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ABSTRACT 

Rational pore-size regulation is central to high-performance electric double-layer capacitors, yet carbon dots (CDs) self- 
templating often yields overly micropore-dominated carbons with limited high-rate capability. Here, we tailor CDs by combining 
polyethyleneimine with four organic acids and convert them into porous carbons, eliminating high-temperature corrosive 
chemical activation. Systematic porosimetry reveals a direct link between CDs molecular architecture and the resulting pore- 
size distributions. Notably, a mesopore-enriching pathway is identified, allowing hierarchical micro/mesoporosity. The optimized 
sample (PC-PMDA) delivers 582 F g− 1 at 1 A g− 1 and retains 475 F g− 1 at 60 A g− 1 with an IR drop of 0.09 V. At a practical mass 
loading of 10 mg cm− 2 , 78% of the capacity (relative to that at low loading) is still retained. This study provided a mechanistic 
picture of pore generation by CDs self-templating. 
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 Introduction 

orous carbon materials have attracted extensive attention owing
o their high specific surface area (SSA), tunable pore archi-
ecture, good electrical conductivity, and excellent chemical
tability, which make them promising candidates for applications
n adsorption, catalysis, and electrochemical energy storage [ 1–
 ]. Among these applications, porous carbons are the most
idely used electrode materials for supercapacitors, particularly
he electric double-layer capacitor (EDLC), due to their low
ost, abundant resources, and structural design flexibility [ 7,
 ]. By far, the rational regulation of pore size distributions
as been widely recognized as a critical factor governing the
lectrochemical performance of porous carbon electrodes [ 8–
0 ]. On one hand, micropores ( < 2 nm) are dominant in
nlarging the SSA and increasing charge storage sites, thereby
ontributing to high specific capacitance directly [ 11–13 ]. On the
ll rights reserved, including rights for text and data mining and training of artificial inte
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other, mesopores (2–50 nm) serve as efficient ion transport path-
ways and electrolyte reservoirs, significantly reducing diffusion
resistance and enhancing rate capability, especially under high
current densities [ 14–16 ]. Therefore, a synergistic combination
of micropores and mesopores in porous carbon electrodes is
essential for achieving both high capacitance and excellent power
performance. 

The conventional strategies for constructing porous carbon
materials can generally be divided into activation methods and
template-assisted methods, each possessing inherent advantages
and limitations [ 17–23 ]. Activation methods, including chemical
and physical activation, generate porosity through the etching
and reconstruction of carbon frameworks. The chemical activa-
tion using corrosive agents, such as KOH and ZnCl2 , is highly
effective in creating abundant micropores and achieving large
SSA. However, these corrosive reagents often lead to severe
lligence technologies or similar technologies. 
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quipment degradation, complicated post-treatment procedures,
nd increased production costs. The physical activation employ-
ng oxidizing gases or steam (e.g., CO2 or H2 O) is relatively
nvironmentally benign and industrially viable, but typically
equires prolonged processing times, produces randomly dis-
ributed pores, and results in comparatively lower surface areas.
n contrast, the template-assisted methods, employing either soft
r hard templates, are able to precisely tailor the pore sizes and
orphologies of the porous carbons. Nevertheless, the synthesis
nd subsequent removal of templates are generally complex and
ime-consuming, and the use of hazardous etchants (such as
F for silica removal) raises serious safety and environmental
oncerns. A more efficient and sustainable alternative strategy,
elf-templating method, has emerged recently, wherein porous
arbons are generated through direct carbonization of suitable
recursors without external templates. Although this approach
inimizes the use of corrosive chemicals and simplifies the
ynthesis process, it still faces notable challenges: biomass-
erived carbons commonly exhibit disordered and poorly con-
rolled pore structures, while carbons obtained from metal–
rganic salts or related precursors often suffer from low carbon
ields and limited SSA. Consequently, developing scalable and
ontrollable strategies to construct hierarchical porous car-
ons with optimized micro-/mesopore architectures remains a
ey challenge for advancing high-performance supercapacitor
lectrodes. 

ecently, carbon dots (CDs), as an important class of zero-
imensional carbon nanomaterials, have been found as effective
emplates in the construction of porous carbon architectures,
ffering a fundamentally new paradigm for pore engineering [ 24–
6 ]. Compared with conventional hard or soft templates, CDs
xhibit several intrinsic advantages, including narrow size distri-
utions, excellent dispersibility, and broad precursor availability
 27–29 ]. Their surfaces are rich in tunable functional groups
nd defect sites, which readily undergo crosslinking, structural
earrangement, or partial decomposition during thermal treat-
ent, thereby inducing the in situ formation of pores [ 30, 31 ].
n addition, CDs provide a versatile platform for heteroatom
ncorporation and electronic structure modulation of the carbon
ramework, which is beneficial for enhancing the electrochemical
ctivity and structural stability of porous carbons [ 32–34 ]. In
ur previous studies, porous carbons with high SSA and pore
ize distributions narrowly centered in the sub-nanometer range
0.5–1.0 nm) were successfully synthesized using CDs as the sole
recursor via a self-templated carbonization strategy, demonstrat-
ng the unique capability of CDs in constructing well-defined
icroporous structures [ 12 ]. However, the resulting pore architec-
ure were almost monodispersed, and controllable expansion of
ore sizes from narrow micropores to larger micropores was not
chieved. Moreover, an excessively high proportion of micropores
nevitably hampers rapid ion transport within the electrode,
eading to limited rate performance at high current densities,
 drawback that becomes particularly pronounced when bulky
lectrolyte ions are employed [ 35, 36 ]. Therefore, a systematic
nvestigation on the pore formation and evolution mechanisms
uring CDs-based self-templating is of critical importance for
lucidating the governing principles of pore-size enlargement and
ierarchical pore construction, as well as overcoming the intrinsic
imitations of CD-derived porous carbons in advanced energy
torage applications ultimately. 
of 15
In this study, we synthesized a series of CDs by employing
four organic acids in combination with polyethyleneimine (PEI)
as precursors, respectively. These acids have distinct molecular
sizes and structures, that are citric acid (CA), pyromellitic
dianhydride (PMDA), naphthalene-1,4,5,8-tetracarboxylic dian-
hydride (NTCDA) and perylene-3,4,9,10-tetracarboxylic dianhy-
dride (PTCDA), respectively. By deliberately tuning the molecular
architecture of the acid components, the chemical composition
and crosslinking propensity of the resulting CDs could be sys-
tematically modulated. These molecularly designed CDs were
subsequently employed as the sole carbonaceous building blocks
in a pre-polymerization and pre-etching process, followed by
carbonization to produce porous carbons without relying on
conventional high-temperature activation with strongly corrosive
activating agents. A comprehensive analysis of the resulting
pore structures revealed a clear correlation between the intrinsic
structural characteristics of the CDs and the final pore size
distributions of the derived carbons. Combined with stepwise
characterization of the pore formation process, these results
allowed us to elucidate the underlying mechanism of pore
generation driven by CDs self-templating and alkaline etching.
Therefore, this research establishes an effective pathway for
adjusting the distribution of mesopores and micropores just by
changing CDs self-templates. Among the obtained samples, the
material derived from PMDA-based CDs (denoted as PC-PMDA)
exhibited the most balanced pore architecture, simultaneously
featuring a high SSA and a substantial mesopore contribution.
When evaluated in 6 m KOH electrolyte, PC-PMDA delivered
an outstanding specific capacitance of 475 F g− 1 at an ultrahigh
current density of 60 A g− 1 . More importantly, even at a com-
mercially relevant electrode mass loading of 10 mg cm− 2 , the
electrode retained 78% of its capacitance relative to that at 1 mg
cm− 2 . Overall, this work not only provides the deeper mechanistic
insight into the role of CDs in self-templated pore engineering,
but also broadens their applicability as versatile and powerful
precursors for the rational design of advanced porous carbons for
high-performance energy storage devices. 

2 Results and Discussion 

The synthetic procedure of the porous carbon is illustrated
in Scheme 1 , in which CDs act as crosslinking nodes, pore-
generating agents, and heteroatom dopant sources concur-
rently. Initially, four acids with distinct molecular weights (CA,
PMDA, NTCDA, and PTCDA) were individually subjected to
hydrothermal treatment with PEI in an autoclave, leading to
the formation of CDs. As the reaction proceeded under elevated
temperature and pressure, it gradually transitioned into the
pre-polymerization stage. Abundant functional groups on the
CDs promoted extensive intermolecular crosslinking, leading
to the formation of highly compact and mechanically robust
hydrogels. This dense network effectively suppressed excessive
mass loss during final thermal treatment. A subsequent pre-
etching stage was implemented, where a mild alkaline solution
was introduced to selectively cleave amide linkages within the
carbon dot framework, enabling the controlled extraction of
small molecular fragments. The crosslinked precursor network
therefore needs to satisfy two competing requirements: sufficient
connectivity to preserve a continuous carbon framework and
sufficient etchability to permit controlled fragment removal. A
Small, 2026
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SCHEME 1 (a) Schematic diagram of the synthetic procedure of porous carbon. (b) Specific conditions for synthesizing four kinds of porous 
carbons, respectively. 
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eakly connected network may undergo excessive structural
ontraction or collapse during subsequent treatment, whereas
n overly condensed network may limit the generation of pre-
ursor voids. The balance between framework retention and
ontrolled etching is therefore considered an important factor
n determining the evolution of hierarchical porosity. After a
horough washing to remove residual alkali and small fragments,
umerous pores were generated in situ throughout the hydrogel
atrix. The alkali-treated hydrogels were finally converted into
orous carbons by direct carbonization without introducing any
orrosive activating agents. 

igh-resolution transmission electron microscopy (HRTEM)
mages (Figure 1a–d ) show that, the average diameters of CDs-
A, CDs-PMDA, CDs-NTCDA, and CDs-PTCDA are 2.7, 3.2, 12.1,
nd 18.6 nm, respectively, evidencing a pronounced size enlarge-
ent of CDs as their precursor molecular weights increase. This
rend can be rationalized by a precursor-dependent nucleation–
rowth balance: smaller, highly soluble molecules (e.g., CA-type
recursors) typically generate a higher density of nuclei and
ndergo rapid surface passivation, which kinetically constrains
article growth; in contrast, larger and more π-rich aromatic
recursors tend to form more stable pre-condensed clusters and
xhibit stronger π–π association during hydrothermal carboniza-
ion, thereby favoring coalescence and sustained lateral growth
f sp2 domains, ultimately yielding larger nanoparticles [ 37 ].
mall, 2026
Additionally, distinct lattice fringes can be observed in all CDs,
with an interplanar spacing of approximately 0.21 nm. This
spacing is consistent with the characteristic spacing of the (100)
plane of graphitic carbon, indicating that the obtained carbon
nanodots are not completely amorphous but contain a certain
degree of ordered sp2 carbon domains or graphitic microcrys-
talline structures [ 38, 39 ]. This result suggests that condensation
and rearrangement of aromatic structures occurred during the
carbonization process, leading to the formation of graphitized
carbon cores with short-range crystalline order [ 40 ]. The X-
ray diffraction (XRD) patterns (Figure 1e ) further support these
conclusions: CDs-CA shows a broad diffuse peak spanning 15◦–
30◦, indicative of a highly disordered carbon network with limited
sp2 domains, which is commonly associated with abundant O/N-
containing functionalities [ 41 ]. By comparison, the remaining
three CDs present a relatively sharper feature near 19◦ together
with a left-shifted (002) reflection, implying the presence of short-
range ordered graphitic-like stacking accompanied by interlayer
expansion, in good agreement with the HRTEM observations. 

Fourier transform infrared (FTIR) spectra (Figure 1f ) of all CDs
exhibit four characteristic bands at around 3443, 1629, 1387,
and 1026 cm− 1 , which are attributed to O–H/N–H stretching, C
= C/C = O vibrations (including amide-related contributions),
C–N stretching, and C–O stretching, respectively, confirming
that all CDs are enriched with amide linkages, amine moieties,
3 of 15
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FIGURE 1 HRTEM images of (a) CDs-CA, (b) CDs-PMDA, (c) CDs-NTCDA and (d) CDs-PTCDA, respectively. (e) XRD patterns and (f) FTIR 
spectra of the four kinds of CDs, respectively. (g) Fluorescence spectra of CDs-PMDA before and after etching. (h) EDS elemental mappings of C, N, and 
O elements in HG-PMDA hydrogel, respectively. 
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nd oxygenated groups [ 42 ]. These surface reactive function-
lities provide the chemical basis for the spontaneous self-
olymerization of the CDs. Upon KOH treatment, cleavage of
mide bonds and the concomitant generation of internal defects
isrupt the emissive states, which is directly reflected by the
arked fluorescence attenuation after etching (Figure 1g and
igure S1 ), consistent with partial destruction of conjugated
omains. In order to evaluate the compositional uniformity
f the self-polymerized hydrogel, energy-dispersive X-ray spec-
roscopy (EDS) mapping was conducted on the HG-PMDA
ydrogel. As shown in Figure 1h , the signals for C, N, and O
lements are homogeneously distributed throughout the matrix,
orroborating the good compositional uniformity of the hydrogel
etwork. 

o elucidate the working principle of the pre-etching step, the
orphologies of HG-CA, HG-PMDA, HG-NTCDA, and HG-
TCDA before and after etching were comparatively examined
y SEM (Figure 2a–h and Figures S2 and S3 ) and TEM (Figures
4 and S5 ). In the pristine state, HG-CA exhibits a compact and
ompliant surface, whereas HG-PMDA appears as an assembly
f fine particulates, which may be attributed to the dual nature
f PMDA—an aromatic yet relatively small building unit—
rone to localized cluster formation during gelation. By contrast,
G-NTCDA and HG-PTCDA display flatter, block-like surfaces.
otably, TEM images reveal dark-contrast lamellar aggregation
omains with a “thick-and-stacked” appearance, consistent with
of 15
locally densified regions and more ordered π-stacked motifs
induced by larger polycyclic aromatic units. 

After etching, HG-CA develops abundant, uniformly distributed
fine pores, while HG-NTCDA and HG-PTCDA mainly show
pronounced wrinkling accompanied by small fissures—an intu-
itive signature of partial network degradation and shrinkage.
A distinct feature is observed for HG-PMDA, that numerous
micron-scale cavities emerge. This behavior is plausibly linked to
the cluster-forming tendency of PMDA-derived domains, which
undergo a more “selective, patch-wise” removal during bond
scission and leaching. Adjacent defects readily coalesce, ampli-
fying into large pores. Meanwhile, the relatively rigid aromatic
backbone in HG-PMDA can stabilize pore walls and help preserve
the macropore geometry, allowing these large cavities to survive
subsequent carbonization. In comparison, HG-NTCDA and HG-
PTCDA contain larger fused aromatic cores, enhancing network
rigidity and aromatic association, thereby impeding hydroxide
penetration and rendering degradation slower and spatially more
dispersed, which is consistent with the extended etching duration
(5 h) required for these hydrogels. In addition, the dissolu-
tion of the etched-off fragments is more restricted when the
released motifs are larger, suppressing further pore coalescence
and limiting macropore growth. Conversely, although HG-CA
is constructed from smaller structural units, its matrix is more
hydrophilic and compositionally uniform and exhibits greater
framework flexibility. As a result, etching tends to proceed more
Small, 2026
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FIGURE 2 SEM images of (a, e) HG-CA, (b, f) HG-PMDA, (c, g) HG-NTCDA and (d, h) HG-PTCDA, (a–d) before and (e–h) after etching, 
respectively. (i) Pore size distributions of all etched hydrogels. (j) UV–vis spectra of the leached fragments collected from different etched hydrogels, 
respectively. (k) TG curves of the etched HG-PMDA with and without washing treatment. 
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omogeneously, accompanied by local contraction and collapse,
ltimately yielding a dense population of small, relatively uni-
orm pores. This mechanistic picture agrees with the mass-loss
rend, where HG-PMDA shows the largest mass decrease after
tching, implying the most extensive node removal and leaching,
hich correlates with its most prominent macropore formation. 

onsistent with the microscopy results, the pre-etched hydro-
els are essentially nonporous, whereas nitrogen adsorption–
esorption measurements show that the etched counterparts
isplay pronounced uptake and pore architectures. The pore-size
istribution (Figure 2i ) indicates that all etched hydrogels develop
bundant pores predominantly below 20 nm, suggesting that
tching creates micro/mesoporous transport pathways through
elective bond cleavage and subsequent elution of soluble frag-
ents. The corresponding SSA are 8.2, 5.4, 2.4, and 1.1 m2 g− 1 for
G-CA, HG-PMDA, HG-NTCDA, and HG-PTCDA, respectively.
mportantly, only HG-PMDA exhibits a clear contribution from
arge pores ( > 60 nm), in line with SEM and TEM observations
nd indicative of defect coalescence that produces a hierarchical
ore system. Such a pore network is expected to serve as a pre-
ormed channel scaffold that can be “locked in” by the carbon
ramework during carbonization, enabling the resulting porous
arbons to inherit, at least partially, the pore-size characteristics
f their precursors. 

o probe the chemical nature of the species released during etch-
ng, all leached fragments collected from the etched hydrogels
ere analyzed by UV–vis spectroscopy (Figure 2j ). The band near
15 nm can be assigned to the superposition of the aromatic E
mall, 2026
band and the carbonyl π→π* transition: aromatic rings typically
exhibit a strong E2 band in the 200–215 nm region, while carbonyl
groups in amides/carboxyls absorb strongly around 190–210 nm
and can undergo a slight redshift when conjugated with aromatic
moieties. The absorption within 235–260 nm corresponds to
the characteristic B band of benzene-type chromophores. These
signatures collectively indicate that the detached fragments from
all samples retain aromatic motifs, indirectly supporting the
presence of graphitized cores in the CDs. Notably, compared
with the more discrete spectral features of other samples, the
HG-PMDA leachate displays a markedly broadened absorption
envelope across 200–300 nm, implying substantial structural
heterogeneity, namely, the fragments possess a distribution of
conjugation lengths and surface functionalities. This polydis-
persity broadens the distribution of electronic gaps, leading to
extensive band overlap and macroscopic peak broadening. The
HG-CA leachate shows a moderate absorption at 356 nm, consis-
tent with an n→π* transition associated with citric acid–amine
condensation/cyclization products [ 43 ]. Additionally, small frag-
ments can form hydrogen-bonded aggregates, further broadening
this band. For HG-NTCDA, a weak feature at 307 nm and a
subtle shoulder near 360 nm resemble the fingerprint absorptions
of naphthalene-type skeletons with slight substituent-induced
shifts [ 44 ]. HG-PTCDA exhibits a strong band around 450 nm
with vibronic fine structure, characteristic of a highly conjugated
pyrene-like chromophore whose main transition is strongly red-
shifted by intramolecular charge transfer (ICT) effects [ 45 ].
Together, these results support that the released fragments pre-
serve structural elements derived from the four acid precursors,
providing key evidence for the etching pathway. 
5 of 15
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o verify the effectiveness of post-etch washing in removing resid-
al base, HG-PMDA was further examined by thermogravimetric
nalysis (TGA). The thermogravimetric (TG) curve (Figure 2k )
nd derivative thermogravimetric (DTG) curve (Figure S6 ) of
he hydrogel before washing display three pronounced rapid
ass-loss regions at 50◦C–144◦C, 311◦C–402◦C, and 639◦C–800◦C.
he low-temperature event is mainly associated with desorp-
ion of water retained by the strong hygroscopicity of KOH.
he mid-temperature loss corresponds to the principal thermal
ecomposition of the hydrogel network and is sharpened by
otassium salt [ 46 ]. The high-temperature loss is consistent with
otassium-mediated secondary mass loss, in line with further
ctivation of carbonaceous frameworks at elevated temperatures.
n contrast, the thoroughly washed hydrogel shows only a gentle
ass decrease below 232◦C (release of minor adsorbed water),
ollowed by the onset of the main decomposition. The mass-loss
ate then decreases smoothly and approaches a stable plateau at
00◦C, without the low-temperature hygroscopic step or the high-
emperature activation-like rapid loss [ 47 ]. This clear difference
onfirms that residual alkali is effectively removed by washing.
ollectively, all characterizations above support a pre-etching
echanism: KOH induces scission of amide linkages within CDs-
erived junctions, generating soluble molecular fragments that
re extracted during rinsing along with residual K species. The
emoval of these fragments introduces defects and interconnected
oids throughout the hydrogel matrix, which then evolve into the
orresponding micro/mesoporous structures during subsequent
alcination. 

he etched hydrogels were directly carbonized to afford the cor-
esponding porous carbons, and their microstructures and pore
eatures were systematically characterized. As shown in Figure 3 ,
he porous carbons derived from different precursors exhibit
arkedly distinct morphologies after carbonization, underscor-
ng that molecular-level precursor design and the pre-etching
ehavior play decisive roles in directing structural evolution
f the final carbon frameworks. Specifically, PC-CA displays a
hree-dimensional interconnected network with continuous pore
hannels in SEM (Figure 3a ), indicating good overall connectiv-
ty. TEM further reveals abundant, uniformly distributed pores
Figure 3b ), suggesting that the fine pores generated homoge-
eously in HG-CA are effectively preserved during carbonization.
n contrast, PC-PMDA exhibits the most pronounced hierarchical
orosity. SEM images show numerous micron-sized cavities that
re spatially interconnected, forming an open skeletal framework
Figure 3c ). Meanwhile, TEM also confirms a dense population
f micron-sized pores (Figure 3d ). This hierarchical architecture
an be directly traced to the selective node removal and defect
oalescence occurring during the etching of HG-PMDA. The
reformed micron-scale pores are mechanically supported by the
elatively rigid aromatic backbone and thereby “locked in” during
arbonization, enabling robust inheritance of the hierarchical
ore motif in the resulting porous carbon. 

 clear morphological transition is observed for PC-NTCDA. Its
EM image is dominated by compact, bulky domains with only
imited pore features (Figure 3e ). TEM corroborates a substantial
ecrease in pore numbers (Figure 3f ), implying that a consid-
rable fraction of the etching-induced pores becomes partially
losed upon carbonization. This behavior is plausibly associated
ith the larger fused aromatic core of NTCDA-derived motifs,
of 15
which promotes local structural rearrangement and densification
during high-temperature treatment, thereby compromising pore
formation. PC-PTCDA represents the most extreme case. SEM
reveals predominantly smooth, stacked lamellar structures with
scarcely any open channels (Figure 3g ). Consistently, TEM
shows thick, dark-contrast stacked domains with little discernible
porosity (Figure 3h ). These observations indicate that PTCDA-
derived highly fused aromatic units tend to form dense carbon
domains with strong π–π interactions during carbonization,
leading to extensive annihilation of the limited pores introduced
at the etching stage. Overall, these results demonstrate that the
ultimate pore architecture of the porous carbon is not generated
randomly during carbonization. Rather, it is strongly governed
by the molecular configuration and network rigidity established
at the hydrogel stage. In particular, PMDA-derived systems with
moderate aromaticity and a propensity for localized aggregation
are most favorable for constructing stably inheritable hierarchical
porosity, whereas excessively large fused aromatic backbones
and overly rigid networks tend to suppress pore formation
and preservation. This comparative study further validates the
effectiveness of the “molecular design–hydrogel structuring–pre-
etching–carbonization inheritance” strategy for tailoring pore
architectures, providing a viable route to controllable porous
carbons without resorting to corrosive activation. 

The XRD patterns of all porous carbons display two broad
reflections at 2 θ = 24.7◦ and 43.4◦, which can be assigned
to the (002) and (100) planes of turbostratic graphite-like car-
bon, respectively (Figure 4a ). The pronounced peak broadening
indicates dominant short-range ordering with limited long-
range periodicity, which is characteristic of amorphous porous
carbons [ 48 ]. Notably, the diffraction intensities of PC-PMDA,
PC-NTCDA, and PC-PTCDA are overall higher than those of PC-
CA. This difference can be rationalized by precursor aromaticity.
PMDA, NTCDA, and PTCDA contain aromatic frameworks that
promote stronger π–π interactions and local stacking already
at the hydrogel stage, which facilitates aromatization and layer
rearrangement during carbonization [ 49 ]. As a result, relatively
larger graphite-like domains are formed, enhancing the X-ray
reflections. In contrast, the CA-derived network lacks preorga-
nized aromatic domains, leading to the smaller crystals and more
disordered stacking, with the weakest XRD signals. 

Raman spectra show the typical D band at 1333 cm− 1 and G
band at 1576 cm− 1 (Figure 4b ), associated with the defect-related
vibrations and the graphitic sp2 carbon stretching, respectively.
A higher ID /IG ratio generally reflects a higher defect density
and a lower degree of structural ordering, which is common
for porous carbons with O/N heteroatom incorporation [ 50 ].
With increasing precursor aromaticity, ID /IG gradually decreases,
indicating that aromatic units favor the formation of larger sp2 
conjugated domains during carbonization and reduce the relative
contribution of edge defects [ 51 ]. This trend is consistent with the
strengthened graphite-like features observed by XRD. 

FTIR spectra reveal persistent absorptions attributable to N–
H/O–H, C–O, and C–N functionalities in all samples (Figure 4c ),
confirming the retention of oxygenated and nitrogen-containing
groups in the samples after carbonization. These polar func-
tionalities can improve electrolyte wettability and provide addi-
tional pseudocapacitive contributions, which is beneficial for
Small, 2026
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FIGURE 3 SEM (left) and TEM (right) images of (a, b) PC-CA, (c, d) PC-PMDA, (e, f) PC-NTCDA and (g, h) PC-PTCDA, respectively. 
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lectrochemical kinetics and rate capability [ 52, 53 ]. XPS analyses
Figure S7 and Table S1 ) further disclose the material compo-
itions and electronic structures. All samples retain a relatively
igh oxygen content and a small amount of nitrogen, which
an enhance hydrophilicity and introduce reversible redox-active
ites, thus strengthening pseudocapacitive behavior [ 54–56 ]. The
igh-resolution N 1s spectra can be deconvoluted into pyridinic
, pyrrolic N, graphitic N, and oxidized N, respectively. The high
ractions of pyridinic and pyrrolic species are commonly linked
o electron-rich edge sites, which facilitate ion adsorption and
nsertion as well as interfacial charge transfer, improving ion
torage and capacitive response. The O 1s spectra suggest the
amples have similar oxygen speciation that are composed of C
 O and C–O species. In particular, carbonyl or quinone-like
ites can act as key pseudocapacitive centers by increasing surface
eactivity and strengthening ion adsorption. 

o elucidate the pore characteristics, N2 adsorption and desorp-
ion measurements were conducted. The pore-size distributions
how that the maximum distribution pore sizes of PC-CA, PC-
MDA, PC-NTCDA, and PC-PTCDA are 0.50, 0.79, 0.87, and
.19 nm, respectively (Figure 4d ). In light of the proposed “pre-
tching and carbonization inheritance” mechanism, pre-etching
rimarily induces base-triggered cleavage of amide linkages at
Ds-related junctions and leaches out soluble fragments, thereby
reating vacancies and defects within the hydrogel network.
ecause the CA-derived matrix is built from smaller units and is
ore hydrophilic and compositionally uniform, etching proceeds
ore homogeneously and ultimately yields a dense population
mall, 2026
of narrowly distributed micropores after carbonization. As the
aromatic dianhydride precursors become larger and more fused,
both the spatial scale of the released fragments and the local
network rigidity increase, so the hydrogels tend to leave wider
microporous voids, giving rise to an increased characteristic pore
size. However, in the NTCDA and PTCDA systems, strong π–
π stacking and thermally driven rearrangement can partially
close pore channels or merge them into thick stacked carbon
domains. This leads to a coexistence of enlarged pore width
and reduced pore number, which also explains the pronounced
decrease in SSA. Regarding adsorption isotherms, PC-PMDA
shows clear micropore filling at low relative pressure (P/P0 <
0.01), while the overall profile resembles a type IV isotherm with
an evident hysteresis loop (Figure S8 ), indicating a substantial
mesoporous contribution and a hierarchical pore architecture.
This observation agrees with the previously proposed pathway
involving selective removal of PMDA-derived clustered domains,
followed by defect coalescence and the generation of macro
and mesopores. By comparison, the other three samples exhibit
isotherms closer to type I, confirming predominantly micro-
porous structures with limited mesoporosity. As summarized
in Figure 4e,f and Table S2 , the SSA values of PC-CA, PC-
PMDA, PC-NTCDA, and PC-PTCDA are 2009, 1731, 1286, and
703 m2 ⋅g− 1 , respectively. This trend highlights the capability of
the CDs self-templating strategy to construct high-SSA porous
carbons without harsh chemical activation, while also indicating
that excessively large molecular building blocks and overly rigid
aromatic frameworks hinder deep etching and fragment disso-
lution. Consequently, defect coalescence and the formation of
7 of 15
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FIGURE 4 (a) XRD, (b) Raman spectra, (c) FT-IR spectra, (d) pore size distributions, (e) specific surface areas, (f) specific pore volumes of all 
porous carbons, respectively. (g) Proposed formation mechanisms for porous carbons. 
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ontinuous transport channels are suppressed, and densifica-
ion during carbonization becomes more pronounced, leading
o fewer pores and lower SSA. The micropore volume frac-
ions further support the pore-level differences. They are 92.2%,
8.4%, 90.9%, and 82.1% for PC-CA, PC-PMDA, PC-NTCDA,
nd PC-PTCDA, respectively. The markedly reduced micropore
of 15
fraction of PC-PMDA reflects that it has more rapid transport
pathways, which goes beyond the conventional notion that
CDs self-templating mainly yields microporous carbons. Such a
hierarchical pore network is expected to lower diffusion resis-
tance while maintaining high SSA, thereby benefiting high-rate
electrochemical processes. 
Small, 2026
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ased on these results, a formation mechanism for porous carbon
s proposed (Figure 4g ). First, during pre-polymerization, CDs
elf-assemble and crosslink under hydrothermal conditions to
orm mechanically robust hydrogels that provide a continuous
caffold and etchable junctions. Second, during pre-etching,
lkaline conditions preferentially cleave amide bonds at CDs-
elated junctions and extract soluble fragments, generating
acancy defects that progressively evolve into interconnected
icro- and mesoporous channels. The CA, NTCDA, and PTCDA
ystems undergo more uniform etching and mainly yields dense
icropores, whereas the PMDA system, owing to the com-
ined features of aromatic clustering and small molecular size,
ore readily experiences selective domain removal and defect
oalescence, producing meso- and macroporous skeletons that
an be effectively locked in upon carbonization. In addition,
he increased aromaticity of the precursor led to the difficulty
f etching, resulting in a decrease in the SSA of the final
orous carbon. Third, during high-temperature carbonization,
he aromatic backbone promotes structural inheritance, but
verly large fused aromatic units in the NTCDA and PTCDA
ystems intensify stacking thickening and densification, which
artially close pores. Meanwhile, the larger the molecular weight
f the precursor, the more the maximum pore diameter of the
orous carbon will shift toward a higher value. Consequently,
mong the present carbon series, PC-PMDA exhibits a par-
icularly favorable combination of substantial internal surface
rea and pronounced mesoporous contribution. Unlike PC-
A, whose pore volume is strongly dominated by micropores,
nd PC-NTCDA/PC-PTCDA, which show progressively reduced
SA, PC-PMDA retains a high SSA while developing a sub-
tantially more hierarchical pore distribution. This structural
alance provides both extensive charge-storage surface and
mproved geometrical accessibility to the internal pore network,
orming the structural basis for its high-rate electrochemical
ehavior. 

lectrochemical evaluation of the porous carbon electrodes
as performed in a three-electrode configuration using 6 m
OH aqueous electrolyte (Figure 5a–e and Figure S9–S12 ).
yclic voltammetry (CV), galvanostatic charge and discharge
GCD), and electrochemical impedance spectroscopy (EIS) were
mployed to probe charge storage behavior and ion transport. At a
can rate of 50 mV s− 1 , all electrodes delivered nearly rectangular
V profiles with a faint, reversible hump (Figure 5a ), indicating
hat the capacitance is dominated by EDLC processes with
n additional, small pseudocapacitive contribution. This extra
apacitance is reasonably attributed to fast and reversible redox
eactions associated with nitrogen and oxygen functionalities
nd to improved surface wettability in alkaline media, which
acilitates the ingress and egress of hydrated ions within the
ore network [ 57 ]. Notably, PC-PMDA exhibited the largest
nclosed CV area, even though its SSA is slightly lower than
hat of PC-CA. This apparent inconsistency can be rationalized
y considering pore accessibility and kinetics rather than surface
rea alone. An excessively high fraction of micropores can impose
iffusion limitations and increase tortuosity, which leads to
ncomplete utilization of the internal surface under practical
ime scales. In contrast, a higher mesopore content in PC-PMDA
rovides ion-buffering reservoirs and short diffusion pathways to
djacent micropores, thereby improving rate capability. In other
ords, hierarchical porosity can outperform purely microporous
mall, 2026
structures because the “effective” surface participating in charge
storage becomes larger when transport is accelerated. 

GCD curves recorded at 1 A g− 1 (Figure 5b ) are close to isosce-
les triangles, supporting highly reversible capacitive behavior
with minimal polarization. The gravimetric specific capacitances
derived from these curves are 377 F g− 1 for PC-CA, 582 F g− 1 for
PC-PMDA, 250 F g− 1 for PC-NTCDA, and 135 F g− 1 for PC-PTCDA.
The CV responses at increasing scan rates (Figure 5c and Figure
S9 ) and the GCD profiles at elevated current densities (Figure 5d
and Figure S10 ) remain largely rectangular and symmetric,
respectively, confirming efficient ion adsorption and desorp-
tion with good electrochemical reversibility. Rate performance,
summarized by capacitance retention versus current density
(Figure 5e and Figure S11a ), further highlights the advantage of
PC-PMDA. Even at 60 A g− 1 , PC-PMDA maintains a high capac-
itance of 475 F g− 1 with a small internal resistance (IR drop of
0.09 V), consistent with fast ion and electron transport enabled by
its mesopore-enriched architecture. Long-term cycling stability
was assessed for PC-PMDA at 5 A g− 1 (Figure 5f ). After 10 000
cycles, PC-PMDA retains 91% of its initial capacitance and main-
tains Coulombic efficiency close to 100%, demonstrating robust
electrochemical durability. Benchmarking against representative
porous carbon electrodes reported in the literature (Table S3 )
further supports the competitive performance of PC-PMDA.
Importantly, practical applicability was examined by increasing
the electrode mass loading from 1 to 10 mg cm− 2 (Figure S11b–d ).
Under this more demanding condition, PC-PMDA still preserves
78% of its capacity, corresponding to 453 F g− 1 , and exhibits
excellent stability by retaining 97% of the initial capacitance after
10 000 cycles at 5 A g− 1 . 

EIS was used to quantify transport kinetics and resistance
components. As shown in Figure S12a , Nyquist plots display a
near-vertical line in the low-frequency region that approaches
ideal capacitive behavior, while a semicircle at high frequency
reflects combined interfacial and internal resistances. The fit-
ted impedance parameters in Table S4 indicate that porous
carbons derived from aromatic precursors generally possess
lower resistance, which can be associated with higher electronic
conductivity arising from more ordered carbon domains and
improved electrode continuity. The Bode plots (Figure S12b ) show
phase angles close to − 90◦ at low frequency, again consistent
with capacitive characteristics. The characteristic relaxation time
constant ( τ0 ), calculated from f0 defined as the frequency at which
the capacitance drops to half of its maximum value, follows
the same trend and supports faster dynamic response for the
lower-resistance samples. 

A symmetric supercapacitor (SSC) was assembled using the
best-performing PC-PMDA as electrodes, and its electrochemical
behavior was evaluated in aqueous electrolytes of 6 m KOH and
1 m Na2 SO4 . As summarized in Figure 6a,b and Figure S13a , the
gravimetric capacitance derived from GCD profiles reaches 113
F g− 1 in KOH and 154 F g− 1 in Na2 SO4 at 1 A g− 1 . When the
current density increases to 10 A g− 1 , the device still delivers
102 F g− 1 in KOH and 117 F g− 1 in Na2 SO4 , demonstrating
excellent rate capability in both media. The GCD traces remain
close to symmetric triangles over a broad range of current
densities, which indicates highly reversible charge storage and
consistently high Coulombic efficiency. The small polarization
9 of 15
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FIGURE 5 Electrochemical performances tested via a three-electrode system. (a) CV curves at scan rates of 50 mV s− 1 and (b) GCD curves at 1 A 

g− 1 of all samples. (c) CV curves of PC-PMDA at various scan rates. (d) GCD curves of PC-PMDA at various current densities. (e) The rate performance 
at various current densities of all samples. (f) Cycling stability and Coulombic efficiencies of PC-PMDA for 10 000 cycles at 5 A g− 1 . 

FIGURE 6 Electrochemical performances of the PC-PMDA||PC-PMDA symmetric supercapacitor. (a) Specific capacitance in different electrolytes. 
(b) GCD curves at different current densities, (c) CV curves at various scan rates and (d) Nyquist plots before and after 10 000 cycles in 1 m Na2 SO4 
electrolyte. (e) Cycling stability at 3 A g− 1 after 10 000 cycles. (f) Ragone plot of power density vs. energy density for PC-PMDA||PC-PMDA and other 
carbon-based symmetric devices. 
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uring charge and discharge is consistent with rapid ion migra-
ion through the hierarchical pore network of PC-PMDA and
fficient electron transport within the carbon framework. CV
ests further support this conclusion. As shown in Figure 6c
nd Figure S13b , the CV curves retain a well-defined quasi-
ectangular outline as the scan rate increases, and they remain
argely rectangular even at 100 mV s− 1 . This behavior reflects
ow internal resistance and fast ion adsorption and desorption at
he electrode. The combination of micropores and mesopores in
C-PMDA is expected to be particularly beneficial at high rates,
ince mesopores act as ion-buffering highways that shorten dif-
usion distances to adjacent micropore surfaces where charge is
tored. 

IS tests provide complementary kinetic insight. The Nyquist
lots (Figure 6d and Figure S13c ) show a small semicircle in
he high-frequency domain and an almost vertical line at low
requencies, confirming favorable charge-transfer dynamics and
ypical EDLC features. After 10 000 charge–discharge cycles, the
iameter of the high-frequency semicircle changes only slightly
nd the low-frequency branch remains steep, indicating that the
onductive network and pore architecture are well preserved
uring repeated operation. Long-term durability was quantified
y GCD cycling. At 3 A g− 1 , the SSC retains 91% of its initial
apacitance in 6 m KOH and 94% in 1 m Na2 SO4 after 10 000
ycles (Figure 6e ), demonstrating excellent cycling life and robust
eversibility. The device also exhibits attractive energy and power
haracteristics. The maximum energy density reaches 22.6 Wh
g− 1 in alkaline electrolyte and increases to 54.6 Wh kg− 1 in
eutral electrolyte, which can be attributed to the wider stable
perating voltage typically accessible in Na2 SO4 -based aqueous
ystems. Notably, even at a high power density of 8000 W kg− 1 ,
he neutral-electrolyte device maintains a high energy density of
1.6 Wh kg− 1 . These metrics compare favorably with many previ-
usly reported carbon-based supercapacitors operating in either
lkaline or neutral aqueous electrolytes (Figure 6f ), highlighting
he practical potential of PC-PMDA for high-rate and high-energy
queous energy storage [ 12, 34, 58–65 ]. 

 Conclusion 

e report a controllable CDs self-templating route to hierarchical
orous carbons by integrating rational CDs design with a pre-
olymerization and pre-etching process, avoiding conventional
igh-temperature chemical activation while tuning the pore-
rchitecture. By selecting organic acids with distinct molecular
izes and conjugation degrees together with polyethyleneimine,
he composition and crosslinking propensity of CDs are system-
tically modulated, which dictates pore formation and evolution
uring alkaline etching and carbonization. Stepwise characteriza-
ion establishes a clear structure–pore correlation and uncovers
n efficient mechanism to introduce a substantial mesopore
raction into CDs-derived carbons, overcoming the limitation of
arrowly distributed micropores. Benefiting from the balanced
icro/mesoporosity, PC-PMDA achieves fast ion transport and
obust EDLC performance, delivering 475 F g− 1 at 60 A g− 1 (IR
rop of 0.09 V) and 91% of capacitance retention after 10 000
ycles at 5 A g− 1 . Symmetric supercapacitors based on PC-PMDA
rovide high energy densities of 22.6 Wh kg− 1 (in 6 m KOH)
nd 54.6 Wh kg− 1 (in 1 m Na2 SO4 ) with excellent durability.
mall, 2026
Overall, this work offers a mechanism insight and a general
design principle for expanding pore sizes and constructing hierar-
chical porosity of carbon materials, developing the high-rate and
high-energy electrodes for practical aqueous supercapacitors. 

4 Experimental Section 

4.1 Chemicals and Materials 

Citric acid (CA), pyromellitic dianhydride (PMDA), naphthalene-
1,4,5,8-tetracarboxylic dianhydride (NTCDA), perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA), ethylene imine polymer
(PEI) and polytetrafluoroethylene preparation (PTFE) were
obtained from Aladdin Reagent Co. (China). Hydrochloric acid,
acetic acid, super P, and potassium hydroxide were purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). 

4.2 Synthesis of CA-Based Hydrogel (HG-CA) 

CA (8 mmol) and PEI (1 g) were dissolved in deionized water
(6 mL). The resulting solution was transferred into a Teflon-
lined stainless-steel autoclave and heated at 150◦C. To probe
the reaction evolution, a portion of the reaction mixture was
withdrawn after 1 h; after dialysis and drying, carbon dots were
obtained and denoted as CD-CA. The remaining samples were
maintained under the same conditions for a total of 10 h, yielding
a uniform hydrogel. The as-formed hydrogel was thoroughly
washed with deionized water and dried at 80◦C, and the product
was designated as HG-CA. 

4.3 Synthesis of CA-Based Porous Carbon 

(PC-CA) 

The obtained HG-CA hydrogel was immersed in 20 mL of 2 m
KOH aqueous solution and treated at 90◦C for 30 min to induce
chemical etching. Afterward, the sample was repeatedly rinsed
with deionized water and dried again at 80◦C. The dried material
was then carbonized in a tube furnace by heating to 300◦C at
a rate of 5◦C min− 1 and holding for 1 h, followed by further
heating to 800◦C at 2◦C min− 1 with a dwell time of 2 h under
a nitrogen atmosphere. After natural cooling, the product was
washed with deionized water and dried at 80◦C, affording porous
carbon powder, denoted as PC-CA. 

4.4 Synthesis of PMDA-Based Hydrogel 
(HG-PMDA) 

PMDA (8 mmol) and PEI (1 g) were dissolved in deionized water
(4 mL), followed by the addition of acetic acid (2 mL) under
stirring to obtain a homogeneous solution. The mixture was
then transferred into a Teflon-lined stainless-steel autoclave and
heated at 150◦C. To monitor the reaction progress, a portion of
the reaction mixture was withdrawn after 1 h; carbon dots (CD-
PMDA) were obtained after dialysis and drying. The remaining
samples were further heated for a total of 10 h, leading to
the formation of a uniform hydrogel, which was washed with
deionized water and dried at 80◦C, denoted as HG-PMDA. 
11 of 15
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.5 Synthesis of PMDA-Based Porous Carbon 

PC-PMDA) 

G-PMDA was etched in 20 mL of 2 m KOH aqueous solution
t 90◦C for 30 min, followed by thorough rinsing with deion-
zed water and drying at 80◦C. The sample was subsequently
arbonized in a tube furnace by heating to 300◦C at 5◦C min− 1

or 1 h and then to 800◦C at 2◦C min− 1 for 2 h under a nitrogen
tmosphere. After natural cooling, the product was washed and
ried to yield porous carbon powder, designated as PC-PMDA. 

.6 Synthesis of NTCDA-Based Hydrogel 
HG-NTCDA) 

TCDA (8 mmol) and PEI (1 g) were dissolved in deionized
ater (4 mL), followed by the addition of acetic acid (2 mL)
nder stirring to obtain a homogeneous solution. The mixture
as then transferred into a Teflon-lined stainless-steel autoclave
nd heated at 150◦C. To monitor the reaction progress, a portion
f the reaction mixture was withdrawn after 1 h; carbon dots (CD-
TCDA) were obtained after dialysis and drying. The remaining
amples were further heated for a total of 10 h, leading to
he formation of a uniform hydrogel, which was washed with
eionized water and dried at 80◦C, denoted as HG-NTCDA. 

.7 Synthesis of NTCDA-Based Porous Carbon 

PC-NTCDA) 

G-NTCDA was etched in 20 mL of 2 m KOH aqueous solution at
0◦C for 5 h, followed by thorough rinsing with deionized water
nd drying at 80◦C. The sample was subsequently carbonized in
 tube furnace by heating to 300◦C at 5◦C min− 1 for 1 h and then
o 800◦C at 2◦C min− 1 for 2 h under a nitrogen atmosphere. After
atural cooling, the product was washed and dried to yield porous
arbon powder, designated as PC-NTCDA. 

.8 Synthesis of PTCDA-Based Hydrogel 
HG-PTCDA) 

TCDA (8 mmol) and PEI (1 g) were dissolved in deionized
ater (4 mL), followed by the addition of acetic acid (2 mL)
nder stirring to obtain a homogeneous solution. The mixture
as then transferred into a Teflon-lined stainless-steel autoclave
nd heated at 150◦C. To monitor the reaction progress, a por-
ion of the reaction mixture was withdrawn after 1 h; carbon
ots (CD-PTCDA) were obtained after dialysis and drying. The
emaining samples were further heated for a total of 10 h,
eading to the formation of a uniform hydrogel, which was
ashed with deionized water and dried at 80◦C, denoted as
G-PTCDA. 

.9 Synthesis of PTCDA-Based Porous Carbon 

PC-PTCDA) 

G-PTCDA was etched in 20 mL of 2 m KOH aqueous solution at
0◦C for 5 h, followed by thorough rinsing with deionized water
nd drying at 80◦C. The sample was subsequently carbonized in
2 of 15
a tube furnace by heating to 300◦C at 5◦C min− 1 for 1 h and then
to 800◦C at 2◦C min− 1 for 2 h under a nitrogen atmosphere. After
natural cooling, the product was washed and dried to yield porous
carbon powder, designated as PC-PTCDA. 

4.10 Electrochemical Measurements 

Electrode films were prepared by homogenizing the as-obtained
porous carbon with Super P and a PTFE binder in an 8:1:1
weight ratio. The slurry was then pressed onto a stainless-steel
mesh current collector (geometric area: 1 cm2 ) and dried at 80◦C
for 24 h to remove residual moisture and ensure mechanical
integrity. The resulting electrodes exhibited an active-material
loading of 1 or 10 mg cm− 2 . Electrochemical characterization
was performed in a three-electrode cell employing the Hg/HgO
reference electrode and the platinum foil as counter electrodes,
with 6 m KOH serving as the aqueous electrolyte. All mea-
surements were conducted within a potential window of − 1.0
to 0 V. For device-level evaluation, symmetric supercapacitors
(SSCs) were assembled by pairing two identically prepared PC-
PMDA electrodes. They were tested in 6 m KOH over an
operating cell voltage of 0–1.2 V and in 1 m Na2 SO4 over an
operating cell voltage of 0–1.6 V. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were collected
on a CHI 660E electrochemical workstation, with EIS acquired
over 0.01–100 kHz. Galvanostatic charge–discharge (GCD) exper-
iments were carried out using a CT2001A LAND battery test
system. The gravimetric capacitance ( Cs ) was derived from the
GCD discharge profiles using the equation provided below:

𝐶𝑠 =
𝐼Δ𝑡 

𝑚Δ𝑉 

(1)

where I (A), ∆V (V) and ∆t (s) refer to the applied con-
stant current, voltage window, and discharge time, respectively.
Notably, m (g) is defined according to the testing configuration:
for the three-electrode measurements, m is the active-material
mass deposited on the working electrode, whereas for the
SSCs m is taken as the total active-material mass from two
electrodes. 

The energy density ( Eg , Wh kg− 1 ) and power density ( Pg , W kg− 1 )
were determined using the equations provided below: 

𝐸𝑔 =
1 

2 × 3 . 6 𝐶𝑠 Δ𝑉
2 (2)

𝑃𝑔 =
𝐸𝑔 × 3600 

Δ𝑡 
(3)
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