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g-C3;N,; modified MoS, photoelectrodes for stable photo-assisted zinc-ion

capacitors
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ABSTRACT Photo-assisted capacitors are attractive devices
for solar energy conversion and storage, while the behavior of
photoelectrodes limits their performance. In this work, MoS,
photoelectrodes were modified by g-C;N,, exhibiting en-
hanced photo-rechargeable properties. Our results show that
the introduction of g-C;N, increases the surface area of MoS,
photoelectrodes and promotes the transport of charge carriers,
which can boost the specific capacity and cycle stability of
capacitors. The as-prepared zinc-ion capacitors with g-C;N,/
MoS, photoelectrodes show a specific capacity of 380.93 F/g at
1 A/g under AM 1.5 G illumination. Remarkably, after 3000
cycles at 10 A/g, the capacity of the photo-assisted zinc-ion
capacitor retains above 99%.

Keywords: g-C;N4/MoS, heterojunction, photo-assisted capa-
citor, zinc-ion capacitor, photogenerated carriers,
photoelectrode

INTRODUCTION

Increasing the use of clean energy is a crucial strategy for
enhancing sustainable energy development. Solar energy has
garnered significant social attention due to its abundant
resources, environmental friendliness, and vast potential for
development and application [1,2]. However, the intermittent
and fluctuating nature of solar energy presents significant
challenges in maintaining the balance of grid demand [3,4].
Photo-rechargeable or photo-assisted charging energy storage
devices enable the simultaneous conversion and storage of solar
energy, effectively addressing the aforementioned challenges
[5,6]. These devices typically utilize semiconductor materials as
dual-function electrodes, integrating both photoelectric con-
version and energy storage capabilities [7,8]. When illuminated,
the photoelectrode generates electron-hole pairs that contribute
to the charge-discharge process of the energy storage device,
thereby achieving photo-assisted energy storage [8]. In recent
years, numerous academic pioneers have conducted extensive
research on photo-assisted energy storage devices. These devices,
which include metal-ion batteries [9-11], capacitors [12-14],
flow batteries [3,15], and metal-air batteries [16,17], are capable
of being charged by solar energy, thereby reducing electrical
energy consumption. However, photoelectrodes encounter sig-
nificant challenges under illumination, including severe recom-
bination of electron-hole pairs and structural degradation, which
reduce both photocharging efficiency and stability [18]. There-

fore, the development of appropriate photoelectrode materials is
essential for optimizing photo-assisted energy storage devices.

In recent years, transition metal sulfides, particularly 2H-type
MoS,, have garnered significant attention for their applications
in solar energy conversion and storage [19-21]. MoS, is a
representative few-layer layered semiconductor that exhibits a
tunable bandgap and a broad range of visible light absorption
[20,22]. The proper positioning of the conduction band allows
for the efficient transport of photogenerated electrons to the
conductive substrate of the photoelectrode, thereby facilitating
effective photoelectrical conversion [23,24]. The incorporation
of a molybdenum metal layer between two sulfur layers, com-
bined with the relatively weak van der Waals interactions of the
layers, facilitates the intercalation and de-intercalation of metal
ions [25]. This has successfully integrated MoS, materials into
the emerging field of photocharging energy storage, with pre-
liminary investigations into their dual-function capabilities [26].
One-dimensional ordered MoS, nanotubes can effectively inhi-
bit the recombination of photogenerated electron-hole pairs,
enabling a greater number of photogenerated carriers to engage
in energy storage reactions [17]. This advancement has resulted
in the highest reported kinetics for oxygen reduction reactions in
photo-assisted zinc-air batteries. Boruah et al. [27] reported the
direct growth of MoS, on ZnO-coated carbon felts, enabling the
photocharging zinc-ion batteries to achieve approximately 1.8%
photo-conversion efficiency under a 455nm light source.
However, the limited conductivity of MoS, and its propensity for
lamellar aggregation hinder its application in the field of pho-
tocharging energy storage [20]. Researchers often combine MoS,
with other materials, which can significantly improve the overall
performance of the composite [28,29]. g-C;N, materials possess
inherent advantages, including excellent chemical stability, an
appropriate bandgap, and low cost, which have led to their initial
applications in the field of photo-assisted energy storage [30,31].
Moreover, the formation of heterojunctions between g-C;N, and
MoS, significantly enhances the separation efficiency of photo-
generated charge carriers due to the influence of the built-in
electric field [32]. Therefore, g-C;N,/MoS, materials hold sig-
nificant potential for application in photo-assisted energy sto-
rage devices.

We present a photo-assisted rechargeable zinc-ion capacitor
(PA-ZIC) that utilizes a g-C;N,/MoS, electrode. The g-C;N,/
MoS, materials were synthesized through a two-step in situ
growth process [32,33]. The incorporation of porous g-C;N,
powder increases the surface area of the composite. Further-
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more, the synthesized g-CsN, and MoS, exhibit well-matched
band positions, facilitating the formation of a type II hetero-
junction that enhances the transport of photogenerated charge
carriers. In the external circuit, the migration of photogenerated
electrons aligns with the direction of electron flow within the
zinc-ion capacitor. As a result, the photo-assisted energy storage
performance is significantly enhanced. Compared to the specific
capacitance of 334.35 F/g under dark conditions, the specific
capacitance increases to 380.93 F/g at 1 A/g, showing an
improvement of 13.93% under light. The PA-ZIC operates
reliably for 3000 cycles, maintaining over 99% of its initial
specific capacitance. This performance demonstrates a sig-
nificant advantage over other capacitors. The structural design
approach of g-C;N4/MoS, electrode materials is an attractive
method for enhancing photo-assisted energy storage capabilities.

EXPERIMENTAL SECTION

Synthesis of g-C;N,/MoS,

Urea (10 g) was weighed and placed into a crucible. It was
heated at 60°C for 3 h and then transferred to a muffle furnace at
550°C for an additional 3 h [30,32]. After that, the yellow bulk
powder was identified as g-C;N,. The bulk g-CsN4 was finely
ground into a powder, and 50, 150, and 250 mg of the g-C;N,
powder were individually placed into separate 50 mL beakers. g-
C;N, was subjected to ultrasonic treatment with a suitable
amount of deionized water for 6 h. Then, 1.21 g of sodium
molybdate dihydrate and 2.275 g of thiourea were added to the
solution. After the above solution was completely dissolved, it
was transferred to 50 mL polytetrafluoroethylene reactors. The
hydrothermal process was carried out by heating at 200°C for
24 h. The obtained suspension was removed after the reactor
cooled down and then centrifuged several times with ethanol
and deionized water to separate the black solid product [32,33].
The resulting black product was thoroughly dehydrated after
vacuum drying at 60°C for 12 h. g-C;N,/MoS, products with
varying g-C;N, contents were prepared through careful grind-
ing. The three samples were labeled g-C;N,/MoS,-50, g-C;N,/
MoS,-150, and g-C;N4/MoS,-250. The pure MoS, material was
synthesized using the hydrothermal method described pre-
viously, without the addition of g-C;N, suspension.

Preparation of photoelectrode

First, 5mg of polyvinylidene fluoride (PVDF) adhesive was
added to a suitable amount of N-methyl-2-pyrrolidone (NMP).
The mixture was then subjected to ultrasonic treatment, agita-
tion, and stirring until the PVDF was completely dissolved.
Then, 5 mg of reduced graphene oxide (r-GO) was added as a
conductive agent to the solution and stirred thoroughly. To
synthesize the electrode solution, 90 mg of g-C;N,/MoS, was
added and stirred for 12 h. At the same time, the indium tin
oxide (ITO) conductive glass substrate underwent three
sequential ultrasonic cleaning cycles using alcohol and deionized
water, followed by thorough drying. Subsequently, a photo-
cathode was fabricated on the ITO surface using the spin-coat-
ing technique. Before the spin-coating process, high-
temperature-resistant tape was meticulously applied to desig-
nated areas of the ITO substrate to ensure precise coverage and
protection during the coating procedure. The suspension was
then evenly deposited onto the ITO glass surface, followed by
vacuum-drying at 60°C for 12 h to facilitate solvent evaporation
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and promote uniform film formation. Upon completion of the
drying process, the tape was carefully removed, resulting in the
successful fabrication of the photoelectrode.

Fabrication of PA-ZIC

The CR2032 coin cell of type PA-ZIC features a 10 mm diameter
hole at the center of the positive electrode casing. The glass-
based cathode electrode was axially aligned and affixed to the
positive shell, serving as an optical window. To prevent elec-
trolyte leakage, epoxy resin was applied to seal the gap between
the glass electrode and the positive casing. Conductive tape was
utilized to create an electrical pathway, ensuring a secure con-
nection between the photocathode and the positive shell. A
16 mm diameter Whatman glass microfiber filter was placed
onto the photoelectrode, and approximately 150 pL of 3 M
Zn(CF;S03), aqueous electrolyte was evenly applied over it. A
zinc sheet was then positioned on the Whatman glass microfiber
filter to function as the counter electrode. The gasket, shrapnel,
and negative shell were sequentially assembled to construct the
optical coin capacitor following the standard procedure.

Material characterization

The morphology of the samples was examined using scanning
electron microscopy (SEM, TESCAN MIRA LMS) and trans-
mission electron microscopy (TEM, JEOL JEM-F200). The
crystallinity of the samples was assessed using an X-ray dif-
fractometer (XRD, Bruker D8 Advance). The material compo-
sition was analyzed by scanning various elements with an X-ray
photoelectron spectrometer (XPS, Thermo Scientific K-Alpha).
The Brunauer-Emmett-Teller (BET) method was employed to
determine the specific surface area and pore size of different
materials in a nitrogen (N,) environment.

Electrochemical test

The photosensitivity properties of the samples were evaluated
using a three-electrode system within a 50 mm x 50 mm square
electrolytic cell. At room temperature, the tests were conducted
with an electrochemical workstation. Specifically, the photo-
response experiment was performed in a 2 M ZnSOy electrolyte.
ITO glass with an effective area of 10 mm x 10 mm was used as
the working electrode collector. A platinum plate was utilized as
the counter electrode, while an Ag/AgCl electrode served as the
reference electrode. A xenon lamp acted as the light source in
this study.

Cyclic voltammetry (CV) testing of zinc-ion capacitors was
conducted using an electrochemical workstation, with scan rates
ranging from 5 to 100 mV/s within a voltage window of 0.2 to
1V. Galvanostatic charge-discharge (GCD) tests were per-
formed using Land testing system equipment, with current
densities ranging from 0.5 to 10 A/g within the same voltage
window of 0.2 to 1V. The test parameters were consistently
maintained under both light and dark conditions. The frequency
for electrochemical impedance spectroscopy (EIS) testing of the
zinc-ion capacitor ranged from 10 mHz to 100 kHz, with a
voltage amplitude of 5 mV.

RESULTS AND DISCUSSION

Fig. 1a displays the XRD patterns of g-C;Ny4, MoS,, and g-C;N,/
MoS,. The black line indicates that g-C;N, exhibits two distinct
diffraction peaks at 13.4° and 27.5°, as marked by the diamond
symbol. The prominent peak at 27.5° can be labeled as the (002)
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(a) XRD patterns of g-C;N,, MoS,, and g-C;N4/MoS,. SEM images of (b) MoS, and (c) g-CsN4/MoS,. (d) TEM image of g-C;N4/MoS,. (e) N,

adsorption-desorption isotherms and (f) pore size distribution of MoS, and g-C;N,/MoS,.

crystal plane [34]. Similarly, the weak peak at 13.4° corresponds
to the interlayer stacking of the aromatic system, identified as
the (100) crystal plane [30]. The red line corresponds to the
spectrum of MoS,, and the peak position indicated by the black
dot can be analyzed using the reference figure (JCPDS 37-1492).
Three prominent diffraction peaks are observed at 32.7°, 35.9°,
and 58.4°, corresponding to the (100), (102), and (110) crystal
planes of MoS,, respectively [34]. In the low-angle region, two
new diffraction peaks appeared at 9.1° and 18.2°. Notably, the
interplanar spacing corresponding to the former is exactly twice
that of the latter, suggesting the formation of a novel layered
structure and the successful synthesis of the 2H-MoS, phase
[35,36]. Fig. 1a also shows the XRD pattern of the g-C;N,/MoS,
heterojunction sample, as indicated by the blue line (without
specific instructions, the mass content of g-C;N, was 150 mg).
The peak value at 27.5° is consistent with g-C;Ny, confirming
that its crystal structure remains unchanged. However, a
reduction in the diffraction peak intensity of g-C;N, is observed.
Additionally, the angular displacement of the diffraction peaks at
9.1° and 18.2° is diminished compared to that in pure 2H-MoS,,
indicating a possible interaction between MoS, and g-C;N, [37].

The SEM images of MoS, and g-C;N,/MoS, are shown in Fig.
1b, ¢, respectively. MoS, exhibits a distinctive sheet-like mor-
phology, characterized by vertically aligned nanosheets with
uniform spacing and dimensions [38]. The SEM image of
g-C;N,/MoS, reveals that the MoS, nanosheet structure remains
intact following the addition of g-C;N,. The MoS, nanosheets
are neatly arranged and tightly bound to the g-C;N, component
by the hydrothermal method. In contrast to the dense structure
of MoS, sheets, the g-C3N,/MoS, material exhibits a loose sheet
structure that is enveloped by the g-C;Ny. This configuration can
significantly enhance both the specific surface area and porosity
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[33]. Additionally, this robust adhesive structure fosters strong
interfacial electron coupling, thereby enhancing dynamic charge
transport under light irradiation [39].

To further explore the interfacial properties of the synthesized
g-C;N,/MoS, heterojunction, TEM was conducted. As shown in
Fig. 1d, the TEM data indicate that the MoS, nanosheets have
been successfully modified by the g-C;Ny, with both components
exhibiting strong interfacial contact. A clear boundary differ-
entiation between g-C;N, and MoS; is evident, underscoring the
well-defined interface within the heterojunction material [35].
From the above analysis, it can be concluded that we successfully
synthesized the g-C;N,/MoS, heterojunction material. The
intrinsic electric field generated by the heterojunction can
facilitate the separation and transport of photogenerated car-
riers, thereby significantly enhancing the material’s electrical
conductivity [40]. The N, adsorption-desorption isotherms and
pore size distribution of MoS, and g-C;N,/MoS, materials are
shown in Fig. le, f. The BET specific surface area of the g-C;N,/
MoS, heterojunction increases to 9.48 m*/g, which is higher than
that of MoS, (1.44 mz/g). The pore size of g-C;N,/MoS, is
slightly larger than that of MoS,. The pores of the g-C;N,/MoS,
composite primarily originate from the g-C;N,. During the
synthesis of g-C;Ny, the thermal decomposition of urea gen-
erates NH;, H,O, and CO,. The release of these gases promotes
the formation of the porous structure [41]. These results show
that the heterojunction material possesses a greater specific
surface area, which can provide more adsorption sites for zinc-
ions [33].

The elemental composition and chemical states of carbon,
nitrogen, molybdenum, sulfur, and oxygen in the g-C;N,/MoS,
material were determined via XPS, as shown in Fig. 2a. The O 1s
peak observed in Fig. 2a results from the unavoidable adsorption
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Figure 2 (a) XPS spectra of g-C;N,/MoS, materials, along with high-resolution XPS spectra for (b) C 1s, (c) N 1s, (d) Mo 3d, and (e) S 2p elements. (f) A
diagram illustrating the flow direction of photogenerated carriers in the g-CsN,/MoS, heterojunction.

of environmental oxygen species, such as H,O and O,, on the
surface of the g-C;N4/MoS, powder [42]. Furthermore, partial
g-C3N,/MoS, materials may be slightly oxidized during the
synthesis process [43]. According to the decomposition and
fitting of the C 1s spectral peak, the peaks at 284.9 and 288.2 eV
correspond to C-C/C=C bonds and N-C=N bonds, as illu-
strated in Fig. 2b [40]. Fig. 2c presents the spectra of the N 1s
peak, which is deconvoluted into three distinct peaks at 398.6,
399.9, and 401.1 eV. These peaks can be attributed to the pre-
sence of sp’-bonded N atoms, tertiary groups, and amino
functional groups, respectively [44]. The two peaks observed at
228.3 eV (Mo 3ds,,) and 231.5 eV (Mo 3ds,) in Fig. 2d exhibit a
spin-energy separation of 3.2 eV, indicating that the Mo element
within the g-C;N4/MoS, heterojunction predominantly exists in
the Mo*" state [45]. The blue peak at 225.5¢eV in Fig. 2d is
attributed to the S 2s orbital. The S 2s peak at 225.5 eV is very
close to the Mo 3d peak at 228.3 eV and even overlaps with it. If
the photoemission features of the S 2s are removed from the Mo
3d spectrum, the analysis of the Mo 3d signals will become
inaccurate. This phenomenon is commonly observed in the XPS
analysis of MoS, [37]. In Fig. 2e, the S 2p peaks at 161.1 and
162.4 eV can be assigned to S 2p;;; and S 2p, ), respectively. The
S element in the heterojunction materials exists in the S* state,
which further confirms the successful synthesis of MoS, within
these materials [44].

The band position diagram of the g-C;N,/MoS, heterojunc-
tion material is presented in Fig. 2f [39]. To evaluate the photo-
activity of heterojunction materials and determine the optimal
quantity of g-C;Ny, the variations in the photocurrent of g-C;N,
MoS,, and g-C;N4/MoS, heterojunction materials are measured
using a three-electrode system at 0 V bias voltage under illu-
mination (the illumination source operates under the AM 1.5 G
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illumination standard unless otherwise specified). The light
source is interrupted every 20 s. As shown in Fig. 3a, the pho-
tocurrent density of g-C;N, and MoS, is lower than that of the g-
C;N,/MoS, materials. This phenomenon is closely related to the
heterojunction, which creates interfaces that promote carrier
separation and transport. Under illumination, the well-matched
band alignment between the g-C;N, and the MoS, facilitates the
transport of photogenerated electrons from the g-C;N, to the
MoS,, while enabling the migration of photogenerated holes in
the opposite direction, as illustrated in Fig. 2f. This directional
charge migration effectively reduces the recombination prob-
ability of electron-hole pairs, thereby enhancing the utilization
efficiency of photogenerated charges [46,47]. In addition, the
heterojunctions can expand the light absorption range. The
MoS, exhibits exceptional absorption in the visible light spec-
trum, while the g-CsN, mainly absorbs the ultraviolet light.
Thus, the g-C;N,/MoS, heterojunction achieves a broader light
absorption range, improving the photocurrent responses [32].
Fig. 3a also shows the effect of the mass ratio between g-C;N,
and MoS, on the photocurrent. The heterojunction materials
with 150 mg of the g-C;N, show the strongest photoresponse,
indicating the most effective photoactive configuration.

As depicted in Fig. S1, applying a bias voltage of 0.5 V to the
three-electrode system featuring a g-C;N,/MoS, photoelectrode
results in a corresponding increase in photocurrent of
approximately 230 pA/cm®. The photocurrent curve exhibits a
characteristic wavy pattern corresponding to the switching of the
light source. It has been demonstrated that illumination can
effectively enhance the separation and transport of photo-
generated carriers when a large bias voltage is applied [48,49].
Fig. 3b illustrates the CV responses of the g-C;N,/MoS, het-
erojunction electrode within a three-electrode system, compar-
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Figure 3 (a) Change in transient photocurrent response values for different materials. The black line represents g-C;N,, while the red line represents MoS,.
The blue, purple, and cyan lines correspond to g-C;N,/MoS, composites containing 50, 150, and 250 mg of g-C;Ny, respectively. (b) CV at a scan rate of
10 mV/s under both light and dark conditions. (c) Rate capacity tests of PA-ZICs using MoS, and g-C;N,/MoS, electrode materials in the dark.

ing its performance in light and darkness. The specific capacity
enhancement rate of the capacitor is calculated using Equa-
tion (1):

Cillumination — Cdark x 100%.

Cd ark

= (M

The specific capacity of Cyymination @1d Caark under illumina-
tion and dark conditions was measured at the same scan rate
[30]. Under illuminated conditions, the capacity increases by
25.42% during the cycle. Photogenerated holes exhibit a sig-
nificant ability to absorb additional anions, resulting in an
overall increase in capacitance [50,51].

Fig. S2 shows the structure diagram of the PA-ZIC. A 10 mm
light transmission hole was created in the cathode shell to serve
as a light intake window, using a coin capacitor (CR2032). The
photocathode is fixed to the cathode shell of the capacitor, and
the photo-assisted coin capacitor is assembled according to the
standard procedures. Under dark conditions, the PA-ZIC cycle
rate of g-C;N,/MoS, and MoS, electrode materials was tested, as
illustrated in Fig. 3c. The rate performance of the g-C;N,/MoS,
electrode material is significantly superior to that of the pure
MoS, capacitor. At a current density of 1 A/g, the specific
capacity of the MoS, material capacitor is measured at
269.69 F/g. In contrast, the specific capacity of the g-CsN4/MoS,
capacitor significantly increases to 334.35F/g, indicating a
notable enhancement of 23.85%. This improvement can be
attributed to the larger specific surface area of the g-C;N,/MoS,
heterojunction compared to that of pure MoS,, thereby pro-
viding more active sites for the adsorption of metal ions.

Under dark conditions, CV curves were tested at scan rates
ranging from 5 to 100 mV/s, as shown in Fig. 4a. The CV curves
of the zinc-ion capacitor do not exhibit any distinct peaks
associated with faradaic redox reactions. Furthermore, the spe-
cific capacitance of the capacitor within the 0.2 to 1V voltage
window gradually decreases as the scanning rate increases
[52,53]. We also tested the CV performance of the zinc-ion
capacitor over 500 cycles at a scanning rate of 25 mV/s in the
dark (Fig. 4b). The capacitance of the zinc-ion capacitor
increases slightly during the first 100 cycles, reaching a value of
100.76%. This enhancement is attributed to the intermittent
charge and discharge processes continuously improving the
adsorption performance of the g-C;N,/MoS, electrode [30]. As
the CV cycle progresses, there is a gradual decline in the storage
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capacity of a zinc-ion capacitor. After the 300th and 500th
cycles, the capacitance retains 91.48% and 88.68% of its initial
value, respectively. This indicates that the adsorption stability of
zinc-ion capacitors is relatively robust [53].

To investigate the influence of light on the performance of
zinc-ion capacitors, we compared the CV performance of these
capacitors under both dark and illuminated conditions. Fig. 4c-f
show CV curves at scan rates of 5, 10, 50, and 100 mV/s [54].
Under illuminated conditions, the current density of the zinc-
ion capacitors exhibited varying increases, resulting in
enhancements in the CV area of 39.1%, 30.6%, 25.04%, and
18.72%, respectively. This indicates a significant increase in the
capacitance of the capacitor. Notably, the lower the scan rate, the
higher the capacitance. The capacitor absorbs more solar energy,
and the photogenerated carriers contribute to enhancing the
capacitor’s energy storage performance [53,55,56]. However, we
noticed a notable decrease in the specific capacitance difference
between the illuminated and dark conditions. This phenomenon
arises from the large input current at the high scan rates, which
induces concentration polarization at the electrode/electrolyte
interface. Thus, the photogenerated electrons are unable to
adsorb additional Zn*" ions [24]. Furthermore, the photoelec-
trode does not have enough time to generate more electron-hole
pairs, which reduces the effectiveness of light in enhancing
performance [57]. There is no apparent pseudocapacitance
behavior observed in CV images, and illumination cannot
change the structural properties of the capacitors. To eliminate
the thermal effects, cooling measures are required to maintain a
constant temperature for the capacitor under illumination [56].
We employed air-cooling to control the temperature fluctua-
tions of the capacitor. This method provides real-time feedback
on the cooling result by measuring the surface temperature of
the PA-ZIC. It was found that the surface temperature of the
PA-ZIC was the same as that of other coin-type capacitors.

We evaluated the rate capability of the zinc-ion capacitor at
current densities ranging from 1 to 10 A/g under both dark and
illuminated conditions. This assessment aimed to investigate the
influence of illumination on the electrochemical performance of
zinc-ion capacitors. As depicted in Fig. 5a, the capacitance of the
two capacitors remains nearly identical at 0.5 A/g under dark
conditions. However, as the current density increases from 1 to
10 A/g, the discharge capacity of the capacitor under illuminated
conditions significantly surpasses that in the dark. The specific
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Figure 5 (a) Rate capacity tests of the PA-ZIC under illuminated and dark conditions. The green triangular symbols and blue circular symbols represent the
specific discharge capacity of the PA-ZIC under dark and illuminated conditions, respectively. (b) GCD tests were conducted at a specific current density of
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capacitance calculation Equation (2) is expressed as follows: where C represents the specific capacitance of the capacitor
It (F/g), m is the mass of the photoelectrode (g), I is the current
= ATm @ (A), AV is the voltage window (V), and ¢ is the discharge time (s)
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[33]. From Fig. 5b, it is evident that at a current density of 1 A/g,
the specific capacitance increases from 334.35 to 380.93 F/g,
representing a rise of 13.93%.

According to the experimental phenomena and analysis
results mentioned above, the photo-assisted effect can enhance
the energy storage performance of zinc-ion capacitors. During
the photo-assisted discharge process, the g-C;N,/MoS, hetero-
junction generates electron-hole pairs. When the electrons are
excited by light and the electrons in the external circuit co-
adsorb Zn®* ions from the electrolyte, it enhances the adsorption
effect of the capacitor photocathode [50,58]. During the photo-
assisted charging process, the photo-generated holes facilitate
the complete desorption of Zn** ions from the photocathode.
The photogenerated electrons, along with those from the
external circuit, are transferred to the anode, thereby increasing
capacitance [59]. Under illuminated conditions, the electron-
hole pairs generated by the g-C3N,/MoS, photoelectrode actively
participate in the energy storage process of the capacitor,
enhancing its electrochemical performance.

We also conducted the EIS of zinc-ion capacitors after rate
capacity measurement, as shown in Fig. 5c. Before the rate
capacity test, the initial charge transfer resistance of the capa-
citor is 129.2 Q (R.) and the ohmic resistance is 4.5 Q (R;). In
dark conditions, the R and R, values become 110.5 and 1.71 Q
after the rate capacity tests. Under illuminated conditions, the
capacitor’s transfer resistance decreases further to 36.26 Q,
indicating a significant reduction in the capacitor. These phe-
nomena demonstrate that the presence of photogenerated car-
riers enhances the conductivity of the electrode sheet and
decreases the charge transfer resistance of the capacitor [60]. The
stability of zinc-ion capacitors during GCD also serves as a
significant index to evaluate electrochemical properties. To
assess this, we initially tested the GCD performance of the zinc-
ion capacitor with a MoS, electrode in the dark, as illustrated in
Fig. 5d. After 1160 cycles, the specific capacity of the capacitor
decreased by 21.9% at a current density of 10 A/g. We also
cycled the PA-ZIC with a g-C;N,/MoS, electrode for 3000 cycles
in the dark (as shown in Fig. 5e). The results indicate that the
specific capacity of the capacitor decreases by 5.64% during the
first 600 cycles. After 3000 cycles, the capacity retention rate
stabilizes at 91.8%. Fig. 5f illustrates the performance of the PA-
ZIC from the 50th to the 3050th cycle under illuminated con-
ditions. Slight fluctuations in capacitor capacity are observed
throughout the operating cycles, which may be attributed to
variations in the brightness of the light source. Nevertheless,
there is almost no attenuation of the coulomb efficiency, and the
capacity retention ratio remains above 99% after cycling. Com-
pared to other capacitors, the photo-assisted capacitor offers a
significant advantage (Table S1). Fig. S3 shows the mechanism of
the photo-enhanced cycling stability. The stable cycling perfor-
mance can be attributed to their superior conductivity under
illumination, as depicted in Fig. 5¢ [61,62]. The built-in electric
field within the g-C3N,/MoS, electrode promotes the separation
and transport of the photogenerated electron-hole pairs,
increasing the concentration of free electrons, which further
enhances the conductivity of the material [23]. Additionally, the
high conductivity of the photoelectrode is also improved by the
increased light absorption resulting from the material’s large
surface area [63]. As a result, the PA-ZIC featuring the g-C;N,/
MoS, photoanode exhibits excellent electrochemical perfor-
mance.
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CONCLUSIONS

This work proposes the use of g-CsN,/MoS, dual-functional
materials for the assembly of photo-assisted zinc-ion capacitors.
SEM and BET characterization confirm that g-C;N; modified
MoS, leads to an increased specific surface area. When the
capacitor is exposed to light, the g-C;N,/MoS, photoelectrode
generates charge carriers under the influence of the intrinsic
electric field, thereby enhancing the separation and transport of
the carriers. Compared to dark conditions, the photo-assisted
effect improves the adsorption and desorption processes of zinc
ions, significantly increasing the specific capacity of the zinc-ion
capacitors. The continuous generation of electron-hole pairs by
the g-CsN4/MoS, photoelectrode under illumination reduces the
resistance of the capacitor. This phenomenon contributes to the
exceptional cycle stability demonstrated by the photo-assisted
zinc-ion capacitor. This paper introduces an advanced metho-
dology designed to improve the specific capacity and cycle
longevity of zinc-ion capacitors.
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