogel was treated in almost the same manner, except
for the lack of a washing step. The unwashed hydrogel was
then calcined under the same conditions to obtain the porous
carbon called Control II. Although the resulting morphology
and micropore structure of Control II are similar to those of
CCDHs (Figure 2i,j), the production yield of Control I was
below 1%, which means the residual KOH in the samples had
corroded most of the carbon materials. Hence, both etching
and washing steps are crucial to our method.

N, adsorption/desorption experiments were conducted to
analyze the SSA and pore structure of the samples. As
shown in Figure 3a, the pore sizes of CCDH-700, CCDH-800,
and CCDH-900 are primarily concentrated in the range of
0.35-2.8 nm, with a significant distribution of sub-nanometer

Angew. Chem. Int. Ed. 2025, €202519704 (4 of 10)

Research Article

Angewandte
intematianalEdition’y Chemie

(0.5-1.0 nm). In contrast, Control II only exhibits a poor
pore distribution below 0.5 nm. These samples all exhibit
type I isotherms at low relative pressures (P/P; < 0.01), indi-
cating micropore-dominated porous structures. CCDH-700,
CCDH-800, and CCDH-900 demonstrate higher adsorption
capacities, with corresponding SSAs of 2159.2, 2733.6, and
1742.4 m? g™, respectively, while the SSAs of Control I and
IT are only 0.7 and 701.1 m*> g~!, respectively (Figures 3b
and S8; Table S2). XRD patterns of all porous carbons show
a broad and low-intensity diffraction peak at approximately
24°, indicating their amorphous porous nature (Figure S9).[°!
Their Raman spectra display typical D (around 1345 cm™!)
and G (around 1591 cm~!) bands (Figure 3c), representing the
disordered and the graphitic vibrations in carbon materials.
The high Ip/I; values arise from the poorly ordered carbon
structures, which are often observed in the highly porous,
curved carbon frameworks with asymmetric heteroatom
substitution, consistent with the XRD results.'54] The SSAs
of porous carbon and the proportion of micropores can be
tuned by varying the temperature. At 900 °C, although the
SSA significantly decreases, the micropore area ratio reaches
an impressive 98.3% (Figure 3d,e). CCDH-800 exhibits the
largest SSA (2733.6 m?> g1), a considerable micropore area
ratio (92.5%), the unusual packing density (0.82 g cm—), and
a high yield (12%), which are remarkable in the literature
(Figure 3f).[28-105-591 Based on all the above results, we
propose a formation mechanism for the microporous carbon
(Figure 3g). First, during the pre-polymerization process, CDs
self-assemble under hydrothermal conditions to form hydro-
gels with robust mechanical strength, providing a substrate for
pore making. Second, the pre-etching step utilizes alkali to
break amide bonds, releasing small fragments and producing
vacancies (Figure 1e). Based on Table S1, it is observed that
after etching, CDH transforms into CDH-e, with an increase
in N content and a decrease in O content. Therefore, it
can be inferred that the fragments removed during etching
contain more oxygen-containing segments. Finally, calcination
at high temperatures transforms the organic frameworks into
porous carbon, and in the meantime, the numerous vacancies
turn into micropores. Such a pre-polymerization and pre-
etching mechanism endows the as-prepared sub-nanometer
microporous carbon with high packing density, large SSA,
high yield, and high micropore area ratio.

In the FTIR spectra (Figure S10), all porous carbon sam-
ples show vibration bands at approximately 3433, 1637, 1386,
and 1135 cm™!, corresponding to O—H/N—H, C=C/C=0,
C—N, and C—O functional groups, respectively, retaining the
characteristics of the CDs precursor. XPS data demonstrate
the surface elemental composition of CCDH-800, including
C 1s (285 eV), N 1s (401 eV), and O 1s (533 eV), with
atomic contents of 83.8%, 2.7%, and 13.5%, respectively
(Figure Slla and Table S3). Figure S11b-d exhibits the
deconvoluted spectra for C 1s, N 1s, and O 1s, respectively.
It is well known that pyridine and pyrrole N species can
improve the capacitive performance by introducing electron
donors, thereby providing more active sites,[*8] while graphitic
N species can alter the charge density on the carbon
surface, further enhancing the conductivity of the carbon
material.[%]
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Figure 2. SEM (left) and TEM (right) images of a), b) CCDH-700, c), d) CCDH-800, e), f) CCDH-900, g), h) Control |, and i), j) Control I, respectively.

Additionally, oxygen-containing functional groups such
as C—O—C and C—OH improve the wettability of the
carbon, which increases the contact interface between the
electrode and the electrolyte, thereby enhancing the capac-
itive performance of the porous carbon.l®’] The XPS data
of CCDH-700, CCDH-900, and Control I and II are also
analyzed in the supporting information (Figures S12-S15 and
Table S3). The N and O contents in CCDHs show a significant
decrease compared to Control I, indicating a substantial
loss of functional groups during the etching process, which
supports the deamidation process mentioned in Figure 3g.
In addition, the ratio of N to O gradually decreases with
the increase in calcination temperature in CCDHs. However,
even for CCDH-900, which has the lowest content of N
and O, it is still higher than those of Control II. This result

Angew. Chem. Int. Ed. 2025, 202519704 (5 of 10)

indicates that our self-template pre-etching process is milder
than the conventional activation route, especially facilitating
the in situ doping of N and O. It is well known that the
heteroatoms in carbon electrodes are the main providers
of the pseudocapacitance and are able to improve charge
transport by enhancing the hydrophilicity of electrodes.[®>¢]
We evaluated the capacitive performance of CCDH-800,
which possesses the highest SSA, using 6 M KOH, 4 M H,SOy,
and 1 M Na,SO, aqueous solutions as electrolytes, respec-
tively. Tests were first conducted under a low mass loading
of 1 mg cm™2 in a three-electrode configuration, including
galvanostatic charge—discharge (GCD), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS).
As shown in Figure 4a—c, all GCD curves exhibit a typical
triangular shape with no apparent IR drop. The optimal
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pore-forming process.

specific capacitance of CCDH-800 reached 639, 320, and 366
F ¢! in acidic, neutral, and alkaline electrolytes, respectively,
outperforming many other carbon materials reported in the
literature (Table S4). In Figures 4d—f, the steep slopes of the
CV curves near the switching potentials indicate the low mass
transfer resistance. With the scan rate increasing from 5 to
200 mV s!, the current density rises significantly, and all
CV curves maintain quasi-rectangular shapes. Notably, the
CV curves in acidic electrolytes remain relatively unchanged
even at a high scan rate of 500 mV s~!. In alkaline and
neutral electrolytes, the absence of prominent peaks in CV
curves suggests that the capacitance primarily arises from the
electric double-layer capacitance (EDLC). But in the acidic
electrolyte, CCDH-800 displays broad and symmetrical redox
peaks, which are the characteristic of Faradaic capacitance
(pseudocapacitance) derived from redox reactions involving
pyrrolic N, pyridinic N, and oxygen-containing functional
groups (Figure S11¢,14%1 The rate performance of CCDH-
800 was calculated according to GCD curves, that retains
over 70% of its capacity across all electrolytes at a current
density of 20 A g~! (Figure 4g). Figure 4h illustrates the
cycling stability of CCDH-800 in acidic, neutral, and alkaline
electrolytes after 10 000 cycles at 5 A g~!, with the retention
rates of 96.2%, 61%, and 87.9%, respectively. The different
performances of capacitance and cycling stability in different
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electrolytes were further analyzed by EIS (Figures 4i, S16, and
S17; Table S5). The fitted charge transfer resistance (Ry) in
H,SO, is very low, while that in KOH is slightly larger, but the
R, in Na,S0Oy is several times larger than that in H,SO,. This
discrepancy arises from the insufficient transport of hydrated
K* or Na' ions through the meso-/macro-porous structures,
while the smaller H;O™ ions can transport much more easily.

In the optimal H,SO, electrolyte, the effect of mass
loading was further investigated. As shown in Figure S18,
when the mass loading of CCDH-800 increases tenfold, the
specific capacitance retention remains above 84 %, surpassing
many comparable carbon materials (Table S6). Owing to the
highly microporous structure (Smicro/Stotal > 92.5%), CCDH-
800 has a high packing density (0.82 g cm~?), possessing the
outstanding areal and volumetric specific capacitance of 5.4 F
cm~2 and 4439 F cm— at 1 A g~!, respectively.[®! Although
the specific capacitance gradually decreases with increasing
current density, the reduction trend is moderate, and 81% of
the initial capacity remains at 10 A g~!. The CV curves still
exhibit quasi-rectangular shapes similar to those at lower mass
loading, while GCD curves maintain well-defined triangular
shapes with an IR drop of only 0.06 V at 5 A g~! (Figure S19).
Similarly, after 10 000 cycles at 5 A g~!, CCDH-800 shows
a specific capacitance retention of 98.8% and a coulombic
efficiency of 100% (Figure S20). Finally, EIS analysis was
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Figure 4. Electrochemical performances of CCDH-800 in a three-electrode system. GCD curves at different current densities in a) acidic, b) neutral,
and c) alkaline aqueous solutions, respectively. d)—f) CV curves at various scan rates in the above three different aqueous solutions, respectively. g)
The rate performance at various current densities, h) cycling stability for 10 000 cycles at 5 A g1, and i) Nyquist plots in different electrolytes,

respectively.

conducted to explore the effect of high mass loading on
charge transport (Figure S21), which reveals that, even with
the heavily increased electrode thickness, neither the charge
storage capacities nor the ion transport kinetics of the carbon
electrodes are significantly impaired.

The optimal CCDH-800 was assembled into symmetric
supercapacitors (SSCs), which exhibit a wide operating
voltage range (1.3 V in the acidic and the alkaline electrolytes
and 1.7 V in the neutral electrolyte) across a broad range
of pH values. The CV curves measured at scan rates
from 5 to 200 mV s~! consistently show the ideal quasi-
rectangular shape (Figure S22a—c), indicating an excellent
charge—discharge reversibility and good electrochemical sta-
bility. At different current densities, all GCD curves of
the SSCs display symmetric triangular shapes (Figure S23
a—c), confirming their ideal electrochemical reversibility and
Coulombic efficiency. The specific capacitances calculated
from the GCD curves are shown in Figure 5a. At 1 A g7!,
the results in acidic, neutral, and alkaline electrolytes are
138.5, 109.8, and 67.8 F g~!, respectively. When the current
density increases to 20 A g~!, the retention rates of these
samples are 65%, 64%, and 77 %, respectively. Besides, such
SSCs exhibit excellent cycling stability, maintaining 98.3%,

Angew. Chem. Int. Ed. 2025, €202519704 (7 of 10)

81.5%, and 96.0% capacitance retention after 10 000 cycles
at a current density of 5 A g~! in 4 M H,SO,, 1 M Na,SO,,
and 6 M KOH solutions, respectively (Figure 5b). The Nyquist
plots show only minor changes compared to the initial state
(Figure S24), indicating a good electrochemical cycle stability.
Moreover, in acidic, neutral, and alkaline conditions, the
energy densities of the SSCs achieve 32.5, 44.1, and 15.9 Wh
kg~!, respectively, which are several times higher than those of
many other aqueous SSCs in the literature (Figure 5c).[>07-74]
Therefore, our sub-nanometer microporous carbon material
not only exhibits strong energy storage capability but also
shows excellent compatibility with aqueous electrolytes over
a wide pH range. When the mass loading of each single
electrode is raised from 1 to 10 mg cm~2 the SSCs exhibit
over 88% of the capacitance retention in acidic electrolytes
(Figure 5d) and excellent rate performance (Figure S25).
After 10 000 cycles, the capacitance retention is 99.8%, and
the Nyquist plot shows little difference before and after
cycling, implying an outstanding cycle stability (Figures 5e and
S26).

Finally, the self-discharge behavior is an inherent short-
coming for supercapacitors. Our SSCs were charged to 1.3 or
1.7 V, and then their self-discharge behaviors were recorded

© 2025 Wiley-VCH GmbH
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simulations of different ions diffusing from infinity to the center of pores.

over 24 h in different electrolytes (Figure 5f). These devices
exhibit initial voltage drops of 0.40, 0.34, and 0.39 V over
the first 4 h, followed by slower voltage drops of 0.15,
0.20, and 0.15 V over the next 20 h, respectively. And
thus, their retention rates after 24 h are 57.5%, 44.6%, and
58.8%, respectively, which can be ascribed to the inhibition
of ion desorption by the dominant sub-nanometer pores.
To elucidate the effect of pore size on the ion transport,
the dynamic transmission energies of H*, K*, and Na*
ions diffusing from infinity to the center of the pores were
calculated using the DFT. The calculations were performed
on the double-layer graphene structures that have varying
interlayer distances to simulate pore channel structures with
pore sizes from 0.4 to 1.0 nm (Figure 5g). The results show that
when the pore width is below 0.5 nm, a high energy barrier
emerges, indicating an unfavorable entry for the desolvated
ions. As the pore size increases, the interaction energy
reaches the minimum at 0.6 nm and increases gradually
afterwards, indicating 0.5-1.0 nm is beneficial for the ion
diffusion. Particularly, the change gradient of K is the largest,
corresponding to the strongest diffusion driving force; that

Angew. Chem. Int. Ed. 2025, €202519704 (8 of 10)

is why SSCs have the best rate performance in the KOH
electrolyte. The sub-nanometer (0.5-1.0 nm) pores in CCDH-
800 are precisely within this energy trough region, leading to
a synergistic enhancement in the specific capacitance and the
charging dynamics.

Conclusion

We have invented a facile and reliable method for synthe-
sizing porous carbon materials with ultra-large SSA, high
micropore ratio, high packing density, rich heteroelements,
functional surfaces, and decent production yield. This method
is based on pre-polymerization of CDs, followed by pre-
etching the obtained CD hydrogels. The pre-polymerization
improves the carbon yield by crosslinking the surface groups
of CDs, while the pre-etching process facilitates the formation
of sub-nanometer pores with high SSA after the subse-
quent calcination. Such a sub-nanometer-pore-dominated
structure satisfies the special requirements of ion desol-
vation/adsorption for high-performance supercapacitors. As
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a result, the optimized material exhibits excellent specific
capacitance in various acidic, neutral, and alkaline elec-
trolytes. In neutral electrolytes, the assembled SSCs achieve
the highest energy density of 30.5 Wh kg~! at 12750 W
kg~!. In acidic electrolytes, 88% of the energy density is
retained under a high mass loading of 10 mg cm—. In alkaline
electrolytes, a superior rate performance is achieved with
a capacitance retention of 77%. All of the above SSCs
exhibit low self-discharge behaviors in aqueous solutions
because of the confined ion diffusion by the special sub-
nanometer pores, as predicted by DFT calculations. Overall,
our present work provides new insights on the design, prepa-
ration, and optimization of sub-nanometer porous carbon
materials, which exhibit excellent electrochemical properties
in supercapacitors.
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