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Abstract

Methoxy-substituted co-adsorbents offer a practical strategy to
improve interfacial charge-transfer kinetics and reduce
recombination losses in dye-sensitized solar cells (DSSCs). Here,
a trimethoxy-substituted, 4-[5'-(3,4,5-trimethoxyphenyl)-2,2'-
bithien-5-yl]benzoic acid, (ZE-3MeO) is deployed as a co-
adsorbent to regulate the TiO,/N719/electrolyte interface. X-ray
photoelectron spectroscopy (XPS) reveals an enhanced
contribution of oxygenated-carbon signatures (C-O/C-0-C)
consistent with an oxygen-enriched surface chemistry after
adsorption. Electrochemical impedance spectroscopy (EIS)
shows a pronounced reduction of the fitted high-frequency
interfacial resistance (R1=3.4 Q, control: 6.7 Q) and a markedly
prolonged electron lifetime (te=16.6 ms, control: 3.8 ms),
consistent with mitigated interfacial recombination and
improved charge-transfer/collection kinetics. Under AM1.5G
illumination, the ZE-3MeO the best-performing device attains
Voc=680 mV, short circuit current density (Js)=12.1 mA/cm?, fill
factor (FF)=61.5%, and photovoltaic conversion efficiency
(PCE)=5.1% versus 4.1% for the unmodified control device,
corresponding to a ~24% relative efficiency improvement and
corroborated by incident photon-to-current efficiency (IPCE)-
integrated photocurrents. Overall, these results show that
trimethoxy-substituted co-adsorbents enhance passivation and
interfacial charge transfer, providing design guidance for next-
generation self-assembled monolayer (SAM)-like co-adsorbents
in DSSCs.

Keywords: Co-adsorbent; SAM; DSSCs; Solar cell; Interface modification;
Efficiency

0z
Metoksi fonksiyonlu ko-adsorbanlar, boya duyarli glnes
hlcrelerinde (DSSC'ler) arayuzey vyik transfer kinetigini

iyilestirmek ve rekombinasyon kayiplarini azaltmak igin pratik
bir strateji sunmaktadir. Bu g¢alismada, trimetoksi ile
fonksiyonellestirilmis, 4-[5'-(3,4,5-trimetoksi fenil)-2,2"-bitien-5-
illbenzoik asit (ZE-3MeO), TiO,/N719/elektrolit ara yuzeyini
dizenlemek (izere ko-adsorban olarak kullaniimistir. X-isini
fotoelektron spektroskopisi (XPS), adsorpsiyondan sonra
oksijence zenginlesmis ylizey kimyasiyla tutarh olarak oksijenli
karbon imzalarinin  (C-O/C-0-C) artan katkisini ortaya
koymaktadir. Elektrokimyasal empedans spektroskopisi (EIS),
yuksek frekansta arayliz direncinin (R;=3,4 Q, kontrol: 6,7 Q)
belirgin bir sekilde azaldigini ve elektron 6mrinin (te=16,6 ms,
kontrol: 3,8 ms) 6nemli 6l¢lide uzadigini gostermektedir; bu da
arayliz rekombinasyonunun azalmasi ve yuk transferi/toplama
kinetiginin iyilestirilmesiyle tutarlidir. AM1.5G aydinlatmasi
altinda ZE-3MeO iceren en yiiksek verimli aygit, acik devre
gerilimi (Voc) = 680 mV, kisa devre akim yogunlugu (Js) = 12.1
mA/cm?, dolum faktéri (FF) = 61.5% ve gli¢c donlisim verimi
(PCE) = 5.1% degerlerine ulasirken; modifiye edilmemis kontrol
aygittan PCE = 4.1% elde edilmistir. Bu sonug, yaklasik %24’lik
verim artisina karsilik gelmekte olup, IPCE’den entegre edilen
fotoakim degerleriyle uyumludur. Genel olarak, bu sonuglar,
trimetoksi ile ikame edilmis yardimci adsorbanlarin pasivasyonu
ve araylizey ylik transferini artirdigini ve DSSC'lerde yeni nesil
kendiliginden organize olan tek tabaka (SAM) benzeri ko-
adsorbanlar igin tasarim kilavuzu sagladigini gostermektedir.

Anahtar Kelimeler: Ko-adsorban; SAM; DSSCs; Giines hiicresi; Arayliz
modifikasyonu; Verimlilik

1. Introduction

Dye-sensitized solar cells (DSSCs) continue to garner
attention for their low fabrication cost, mechanical
compliance, and excellent performance under indoor
illumination (Gong et al. 2017, Devadiga et al. 2021,
2021). In
configuration, photon absorption by the sensitizer is

Mufioz-Garcia et al. a typical device
followed by electron injection into the conduction band
of the semiconductor (e.g., titanium dioxide, TiO,), and

the redox electrolyte subsequently regenerates the

oxidized dye (Brian O’Regan and Michael Gratzel 1991).
The kinetics and energetics at the dye/TiO/electrolyte
interfaces ultimately govern device performance, yet
surface defect states, uncontrolled dye aggregation, and
suboptimal interfacial charge transfer paths remain key
bottlenecks to further efficiency improvements (Gong et
al. 2017, Mufioz-Garcia et al. 2021). One of the most
effective strategies to overcome these issues involves the
introduction of co-adsorbent molecules, which co-

assemble with the dye on the TiO; surface (Neale et al.
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2005, Li et al. 2011, Najm et al. 2023). Co-adsorbents
mitigate m— stacking interactions among dye molecules,
passivate surface trap states, and promote uniform dye
adsorption, leading to reduced recombination and
improved open-circuit voltage (Voc) (Neale et al. 2005, Lee
et al. 2012, Matsuyoshi et al. 2013, Mazloum-Ardakani
and Arazi 2019, Rodrigues et al. 2021, Larsson et al. 2022).
Classical co-adsorbents such as deoxycholic acid (DCA)
and chenodeoxycholic acid (CDCA) have been widely
employed to control surface coverage and steric
hindrance effects (Lee et al. 2009, Trilaksana et al. 2019,
Najm et al. 2022). More recently, functionalized aromatic
dipolar
groups (e.g., -NH,, —OCHs, —SH, and —CN) have emerged

co-adsorbents bearing electron-donating or

as advanced interfacial modifiers capable of tuning
surface energetics and charge-transfer kinetics (Kim et al.
2015, Cole and Mayer 2022, Saha and Ganguly 2024).
Despite this progress, an important gap remains for
methoxy-based co-adsorbents: performance variations
are often attributed mainly to the presence of —OCH;
whereas the structure-dependent roles of
adsorption configuration, and
interfacial

groups,
molecular geometry,
surface packing which ultimately govern
recombination have not yet been
systematically resolved across different methoxy-
containing scaffolds (Wang et al. 2005, Lee et al. 2011).
Methoxy substituents can modulate surface interactions

resistance and

and local dipoles, potentially affecting adsorption
geometry and interfacial energetics. Electron-donating
methoxy groups can influence the interfacial energetics
and dye packing, which may translate into improved
charge injection/collection and reduced recombination
depending on the adsorption configuration (Kim et al.
2015). These effects collectively lead to improved charge
transport, prolonged carrier lifetime, and suppressed
recombination, which are essential for high-performance

DSSCs (Avilés-Betanzos et al. 2023).

This study investigates interfacial engineering of N719-
based DSSCs using a trimethoxy-substituted aromatic co-
adsorbent, 4-[5'-(3,4,5-trimethoxyphenyl)-2,2'- bithien -
5-yllbenzoic acid (ZE-3MeO), a trimethoxy-substituted, m-
conjugated aromatic thiophene co-adsorbent anchored
by a carboxylic acid group. ZE-3MeO integrates a rigid
conjugated backbone with a trimethoxy-substituted
aromatic unit, providing a larger and more versatile
molecular footprint compared to simple methoxy benzoic
acids, demonstrating more effective regulation of co-
adsorption and interfacial organization at the
TiO2/N719/electrolyte
electrochemical characterizations (UV—Vis/IPCE, EIS, and
XPS)

interface. Spectroscopic and

provides converging evidence that ZE-3MeO

chemisorbs on TiO; via carboxylate anchoring, consistent
with C-O-Ti
increased contribution of oxygenated carbon species.
Dark EIS with
recombination and improved interfacial charge-transfer

interfacial linkage formation and an

results are consistent reduced
kinetics while suppressing trap-assisted recombination. In
line with these trends, photovoltaic characterization
indicates more efficient photocarrier collection and an
overall enhancement in device performance compared
with reference cells. The key contribution of this work
extends beyond a purely incremental change (i.e.,
introducing —OCHs into a known co-adsorbent scaffold)
and instead establishes an architecture-driven interfacial
design concept, wherein the conjugated molecular
geometry and packing propensity of a trimethoxy-
substituted co-adsorbent govern the balance between
interfacial charge transfer and recombination in DSSCs.

2. Materials and Methods
2.1 Materials

Chloroplatinic acid solution (8 wt%, Sigma-Aldrich) served
as the platinum (Pt) precursor. Fluorine doped tin oxide
coated glass slide (FTO, TEC-15) (Kintec) was used as the
substrate. The (N719; di-
tetrabutylammonium cis-bis (isothiocyanato)-bis (2,2'-

conductive sensitizer
bipyridyl-4,4'-dicarboxylato) ruthenium (Il)), together
with EL-HPE electrolyte and 18NR-AO TiO, paste, was
obtained from DYESOL.

2.2 Device Fabrication

Devices (active area: 0.49 cm?) were fabricated on 2.0 cm
x 2.5 cm FTO glass. Substrates were cleaned with
detergent, ultrasonicated for 20 min each in deionized
water, acetone, and isopropyl alcohol, then treated with
oxygen plasma for 7 min. A compact TiO, layer was
deposited by spin coating (2000 rpm, 20 s) and annealed
at 460 °Cfor 1 h. A mesoporous TiO, (m-TiO,) scaffold was
subsequently doctor-bladed and annealed at 500 °C for 1
h. After cooling to ~80 °C, films were sensitized for 24 h in
0.5 mM N719 prepared in a 1:1 (v/v) dimethyl sulfoxide
(DMSO):ethanol mixture. For ZE-3MeO co-adsorption,
the ZE-3MeO stock solution (0.1 mM in DMSO) was added
to the dye bath immediately before the sensitization
process to adjust the final ZE-3MeO concentration to 0.03
mM (9 L of stock solution was added to 3 mL of 0.5 mM
N719 dye bath). Prior to detailed characterization, the
amount of ZE-3MeO was pre-tested by varying the stock
volume added to a 3 mL dye bath from 3 to 12 uL, while
keeping other fabrication conditions the same; 9 pL
provided the best overall photovoltaic response, and
therefore all subsequent analyses were performed for 9
pL. Platinum counter electrodes were produced by drop-
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casting the Pt precursor onto FTO and annealing at 450 °C
for 30 min.

2.3 Characterization

The UV-Vis absorption spectrum of the ZE-3MeO material
in the solution phase (in chloroform) was measured with
Lambda 950 UV-Vis—NIR
spectrophotometer. Film thickness (m-TiO) was obtained

a PerkinElmer

via Ambios P7 stylus profilometer. Surface-sensitive XPS
was acquired on a PHI VersaProbe, and spectra were
modeled in CasaXPS (v2.3.26PR1.0) using the LA(1,643)
line-shape function. For photovoltaic tests, the irradiance
was set to 100 mW/cm? under an AM1.5G. The light
intensity (100 mW/cm?) was calibrated using a certified 4
cm? Si reference cell prior to each measurement. -V
curves were then recorded under forward scan on a solar
simulator connected to a Keithley (model 2400). IPCE
measurements were obtained with an Enlitech QE-R
system. EIS measurements were performed in the dark
over the frequency range of 100 mHz to 1 MHz using a
Zahner IM6, with a 10 mV AC perturbation applied around
the selected DC operating point.

3. Results and Discussions

In N719-sensitized DSSCs, the influence of the ZE-3MeO
co-adsorbent on device performance was elucidated
through comprehensive The ZE-
3MeO/TiO, interface chemistry and surface passivation

characterization.

were investigated using UV-Vis and XPS, while the effects
on charge injection/extraction, recombination pathways,
and interface resistances were quantitatively determined
using J-V and EIS measurements. Instead, electron-
donating methoxy substituents are expected to regulate
thereby
recombination

interfacial interactions, regulating charge-

transfer and pathways at the
TiO,/dye/electrolyte junction and improving device

performance.

To elucidate the co-adsorbent function of ZE-3MeO, its
optical response was examined. As depicted in Figure 1a,
the UV-Vis spectrum of ZE-3MeO displays a relatively
narrow band centered in the near-UV/violet region
(~390-410 nm) with only a weak tail extending to 450 nm,
and no measurable absorption beyond 450 nm where the
N719 dye exhibits a strong metal-to-ligand-charge-
transfer (MLCT) band (Bedja and Hagfeldt 2011, Vemula
et al. 2024). These results indicate that ZE-3MeO lacks the
electronic  transitions necessary for visible-light
harvesting and therefore is not expected to contribute
directly to photocurrent generation; rather, it acts at the
interface, consistent with reduced surface trapping and
charge-transfer/recombination

regulated interfacial

processes (Najm et al. 2020). For reference, the m-TiO;
film thickness was ~9 um (Figure 1b).

0.6

(a) —>—ZE-3MeO
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Figure 1. a) UV-Vis absorption spectra of ZE-3MeO in solution
phase, b) thickness of the m-TiO, layer.

XPS was performed to elucidate the surface chemical
environment of the trimethoxy-substituted ZE-3MeO
molecule after immobilization onto TiO,. High-resolution
C 1s, S 2p, and O 1s spectra were fitted and the relative
peak areas were used to provide comparative metrics
(Figure 2; Table 1). In the C 1s spectrum (Figure 2a), the
main contribution at 284.27 eV (C—C/C-H) accounts for
57.7% of the total C 1s envelope, representing the
aromatic backbone. The oxygenated carbon signals are
clearly resolved at 286.04 eV (C—0) and 288.13 eV (0O=C—
0), contributing 12.6% and 11.74%, respectively. Notably,
the C—0 component at 286.04 eV is consistent with ether-
type C—0—C bonds from methoxy groups and/or surface-
associated C-O species, potentially including Ti—O—C-like
interactions upon adsorption (Montagne et al. 2009,
Yameen et al. 2010, Choi et al. 2013, Easton and Morgan
2025).

In the S 2p region (Figure 2b), the reduced sulfur doublet
(S 2ps3j2 at 163.33 eV and S 2p1/; at 164.50 eV) contributes
35.45% of the S 2p area, while the oxidized sulfur
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component at S 2ps;; = 168.52 eV accounts for 64.55%
(Hasegawa et al. 2015, Guo et al. 2021). This indicates
partial oxidation during surface
functionalization/adsorption steps, while showing that a
measurable portion of the reduced sulfur associated with

the ZE-3MeO backbone is conserved.
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Figure 2. High-resolution XPS spectra of ZE-3MeO molecule on
oxide surface: (a) C 1s, (b) S 2p and (c) O 1s spectrum.

Since the peaks associated with the oxidized species are
their
contributions increases the risk of overfitting; therefore,

broadened, explicitly resolving individual

they are modeled as a single envelope component to
ensure a robust fit and transparent data representation

(Yameen et al. 2010). The O 1s spectrum (Figure 2c)
consists of lattice oxygen from TiO; at 529.49 eV (29.83%)
and a higher-binding-energy component at 530.76 eV
(70.17%). The high-BE O 1s contribution is commonly
attributed to surface hydroxyl/chemisorbed oxygen
and/or

species surface-bound organic

functionalities, and its magnitude together with the

oxygen in

oxygenated fractions in C 1s, is consisted with the
presence of ZE-3MeO-derived oxygenated groups at the
TiO, surface that can contribute to interfacial
coordination/anchoring (Zhu et al. 2022). Overall, these
quantitative area ratios substantiate successful ZE-3MeO
immobilization and the formation of an oxygen-rich

interfacial chemistry on TiO; (Lee et al. 2015).

Table 1. Overview of ZE-3MeO binding energies obtained by
high-resolution XPS.

Peaks BE (eV) Area Conc. (%)
o1sey) O 529.49 11883.8 29.83
c=0 530.76 27959.4 70.17
C—C/C-H 28427 6079.5 57.70
— 284.92 1892.0 17.96
C1s(eV) s
o 286.04 1350.2 12.60
0=Cc-0 288.13 1236.9 11.74
2p3/2 163.33 300.0 23.90
5 2p (eV) ép'z(zd 164.50 145.0 11.55
xidize 168.52 810.4 64.55
species

* Recombination pathways

Figure 3. Schematic representation of the ZE-3MeO/m-TiO;
interface.

These XPS
immobilization of ZE-3MeO on TiO, and demonstrate its

results confirm the successful surface

compatibility with trimethoxy-substituted interface

chemistry. This interpretation is consistent with the
schematic

in Figure 3 and shows the proposed
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arrangement of ZE-3MeO on the TiO; surface. Due to the
trimethoxy substitution, ZE-3MeO is expected to form a
more ordered and continuous co-adsorbent layer and
provide more effective coating of TiO, sites. Such an
interface arrangement is consistent with enhanced
surface passivation, suppressed interface recombination,
and improved
TiO,/dye/electrolyte interface.

charge transfer selectivity at the

EIS was conducted under dark conditions at the Vo to

evaluate  the interfacial charge-transfer  and
recombination characteristics of DSSCs fabricated with
and without ZE-3MeO modification (Figure 4) (Wang et al.
2005, Oztiirk et al. 2024, Naik et al. 2025). The
Nyquist/Bode spectra and fitted parameters reported
here were obtained from the highest PCE yielding devices,
both with and without ZE-3MeO, fabricated under the
optimized protocol. The Nyquist plots exhibited two
dominant semicircles, which can be attributed to distinct
interfacial processes occurring at different frequency
regions. The high-frequency arc is commonly associated
with charge transfer at the counter electrode/electrolyte
interface, whereas the mid-frequency arc is typically
related to charge-transfer/recombination processes at
the TiO,/dye/electrolyte interface. The equivalent circuit
used to fit the impedance spectra comprised a series
resistance (Rs) and two constant phase element-resistor
(CPE-R) Rs—(CPE1/R1)—(CPE2/R>)
(Figure 4a inset) (Lazanas and Prodromidis 2023).

pairs, expressed as

The fitted parameters summarized in Table 2 indicate that
the ZE-3MeO-modified device exhibits slightly lower
series resistance (Rs=17.0 Q) compared to the control
(18.5 Q), suggesting improved charge transport within the
device. R; decreased substantially from 6.7 Q (control) to
3.4 Q (ZE-3MeO), consistent with facilitated interfacial
charge transfer and reduced interfacial losses in the
corresponding high-frequency process (Rodrigues et al.
2021).

Table 2. Dark-condition EIS parameters for control and ZE-3MeO
co-adsorbed DSSCs.

Parameters Control ZE-3MeO
Rs (Q) 18.5 17.0
R1(Q) 6.7 3.4
R2 (Q) 7.4 7.5
Te (MS) 3.8 16.6

The R; remained essentially unchanged (7.4 Q for the
7.5 Q for ZE-3MeO),
introducing ZE-3MeO does not introduce an additional
fitted
recombination resistance within the sensitivity of the
adopted model (Table 2).

control vs. suggesting that

ohmic loss contribution or reduce the

O (Ontrol Under dark
i w7 E-3MeO
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.::E 204
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54
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Figure 4. EIS analysis of DSSC devices without and with ZE-3MeO
co-adsorbent. (a) Nyquist plots and equivalent circuit, (b) Bode
plots.

Notably, despite the near-constant R,, the electron
lifetime (te) extracted from the Bode phase maximum
increased markedly from 3.8 ms (control) to 16.6 ms (ZE-
3MeO), indicating slower recombination dynamics and/or
longer-lived interfacial charge accumulation (Figure 4b)
(Cisneros et al. 2016). The te was calculated from the Bode
phase plots as:

Te=— (1)

27 fmax

where fi is the frequency at the maximum phase angle.
A shift of the characteristic peak from higher to lower
frequency typically indicates a larger time constant,
corresponding to a longer electron lifetime for the
interfacial process (Weerasinghe et al. 2024). These EIS
trends interfacial  charge-

support  improved

transport/collection behavior and mitigated
recombination, in line with the enhanced device

performance (Hora et al. 2022, Aldosari et al. 2023).

As evident from the J-V and IPCE characterizations of the
best performing DSSCs fabricated with and without the
ZE-3MeO of the
trimethoxy-substituted co-adsorbent molecule exerts a

co-adsorbent, the introduction
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distinct positive effect on photovoltaic performance
(Figure 5a). The reference device exhibited a PCE of 4.1 %,
whereas the ZE-3MeO-modified device
significantly higher efficiency of 5.1 %, primarily
attributed to the enhanced Ji=12.1 mA/cm? and an
improved FF=61.5 % while maintaining a similar V=680
mV (Table 3). Although ZE-3MeO improves EIS-derived
recombination indicators (e.g., Te), Voc remains nearly
unchanged. In DSSCs, Vo is governed by the electron
quasi-Fermi level in TiO, relative to the electrolyte redox

reached a

potential and thus depends on both recombination

kinetics and interfacial (Bisquert and

Vikhrenko 2004). Therefore, an interfacial modifier can

energetics

enhance charge collection (higher J,c and FF) while
yielding a limited Vo change if it concurrently induces
subtle shifts in the effective TiO, conduction-band edge
and/or interfacial band alignment (Neale et al. 2005b, Lim
et al. 2011, Sung et al. 2020). This improvement indicates
that ZE-3MeO effectively facilitates interfacial charge
injection and reduces carrier recombination losses at the
TiO,/N719/electrolyte interface (Han et al. 2012, Lee et
al. 2012).

Table 3. Photovoltaic parameters of the champion DSSCs with
and without ZE-3MeO co-adsorbent.

ID Joe Jo Voo FF  PCE
(mA/cm2)V  (mA/cm?)PE  (mV) (%) (%)

Control 10.7 9.4 680 57.7 4.1

ZE-

3Me0 12.1 11.2 680 61.5 5.1

Table 4. Averaged J-V characteristics of DSSCs fabricated with
and without ZE-3MeO co-adsorbent.

ID Jie(mA/cm2)  V,.(mV) FF(%)  PCE (%)
Control 10.7 680 57.7 4.1
10.0 680 55.0 3.8
10.2 675 56.0 3.9
9.7 675 54.6 3.6
10.3 670 57.0 4.0
Average 10.18 676 56.06 3.88
ZE-3MeO 12.0 680 60.0 4.9
12.4 680 58.0 4.9
12.1 680 61.5 5.1
11.8 680 61.0 5.0
11.9 680 61.7 5.0
Average 12.04 680 60.44 4.98

To verify reproducibility, five independent DSSCs were
fabricated and measured for each condition following an
identical fabrication protocol. The average photovoltaic
parameters are summarized in Table 4. The relatively
small device-to-device spread in PCE (3.88 + 0.19% for the
control and 4.98 + 0.08% for ZE-3MeO) confirms good
consistent

reproducibility and a performance

enhancement upon ZE-3MeO modification.
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Figure 5. Photovoltaic performance of the champion DSSCs with
and without ZE-3MeO co-adsorbent. (a) J-V curves (b) IPCE
spectra.

Jsc values obtained from both J-V measurements and IPCE
further
supporting the reliability of the measured photoresponse

integration showed strong consistency,
(Figure 5b). The IPCE-integrated Ji. values were 9.4
mA/cm? for the control and 11.2 mA/cm?for the ZE-3MeO
device, corresponding to a ~7.4% deviation for ZE-3MeO
relative to the J-V-derived Jsc (12.1 mA/cm?) and a
comparable deviation for the control, which falls within
the commonly accepted uncertainty range reported for Jsc
cross-validation in DSSCs. Such residual discrepancies
between J-V and IPCE-derived Jsc values can primarily
arise from spectral mismatch between the AM 1.5G solar
simulator and the monochromatic IPCE setup, as well as
temperature-dependent and series-resistance-related
effects that are inherently captured during J-V scans but
not reflected in IPCE integration. The improved Jsc and FF
obtained for the ZE-3MeO device are consistent with the
dual interfacial role of the trimethoxy-substituted co-
adsorbent: (i) strengthening interfacial coupling and
facilitating charge transfer/collection, and (ii) mitigating
interfacial recombination via surface-state passivation.
Consequently, the agreement between the J-V and IPCE
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analyses indicates that ZE-3MeO enhances photocurrent
generation primarily through improved charge-collection
dynamics and interfacial passivation,
reproducible performance gains in DSSCs (Chang et al.

2013, Zou et al. 2022).

leading to

To further benchmark our results, we compared our
devices with representative reference systems from
previous studies (Table 5). ZE-3MeO offers performance
that can compete with various basic co-adsorbents and

selected interface modifiers. The performance gain
observed here is primarily driven by higher Jic and
improved FF, whereas the V.. remains comparatively
modest an outcome that is broadly consistent with trends
reported for trimethoxy-substituted co-adsorbents in
N719-based DSSCs. The XPS and EIS signatures are
consistent with these performance trends, positioning ZE-
3MeO as a practical and scalable co-adsorbent strategy
for achieving competitive DSSC performance through
improved interfacial regulation.

Table 5. Comparison of photovoltaic parameters for ZE-3MeO-modified N719 DSSCs with benchmark literature.

Jse Voc FF PCE
Co-adsorbent (mA/cm?) (mV) (%) (%) Ref.
2-MBT 10.03 719 58.2 4.2 (Larsson et al. 2022)

(Mazloum-Ardakani and Arazi

CA 14.87 765 45.7 5.2 2019)
CDCA 8.4 795 55.38 3.69 (Najm et al. 2022)
CDCA 14.29 660 67.0 6.31 (Yen et al. 2013)
BMPP >15.0 >750 >70.0 ~8.0 (Cisneros et al. 2016)
EGO 13.34 734 69.0 6.75 (Xu et al. 2013)
mPEG 11.0 760 68.0 5.7 (Lee et al. 2012)
TEOS ~9.5 ~750 ~71.0 4.97 (Lin and Chu 2014)
PTEOS ~9.8 ~750 ~71.0 5.1 (Lin and Chu, 2014
TBACDC 12.0 803 77.3 7.42 (Neale et al. 2005a)
CDCA 12.0 740 72.0 6.4 (Sasitharan et al. 2025)
BIACO1L 13.13 760 71.0 7.11 (Sasitharan et al. 2025)
BIACO3L 13.1 770 75.0 7.56 (Sasitharan et al. 2025)
BIACO5Q 13.1 760 73.0 7.26 (Sasitharan et al. 2025)
CDCA 17.44 791 51.0 7.1 (Gnida and Schab-Balcerzak 2024)
CDCA 22.15 720 46.0 7.6 (Gnida and Schab-Balcerzak 2024)
CDCA 24.05 768 46.0 8.5 (Gnida et al. 2024)
ZE-3MeO 12.1 680 61.5 5.1 This work

4. Conclusions

In this study, the interfacial impact of the trimethoxy-
substituted co-adsorbent ZE-3MeO on N719-based DSSCs
was systematically investigated. The trimethoxy
functionalization markedly modifies the surface chemical
environment and interfacial charge-transport behavior at
the TiO,/N719/electrolyte interface. XPS indicates
enhanced oxygenated-carbon signatures (C-0-C/C-0)
and an increased high binding energy O 1s contribution,
consistent with an oxygen-enriched interfacial chemistry
upon ZE-3MeO adsorption. Dark EIS further supports
improved interfacial charge-transfer kinetics, as
evidenced by a reduced high-frequency interfacial
resistance (R; = 3.4 Q vs 6.7 Q) and an extended electron
lifetime (te = 16.6 ms vs 3.8 ms), consistent with mitigated
recombination dynamics. Consistently, the ZE-3MeO-
modified device delivers higher Js (12.1 mA/cm?) and FF
(61.5%), vyielding a PCE of 5.1% (vs 4.1%) while
maintaining a similar Vo (~¥680 mV), and the agreement
between J-V and IPCE trends corroborates the enhanced
charge-collection behavior. Overall, the combined
electrochemical, spectroscopic, and photovoltaic results

suggest that trimethoxy functionalization mitigates non-
radiative losses at the interface, positioning ZE-3MeO as
a practical co-adsorbent for interface-engineered DSSCs.
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