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ARTICLE INFO ABSTRACT

Keywords: The primary challenge in dye-sensitized solar cells (DSSCs) is electrolyte leakage, compromising long-term
Conductivity stability and performance. Alternative electrolytes and encapsulation strategies have been explored to address
Energy ) this. In this study, we propose using nitrogen, fluorine, and sulfur-doped reduced graphene oxide (NSF-rGO)
g::;rr(‘;i r]:lrsopertles aerogel as an electrolyte encapsulator within DSSCs. The NSF-rGO aerogel was synthesized using a one-pot

hydrothermal technique and serves to trap the liquid electrolyte, enhancing cell stability while maintaining
conductivity. Although the initial power conversion efficiency of the NSF-rGO-based DSSC was lower than that of
the conventional DSSC, it demonstrated significantly improved long-term stability. After two years, the efficiency
drop in the NSF-rGO encapsulated DSSC was notably less than in the conventional design, indicating effective
electrolyte retention and resistance to degradation. These results suggest that NSF-rGO aerogel encapsulation is a
promising strategy for extending the operational lifespan of DSSCs and contributing to more sustainable energy

solutions.

1. Introduction

In a dye-sensitized solar cell (DSSC), the electrolyte is crucial in
converting light into electrical energy [1,2]. The DSSC consists of
several key components: a semiconductor (typically titanium dioxide)
coated with a dye, electrodes (typically made of glass coated with a
transparent conductive oxide), and an electrolyte. The electrolyte in
DSSCs has three main functions: (i) redox mediation, which facilitates
the flow of electrons between the dye-sensitized semiconductor and the
electrodes. It acts as a redox mediator, helping to transport electrons
from the dye to the anode (usually made of platinum) and completing
the electrical circuit; (ii) regeneration of dye molecules: the dye mole-
cules on the semiconductor surface absorb light and become excited.
The electrolyte helps regenerate these dye molecules by providing

* Corresponding authors.

electrons to them, allowing the dye to continue absorbing light and
contributing to the generation of electric current; (iii) conduction of
ions: the electrolyte also aids in the conduction of ions (typically triio-
dide/iodide ions) between the anode and the cathode. This flow of ions
helps maintain charge neutrality within the cell. However, the main
limitation of DSSC commercialization is the issues associated with
electrolytes [1,2].

Issues and challenges associated with the electrolytes in DSSCs
include (i) electrolyte stability: many traditional liquid electrolytes used
in DSSCs can be volatile and prone to evaporation. This can lead to
decreased efficiency and long-term stability of the solar cell.; (ii)
corrosion: the corrosive nature of certain electrolytes can damage the
cell components, impacting the durability and overall lifespan of the
DSSC; (iii) sealing challenges: liquid electrolytes require proper sealing

E-mail addresses: savisha@uniten.edu.my (S. Mahalingam), abreeza@uniten.edu.my (A. Manap), kslau@ukm.edu.my (K.S. Lau), faiz.arith@utem.edu.my

(F. Arith), agung.n@universitaspertamina.ac.id (A. Nugroho).

https://doi.org/10.1016/j.jtice.2025.106207

Received 4 February 2025; Received in revised form 5 May 2025; Accepted 21 May 2025

Available online 28 May 2025

1876-1070/© 2025 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training,

and similar technologies.


https://orcid.org/0000-0001-6583-7475
https://orcid.org/0000-0001-6583-7475
https://orcid.org/0000-0002-4710-7142
https://orcid.org/0000-0002-4710-7142
https://orcid.org/0000-0002-6459-8369
https://orcid.org/0000-0002-6459-8369
https://orcid.org/0000-0001-6422-7894
https://orcid.org/0000-0001-6422-7894
mailto:savisha@uniten.edu.my
mailto:abreeza@uniten.edu.my
mailto:kslau@ukm.edu.my
mailto:faiz.arith@utem.edu.my
mailto:agung.n@universitaspertamina.ac.id
www.sciencedirect.com/science/journal/18761070
https://www.journals.elsevier.com/journal-of-the-taiwan-institute-of-chemical-engineers
https://doi.org/10.1016/j.jtice.2025.106207
https://doi.org/10.1016/j.jtice.2025.106207
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtice.2025.106207&domain=pdf

S. Mahalingam et al.

to prevent leakage and maintain the integrity of the cell. Developing
effective and long-lasting seals can be a technical challenge; (iv) sensi-
tivities to temperature: some liquid electrolytes may be sensitive to
temperature changes, affecting the performance of the DSSC under
varying environmental conditions [3]. Researchers are actively
exploring alternative electrolytes, such as solid-state electrolytes or
ionic liquids, to address these challenges and enhance the stability and
efficiency of DSSCs [3,4]. These alternative electrolytes aim to improve
the overall performance and longevity of DSSCs while mitigating issues
associated with traditional liquid electrolytes. In this work, we are
focusing on using an electrolyte encapsulator/scaffold in DSSC.

An "electrolyte encapsulator” or "scaffold" in a DSSC refers to a
structure or material that houses or contains the electrolyte within the
cell [5,6]. This encapsulation is crucial for the stability, performance,
and longevity of the DSSC. One common approach to encapsulate the
liquid electrolyte is using gel electrolytes. Gel electrolytes typically
comprise a liquid electrolyte immobilized within a polymer matrix. This
gel structure helps to reduce issues related to leakage and evaporation,
contributing to the long-term stability of the cell. Solid or quasi-solid
polymer electrolytes are another type of encapsulating material. These
electrolytes contain both the ionic conductive properties required for the
redox reactions in the DSSC and a solid or gel-like structure that helps
immobilize the electrolyte [3,5]. Solid-state polymer electrolytes can
enhance the stability of the DSSC and reduce issues associated with
liquid electrolytes [7]. In addition to the electrolyte-specific encapsu-
lation, other components of the DSSC, such as the semiconductor layer
and the dye, may also be encapsulated or protected by layers or coatings.
These encapsulation layers can prevent external contaminants from
affecting the cell’s performance and improve overall durability. The
encapsulator or scaffold in a DSSC also contributes to effective sealing,
preventing the ingress of moisture and other external elements [3,5].
Proper sealing is critical to maintaining the integrity of the cell over time
[8,9].

In this work, reduced graphene oxide (rGO) was doped with het-
eroatoms such as nitrogen (N), fluorine (F), and sulfur (S) to form an
encapsulator layer designed to retain liquid electrolyte [10-12]. Many
attempts have been made to increase the electrochemical properties of
rGO material, such as doping with heteroatoms of N, S [13], phospho-
rous (P) [14], boron (B) [15,16], and F [17,18]. Doping rGO with an F
atom can also improve the properties of rGO by exhibiting a rich
semi-ionic C-F bond, which can affect the electrochemical properties
and electrical conductivity of rGO [17,18]. N and S co-doping on rGO
leads to better electrochemical properties due to the presence of the N
and S group on the rGO surface [19-22]. Another work on nitrogen and
fluorine co-doped rGO proves the improvement in unique properties
compared to single-atom doped rGO [23]. In dye-sensitized solar cells
(DSSCs), aerogels can function as encapsulators or structural matrices
that enhance stability and electrolyte retention, contributing to
improved performance [24,25].

Aerogels can be employed in DSSCs for enhanced light harvesting
[26]. Aerogels can encapsulate the dye-sensitized layer in DSSCs,
providing a porous and high-surface-area structure. This can enhance
light harvesting capabilities by increasing the surface area for dye
adsorption, thereby improving the solar cell’s overall efficiency. Aero-
gels can also be used as electrolyte containment [24]. The electrolyte in
DSSCs plays a crucial role in facilitating the transport of charge carriers
between the photoanode and counter electrode. Encapsulating the
electrolyte with aerogels can help contain and stabilize the electrolyte,
preventing leakage and improving the long-term stability of the solar
cell. Moreover, aerogels are also used for thermal insulation. Aerogels
are known for their excellent thermal insulating properties. Incorpo-
rating aerogels in DSSCs can help maintain a more stable operating
temperature, prevent overheating, and contribute to the overall stability
and efficiency of the solar cell [24,26]. Aerogels can also provide great
mechanical support to the delicate components of DSSCs. This is
particularly beneficial in ensuring the cell’s structural integrity,
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Fig. 1. Schematic diagram of NSF aerogel filled with liquid electrolyte in dye-
sensitized solar cell structure.

especially in flexible and lightweight solar cell applications.

Here, liquid electrolytes are used because they have the highest
conductivity than gel and polymer electrolytes. The study focuses on
encapsulating the liquid electrolyte using NSF-rGO and ensuring the
electrolyte conductivity is not altered. To our knowledge, using three-
heteroatom-doped rGO as an electrolyte encapsulator in DSSCs has not
been done before. In this research, we synthesize nitrogen, fluorine, and
sulfur co-doped rGO (NSF-rGO) through a simple one-pot hydrothermal
technique. Moreover, this work also contributes to the UN Sustainable
Development Goals (SDGs) of SDG 7: Affordable and clean energy. The
NSF-rGO-based DSSC can be produced with low energy input and is
made from non-toxic components.

2. Proposed mechanism

The aerogel’s highly porous structure creates a network of inter-
connected pores. These pores act as tiny reservoirs, trapping and
retaining the liquid electrolyte within the aerogel matrix. Capillary
forces within the pores help to draw the electrolyte into the aerogel and
prevent its leakage or evaporation. The NSF-rGO aerogel is likely func-
tionalized with N, S, and F groups on its surface. These functional groups
can interact with the electrolyte molecules through various mechanisms:

e Hydrogen bonding: Nitrogen and sulfur atoms can form hydrogen
bonds with the electrolyte molecules [27], creating a stronger asso-
ciation and preventing leakage.

e Ionic interactions: If the electrolyte contains ionic species, the
functional groups on the aerogel can interact with them through
electrostatic forces, improving electrolyte retention [28].

e Hydrophobic/hydrophilic interactions: The balance of hydrophobic
and hydrophilic groups on the aerogel surface can influence the
distribution of the electrolyte within the pores [29], optimizing its
contact with the electrode surfaces.

N and S atoms within the aerogel structure can create ion-conducting
channels [30]. These channels facilitate the movement of ions through
the aerogel, enhanching the overall ionic conductivity of the DSSC. The
NSF aerogel may also provide electron-transport pathways that facilitate
the movement of electrons from the photoanode to the counter elec-
trode. This can enhance the overall efficiency of the DSSC. Overall, the
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Fig. 2. (a) Flow chart of NSF-rGO aerogel synthesis and (b) prepared NSF-rGO aerogel and NSF-rGO-based DSSC fabrication.

NSF aerogel electrolyte encapsulator in DSSCs is believed to function by
physically trapping and retaining the electrolyte, chemically interacting
with it, and enhancing ionic conductivity and charge transfer. These
mechanisms may contribute to the improved performance and stability
of the DSSC. Fig. 1 shows the DSSC structure of NSF aerogel filled with
liquid electrolyte. The electrolyte molecules are free to move and diffuse
throughout the cell through the pores of the aerogel. This allows for
efficient transport of ions between the counter electrode and the pho-
toanode (TiO3). The liquid electrolyte will indeed diffuse until it covers
the entire active layer of the TiO,. This ensures that the dye molecules
can effectively interact with the electrolyte and contribute in the redox
reactions required for generating electricity.

3. Methodology
3.1. Synthesis of NSF-rGO aerogel

Graphene oxide was prepared using Modified Hummer’s graphite
powder method as described in previous research [22,31,32]. A reduced
graphene oxide sample was prepared using a hydrothermal method with
an autoclave reactor. In this procedure, 15 ml of graphene oxide (GO)
suspension was sonicated and transferred into a 20 mL Teflon-lined
autoclave. The reaction is held at 180 °C for 24 h before cooling to
room temperature. NSF-rGO was synthesized by adding 20 mmol of

NH4F solution containing 600 mg of thiourea into the GO suspension.
The suspension was mixed and sonicated for 2 h before hydrothermal
treatment. The as-synthesized hydrogel samples underwent a filtration
and washing process using distilled water and freeze-dried at —102 °C
for 12 hin a freeze dryer to obtain an aerogel. Fig. 2 shows the flow chart
of NSF-rGO aerogel synthesis.

3.2. Liquid electrolyte preparation

The triiodide electrolyte solution was prepared by mixing 1 wt. % of
iodine and 7.5 wt. % of potassium iodide (SSKI oral solution) in 10 ml of
ethylene glycol. The solution was stirred until homogenous and kept in
an amber glass vial before use.

3.3. DSSC preparation

The TiO; electrodes were prepared using the doctor blade technique
on a glass substrate coated with fluorine-doped tin oxide [33].
Di-tetrabutylammonium cis-bis (isothiocyanato) bis (2, 2-bipyridyl-4,
4'-dicarboxylato) ruthenium (II), referred to as N719 dye, was employed
in the immersion process with the annealed TiO, thin films for 24 h. A
platinum paste was employed for screen-printing the counter electrode,
followed by annealing at 400 °C for 1 h. Iodolyte MPN 100 was used as
the liquid electrolyte. Simultaneously, the NSF-rGO aerogels were hot
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Fig. 3. Morphology from FESEM image at low magnification (a) rGO, (b) N-rGO, (c) NS-rGO, (d) NSF-rGO, and high magnification (e) rGO, (f) N-rGO, (g) NS-rGO,

(h) NSF-rGO.

pressed on the platinized FTO and dried at 60 °C for 1 h in an oven. The
final thickness of the hot-pressed aerogel was 0.08 mm using a thickness
gauge. The hot press was conducted to ensure the sample’s thickness will
be controlled at 0.08 mm, but in this study, we did not show the opti-
mization of the aerogel thickness. A syringe injected the liquid electro-
lyte (—~30 pL) into the NSF-rGO. The assembly of the DSSC involved
sandwiching the dye-immersed TiO, and the platinized counter elec-
trode with NSF-rGO. The resulting cell was formed with an active area of
1 cm?. For result reliability, multiple devices (five DSSCs per case) were
prepared.

3.4. Characterizations

The structure and morphology of the rGO and NSF-rGO aerogels

were investigated via field emission scanning electron microscopy with
energy dispersive X-ray spectroscopy (FESEM-EDX) and high resolution-
transmission electron microscopy (HR-TEM). Thesurface chemical was
analyzed via X-ray photoelectron spectroscopy (XPS), respectively. The
stability of rGO/PET and NSF-rGO/PET with liquid electrolyte was
determined using cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS). The NSF-rGO aerogel added with 100 pL of
triiodide solution was placed in a jig connected to a potentiostat (Gamry,
Reference 600). The samples were tested for CV in a potential range of
0 V to 0.8 V at a scan rate of 50 mV/s. EIS measurement was done at a
frequency range of 1 MHz to 0.1 Hz. The current density-voltage char-
acteristics and EIS of DSSCs were measured via ORIEL SoI3A Class AAA
solar simulator (UNITEN, Malaysia) at air mass and irradiance of 1.5 and
100 mW/cm?. Current-voltage scan speed and dwell time are 10 mV/
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Fig. 4. EDX images NSF-rGO.

steps and 100 ms, respectively. The device illumination area is 5 cm?,
and contact and illumination are determined by masking. This means
that the portion of the DSSC that was intentionally exposed to light had a
surface area of 5 cm? using a mask. The applied voltage and the fre-
quency range for EIS were 0.7 V and 1 MHz to 0.1 Hz, respectively.
External quantum efficiency (EQE) determines the efficiency of a solar
cell in converting light into electrical current at specific wavelengths
utilizing a 2 nm step size (BENTHAM; PVE300-IVT) (Universiti
Kebangsaan Malaysia, Malaysia). While photocurrent-time measure-
ments were not performed in this study, the primary focus was to assess
long-term device stability over two years through J-V and EQE analysis
before and after aging.

4. Results and discussions
4.1. Structure and morphology of aerogels

Fig. 3 shows the morphology analysis of rGO, N-rGO, NS-rGO, and
NSF-rGO by FESEM. At a high magnification of 10000x (Fig. 3a-d), the
interconnected framework of rGO nanosheets can be seen in all samples.
At a low magnification of 30000x (Fig. 3e-h), all samples are composed
of very thin rGO sheets. The sheet structure remains rigidly retained
after doping atom N or NS, or NSF.

The EDX data shows that rGO mainly comprises C and O, with per-
centages of 78.9 % and 21.1 %, respectively. By adding NS into the
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Fig. 5. HR-TEM (a) image of NSF-rGO and (b) lattice fringe.
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Fig. 6. XPS spectra of NSF-rGO (a) survey, (b) Cls, (c) Ols, (d) N1s, (e) S2p, and (f) Fls.

structure, rGO—NS shows additional NS content with a weight per-
centage of N (1.67 %) and S (5.24 %) in NS-rGO, respectively. Mean-
while, by adding fluorine into the rGO structure, NSF-rGO has a fluorine
weight percentage of 0.62 %. Fig. 4 shows the good distribution of
elemental mapping of carbon, nitrogen, and sulfur in the NSF-rGO. The
mapping result demonstrates that N, S, and F have been successfully
doped into the rGO structure.

Fig. 5 shows the HR-TEM image of NSF-rGO aerogel with lattice
fringe. The graphene sheets were visible in Fig. 5a. A lattice fringe of
0.361 nm was obtained. In pure graphene or graphite, the (002) plane
(stacking between graphene layers) has a p-spacing ~ of 0.335 nm [34].
In rGO, the oxygen groups disrupt the structure after partial reduction,
increasing the p-spacing [35]. The increased lattice values (> 0.34)
obtained in this work are due to the doping with N, S, and F, which
further expands or distorts the graphene lattice, leading to even larger
p-spacings [34]. Heteroatom doping may create wrinkles, holes, and
distortions, slightly varying the interlayer distances [34]. Besides, aer-
ogels are highly porous, the graphene sheets may not stack neatly [36].

4.2. Surface chemical characterization of aerogels

XPS spectra were measured to examine the bond between atoms in
rGO—NSF samples (Fig. 6). The XPS survey showed the N, S, and F peaks
in 399.8, 163.9, and 686.9 eV, respectively. The N18S spectrum (Fig. 6b)
exhibited a slightly broad peak, indicating nitrogen bonding in the
structure, which is usually assigned to the pyridine nitrogen or pyrrole
group when doping N into carbon materials [37]. In addition to nitro-
gen, carbonyl, carboxyl, and other oxidized carbons indicated the
presence of residual graphene oxide (GO) in rGO—NSF samples. This
minor presence of GO is attributed to the incomplete reduction process.
Graphitic nitrogen is nitrogen atoms that substitute carbon atoms within
the hexagonal graphene ring. In the S2p spectrum (Fig. 6e), two sulfur
bonds were identified at 161.44 eV and 162.6 eV, corresponding to
-C=S- and C—S—C, respectively. A prominent peak near 168.35 eV was
attributed to oxidized sulfur, typically formed at the graphene edges.
The first two peaks, at 161.44 eV (2p3/2) and 162.6 eV (2p1/2), are due
to spin-orbit coupling in sulfur, representing thiophene. Fig. 6f provides
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Table 1

Electrode resistance (R;) and ion charge transfer resistance (R of triiodide
electrolyte solution, rGO aerogel, and NSF-rGO aerogel filled with triiodide
electrolyte solution.

Sample Rs (Q) R (Q)
Triiodide electrolyte 10.53 492.8
rGO aerogel 2.433 7.428
N-rGO aerogel 0.683 17.31
S-rGO aerogel 0.490 8.02
F-rGO aerogel 0.927 15.33
NSF-rGO aerogel 0.069 4.168

a detailed high-resolution F1s spectrum, confirming fluorine bonding on
the surface of the NSF-rGO structure [38].

4.3. CV and EIS of aerogel

The electrochemical stability of the rGO aerogel was investigated
using CV and EIS, as shown in Fig. 7. From the CV curves, the presence of
the rGO aerogel sample in the triiodide electrolyte solution shows a
slight increase in the overall current. In contrast, the NSF-rGO aerogel
dramatically increases the overall current. This is because the presence
of NSF elements in the rGO surface can promote adequate ion mobility
and promote better electrolyte diffusion in the aerogel matrix. The
absence of the redox peak of triiodide in this sample could be due to the

rGO aerogel undergoing a reduction process that removes the oxygen-
containing functional groups that cause the diminished pseudocapaci-
tive behavior, which is essential for redox activity. The redox peaks of
rGO are commonly reported in acidic electrolyte [39,40].

Moreover, EIS measurements (Table 1) were conducted to under-
stand the interfacial resistance between the rGO aerogel and the triio-
dide electrolyte [8]. The electrode resistance (Rs) for the triiodide
electrolyte solution, rGO aerogel, NFS-rGO aerogel, N-rGO aerogel,
S-rGO aerogel, and F-rGO aerogel were 10.53, 2.433, 0.069, 0.683,
0.490, and 0.927 Q, respectively. The ion charge transfer resistance (Rt)
for the triiodide electrolyte solution, rGO aerogel, NFS-rGO aerogel,
N-rGO aerogel, S-rGO aerogel, and F-rGO aerogel were 492.8, 7.428,
4.168, 17.31, 8.02, and 15.33, respectively. The lower Ry and R.; with
the presence of rGO aerogel due to its role as a conductive matrix to
allow the adequate ionic mobility of the triiodide molecules in the
electrolyte solution. When comparing the mono-element hetero-doped
rGO aerogel, S-rGO aerogel shows the lower R and Rt among N and F
elements. This could be due to the higher affinity of sulfur species, which
have strong covalent interactions with triiodide molecules. This event
stabilizes the triiodide molecules, thus improving charge transfer and
reducing recombination [41]. With N, S, and F doping on the rGO sur-
face, the resistance in the aerogel can further decrease due to the in-
crease of active sites that can promote ion diffusion.
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4.4. Performance of DSSCs

Fig. 8 provides the J-V curve of conventional DSSC and NSF-based
DSSCs. Table 2 tabulates the photovoltaic parameters. The solar power
conversion efficiency (1) was obtained using the following equations
[421.

Ve X Jie X FF

1
b, €y
Vmax X Jmax
FF =2 "_ 712 2
VOC X JSC

where, V. is the open circuit voltage at zero current; Jy. is the short
circuit current at zero voltage; FF fill factor; Pj, is the incident light
power intensity; Jyqx is the maximum current; and Vi is the maximum
voltage.

While the NSF-aerogel encapsulator exhibits higher ionic conduc-
tivity, as evidenced by the CV curves and lower R values, the con-
ventional DSSC exhibited higher 5 than the aerogel encapsulators-based
DSSCs. The V. and FF are almost similar for conventional and aerogel
DSSCs. The primary influence is caused by Js., where the conventional
DSSC has the highest Jg.. A low Jg. can be due to aerogel thickness [43].
Although thickness optimization was not performed in this study, the
0.08 mm thickness was selected based on prior studies [25] demon-
strating its suitability for electrolyte retention without significantly
hindering DSSC performance. Or et al. reported that thicker aerogels
(around 0.044 mm) provide an even distribution of electrolyte compo-
nents at the photoelectrode [25]. Another reason could be the poor
adhesion between the aerogel and the counter electrode, where the
aerogel was manually placed on top of the counter electrode and stuck
after injecting the electrolyte into the aerogel. Good adhesion is crucial
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Fig. 9. Nyquist spectra of (a) conventional, (b) rGO, and (c) NSF-rGO DSSCs, and Bode spectra of (d) conventional, (e) rGO, and (f) NSF-rGO DSSCs.
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Table 3
Electrochemical impedance spectroscopy parameters of conventional and
aerogel-based DSSCs.

DSSC R (Q) Ra(Q C3(B) fmax (Hz) 7o (ms)  kegr (/5)
Conventional ~ 7.13 1.30 0.000506  50.10 3.18 314.47
GO 7.68 7.56 0.02812  100.00 1.59 628.93
NFS-rGO 7.64 1.43 0.000462  63.10 2.52 396.83

for ensuring efficient charge transfer between the electrolyte and the
counter electrode. If there are gaps or voids at the interface, it can hinder
the movement of ions and electrons, leading to increased charge transfer
resistance and reduced Jg [7].

The efficiency of DSSC (2.08 %) in this work is significantly lower
than the current state-of-the-art efficiencies, which have reached over
14 % in optimized systems. However, this research is focused on
studying the concept of encapsulation using rGO and doped-rGO ma-
terials. It aimed to investigate the effect of the common liquid electrolyte
(triiodide) using the encapsulation method to mitigate the main problem
in DSSC, which is the electrolyte leakage. Besides, the DSSC fabrication
was conducted in a simple material lab with minimal equipment, pre-
dominantly self-made, which may have limited the overall efficiency.
The fabrication process may have introduced defects or impurities that
negatively impacted the device’s performance. An EIS study was con-
ducted to investigate other factors that may affect the low Jg. in NSF-rGO
encapsulator-based DSSC, despite its high ionic conductivity.

4.5. Electron transport of DSSCs

Fig. 9 shows the Nyquist, fitted, and Bode spectra of conventional
DSSC and the DSSCs of rGO and NSF-rGO aerogel electrolyte encapsu-
lators. Table 3 lists the corresponding EIS parameters. The Nyquist
spectra were fitted with an equivalent circuit model shown in the inset
Fig. 9. A good Nyquist spectrum for DSSC consists of three distinguished
semicircles [44]: (i) the first semicircle (high-frequency region) repre-
sents the counter electrode/electrolyte interface, where C; and R;
correspond to the double-layer capacitance and charge transfer resis-
tance, respectively. (ii) C2 and R reflect the double-layer capacitance
and charge transfer resistance at the photoanode/electrolyte interface,
describing charge accumulation at the interface. (iii) C3 and R3 represent
the capacitance and resistance of the electrolyte or the diffuse double
layer at the electrode/electrolyte interfaces. Additionally, the electron
lifetime (7.) and effective rate constant (k) are calculated using the
following equations [45].

1

Teff = 2efore 3
1
ke = (4)
d Teff

where, fiax is the maximum frequency of the EIS spectrum. The electron
lifetime refers to the time that photogenerated electrons spend in the
semiconductor’s conduction band before they are collected at the elec-
trode or recombined with the dye molecules [45].

The 7’ intercept at the high-frequency region equals the magnitude
of series resistance (Rg), which is the ohmic resistance [46]. The Ry is
lower in conventional DSSCs than in aerogel-encapsulated DSSCs. The
interfaces between the electrolyte and the electrodes in conventional
DSSCs might have lower interfacial resistances due to the absence of the
aerogel layer, potentially reducing the overall ohmic resistance [47].
Conventional DSSC also possesses the lowest R, which is the main
reason for the high Js. Introducing the aerogel layer can create addi-
tional interfacial barriers between the electrolyte and the electrode
surfaces. These barriers can hinder the movement of electrons and ions,
leading to a higher R value in aerogel-encapsulated DSSCs. Besides, a
thicker aerogel layer can introduce additional resistance due to the
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Fig. 10. Photocurrent density-voltage curves of conventional and aerogel-
based DSSCs (after two years).

Table 4
Photocurrent density-voltage parameters of conventional and aerogel-based
DSSCs (after two years).

DSSC Je mA/ecm®) Voo (V) FF n (%)  Drop inn (%)
Conventional 1.02 0.59 0.68 0.42 80
rGO 0.56 0.56 0.65 0.20 82
NSF-rGO 1.00 0.60 0.66 0.39 78

increased distance electrons and ions travel. Poor adhesion between the
aerogel and the electrode surfaces can also increase interfacial
resistance.

Meanwhile, rGO aerogel-based DSSC has a higher R than NSF-rGO.
Introducing N and S functional groups in NSF-rGO aerogels can enhance
the interfacial properties between the electrolyte and the electrode
surfaces [48]. These functional groups might improve the electron
transfer kinetics and reduce the Ry [49]. The previous study suggests
that incorporating N and S atoms can alter the electronic properties of
the rGO aerogel [50], potentially creating more favorable conditions for
electron transfer. Accordingly, the ¢ and ke follow the same trend as
the Js.. Conventional DSSC has the longest 7.5 with the least electron
recombination rate, followed by NSF-rGO and rGO aerogel. Interest-
ingly, NSF-rGO has the lowest C3 among the DSSCs. This result shows
that although NSF-rGO has a lower  than conventional DSSC, the aer-
ogel can help distribute the electrolyte more uniformly within the DSSC.
Additionally, it possesses inherent ionic conductivity properties that can
facilitate the movement of ions within the electrolyte, which was also
proved in the CV and EIS curves of individual aerogels filled with
electrolyte (Fig. 7). Aerogels might influence the diffusion properties of
the electrolyte, reducing diffusion limitations. This result confirms that
the poor adhesion between the counter electrode and aerogel is the
primary reason for the low 5 in NSF-rGO aerogel, despite the improved
electrolyte diffusion due to the additional aerogel layer. While EIS
cannot directly quantify physical adhesion, the higher R values in the
NSF-rGO-based DSSC imply hindered charge transfer, which may result
from inadequate aerogel adhesion or interface defects. This interpreta-
tion aligns with the observed decrease in Jg..

4.6. Long-term stability (after two years) of DSSCs

After two years, the DSSCs were tested for J-V and EQE, as seen in
Fig. 10 and Table 4, and Fig. 11, respectively. The conventional DSSC
still exhibited the highest 5. The EQE result shows that conventional and
NSF-rGO aerogels have similar light absorption at ~520 nm and similar
Jsc after two years. The drop in 7 after two years is calculated as (initial
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Fig. 11. External quantum efficiency of conventional and aerogel-based DSSCs (after two years).

n-final n)/initial # x 100 %. Although the conventional DSSC exhibited
the highest 5, NSF-rGO aerogel possessed the lowest drop in 7 after two
years. This event reveals that NSF-rGO aerogel encapsulation has indeed
contributed to enhanced long-term stability in the DSSC. These results
are not only due to the enhanced ionic conductivity but also other fac-
tors such as the porous structure of the aerogel, addditonal functional
groups, and improved charge transfer. The porous structure of the aer-
ogel (Figs. 3 and 5) can effectively trap and retain the electrolyte, pre-
venting its leakage and evaporation [25]. This is crucial for maintaining
the long-term performance of the DSSC. The functional groups (nitro-
gen, sulfur, and fluorine) introduced into the rGO structure can improve
the aerogel’s chemical stability, making it less susceptible to degrada-
tion over time [51]. The functional groups in NSF-rGO can also influence
the charge transfer kinetics at the electrode/electrolyte interfaces
(reduced Cs as observed in Table 4). By creating favorable conditions for
electron and ion transport, NSF-rGO can improve long-term perfor-
mance [52].

5. Conclusion

This study summarizes that although NSF-rGO aerogel has higher
ionic conductivity, improving ionic conductivity alone may not be suf-
ficient to maximize DSSC efficiency. Other factors, such as interface
quality, adhesion, and thickness control, are essential. While the NSF-
rGO aerogel exhibited a lower initial efficiency and Jg. (3.86 to ~1
mA/cm? after two years) compared to conventional DSSCs, the relative
drop in performance was significantly smaller, highlighting superior
long-term stability. The conventional DSSC, despite higher initial Jg,
experienced a more substantial efficiency decline (~80 %), mainly due
to electrolyte leakage and degradation. This emphasizes the utility of
this approach: NSF-rGO encapsulation improves electrolyte retention
and device longevity, which are critical for real-world applications.
Nonetheless, the long-term performance of the NSF-rGO encapsulated
DSSC is a key strength; it retained over 75 % of its initial efficiency after
two years, unlike the conventional cell, which showed a drastic drop.
The observed limitations related to adhesion and thickness are engi-
neering challenges that need to be addressed in future work to raise
initial performance without compromising stability. Although
photocurrent-time plots were not included, future work will incorporate
real-time photocurrent stability measurements to evaluate the transient
response and short-term durability of NSF-rGO encapsulated DSSCs
under continuous illumination. Moreover, devices based on single-atom-
doped rGO (N-, S-, F-rGO) were not fabricated in this study, but their
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comparative performance will be evaluated in future work to under-
stand the role of each dopant.
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