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Abstract
The self-template approach to porous carbon utilizes the precursor's inherent
skeletal structure to form pores. When the initial pore sizes in precursors are very
small, the final pore sizes of the resulting porous carbon decrease further, because
the pores usually collapse during high-temperature calcination. In the case of
carbon dots (CDs) as nanosized self-templates, the pores primarily arise from the
splintering of CDs, and the resulting pore sizes are usually less than 1 nm. To
enlarge the pore sizes and produce more mesopores, nitrogen-sulfur co-doped
carbon dots (NSCDs) are designed that utilize the synergistic pore-forming effect
of amide bonds and sulfur-containing functional groups. Amide bonds can be
broken by alkaline soaking to produce pores, while sulfur groups can decompose
into gas during calcination to enlarge pores. After CDs self-assembly, alkaline
treatment and calcination, a series of hierarchical porous carbon materials are
synthesized with a pore size distribution concentrated in the 1.1–1.6 nm range and
an impressive mesopore volume ratio up to 47.2%. The symmetric supercapacitors
assembled by such porous carbon exhibit the optimal energy density of 17.3 Wh
kg−1 at a high-power density of 7000 W kg−1. This study provides a method to
tune the pore sizes of carbon electrodes using CDs as self-templates, so as to meet
the requirement of supercapacitors working under different conditions.
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1 | INTRODUCTION

Porous carbon materials, owing to their large surface area,
moderate conductivity and excellent stability, are the most
popular electrode materials for electrochemical super-
capacitors.[1–3] Among various parameters of porous carbon,
the preferred pore structure is the dominant factor for its
electrochemical performance, which requires the suitable
distribution of different pore sizes, the reasonable volumes
of the preferred pores, and the balanced pore density in the

whole material. Besides, the chemical composition of the
pore surfaces is also important, including the surface groups
and the doped elements, that determines the interface
impedance, the wetting property and the pseudocapacitance
of the electrode.

The preparation methods for porous carbon include
physical activation, chemical activation, and templating
synthesis, each with its own merits and shortcomings.[4–10]

Physical activation is environmentally friendly and cost-
effective, but the resulting products usually have low
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specific surface areas. Chemical activation can produce a
high specific surface area, but the resulting carbon mate-
rials are usually microporous, and the assembled super-
capacitors perform poorly at high rates due to the lack of
mesopores. Moreover, traditional carbonization-activation
methods for porous carbon cannot control the pore struc-
tures precisely, leading to a broad and random pore size
distribution. As for the templating methods, the hard tem-
plates can precisely control pore sizes but require
cumbersome processes to remove templates completely,
while the soft templates are easy to remove but risk the
structural collapse. Fortunately, the self-templating methods
simplify the fabrication process, because the precursors act
as both the templates and the building blocks of the final
products, so that the template removing processes are never
required. This approach allows for the creation of more
complex pore structures, such as the critical hierarchical
pores for supercapacitors, but designing and screening the
suitable precursors are full of challenges.

Carbon dots (CDs) are a class of nanoscale carbon-based
materials (typically smaller than 10 nm) that have attracted
major attention because they combine low cost, easy syn-
thesis, and strong photoluminescence.[11–13] CDs not only
have excellent solubility in various solvents, enabling ho-
mogeneous dispersion in the matrix, but also possess tunable
surface states and the ability to incorporate heteroatoms into
the carbon framework.[14–16] The porous carbon materials
synthesized using CDs as templates exhibit superior elec-
trochemical performance, including capacitance and stabil-
ity, due to the uniformity and controllability of their pore
structures.[17] In our previous reports, CDs were used as self-
templates to prepare porous carbon with a pore size distri-
bution concentrated in the sub-nanometer range
(0.5–1.0 nm).[18,19] This singular and narrow microporous
structure cannot provide continuous mesoporous channels
for fast ion transport, thereby lacking responsive ability to
the rapid reaction kinetics. To address this issue, it is crucial
to find a novel pore-forming mechanism for CDs self-
templating, which facilitates the formation of hierarchical
porous carbon with the crosslinked large micropores
(1–2 nm) and rich mesopores (>2 nm).

In the present research, we combined N, S co-doped CDs
(NSCDs) with poly(ethylene glycol) diglycidyl ether
(PEGDGE) molecules via an amine-epoxy ring-opening re-
action to form a series of polymer hydrogels (NSCD@PHs).
These precursors were subsequently treated by alkaline
etching and thermal processing to yield a series of carbon-
ized polymer hydrogels (CPHs). NSCDs as self-templates
produced micropores of 1.1–1.6 nm in the carbon material,
along with a mesopore volume ratio approaching 50%,
through the synergistic decomposition effect of amide
structures and sulfur-containing functional groups. The
symmetric supercapacitor (SSC) assembled by such porous
carbon electrodes exhibits high energy density, excellent rate
capability, and outstanding cycling stability.

2 | RESULTS AND DISCUSSION

The preparation process of this unique carbon material is
illustrated in Scheme 1, where NSCDs serve as crosslinkers,
pore-forming agents, and heteroelement dopants simulta-
neously. At first, NSCDs were synthesized via hydrothermal
reaction between L-cysteine and polyethylenimine (PEI).
Different amounts of NSCDs were then mixed with
PEGDGE to conduct the amine-epoxy ring-opening poly-
merization at 80°C, which produced the hydrogel precursor
NSCD@PHs. Subsequently, the hydrogel was etched in
KOH aqueous solution that disrupted the amide bonds in the
CDs, creating initial pores within the hydrogel matrix. Since
the hot alkaline treatment did not destroy the crosslinking
sites between NSCDs and PEGDGE, and NSCDs cross-
linked PEGDGE at a high degree, the hydrogel maintained a
robust backbone after the alkaline treatment. Finally, the
alkali-treated hydrogel was washed, dried, and annealed in a
nitrogen atmosphere, during which the initial pores were
enlarged by the generated gas, especially from the decom-
position of sulfur-containing species. As a result, the hier-
archical porous carbon materials (CPHs) were fabricated by
the self-templating of NSCDs. By adjusting the amount of
NSCDs during the hydrogel preparation, a series of samples
(CPH-x, where x denotes the amount of NSCDs added) were
obtained to investigate the role of NSCDs in pore formation.
Control groups (named Control I, II, and III) were estab-
lished for parallel investigation on the effects of alkaline
etching and zinc chloride respectively, which leads to the
intrinsic pore-forming mechanism.

High-resolution transmission electron microscopy
(HRTEM) was employed to investigate the structural char-
acteristics of NSCDs. In Figure 1a, NSCDs have diameters
of about 3 nm with a lattice fringe spacing of 0.21 nm,
corresponding to the (100) planes of graphite.[20,21] In the X-
ray diffraction (XRD) patterns (Figure 1b), the doping of
larger radius elements into the carbon matrix causes a left-
ward shift of the (002) diffraction peak, and the broad
diffraction peak suggests the low crystallinity of CDs.[22,23]

Fourier transform infrared (FTIR) spectroscopy (Figure 1c)
reveals vibration bands at around 3425, 1545–1750, 1392,
and 1125 cm−1, which correspond to O-H/N-H, C=C/C=O,
C-N, and C-O/C-S functional groups, respectively.[24] This
indicates that the NSCDs have rich amide linkages, amine
groups, and sulfur-containing functional groups. After the
amide bonds were cleaved by KOH etching, the structural
defects in the NSCDs would split these nanoparticles at high
temperature. The blue emission of NSCDs decreases sharply
after etching in the photoluminescence (PL) spectra
(Figure 1d), which is likely caused by the combined effects
of etching-induced changes in graphitic conjugation and the
alteration of surface functional groups. To further analyze the
surface composition, X-ray photoelectron spectra (XPS) of
NSCDs were measured, which showed the atomic ratios of
66.8%, 18.0%, 11.1%, and 4.2% for C, N, O, and S in the
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sample, respectively. In the high-resolution spectra, the N 1s
peak (Supporting Information S1: Figure S1a) can be
deconvoluted into three distinct peaks at 398.6, 399.6, and
401 eV, which correspond to pyridinic N, pyrrolic N, and
graphitic N respectively, with the first two being predomi-
nant.[25] The O 1s peak consists of three components: S-O,
C=O, and C−O, located at 530.4, 531.4, and 532.6 eV,
respectively (Supporting Information S1: Figure S1b).[26]

The minimal proportion of C-O suggests that the NSCDs are

highly amidized, and the prominent S-O peak reflects the
high oxidation state of sulfur. The S 2p spectrum shows three
components at 162.8, 164.1, and 167.3 eV, corresponding to
-C-S-, -S-S-, and C-SOx-C bonds (Supporting Information
S1: Figure S1c).[27,28] Coupled with the O 1s spectrum, it can
be inferred that during NSCDs formation, the thiol groups of
L-cysteine undergo oxidation, facilitating the escape of sul-
fur as SO2 at elevated temperatures. In addition, the
morphology and elemental composition of NSCD@PH-0.5

S CHEME 1 Schematic diagram of the synthetic procedure for carbonized polymer hydrogels.

F I GURE 1 (a) High-resolution transmission electron microscopy image, (b) X-ray diffraction pattern and (c) Fourier transform infrared spectrometer
spectrum of NSCDs. (d) PL spectra of NSCDs before and after etching. Transmission electron microscopy images of NSCD@PH-0.5 (e) before and
(f) after KOH etching. NSCDs, nitrogen-sulfur co-doped carbon dots.
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were examined by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS). As shown in Sup-
porting Information S1: Figure S2, the elements C, N, O, and
S are uniformly distributed, confirming the homogeneous
presence of NSCDs in the hydrogel. TEM images of
NSCD@PH-0.5 before (Figure 1e) and after (Figure 1f)
etching show that the after etching the hydrogel becomes
porous and the nanoparticles disappear in the whole material.
These results confirm that the tiny pores in hydrogel are
produced by etching NSCDs in KOH solution.

The morphologies of the CPH-x products (where x = 0.4,
0.5, 0.6, and 0.7, corresponding to the amounts of NSCDs
introduced into the hydrogel, accounting for approximately
18%, 22%, 25%, and 28% of the total mass of the hydrogel
matrix, respectively), were studied via SEM and TEM,
respectively. When the NSCDs amounts are 0.4 and 0.5 g
(Figure 2a,b), a significant number of macropores are
observed, with CPH-0.5 exhibiting an even higher quantity.
However, when the NSCDs amounts are increased to 0.6 and
0.7 g (Figure 2c,d), the macropores nearly disappeared, and

only a few large pores were observed in CPH-0.6. At lower
contents of NSCDs, the interactions between the NSCDs and
PEGDGE are insufficient, limiting the pore-forming ability.
Conversely, at higher concentrations of NSCDs, the aggre-
gation of multiple NSCDs will contribute to forming a single
pore, resulting in larger pore sizes and limited SSA. Notably,
regardless of the NSCDs amount, a significant number of
mesopores are observed in the TEM images (Figure 2e–h), a
feature originating fromboth the inherent characteristics of the
NSCDs and the contribution of ZnCl2, which will be further
discussed in the subsequent pore size distribution analyses.

XPS analyses (Figure 3) reveal the chemical composition
and electronic structure of the porous carbon materials. It
shows that all CPHs retain high levels of oxygen and trace
amounts of nitrogen in their carbon frameworks, which
typically enhance the materials' hydrophilicity and pseudo-
capacitive performance, making them particularly suitable
for electrochemical supercapacitors.[29] The high-resolution
N 1s spectrum consisted of four peaks corresponding to
pyridinic N, pyrrolic N, graphitic N, and oxidized N,

F I GURE 2 Scanning electron microscopy images of (a) CPH-0.4, (b) CPH-0.5, (c) CPH-0.6 and (d) CPH-0.7, respectively. Transmission electron
microscopy images of (e) CPH-0.4, (f) CPH-0.5, (g) CPH-0.6 and (h) CPH-0.7, respectively. CPH, carbonized polymer hydrogel.
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respectively. It has been reported that pyridinic N and pyr-
rolic N are often associated with electron-rich sites that
facilitate ion insertion and extraction and K+ ions storage
capability, while graphitic N has been reported to improve
electron delocalization, enhancing the electrical conductivity
of the material.[30,31] The CPHs all exhibit elevated levels of
pyrrolic N and pyridinic N, while CPH-0.5 shows a notably
higher proportion of graphitic N, suggesting that it may
possess superior rate performance for supercapacitors. The O
1s spectrum demonstrate that all samples have similar O
species, primarily in the form of C=O bonds. These oxygen
functionalities are crucial for improving surface reactivity,
which can enhance ion adsorption, and thereby increase the
pseudocapacitance of the material. The S 2p spectrum
showed three distinct bonding states: C-S (S 2p 3/2), S-S

(S 2p 1/2), and C−SOx−C.[32] The prominent C−SOx−C
peak, coupled with the extremely low sulfur content in the
carbon framework (mostly <1%, Supporting Information S1:
Table S1), supports the hypothesis mentioned earlier in
Scheme 1, indicating that S species escape in the form of
SOx gases. The high temperature treatment likely leads to the
volatilization of sulfur, leaving behind a relatively sulfur-free
carbon framework. This process is commonly observed in
the synthesis of porous carbons, where the escape of volatile
species takes place during the thermal activation.

To investigate the formation mechanism of micropores in
depth, N2 adsorption/desorption experiments were conducted
to analyze the pore structure and quantity of CPHs and the
Control group (Supporting Information S1: Table S2), while
other porous carbon materials reported were listed for

F I GURE 3 Core-level X-ray photoelectron spectra spectra of N 1s, O 1s and S 2p for (a-c) CPH-0.4, (d-f) CPH-0.5, (g-i) CPH-0.6 and (j-l) CPH-0.7,
respectively. CPH, carbonized polymer hydrogel.
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comparison (Supporting Information S1: Table S3). As shown
in Supporting Information S1: Figure S3, the pore sizes of
these CPHs samples depend critically on the preparation
conditions. Similar with the preparation for CPH-0.5, ZnCl2
was omitted while all other conditions were kept unchanged,
yielding Control I, which exhibited a low SSA and a similar
pore size distribution as the CPHs samples. This indicates that
ZnCl2 primarily serves to increase the SSA of the porous
carbon here, rather than being a key factor in establishing the
characteristic pore-size feature. Based on the procedure for
Control I, the 90°C environment required for alkaline etching
was replaced with room temperature, resulting in minimal
amide-bond cleavage, and the obtained sample was named
Control II, which underwent neither etching-induced pore
formation nor ZnCl2 activation showing significantly poor
pore performance. The ultralow SSA (1.13 m2 g−1) of Control
II not only ruled out any potential effects arising from residual
KOH, but also clearly demonstrated the pivotal role of amide-
bond etching in pore formation. Finally, when ZnCl2 was
reintroduced as an activator into the procedure of Control II,
Control III was obtained, which exhibited a distinct pore
distribution compared to the CPHs and Control I. Control III
indicated that, when pore formation via amide-bond cleavage
was suppressed, ZnCl2 activation alone produced only a broad
pore-size distribution predominantly below 1 nm. All these
Control experiments indicate that ZnCl2 activation mainly
increases SSA and contributes to additional pore volume,
whereas the characteristic pore-size feature (peak centered at
1.1–1.6 nm and the promoted mesopore fraction) is primarily
governed by the NSCD-mediated etching–gasification
synergy.

Figure 4a shows the pore sizes of all CPH-x samples are
primarily concentrated in the range of 1.1–1.6 nm. They
exhibit the Type IV adsorption isotherm at low relative
pressures (P/P0 < 0.01), with a characteristic hysteresis loop,
indicating a rich mesopore structure (Figure 4b). Among
them, CPH-0.5 has the highest SSA of 933 m2⋅g−1

(Figure 4c), while the SSAs of CPH-0.4, CPH-0.6, and CPH-
0.7 are 909, 805, and 778 m2⋅g−1, respectively, in accord
with the results in Figure 2. In contrast, the SSAs of Control
I, II, and III are only 427, 113, and 612 m2⋅g−1, respectively,
highlighting the advantage of the NSCDs self-template in
preparing porous carbon of high surface area. Alkali etching
first introduces pre-formed pores and a high density of de-
fects into the hydrogel network, providing a structural
starting point for pore expansion. During carbonization,
sulfur-containing functional groups undergo substantial
removal and release gaseous species, which promotes pore
widening and coalescence. ZnCl2 creates a salt-phase occu-
pying effect, and subsequent leaching leaves behind a con-
nected pore volume. As Figure 4d shows, the synergistic
interplay of these factors drives the pore structure to evolve
toward an impressive mesopore volume ratio (up to 47.2%),
breaking the previous limitation of CDs as only templates for
sub-nanometer pore structures. The XRD patterns of the
CPHs show a broad and low-intensity diffraction peak
around 25°, indicating an amorphous porous nature (Sup-
porting Information S1: Figure S4).[33] The Raman spectra
exhibit characteristic D-band (1351 cm−1) and G-band
(1600 cm−1) peaks (Figure 4e), representing the disordered
and the graphitic vibrations in the carbon material, respec-
tively. The high ID/IG ratio results from the poor ordering of

F I GURE 4 (a) Pore size distributions, (b) nitrogen adsorption-desorption isotherm, (c) specific surface areas, (d) specific pore volumes, (e) Raman
spectra and (f) FT-IR spectra of carbonized polymer hydrogels, respectively.
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the carbon structure, typical of highly porous and curved
carbon frameworks with heteroatom substitution. The
changing trend of the ID/IG value is consistent with the SSA
of the CPHs, which confirms that only an appropriate
amount of NSCDs can maximize the increase of defects in
the porous carbon material.[17,34] FTIR analysis reveals that
the CPHs samples are rich in N-H/O-H, C-O, and C-N
functional groups, which provide excellent wettability and
additional capacitance for the electrode materials
(Figure 4f).[35] Additionally, it is observed that with an
increasing amount of NSCDs, the intensity of the C-O-H
stretching vibration peak gradually increases, because the
greater number of NSCDs facilitates a more complete ring-
opening reaction of PEGDGE, resulting in a higher content
of alcohol groups in the final product.

Electrochemical characterizations of the CPHs, including
cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS),
were conducted using a three-electrode system with a 6 M
KOH aqueous electrolyte (Figure 5a–e and Supporting In-
formation S1: Figure S5–S7). Under a scan rate of 50 mV s−1,
all CV curves exhibited a quasi-rectangular shapewith a slight
reversible hump (Figure 5a), indicative of typical electric
double layer capacitor (EDLC) behavior, with a small
contribution from pseudocapacitance due to the reversible
redox reactions of N/O functional groups. In alkaline condi-
tions, the hydrophilicity of N/O functional groups facilitates
the insertion and removal of hydrated ions into the porous
structure, contributing to pseudocapacitance.[36] Among the

samples, CPH-0.5 displayed the largest CV integral area,
corresponding to the highest charge storage capacity, in line
with its elevated SBET and abundant micropore structure. The
GCD curves for each sample at a current density of 1A g−1 are
shown in Figure 5b, where all curves are nearly isosceles tri-
angles with a negligible IR drop (~3 mV). From these GCD
curves, the specific capacitances at 1A g−1 were calculated for
each electrode. The CPH-0.5 electrode exhibited the highest
gravimetric capacitance at 386 F g−1, while CPH-0.4, CPH-
0.6, and CPH-0.7 electrodes had specific capacitances of
344, 318, 302, and 247 F g−1, respectively. Furthermore,
Figure 5c and Supporting Information S1: Figure S5 display
the CV curves of CPH-0.5 and other electrodes at various scan
rates, while Figure 5d and Supporting Information S1: Figure
S6 show the GCD curves at different current densities. The
rectangular CV curves at high scan rates and symmetric GCD
curves at high current densities confirm the reversibility and
efficiency of the ion adsorption/desorption process, high-
lighting the capacitive advantages of these materials.

To further assess the energy storage capabilities of CPHs,
their capacitance retention rates at different current densities
are presented in Figure 5e, respectively. CPH-0.5, with its
higher graphite N content, demonstrates superior perfor-
mance, maintaining a capacity of 309 F g−1 even at a high
current density of 20 A g−1. As shown in Figure 5f, after
10,000 cycles at 5 A g−1, CPH-0.5 retains 94.8% of its initial
capacitance and nearly 100% of Coulombic efficiency,
demonstrating excellent cycling stability. The typical per-
formance parameters of CPH-0.5 are further validated by

F I GURE 5 Electrochemical performances of CPHs 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. (c) CV curves of CPH-0.5 at various scan rates. (d) GCD curves of CPH-0.5 at various current densities. (e) The rate performance at various
current densities. (f) Cycling stability and Coulombic efficiencies of CPH-0.5 for 10,000 cycles at 5 A g−1. CPHs, carbonized polymer hydrogels; GCD,
galvanostatic charge/discharge.
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comparison with other porous carbon materials in the liter-
ature (Supporting Information S1: Table S4).[37–46] Addi-
tionally, EIS analyses were performed to investigate the ion
diffusion and transport kinetics of electrolytes in these
samples. Supporting Information S1: Figure S7a reveals that
all Nyquist plots exhibit steep linear curves in the low-
frequency region, corresponding to the ideal capacitive
behavior, and semicircles at high frequencies, reflecting the
internal and surface resistance. Supporting Information S1:
Table S5 shows that CPH-0.5 exhibits the lowest resistance
value and CPH-0.4 shows the highest one, consistent with
the results in Figure 5e. In the Bode plot (Supporting In-
formation S1: Figure S7b), all samples display a phase angle
near −90° at low frequencies, that is a character of the
capacitive behavior. Furthermore, the characteristic relaxa-
tion times (τ0) calculated from f0 (the frequency at half the
maximum capacitance) for CPH-0.4, CPH-0.5, CPH-0.6,
and CPH-0.7 are 4.2, 1.5, 1.1, and 1.9 s, respectively, indi-
cating the fast charge/discharge performance can be attrib-
uted to the high mesopore contents in these samples.

A symmetric supercapacitor (SSC) was fabricated using
the high-performance CPH-0.5 electrodes and 6 M KOH
aqueous solution as the electrolyte, followedbyCV testing.As
shown in Figure 6a, the CV curves shift towards the sloped
region with increasing scan rates, which can be attributed to
the interference of higher impedance. However, even at a scan
rate of 200 mV s−1, the curves still maintain a quasi-
rectangular shape, representing the good conductivity and
fast ion transport capabilities of the sample. Additionally, the
GCD curves of the SSC at various current densities are all

near-symmetric triangles (Figure 6b), confirming the ideal
electrochemical reversibility and Coulombic efficiency. In
Figure 6c, the specific capacitances of the SSC at different
current densities are calculated from theGCDdata, 82 F g−1 at
1 A g−1 and 64 F g−1 at 10 A g−1 respectively, demonstrating
the excellent rate performance. The Nyquist plot (Figure 6d)
reveals small semicircles in the high-frequency region and a
nearly vertical line in the low-frequency region, indicative of
superior charge transfer dynamics and EDLC properties.
Notably, after 10,000 charge-discharge cycles, the resistance
corresponding to the semicircle changes minimally, and the
line maintains a steep slope, demonstrating the stability of the
porous carbon structure. The cycling stability of the SSC in the
6 M KOH electrolyte was further evaluated through GCD
tests. As shown in Figure 6e, the specific capacitance of the
SSC at 5 A g−1 retains 97% of its initial value after 10,000
cycles, indicating the excellent electrochemical cycle stability.
The energy and power densities vary from 17.3 to
22.4 Wh kg−1 and from 700 to 7000 W kg−1, respectively,
which are competitive with other carbonmaterials using KOH
electrolytes (Figure 6f).[38,39,41–44,46,47]

3 | CONCLUSION

In summary, we synthesized a series of hierarchical porous
carbon materials by utilizing NSCDs as self-templates for
pore formation. The NSCDs initially introduce primary
porosity into the precursor through amide bond etching,
followed by the thermal decomposition of sulfur-containing

F I GURE 6 Electrochemical performances of the CPH-0.5║CPH-0.5 symmetric supercapacitor in 6 M KOH electrolyte. (a) CV curves at various scan
rates. (b) Galvanostatic charge/discharge curves and (c) specific capacitance at different current densities. (d) Nyquist plots before and after 10,000 cycles.
(e) Cycling stability at 5 A g−1 after 10,000 cycles. (f) Ragone plot of power density versus energy density for CPH-0.5║CPH-0.5 and other carbon-based
devices. CPH, carbonized polymer hydrogel.
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functional groups, which further enhances the pore size. This
approach successfully generates the larger micropore size
distribution centered around 1.1–1.6 nm and an ultrahigh
mesopore volume ratio (up to 47.2%) in the resulting porous
carbon, which addresses a longstanding limitation of CDs as
self-templating agents for pore formation. Micropores with
slightly larger diameters still provide sufficient ion adsorp-
tion sites, and their synergy with a high proportion of mes-
opores enhances ion transport kinetics. As a result, the
optimal sample exhibits a capacitance of 386 F g−1 at
1 A g−1, retaining 80% of its capacity at a high current
density of 20 A g−1. Additionally, the stable and easily
reproducible pore structure, along with the ability to incor-
porate heteroatoms, highlights the potential of NSCDs as
versatile self-templates for designing porous carbon mate-
rials for multifunctional requirements. This study offers a
new perspective on the design of super-capacitive carbon
materials by using CDs as self-templates. Since the internal
structures and surface states of CDs can be adjusted and
optimized critically, porous carbon materials derived from
CDs assembly and decomposition will demonstrate rich
structures and superior performance in the near future.

4 | EXPERIMENTAL SECTION

4.1 | Chemicals and materials

L-cysteine (L-Cys), Poly(ethylene glycol) diglycidyl ether
(PEGDGE, Mn = 500), Polyethylenimine (PEI), and Poly-
tetrafluorethylene preparation (PTFE) were obtained from
Aladdin Reagent Co. (China). Hydrochloric acid, super P,
potassium hydroxide, and zinc chloride were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

4.2 | Synthesis of N, S co-doped carbon dots
(NSCDs)

L-cysteine (L-Cys, 0.9 g) and polyethyleneimine (PEI, 1.0 g
of 50 wt.% aqueous solution) were dissolved in deionized
water (10 mL), and the resulting solution was transferred
into a Teflon-lined stainless-steel autoclave, where it was
heated at 180°C for 6 h. After cooling to room temperature,
the obtained solution was purified via dialysis using a
membrane with a molecular weight cutoff of 1500 Da. The
product was then further dried at 80°C.

4.3 | Synthesis of hydrogels (NSCD@PHs)

Various amounts of NSCDs (0.4, 0.5, 0.6, 0.7 g) were mixed
with 1.8 g of PEGDGE and dissolved in 3 mL of deionized
water, followed by heating at 80°C for 12 h. The resulting
hydrogel was washed with deionized water and then
vacuum-dried at 80°C. These hydrogels were labeled as

NSCD@PH-x (where x = 0.4, 0.5, 0.6, and 0.7), corre-
sponding to the amount of NSCDs added.

4.4 | Synthesis of porous carbon (CPHs)

The previously synthesized NSCD@PH-x hydrogels (2 g)
were each immersed in 20 mL of 2 M KOH aqueous
solution and heated at 90°C for 24 h. The resulting sam-
ples were thoroughly washed with water and then dried at
80°C in vacuum. After weighing, the samples were
swollen in an aqueous solution of zinc chloride with equal
mass to that of the sample, followed by freeze-drying.
After this treatment, the samples containing zinc chloride
were placed in a tube furnace, heated at a rate of 5°C/min
to 300°C, and held for 1 h. The temperature was then
increased to 800°C at 2°C/min, maintaining 800°C for 2 h
in nitrogen atmosphere. After cooling, the products were
washed with 2 M HCl aqueous solution and deionized
water, finally dried at 80°C, yielding porous carbon powder
labeled as CPH-x (where x = 0.4, 0.5, 0.6, and 0.7,
respectively).

4.5 | Synthesis of control I, II, and III

For comparison, a NSCD@PH-0.5 hydrogel was treated
following the same procedure as the experimental group,
except that no zinc chloride was used. The resulting porous
carbon was labeled Control I. Another batch of NSCD@PH-
0.5 hydrogel was divided into two groups. Bothwere placed in
20 mL of 2 M KOH solution and soaked at room temperature
for 24 h before being thoroughly rinsed with water. One group
continued with the experimental procedure, but without the
addition of zinc chloride. The resulting porous carbon product
was labeled Control II. The other group followed the exact
same process as the experimental group, and the resulting
product was labeled Control III.

4.6 | Instruments

SEM were imaged on FlexSEM 1000 (Japan). Field Emis-
sion TEM and HRTEM images were collected from a Tecnai
G2 F20 S-Twin electron microscope operating at 200 kV.
XRD patterns were conducted on Bruker D2 PHASER
diffractometer. Fourier Transform Infrared Spectrometer
(FTIR) spectra were recorded on a Nicolet iS10 spectrom-
eter. X-ray photoelectron spectroscopy (XPS) data was
analyzed using a PHI 5000C&PHI5300 spectrometer. The
fluorescence spectra were investigated on a Horiba Jobin
Yvon FluoroMax-4 spectrofluorometer with an F-3018
integrating sphere. Raman spectra were measured on
Renishaw inVia Raman spectrometers. Nitrogen adsorption-
desorption curves were collected by Micromeritics ASAP
2460.
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4.7 | Electrochemical measurements

To prepare the working electrodes, the as-prepared porous
carbon, Super P, and PTFE binderwere blended in amass ratio
of 8:1:1. This mixture was then pressed onto a stainless-steel
mesh with a surface area of 1 cm2 and dried at 80°C for
24 h. The mass loading on a single electrode is approximately
1 mg cm−2. The electrochemical tests were conducted using a
three-electrode system,where theHg/HgO electrode served as
the reference, Pt foils were used as the counter electrodes, and
6 M KOH solution acted as the electrolyte. The tests were
performed within the potential range of −1.0 to 0 V. For the
symmetric supercapacitor (SSC), two CPH-0.5 electrodes
were assembled as described above and tested in 6 M KOH
within the voltage window of 0–1.4 V. All cyclic voltammetry
(CV) andEISmeasurements (covering a frequency range from
0.01 to 100 kHz) were conducted using a CHI 660E electro-
chemical workstation. Galvanostatic charge-discharge (GCD)
tests were performed with a CT2001A Land cell tester.

The gravimetric capacitance (Cs) in three-electrode sys-
tem and symmetric supercapacitor was calculated from the
galvanostatic discharge curves, based on the active material
mass, using the following equation:

Cs =
IΔt
mΔV

(1)

where I (A), ΔV (V) and Δt (s) represent the discharge
current, voltage window, and discharge time, respectively.
Notably, m (g) is the mass of active material on the working
electrode in three-electrode system, while it refers to the total
mass of active material on two electrodes in the CPH-0.5||
CPH-0.5 symmetric supercapacitor.

The energy density (Eg, Wh kg−1) and power density
(Pg, W kg−1) were derived from the GCD curves of the SSC
using the equations below:

Eg =
1

2× 3.6
CsΔV 2 (2)

Pg =
Eg × 3600

Δt
(3)
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