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Abstract: Conventional lignin-based carbons typically have
sluggish ion transport and a limited number of active sites,
which restrict their performance as electrodes in supercapa-
citors. A Moiré-like morphology was engineered by the in-
situ deposition of lignin carbon onto DVD matrix onto lignin
carbon for the fabrication of a photo-assisted supercapacitor
(PASC). The Moiré-like structure modulates light propaga-
tion across different frequencies by dispersion effects,
thereby increasing surface light absorption and improving
the electrochemical performance of the PASC. Under
illumination, the carbon has a specific capacitance of
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253.5F g'at0.5 A g', corresponding to a 35.6% improvement over one without this grating surface (186.9 F g™'). A symmet-

rical capacitor using this material has an areal capacitance of 58.84 mF cm  and an energy density of 4.46 Wh kg ' at a power

density of 365.2 W kg ', maintaining 85.2% of its initial capacitance after 5000 cycles, thus demonstrating excellent cycling

stability. This work suggests a cost-effective strategy to simultaneously improve the light-harvesting ability and capacitive per-

formance of PASCs.
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In recent years, photo-assisted supercapacitors
(PASCs) have attracted considerable attention as
emerging energy storage devices because they integ-
rate light harvesting with electrical energy storage!' .
Compared to conventional supercapacitors, PASCs
demonstrate superior energy density, cycling stability,
and charge-discharge efficiency, particularly as a res-
ult of their electro-optical energy storage synergy' .
Carbon-based materials, particularly lignin-carbon
electrodes, have emerged as promising candidates for
PASCs due to their favorable conductivity, tunable
surface  chemistry, low cost and abundant
availability’ . However, despite their success in con-
ventional electrochemical systems, carbon electrodes
face critical challenges in PASCs, including limited

photoelectric conversion efficiency, suboptimal pore
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architectures, and  inefficient light-electricity
coupling!~". Lignin carbon materials are regarded as
promising candidates for PASC electrodes, due to
their advantageous properties, including their low pro-
duction cost and good -electrochemical stability.
However, their performance in photo-assisted sys-
tems is often limited by structural disorder and com-
positional heterogeneity. The broad molecular weight
distribution of lignin results in irregular pore struc-
tures after carbonization, which restrict ion diffusion
and compromise the photoelectric conversion effi-

ciency of the electrodes!'""'”. More critically, the in-
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herently low electrical conductivity of lignin-based
carbons poses a significant challenge, as efficient
photo-to-electrical energy conversion hinges on ex-
peditious electron transport. Despite the success of
strategies such as pore structure engineering and ma-
terial compositing, which have yielded improvements,
there remains a challenge in the simultaneous en-
hancement of photoelectric conversion efficiency and
electrical conductivity while preserving low cost!' ™.
This issue remains a central challenge in the develop-
ment of high-performance PASC.

To address these challenges, current research fo-
cuses on three main strategies: optimizing electrode
architectures to accelerate ion diffusion and photo-
electric conversion, enhancing electrical conductivity
by compositing and doping, and exploring synergistic
photoelectric energy storage mechanisms'” ', Li et
al.'”! adopted a “one-stone-two-birds” strategy using
potassium ferrate, which simultaneously enabled ac-
tivation and pore formation. The resulting carbon ma-
terial demonstrated a specific surface area of
2351.6 m*/g, a meso-porosity ratio of 25.6%, and ex-
hibited 94% retention of its initial capacity after
20 000 cycles at a current density of 10 A/g. Ma et

al.[lli]

prepared a sodium lignosulfonate (LS)/Ti,C,T,
(MXene) composite electrode and enhanced its elec-
trochemical performance by optimizing the LS/
MXene mass ratio and ultrasonication time. In the ex-
periment, the composite electrode was subjected to a
mass ratio of 2 : 8 and 10 min of ultrasonication. This
resulted in a specific capacitance of 310 F/g at
2mV/s and 185 F/g at 100 mV/s. Despite these ad-
vances, significant challenges remain. The hierarchic-
al pore networks of lignin carbons have been found to
be ineffective in facilitating directional ion transport.
This has resulted in experimental ion diffusion coeffi-
cients that are over 60% lower than theoretical predic-
tions for conventional tortuous pores”' . Moreover,
the inherently low electrical conductivity (a con-
sequence of electron migration barriers between amor-
phous carbon regions and graphitic crystallites) typic-
ally remains below 10 S/m, thereby limiting the high-

power performance of lignin-based carbon electrodes.
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Collectively, these studies demonstrate meaningful
progress in improving the photoelectric performance
of hierarchical porous carbon electrodes! .

The hierarchical pore structure and low inherent
conductivity of lignin carbon materials act as signific-
ant impediments to their broader use in supercapacit-
ors. Recent studies have sought to enhance the per-
formance of supercapacitors by controlling electrode
morphology and applying external energy stimuli, in-
cluding magnetic, thermal and electric fields” .
Hérou et al.”” developed freestanding electrodes from
densified lignin-based carbon nanofibers. Uniaxial
compression raised the electrode density sixfold,
which effectively minimized inactive “dead volume”
while preserving capacitive contributions from the
porous structure, yielding a markedly improved volu-
metric energy density. Chen et al.""! employed a step-
wise dissolution-centrifugal separation strategy in-
duced by the strong polarity of lignosulfonate. Hier-
archical porous carbon with precisely tunable pore
structures was obtained by a one-step carbonization
process. The resulting material exhibited a high spe-
cific surface area of 1537 m® g' and a total pore
volume of 1.33 cm’ g', and delivered an areal capa-
citance of 88.1 mF cm” along with an energy density
of 3.1 pWh cm™ in micro-supercapacitors. Kim et
al."" developed a reversible, photo-switchable super-
capacitor using an azobenzene-functionalized poly-
mer composite electrolyte. Evidently, under optical
stimulation, the supercapacitor demonstrated a sub-
stantial capacitance modulation of 105%, accompan-
ied by a rapid response time of approximately four
minutes. While these advances introduce new ap-
proaches to improve the performance of carbon-based
PASC, the development of more efficient photo-elec-
trochemical synergy and the simultaneous enhance-
ment of electrode stability and conductivity remain
critical challenges.

A fundamental objective of this research en-
deavor is the integration of customized morphologic-
al frameworks with external energy sources. The over-
arching aim of this integration is to enhance light ab-

sorption, extend the duration of photo-responses, in-
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crease the frequency of photo-reaction cycles, and im-
prove photo-to-charge conversion efficiency in PASC.
Photonic crystals and Moiré patterns are optical struc-
tures characterized by periodic geometric repetition,
primarily used in optical functional components' .
High-energy photons concentrate at submicron scales,
so the characteristic dimensions of light-responsive
optical structures typically range from 10 to 1000
nm"" ). In this range, inverse opal architectures are
common but often require complex synthesis'’”. Rep-
lication methods—such as mimicking leaf surfaces or
wood templates—offer a straightforward and efficient
approach to fabricating micro-nano structures, gain-
ing widespread use in functional materials”’ ", In
contrast, DVDs encode information using a Moiré-
like microstructure with grooves and lands measuring
50-5000 nm wide!"”. These configurations are easily
fabricated using low-power lithography on recording
surfaces!’ ). Moreover, beyond simple stripe pat-
terns, complex morphologies such as S-curves, tri-
be

produced” . These tailored microstructures can

angles, and circles can also efficiently
serve as replication templates, producing Moiré-like
materials with customized optical response character-
istics'" 1. According to Fermat’s principle, adjusting
the arrangement of multiple Moiré-like elements en-
ables modulation of the collision, escape, and traject-
ory of light waves at different frequencies'”. This
provides a potential method to control the composi-
tion and efficiency of different optical frequencies
during photo-reactions in supercapacitors, thus influ-
encing photogenerated carrier populations and overall
capacitive behavior' . Incorporating Moiré-like struc-
tures into carbon-based electrodes through morpholo-
gical engineering has emerged as a promising ap-
proach for improving the performance of carbon-
based PASCs.

In this study, affordable and accessible DVDs
were utilized as templates to fabricate novel Moiré-
patterned lignin materials using a replication tech-
nique. The high-temperature carbonization of the
lignin precursor resulted in the formation of the cor-

responding Moiré-like lignin carbon electrode. The in-
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corporation of a Moiré-like optical structure on the
electrode surface led to a substantial enhancement in
light propagation across different frequencies via dis-
persion effects, thereby improving the electrochemic-
al performance of the PASC. It was demonstrated that,
under illumination, the electrode exhibited enhanced
capacitance at particular current densities, thereby
demonstrating superior performance in comparison to
equivalent electrodes that lacked the Moiré morpho-
logy. This study proposes a synergistic approach that
integrates tailored morphology design with photo-as-
sisted enhancement to improve electrode performance,
thus providing a novel direction for the advancement

of high-performance PASC.

Hydrochloric acid (HCI, 36.0%-38.0%, Sino-
pharm Chemical Reagent Co., Ltd.), sulfuric acid
(H,S0,, 299%, Sinopharm Chemical Reagent Co.,
Ltd.), lignin (Daqing Shengquan Co.,Ltd.), sodium
hydroxide (NaOH, Macklin), dichloromethane
(CH,CL,, CP grade), absolute ethanol (=99.7%, AR
grade, Tianjin Tianli Chemical Reagent Co., Ltd.),
polyvinylidene fluoride (PVDEF, Beijing Inno Chem
Ltd.), N-methyl-2-
pyrrolidone (NMP, AR grade, Tianjin Damao Chem-

Science & Technology Co.,

ical Reagent Co., Ltd.), and sodium sulfate anhydrous
(Na,SO,, Tianjin Tianli Chemical Reagent Co., Ltd.).

A commercial DVD was divided into four equal
segments, and the protective layer was removed. The
segments were then subjected to a sequential rinsing
process with ethanol and deionized water to eradicate
surface contaminants and residual dyes. They were
then subjected to ultrasonication in deionized water
and ethanol for 1 h each to ensure complete dye re-
moval from the polycarbonate layer. Subsequently,
the segments were subjected to a thorough washing
process with ethanol, acetone, and deionized water
until they attained complete optical transparency.
Thereafter, they were air-dried in a glass dish and

stored for future use.
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As shown in Fig. 1, lignin was dissolved in 1 mol
L' NaOH solution at 1.5% mass fraction, with con-
tinuous stirring at 500 r min”' for 2 h. The pre-treated
disc template was immersed in the lignin solution and
stirring continued for an additional 12 h to ensure uni-
form coating. The mixture was transferred to a petri
dish and subsequently dried in an oven at 80 °C for
12 h. This process ensured the evaporation of mois-
ture, thereby forming an M-lignin/disc template com-
posite. After cooling, the composite was immersed in
dichloromethane (CH,Cl,) for 72 h to completely dis-
solve the polycarbonate template. The resultant
Moiré-patterned lignin material was rinsed with di-
chloromethane, ethanol, and deionized water, after
which it was dried in a vacuum oven at 60 °C for 2 h.

The lignin material was carbonized in a tube fur-
nace under nitrogen at 600, 800, 1000 and 1200 °C.
The resulting products were designated as MLC-600,
800, 1000 and 1200 for subsequent analysis. Follow-
ing a period of cooling to room temperature, thorough
washing of the carbonized products with deionized
water was carried out to eliminate any impurities. The
subsequent drying of the products at 80 °C for a peri-
od of 2 h was undertaken to yield the final Moiré-like

lignin carbon materials. For comparison, a reference
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lignin carbon material without the Moiré structure was
prepared following the procedure outlined in Supple-

mentary Information.

A series of instrumental analyses were employed
to comprehensively characterize the synthesized
samples. The surface features and elemental distribu-
tion were examined using SEM (Hitachi TM 3030)
equipped with an EDS detector (Oxford UltimMax
40). Crystallographic information was obtained by
XRD (Shimadzu LabX XRD-6100) within a 26 range
of 10°-80°. Raman spectroscopy (inVia Qontor) was
applied to probe the carbon structure, and XPS
(Thermo Fisher Scientific K-Alpha) was utilized to

determine the chemical states of the elements.

The electrochemical performance of Moiré-like
lignin carbon was evaluated using a three-electrode
configuration in accordance with the established
standard practice. The fabrication of electrodes fol-
lowed the method outlined by Cai et al."” A homo-
geneous slurry was methodically formulated by uni-
formly mixing the active materials (MLC-600, MLC-
800, MLC-1000, MLC-1200) with conductive carbon
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black and polyvinylidene fluoride (PVDF) binder at
an 8:1:1 (mass ratio). N-Methyl-2-pyrrolidone
(NMP) was utilized as the solvent in this synthesis.
The slurry was subsequently applied to nickel foam
substrates (1 cm x 2 cm) that had undergone pretreat-
ment, thereby confining the active material to a spe-
cific area of 1 cm x 1 cm. The coated electrodes were
subjected to vacuum drying at a temperature of 80 °C
for a duration of 12 h. This was followed by a com-
pression at an applied pressure of 10 MPa. The result-
ing electrodes possessed an active material loading of
5-6 mg.

The electrochemical configuration, schematic-
ally shown in Fig. S1, consisted of a three-electrode
system employing 0.5 mol L™' Na,SO, as the electro-
lyte, a saturated calomel electrode (SCE) as the refer-
ence, and a platinum plate as the counter electrode.
Prior to data acquisition, the working electrode was
immersed in the electrolyte for 10 min to reach equi-
librium. Electrochemical tests, including cyclic
voltammetry (CV), galvanostatic charge—discharge
(GCD), and electrochemical impedance spectroscopy
(EIS), were conducted on a CHI 660E electrochemic-
al workstation (Chenhua, China). The CV and GCD

experiments were performed in the potential window

— S

Moiré-like lignin carbon
symmetric supercapacitor

Electrolyte: PVA/H,SO,

Separator: Filter paper

T—

Electrode material : moiré-like active
material with isopropanol and Nafion

of —0.2 to +0.2 V (vs. SCE). A 50 W xenon lamp
(PLS-SXE300+, Perfectlight) provided full-spectrum
visible irradiation, while EIS measurements were ob-
tained at open-circuit potential in the frequency range
0f 0.01-100 kHz.

The fabrication of the working electrode, schem-
atically shown in Fig. 2, involved mixing deionized
water (400 pL), isopropanol (400 pL), Nafion solu-
tion (200 pL), and 20 mg of active material, followed
by ultrasonication for 1 h to form a uniform slurry.
Subsequently, 100 pL of the dispersion was drop-cast
onto a pre-cleaned fluorine-doped tin oxide (FTO)
glass substrate (1 cm x 1 cm) and dried to obtain the
working electrode. A PVA/H,SO, gel served as the
electrolyte, with qualitative filter paper functioning as
the separator between 2 identical electrodes. All elec-
trochemical measurements were performed under full-
spectrum visible illumination provided by a 50 W
xenon lamp (PL-X300D, Beijing Princeton Techno-
logy). The characterization included CV and GCD in
the 0—0.8 V potential range, EIS recorded at open-cir-
cuit potential from 0.01 to 10° Hz, and long-term cyc-
ling stability at 5 mA cm * (Fig. S1).

Diagram of the symmetric supercapacitor

Structure of the symmetric supercapacitor

Fig.2 Schematic diagram of the structure of a Moiré-patterned lignin-carbon symmetric supercapacitor
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As demonstrated in Fig. 3b, the SEM image dis-
plays the fabrication of a structural template using a
low-cost DVD for the production of a Moiré-like
lignin sample. The surface of the material appears
smooth and  exhibits uniformly  distributed
ridge—groove features, closely matching the groove
pattern of the DVD template shown in Fig. 3a. The
measured stripe widths of the DVD template and the
replicated Moiré-like lignin are 0.625 and 0.633 pm,
respectively, confirming accurate morphological
transfer from the optical disc to lignin through tem-
plate replication. After carbonization at 800 °C, the
MLC-800 sample retains its ridge—groove morpho-
logy (Fig. 3¢), demonstrating excellent thermal stabil-
ity and structural integrity of the Moiré-like architec-
ture during carbonization. The stripe width of MLC-
800 is 0.635 um. Furthermore, SEM images of MLC-
800 (Fig. S2) taken after grinding show that the mater-
ial retains its characteristic stripe-groove morphology.
This demonstrates that the Moiré-like structure is not
destroyed during grinding. As shown in Fig. S3, digit-
al photographs of the prepared Moiré-like lignin ma-
terials show distinct diffraction colors on both Moiré-
like lignin and MLC-800 surfaces. These optical ef-

fects arise from light interference caused by incident

light interacting with the periodic stripe arrangement,
visually confirming the successful formation of the
Moiré-like structure and demonstrating the ability of
such micro—nano architectures to manipulate light
propagation'!. Incorporating Moiré-like structures in-
to carbon materials is expected to enhance light dis-
persion, regulate propagation pathways and photon
energy distribution, and improve electrolyte wettabil-
ity and ion transport at electrode interfaces''”. These
synergistic effects are expected to enhance capacitive
performance in PASC and extend their charge—dis-
charge cycle life. Elemental mapping (EDS) of MLC-
800 (Fig. 3d-f) demonstrates that the material is pre-
dominantly composed of C, N and O. The oxygen
content is substantially reduced compared to uncar-
bonized lignin, a transformation that enhances elec-
tronic conductivity and consequently improves elec-

trochemical performance’™”.

Fig. 4a presents the XRD patterns of Moiré-like
lignin carbon materials synthesized at various carbon-
ization temperatures, along with a control sample
without the Moiré-like structure. All the samples ex-
hibited broad diffraction peaks, centred at approxim-
ately 26 = 23.9° and 43.5°, corresponding to the (002)
and (100) planes of graphite, respectively. This find-
ing indicates that a predominant amorphous carbon

structure is present”’ . Among them, MLC-800 shows

Fig.3 SEM images of (a) DVD, (b) Moiré-like lignin and (c) Moiré-like lignin carbon. (d-f) EDS image of Moiré-like lignin carbon
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the strongest diffraction peak intensity. As the carbon-
ization temperature is elevated, there is a concomitant
gradual decrease in the intensity of the characteristic
peaks. This decline indicates that 800 °C is the tem-
perature at which the highest degree of graphitic or-
dering is achieved under the given conditions. The re-
duction in graphitization at higher temperatures can be
attributed to structural defects arising from the remov-
al of heteroatoms within the lignin backbone!”. In
contrast, the sample carbonized at 600 °C exhibits sig-
nificantly lower diffraction intensity, likely due to in-
sufficient carbonization, resulting in incomplete de-
composition of oxygen-containing groups and un-
stable carbon edges, which hinder the development of
a well-ordered carbon framework. Fig. 4b displays the
high-resolution C 1s XPS spectrum of MLC-800, de-
convoluted into 4 distinct peaks assigned to C=C
(284.0eV),C—C (284.8eV),C—0O/C—N (286.8 V),
and C=0/C=N (288.0 e¢V) bonds"" . Fig. 4c and
4d show the high-resolution N 1s and O 1s XPS spec-
tra of MLC-800, respectively. The corresponding
spectra reveal distinct peaks at 400.4 and 531.2 eV,
confirming the presence of graphitic N and O in
MLC-800. According to XPS quantitative analysis,

the mass contents of N and O are 6.37% and 16.04%,
respectively, reflecting the material’s fundamental
chemical composition. The presence of these func-
tional groups is further confirmed by the FTIR spec-
trum shown in Fig. S4°°\. As shown in the XPS sur-
vey spectrum in Fig. S5, the relatively low concentra-
tion of C—O functional groups in MLC-800 en-
hances electrical conductivity, thereby improving the
material’s capacitive performance’ .

As illustrated in Fig. 4e-j, Raman spectra of
lignin carbon materials vary with respect to the sinter-
ing temperature. As demonstrated in Fig. 4e, all 4
samples display distinct D and G bands at approxim-
ately 1306 and 1602 cm ™', respectively, suggesting the
coexistence of amorphous and graphitic domains in
the Moiré-like lignin carbon. The Raman spectra were
then deconvoluted into four constituent peaks, as illus-
trated in Fig. 4g-j. The D, peak, located at 1320 cm ™',
is indicative of disordered carbon found at the edges
of graphite. The D, band at 1480 cm ™' is indicative of
vibrations in amorphous sp’-hybridised carbon'!. The
D, band at 1185 cm ' is associated with disordered
graphitic lattices, and the G band at 1594 cm ' origin-
ates from the in-plane C—C stretching of sp>-hybrid-
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Fig.4 (a) XRD spectra of lignin carbon. High-resolution (b) C 1s, (¢) N 1s and (d) O 1s XPS spectrum of MLC-800. (¢) Raman spectra of lignin carbon.
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ized graphitic carbon. With an increase in sintering
temperature a decline in relative intensity of the D,
band from 27.31% to 16.35% was observed, whilst
the G band exhibits an increase from 15.42% to
20.78%, as illustrated in Fig. 4f. These trends indicate
a reduction in amorphous carbon and an increase in
graphitization, as evidenced by the decreasing I, /I

ratiol" .

As illustrated in Fig. 5a and 5b, the CV curves
are depicted at a scan rate of 5 mV s ' and the GCD
curves are presented at a current density of 0.5 A g,
respectively. The CV curves of samples prepared at
varying carbonization temperatures exhibit near-ideal
triangular shapes, while the GCD curves retain quasi-
rectangular profiles, thereby confirming the typical
double-layer capacitive behavior exhibited by all ma-
terials"" ", As the temperature of the carbonization
process is increased, the integrated CV area firstly ex-
pands and subsequently contracts, displaying a trend
that is analogous to that of the GCD discharge dura-
tion. This trend indicates enhanced graphitic ordering
at moderate temperatures, while excessively high tem-
peratures lead to structural defects caused by het-
eroatom removal from the carbon framework. The

specific capacitances, calculated using Formula Sl

(Supporting Information) and applied current of
0.5 A g ', are 46.1, 186.9, 159.4 and 67.7 F g for
MLC-600, MLC-800, MLC-1000 and MLC-1200, re-
spectively. MLC-800 exhibits the highest specific ca-
pacitance, consistent with its largest CV area and
longest GCD discharge duration. Fig. 5c displays EIS
curves featuring depressed semicircles and steep lin-
ear regions, indicating efficient charge transfer and
nearly ideal capacitive behavior™ . The rate-de-
pendent performance of MLC-800 unveils a gradual
decline in capacitance with escalating scan rates and
current density (Fig. 5d and 5e¢). This phenomenon is
ascribed to constrained ion accessibility at elevated
polarization rates’”. As indicated in Fig. 5f,an en-
hancement in current density from 0.5 to 10 A g’
is observed, resulting in a decline in specific capacit-
ance from 186.9 to 142.5 F g'. Notably, this decline
exhibits a retention of 76.2% of its initial value, indic-
ative of its effective rate capability.

Photo-assisted electrochemical measurements of
MLC-800 were performed under xenon lamp illumin-
ation (Fig. 6a and 6b). Both the CV area and GCD
duration increased under illumination compared with
the conventional dark condition. As demonstrated in
Fig. 6c, the specific capacitance exhibited a decline

from 253.5 to 212.2 F g ' as the current density in-
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Fig. 5 (a) CV curves, (b) GCD curves and (c) EIS curves of Moiré-like lignin carbon. (d) CV and (¢) GCD curves of MLC-800 under dark conditions. (f) Spe-
cific capacitance of MLC-800 under dark condition
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creased from 0.5 A g, retaining 83.7% of its initial
value. This outcome surpasses the level observed un-
der dark conditions, thereby substantiating the aug-
mented rate capability under illumination. This im-
provement arises from photo-generated charge carri-
ers that accelerate charge-transfer kinetics and sup-
press parasitic reactions”” . A direct comparison in
Fig. 6d and 6e shows that, under illumination, the CV
curve encloses a larger area, while the GCD profile
displays an extended charge—discharge duration. The
specific capacitance of MLC-800 exhibited a substan-
tial augmentation from 186.9 F g ' in a state of dark-
ness to 253.5 F g under illumination, signifying a
35.6% enhancement. This observation underscores the
pivotal role of light in augmenting the capacitive per-
formance of the material.

To compare the morphological and optical ef-
fects, a non-Moiré reference sample (LC-800) was

synthesized. Under dark conditions (Fig. 6f and 6g),
the Moiré-like sample exhibits slightly larger CV
areas and longer GCD durations, likely resulting from
microfluidic effects that enhance electrolyte diffusion.
At a current density of 0.5 A g ', the Moiré structure
increases the specific capacitance from 172.5 to
186.9 F g, corresponding to a 7.7% improvement.
Under illumination (Fig. 6h and 61), MLC-800 exhib-
its significantly enhanced performance, with its spe-
cific capacitance increasing from 214.4 to 253.5F g ',
representing a 15.4% enhancement. These findings
confirm that the Moiré-like morphology enhances
light harvesting, promotes charge generation and mi-
gration, and ultimately improves capacitive energy
storage!"").

A symmetrical electric double-layer supercapa-
citor was fabricated to assess the practical applicabil-

ity of an electrode with a Moiré-like structure, incor-
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Fig. 6

(a) CV curves, (b) GCD curves and (c) specific capacitance of MLC-800 under illumination, (d) CV and (¢) GCD curves of MLC-800 under dark and

illumination. (f) CV and (g) GCD curves of MLC-800 and LC-800 under dark conditions. (h) CV and (i) GCD curves of MLC-800 and LC-800

under illumination
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porating MLC-800 as the active material, FTO con-
ductive glass as the current collector, a qualitative fil-
ter paper separator, and a PVA/H,SO, gel electrolyte.
The working mechanisms under both light and non-
light conditions are schematically represented in
Fig. 7. As is well established in the relevant literature,
the charge-discharge mechanism operates through re-
versible adsorption and desorption of electrolyte ions
at the porous electrode surface. The establishment of
an electric double layer thus allows for energy stor-
age. During the charging phase, under simultaneous
light irradiation and an applied electric field, cations
and anions migrate to the negative and positive elec-
trodes, respectively, where they undergo physical ad-
sorption onto the porous electrode surfaces. This pro-
cess forms an electric double layer that stores energy
electrostatically. Upon being discharged, the accumu-
lated electrostatic potential is responsible for driving
electron flow through an external circuit from a negat-
ive to a positive electrode. This process results in the
delivery of electrical work. Concurrently, the ad-
sorbed ions desorb from the surfaces of the electrodes
and diffuse back into the electrolyte. As shown in

Fig. 7c, under light irradiation, the Moiré-like struc-

(a)

Chemical equilibrium state

(c)

o

00

tured electrode effectively prolongs the optical path
length through multiple scattering and light trapping
effects, thereby enhancing local light absorption at the
electrode surface. The increased photon-electrode in-
teraction promotes the generation and separation of
photoinduced charge carriers, leading to a higher con-
centration of mobile cations and anions in the interfa-
cial region. This enhanced ion availability facilitates
charge accumulation at the electrode-electrolyte inter-
face, ultimately contributing to the improved capacit-
ive performance of the supercapacitor.

Fig. 8a compares the CV curves of the device re-
corded at a scan rate of 50 mV s ' under dark and illu-
minated conditions. Under illumination, the CV pro-
file approaches a more ideal rectangular shape with a
significantly larger enclosed area, indicating en-
hanced capacitive behavior and greater charge-stor-
age capacity. This enhancement is attributed to photo-
generated charge carriers within the electrode, which
reduce internal resistance and facilitate charge trans-
fer during cycling. Consistent results are observed in
the GCD curves (Fig. 8b). Fig. 8c displays GCD
curves under illumination across a range of current
densities (0.6-1.8 mA cm”). All profiles exhibit

4

- Discharging

vhg
QDVQD
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The light response mechanism of the Moiré-like electrode

Fig. 7 Schematic representation of the working mechanism of PASC. (a) Chemical equilibrium state, (b) charging and discharging state under illumination. (c)

The light response mechanism of the Moiré-like electrode
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nearly symmetric triangular shapes, indicating good
electrochemical reversibility and stable capacitive per-
formance. The corresponding areal capacitances, cal-
culated using Formula S2, are 58.84, 53.85, 49.76,
46.23, 43.22, 41.46 and 39.35 mF cm’, retaining
66.7% of the initial value at the highest current dens-
ity. As summarized in Fig. 8e, the device exhibits
higher capacitance and better retention under illumin-
ation than under dark conditions across all tested
rates, highlighting the positive effect of light on en-
hancing capacitive properties. EIS was conducted to
probe charge-transport characteristics (Fig. 8d). The
Nyquist plot exhibits a small semicircle in the high-
frequency region and an almost vertical line in the
low-frequency domain, indicating minimal charge-
transfer resistance and effective ion diffusion. These
features confirm the device’s superior capacitive char-
acteristics and expeditious charge-transfer dynamics.
The stability of the cycling process was evaluated

over 5000 consecutive charge—discharge cycles at a
current density of 5 mA ¢cm* (Fig. 8f). The supercapa-
citor exhibited excellent long-term durability, with
85.2% of its initial capacitance being retained, whilst
maintaining stable Coulombic efficiency. Formulas S3
and S4 were used to calculate energy and power dens-
ities, the maximum energy density recorded was
446 Wh kg' 6 attained at a power density of
365.2 W kg'. Notwithstanding the device’s capacity
of 1000 W kg', it exhibited a noteworthy energy-
power ratio of 2.96 Wh kg ', signifying a favorable
As
Ragone plot (Fig. S6), the device exhibits superior en-

energy-power balance. demonstrated in the
ergy and power densities in comparison to multiple
previously documented systems. This observation
lends further credence to the notion that MLC-800
possesses considerable promise for utilization in high-

performance energy storage applications'™*",
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Fig. 8 (a) CV, (b) GCD and (c) EIS curves of symmetric supercapacitor under dark and illumination. (d) GCD curves of symmetric supercapacitor under illu-

mination. (¢) Areal capacity vs. current density under dark and illumination. (f) Cycle stability performance of symmetric supercapacitor

In summary, the present study proposes a novel
methodology for the cost-effective and large-scale
fabrication of Moiré-like lignin carbon architectures,
utilizing readily available DVDs as templates through
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a synergistic templating-replication and high-temper-
ature carbonization process. The resulting hierarchic-
al architecture enhances light harvesting, prolongs
photon propagation, and accelerates electrolyte diffu-
sion both along the electrode surface and within the

bulk structure, collectively delivering superior photo-
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responsive capacitive behavior. Notably, the optim-
ized MLC-800 electrode achieves a specific capacit-
ance of 253.5 F g'' at 0.5 A g under illumination,
corresponding to a 15.4% improvement over the non-
Moiré counterpart, highlighting the strong coupling
between optical modulation and charge-storage pro-
cesses. When integrated into a symmetric solid-state
supercapacitor with a PVA/H,SO, gel electrolyte and
filter paper separator, the device delivers an energy
density of 446 Wh kg' at 365.2 W kg ' and main-
tains 2.96 Wh kg ' even at 1000 W kg ' under illu-
mination, underscoring its outstanding energy—power
balance and operational stability. Overall, these find-
ings provide compelling experimental evidence that
Moiré-engineered optical architectures can substan-
tially enhance photo-assisted charge storage. The
present work proposes a new theoretical framework
for integrating photonic design with carbon-based
nanostructures, thereby establishing a foundation for
the development of next-generation, high-perform-

ance photoelectrochemical energy-storage systems.
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