
RESEARCH ARTICLE
www.advancedscience.com

Highly Selective CO2 Reduction to Pure Formic Acid Using a
Nafion-TiO2 Composite Porous Solid Electrolyte

Yeomin Kang, Kooyoung Jung, Jusung Kim, and Ki Tae Park*

The electrochemical reduction of CO2 (CO2RR) to liquid fuels and chemicals
offers a sustainable route to close the carbon cycle. Solid-state electrolyte
(SSE) systems have recently emerged as a breakthrough platform, enabling
the direct synthesis of high-purity liquid products. Here, a novel Nafion-based
porous solid electrolyte (NPSE) with tunable thickness and porosity is
presented, replacing conventional bead-type ion-exchange resins. The
structural tunability of NPSEs plays a critical role in determining CO2RR
performance. Furthermore, a Nafion-titanium dioxide (TiO2) composite NPSE
(NPSE-TiO2) is developed, in which TiO2 nanoparticles significantly enhance
the selectivity and productivity of formic acid. The NPSE-TiO2 achieves a
record-high Faradaic efficiency (FEHCOOH) of 98.6%, the highest value
reported to date among SSE systems, along with a high partial current density
(jHCOOH) of 431.8 mA cm−2, yielding electrolyte-free formic acid with a
single-pass concentration of 17.4 wt.%. Mechanistic investigations reveal that
TiO2 promotes the transport of formate anions (HCOO−), suppressing
back-diffusion of formic acid to the cathode and stabilizing cathodic pH.

1. Introduction

The increasing atmospheric concentration of CO2 due to fos-
sil fuel combustion and industrial activities has heightened the
urgency of developing carbon capture and utilization (CCU)
technologies.[1] Among various electrochemical CO2 reduction
reaction (CO2RR) products, formic acid (HCOOH) is particu-
larly attractive due to its high energy density, liquid-phase stor-
age capability, and use as both a hydrogen carrier and a key in-
dustrial chemical. Compared to gaseous products such as carbon
monoxide, formic acid offers distinct advantages in handling,
storage, and transportation due to its liquid phase at ambient con-
ditions, making it a highly promising candidate for sustainable
energy and chemical production. However, a major challenge in
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formic acid production via CO2RR is that
the reaction often takes place in alkaline
or neutral conditions, leading to the for-
mation of formate salts mixed with elec-
trolyte rather than free formic acid.[2–16]

This necessitates additional downstream
purification and acidification steps, in-
creasing process complexity and energy
requirements.[17,18] To address this chal-
lenge, Yang et al. introduced a solid-
state electrolyte (SSE) system for a CO2RR
electrolyser, which consisted of three dis-
tinct compartments separated by an an-
ion exchange membrane and a cation ex-
change membrane. This configuration en-
abled the direct production of high-purity
formic acid; however, it suffered from rel-
atively low product selectivity and cur-
rent density.[19] Since then, various re-
search groups have developed increasingly
advanced catalyst designs to improve the
Faradaic efficiency and current density of
CO2RR.

[20–27] In addition, the SSE system
design has been expanded to the production of other value-added
products. For example, Wi et al. demonstrated that the SSE cell
configuration enables the production of C2 products,

[28] while Xia
et al. and Zhang et al. reported promising results for oxygen re-
duction for hydrogen peroxide production.[29,30] Additionally, Liu
et al. have incorporated SSE cell configurations in the particu-
larly difficult electrochemical synthesis of urea.[31] Despite these
advances, the solid electrolyte system still suffers from high over-
all cell voltages, reducing energy efficiency compared to conven-
tional electrochemical setups.[18,32]

While most studies focus on catalyst development to improve
selectivity and activity, the design and operation of the electroly-
sis cell themselves play equally crucial roles in achieving efficient
CO2RR. Among the various cell components, SSEmaterials have
been identified as a major source of internal resistance, leading
to high cell voltages.[22] Optimizing the architecture and physic-
ochemical properties of SSEs may provide a more cost-effective
and scalable strategy for reducing energy losses and improving
overall process efficiency. Recently, Cherniack et al. introduced
an ionomer wafer to further investigate the interfacial phenom-
ena between components of the SSE cell.[33] However, this design
exhibited low selectivity toward CO2RR products due to insuffi-
cient anion transport and back-diffusion of produced formic acid
to the cathode, leading to product loss from the center compart-
ment and a decrease in selectivity of CO2RR due to local acidifi-
cation, which promotes the hydrogen evolution reaction (HER).
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Figure 1. Morphological and electrochemical characterization of NPSE samples. a) Top-view and b) cross-sectional SEM images of NPSE-600/Φ75,
revealing a well-defined porous structure. c) Digital photograph of NPSE-600/Φ75. d) Nyquist impedance plots (1MHz to 100Hz, EOC, 10mV amplitude)
for isolated NPSE samples according to thickness.

Herein, we report a Nafion-based porous solid electrolyte
(NPSE) as an advanced SSE platform for CO2RR to formic acid.
Through systematic optimization of the key parameters of NPSE,
including thickness, porosity, and chemical composition, it was
successfully verified that the NPSE design improvements can
be as impactful as catalyst innovations, offering a practical and
cost-effective pathway for advancing CO2RR technologies. Be-
yond structural tuning, we further explore the incorporation of
titanium dioxide (TiO2) nanoparticles into the NPSE matrix as
a strategy to enhance ionic properties and address limitations
associated with formate anion transport and back-diffusion of
formic acid. This study highlights the importance of solid elec-
trolyte engineering in advancing SSE systems capable of high se-
lectivity, improved energy efficiency, and scalable production of
high-purity formic acid.

2. Results and Discussion

NPSEs were prepared via a metal foam leaching method,
as shown in Figure S1 (Supporting Information). The pre-
pared NPSEs were a continuous mesh of ionomers, forming a
translucent, sponge-like gel having regular pores of ≈500 μm
(Figure 1a–c). Various strategies have been explored to introduce
porosity into Nafion membranes, including the use of volatile
porogenes[34,35] and salting out techniques.[36,37] However, these
conventional methods often fail to produce open-pore structures
capable of supporting sufficient liquid flow, an essential require-
ment for the efficient recovery of liquid products in SSE systems.
In contrast, our metal foam leaching method enables the reliable
fabrication of porous solid electrolytes with well-defined open-

pore architectures that facilitate effective and stable liquid trans-
port throughout the solid electrolyte matrix.
The proposed method also enables precise control over key

structural parameters of the NPSE, including thickness and
porosity. The thickness was adjusted by varying the amount
of ionomer dispersion injected, in combination with custom-
fabricated polydimethylsiloxane (PDMS) wells and nickel foams
(NF) withmatched depth and thickness. NPSEs with target thick-
nesses of 400, 600, and 1000 μm were successfully fabricated
(Figure S2, Supporting Information). Likewise, by tuning the
porosity of the metal foam template, the porosity of the result-
ing NPSEs was adjusted to 75%, 60% and 50%, respectively
(Figure S3, Supporting Information). With denser NFs, the re-
sulting NPSEs had a closer-knit mesh, leading to a lower poros-
ity solid electrolyte. The prepared NPSE samples were denoted as
NPSE-thickness/porosity based on their thickness and porosity.
For example, NPSE-600/Φ60 refers to a NPSE with a thickness of
600 μm and a porosity of 60%. A summary of the NPSE formula-
tions and their structural characteristics is presented in Table S1
(Supporting Information). Further details on the preparation pro-
cedure are available in the Experimental Section of Supporting
Information.
NPSE samples were characterized to elucidate their structural

and compositional properties. As shown in Figure S4 (Support-
ing Information), scanning electron microscopy (SEM) for high-
resolution imaging with energy-dispersive X-ray spectroscopy
(EDS) revealed that the NPSE matrix was primarily composed of
carbon, fluorene, and sulfur, consistent with the expected chem-
ical composition of Nafion. Negligible amounts of nickel were
detected by EDS (Table S2, Supporting Information), indicating
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Figure 2. a) Schematic illustration of the solid-state electrolyte (SSE) cell employing Nafion-based porous solid electrolyte (NPSE). Performance metrics
for CO2RR as a function of NPSE thickness: b) Faradaic Efficiency (FE) for formic acid, c) full cell voltage, d) energy efficiency, e) Nyquist impedance
plots (1 MHz to 10 Hz, 3.8Vcell, 30 mV amplitude), and f) pressure drop across the center compartment.

that the dilute piranha solution used was effective at removing
theNF scaffold, while preserving the porous structure of the solid
polymer electrolyte.
To evaluate the ion-conductive properties of the NPSEs, elec-

trochemical impedance spectroscopy (EIS) measurements were
carried out using a custom-designed solid electrolyte analysis cell
(Figure S5, Supporting Information). As shown in Figure 1d, the
solution resistance (RS) increased with NPSE thickness, indicat-
ing higher proton transfer resistance due to the extended diffu-
sion path. Notably, the RS of NPSE-600/Φ60 was nearly identical
to that of NPSE-400/Φ75 (Figure S6, Supporting Information),
suggesting that both reducing thickness and lowering porosity
are effective strategies for minimizing the ionic resistance of
NPSEs.
In addition, the ion exchange capacity (IEC) of the NPSEs was

measured via back titration (Figure S7, Supporting Information),
with resulting IEC values of≈0.9meqmL−1, which are consistent
with the reported IEC of Nafion (0.83–1.02 meq g−1).[38] These
results, together with the aforementioned EDS analysis, confirm
that the leaching process does not chemically degrade the Nafion
ionomer, while effectively and completely removing the nickel
foam scaffold.
To evaluate the CO2RR performance, the fabricated NPSEs

were introduced into the center compartment of solid-state elec-
trolyte (SSE) cells, where the cathodic catalyst was commercially
available bismuth oxide (Bi2O3) nanoparticles and the anode cat-
alyst was a mix of iridium (Ir) and ruthenium (Ru) (Figure 2a).
The cells were operated in an experimental setup as shown in

Figure S8 (Supporting Information). CO2RR performances were
monitored using the chronopotentiometry (CP) technique, while
electrochemical characteristics of the system were analyzed via
EIS and linear sweep voltammetry (LSV). The structural param-
eters of the NPSEs and their correlation with CO2 reduction per-
formance were systematically investigated.
As the NPSE thickness increased from 400 to 1000 μm at

a fixed porosity of 75%, the Faradaic efficiency (FE) for formic
acid generally improved (Figure 2b). Among the tested samples,
NPSE-600/Φ75 achieved the highest FE of 81.6% at a current
density of 200 mA cm−2 (Figure 2b). Notably, the thickest sam-
ple, NPSE-1000/Φ75, demonstrated better selectivity at higher
current densities above 400 mA cm−2 compared to that of thin-
ner NPSEs. This enhancement in selectivity is attributed to the
increased distance between the cathode and the acidic anode
with thicker NPSE, which increases the local pH near the cath-
ode and consequently suppresses the competing HER. Despite
the improved CO2RR selectivity observed with NPSE-1000/Φ75,
the substantially higher cell voltage and resulting energy de-
mand rendered the use of thicker NPSEs impractical for efficient
CO2RR, as shown in Figure 2c. A clear correlation was observed
between NPSE thickness and cell voltage, with NPSE-1000/Φ75
exhibiting a high cell voltage of 8.72 V at 500 mA cm−2.
When energy efficiency (EE), which accounts for both Faradaic

efficiency (FE) and cell voltage, was used as a performance
metric, NPSE-400/Φ75 consistently outperformed the thicker
NPSEs, as shown in Figure 2d. This improvement is primarily at-
tributed to reduced proton transport resistance in thinnerNPSEs.
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Figure 3. CO2RR performance metrics as a function of NPSE porosity. a) Faradaic efficiency for formic acid (FEHCOOH), b) Cell voltage, c) Nyquist
impedance plots (1 MHz to 10 Hz, 3.8 Vcell, 30 mV amplitude), d) Energy efficiency (EE), e) Outlet concentrations of formic acid, and f) Pressure drop
across the center compartment.

Nyquist plots (Figure 2e) further support this finding, revealing
a substantial decrease in Rs and a moderate reduction in charge
transfer resistance (RCT) with decreasing NPSE thickness. Addi-
tionally, linear sweep voltammetry (LSV) results (Figure S9a, Sup-
porting Information) showed that current density inversely cor-
related with NPSE thickness, supporting the trend of enhanced
ionic conductivity and reduced resistance in thinner NPSE con-
figurations.
However, although thinner NPSEs exhibited enhanced energy

efficiency for formic acid production, excessive pressure dropwas
observed for NPSE-400/Φ75, especially at high current densities.
At 500 mA cm−2, the pressure drops across the center compart-
ment reached ≈1.59 bar, as represented in Figure 2f. This signif-
icant increase of pressure drop with current density observed in
NPSE-400/Φ75 is primarily attributed to the generation of CO2
gas at increased current density.[19] Upon applying current to
the SSE cell, hydronium ions (H3O

+) are migrated from the an-
ode, while a mixture of formate and carbonate/bicarbonate an-
ions is delivered from the cathode into the center compartment
through the cation exchange membrane (CEM) and anion ex-
change membrane (AEM), respectively. Within the acidic envi-
ronment of the center compartment, the carbonate and bicarbon-
ate species are rapidly converted to CO2 gas, leading to volumet-
ric expansion and a sharp increase in internal pressure. This ex-
cessive pressure drop compromised the operational stability of
NPSE-400/Φ75, making it unsuitable for practical applications.
Interestingly, the outlet concentration of formic acid remained

nearly constant across NPSEs of varying thickness (Figure S9b,
Supporting Information). This behavior is attributed to a trade-

off between pressure drop-induced flow resistance and residence
time. In thinner NPSEs, although partial current densities were
lower, the elevated pressure drop slowed liquid flow rate and in-
creased residence time, resulting in comparable product concen-
trations. Considering these factors, particularly the severity of
pressure-related limitations in thinnermembranes and relatively
low Faradaic efficiency, the 600 μmNPSEwas selected as themin-
imum viable configuration for further investigation.
To investigate the influence of the porosity of NPSE on CO2RR

performance, a series of NPSEs with different porosities (Φ75,
Φ60, and Φ50) but fixed thickness (600 μm) was evaluated in
an SSE cell. As shown in Figure 3a, reducing the porosity from
75% to 60% led to significantly higher FEHCOOH at higher cur-
rent densities, with NPSE-600/Φ60 achieving 69.0% FEHCOOH at
500mA cm−2, 22%p higher thanNPSE-600/Φ75.However, when
the porosity was further decreased to 50%, the FEHCOOH dropped
significantly compared to NPSE-600/Φ60. These results suggest
that lowering porosity can be beneficial for reducing cell voltages
at a given current density (Figure 3b), but overly dense NPSEs fa-
cilitate excessive proton transport at the NPSE/cathode interface,
thereby accelerating HER.
The corresponding cell voltages presented in Figure 3b exhibit

a clear trend of decreasing with reduced porosity at all current
densities. This indicates a proportional decrease in internal resis-
tance due to the denser structure of NPSE, which promotes ion
transport. The EIS spectra (Figure 3c) and LSV curves (Figure
S10, Supporting Information) further support this observation,
showing decreasing ohmic resistance with increasing NPSE den-
sity.
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Energy efficiency results are summarized in Figure 3d, where
NPSE-600/Φ60 and NPSE-600/Φ50 clearly outperform the Φ75
sample across the entire tested current range, particularly at
higher current densities. Except at 100 mA cm−2, the NPSE-
600/Φ60 andNPSE-600/Φ50 show comparable energy efficiency,
as the decrease in cell voltage of the NPSE-600/Φ50 roughly off-
setting the decrease in FEHCOOH. These results highlight the im-
portance of structural optimization in minimizing energy losses,
an essential consideration for the practical scale-up of CO2 elec-
trolyzers.
The decrease in NPSE porosity led to an increase in the outlet

concentration of formic acid (Figure 3e), with only a marginal in-
crease in pressure drop of 0.07 and 0.24 bar for NPSE-600/Φ60
and NPSE-600/Φ50, respectively, compared to NPSE-600/Φ75
(Figure 3f). Unlike the case of varying NPSE thickness (Figure
S9b, Supporting Information), this result is particularly notable
because product concentration strongly impacts the economic vi-
ability of CO2RR, owing to the high costs of downstream separa-
tion and purification.[17,20,25] This correlation arises because de-
creasing NPSE porosity reduces internal void volume, thereby
concentrating the generated formic acid within the transport
pathways and leading to higher outlet product concentrations.
Interestingly, the cell resistance and corresponding operating

cell voltage of NPSE-600/Φ60 were nearly identical to those of
NPSE-400/Φ75. The only notable difference in CO2RR perfor-
mance between the two NPSEs was the pressure drops across
the center compartment. The NPSE-600/Φ60 exhibited a signif-
icantly lower and more manageable maximum pressure drop of
0.32 bar (Figure 3f), compared to 1.59 bar for NPSE-400/Φ75,
enabling more stable operation. These results suggest that opti-
mizing porosity, rather than simply reducing thickness, is amore
effective strategy for enhancing proton transport with maintain-
ing hydrodynamic and operational stability. Hence, NPSEs were
optimized to a thickness of 600 μm and porosity of 60%.
Following the identification of favorable structural parameters

for NPSEs, CO2RR performance was further enhanced by the in-
corporation of TiO2 nanoparticles (TiO2 NPs) into the NPSE ma-
trix. As an amphoteric oxide, TiO2 is known to function as both a
Lewis and Brønsted acid.[39,40] Thus, its incorporation would in-
crease the IEC of the solid electrolyte and further reduce ionic
resistance. Uniform dispersion of TiO2 NPs within the NPSE
was achieved by blending TiO2 slurry withNafion dispersionwith
varying weight ratios (summarized in Table S3, Supporting Infor-
mation). Successful incorporation was confirmed by SEM-EDS
analysis (Figure 4a; Figures S11 and S12, Supporting Informa-
tion), which also indicated complete removal of the Ni scaffold
(Table S4, Supporting Information). All NPSE-TiO2 composite
samples were fabricated with a fixed thickness of 600 μm and
a porosity of 60% (Figure S13, Supporting Information). The re-
sulting NPSE-600/Φ60/TiO2 maintained a similar morphology
to unmodified NPSEs, except for a distinct opaque white col-
oration, as shown in Figure 4b.
The incorporation of TiO2 into NPSE-600/Φ60 led to a notable

enhancement in CO2RR performance. As shown in Figure 4c,
the FEHCOOH reached 98.6% at 300 mA cm−2, with a notably high
selectivity of 86.4%maintained even at 500 mA cm−2. This corre-
sponded to a maximum partial current density of 431.8 mA cm−2

for formic acid production (Figure 4d). Additionally, TiO2 incor-
poration also contributed to a reduction in cell voltage from 6.1

to 5.7 V at 500 mA cm−2 (Figure 4c). The synergetic effects of
improved selectivity and reduced resistance led to a substantial
improvement in energy efficiency and outlet concentration of
formic acid, achieving values of 32.29% (Figure 4e) and 17.4 wt.%
(Figure 4f), respectively.
EIS measurements (Figure 4g) showed that the incorporation

of TiO2 NPs led to a reduction in solution resistance (Rs), sug-
gesting improved ionic transport. In addition, back titrationmea-
surements indicated up to a 75% increase in IEC compared to the
unmodified NPSE-600/Φ60 with increasing TiO2 loading (Figure
S14 , Supporting Information). However, EIS results from both
the SSE cells and isolated NPSE samples (Figures S15d and S16,
Supporting Information) exhibited increased Rs at higher TiO2
loadings. Moreover, the increase in IEC did not directly corre-
late with improvements in key CO2RR performancemetrics such
as FEHCOOH, cell voltage, jHCOOH, or energy efficiency as shown
in Figure S15 (Supporting Information). Among the tested sam-
ples, NPSE-600/Φ60/TiO2 1% exhibited the highest CO2RR per-
formance. This suggests that beyond an optimal TiO2 content,
agglomeration of TiO2 particles creates non-conductive domains
that disrupt continuous ion transport pathways and increase
overall resistance, thereby negating the benefits of enhanced IEC.
The operational stability of the NPSE-600/Φ60/TiO2 1% was

evaluated over 30 h at a constant current density of 200 mA cm−2

(Figure 4h). The cell maintained high selectivity (FEHCOOH >

80%) and a stable operating cell voltage (≈4 V) throughout the
test. Given the well-established mechanical and chemical robust-
ness of Nafion and TiO2, the promising long-term stability results
are consistent with expectations.
However, the superior CO2RR performance for formic acid

production, particularly the substantial increase in the FEHCOOH,
achieved by NPSE-600/Φ60/TiO2 1%, cannot be fully attributed
to the increase in IEC or the reduction in Rs alone. To further
investigate whether TiO2 also affects the transport of formate
anions (HCOO−) within the NPSE, diffusion experiments were
conducted using both a pristine Nafion membrane and a Nafion-
TiO2 composite membrane containing 1 wt.% TiO2 NPs, as il-
lustrated in Figure S17 (Supporting Information). Two chambers
were separated by either a Nafion membrane or a Nafion-TiO2
composite membrane, both of which were dense (non-porous)
and cast to have a nominal thickness of 50 μm. The donor cham-
ber was filled with 0.5 m potassium formate (HCOOK) solution,
while the receiving chamber contained deionized water. Formate
concentrations in the receiving chamber were monitored period-
ically over 1.5 h, and the resulting cumulative flux of HCOO−

(μmol cm−2) through each membrane is presented in Figure 5a.
Notably, the cumulative HCOO− flux through the Nafion-TiO2

composite membrane reached 8.56 μmol cm−2 after 1.5 h, a
37.6% increase of that compared to pristine Nafion membrane
(6.22 μmol cm−2), as shown in Figure 5a. This result clearly in-
dicates that the TiO2 incorporation enhances HCOO

− transport
within the NPSE. To the best of our knowledge, this is the first re-
ported evidence of TiO2 facilitating formate transport when em-
bedded in an ion-exchange membrane. Given that this enhance-
ment was observed under purely diffusive conditions with a low
concentration gradient (0.5 m), it is expected that HCOO− trans-
port would be even more pronounced under practical operat-
ing conditions with higher concentration differentials exceeding
10 wt.% (Figure 4f).
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Figure 4. Characterization and CO2RR performance of NPSE-600/Φ60/TiO2 composite electrolytes. a) SEM-EDS mapping images of NPSE-
600/Φ60/TiO2 1%, showing uniform dispersion of Ti within the Nafion matrix (C and S). b) Digital photograph of NPSE-600/Φ60/TiO2 1% sample. c)
Faradaic efficiency for formic acid (FEHCOOH), d) Partial current density for formic acid production (jHCOOH), e) Energy efficiency, f) Outlet concentrations
of formic acid, g) Nyquist impedance plots (1 MHz to 10 Hz, 3.8 V, 30 mV amplitude), and h) Long-term stablity test results using NPSE-600/Φ60/TiO2
1% operating at 200 mA cm−2 over 30 h.

The mechanism by which TiO2 facilitates formate anions is
proposed to be adsorption-assisted transference. Formic acid is
known to chemisorb on the surface of TiO2 in monodentate and
bidentate configurations.[41] To verify adsorption in the aqueous
phase, a bulk adsorption experiment was conducted, in which a
dilute solution of 85 μMHCOOK was treated with TiO2 nanopar-
ticles. As shown in Figure 5b, the HCOOK solution showed
significant decreases in formate concentration (CHCOO

−) after
30 min. The density of surface adsorption site was calculated to
be 5.43 μmol m−2 (Table S5, Supporting Information), consistent

with reported values (5≈6 μmolm−2),[41] thereby providing strong
evidence for the adsorption-assisted transference mechanism.
Crucially, the ability of the NPSE-TiO2 composite to facili-

tate HCOO− transport not only effectively suppresses the back-
diffusion of the produced formic acid but also improves the lo-
cal pH environment at the cathode, both of which are critical for
sustaining high CO2RR selectivity. Previous studies have pointed
to local pH and back diffusion being a significant factor in the
CO2RR selectivity of SSE systems.[32,42,43] Since the NPSE is com-
posed of a cation-conductive Nafion ionomer, protons (H+) are
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Figure 5. Mechanistic investigation of TiO2 nanoparticle function in NPSE. a) Cumulative formate ion (HCOO−) flux through either a pristine Nafion
membrane or a Nafion-TiO2 composite membrane. b) Formate concentrations of potassium formate solutions before and after TiO2 treatment. c,d)
Schematic illustrations of SSE cell operation: (b) without and (c) with TiO2 nanoparticle incorporation.

readily transported through the NPSE, whereas formate anions
(HCOO−) are less likely to be transported. Consequently, the re-
combination of H+ and HCOO− to form formic acid predomi-
nantly occurs at the NPSE-AEM interface near the cathode, as
depicted in Figure 5b. In this configuration, the formic acid pro-
duced is susceptible to back-diffusion toward the cathode, leading
to product loss from the center compartment and a decrease in
FEHCOOH due to local acidification, which promotes the HER.
In contrast, in the NPSE-TiO2 composite, the incorporation

of TiO2 facilitates HCOO
− transport, thereby shifting the site

of formic acid formation farther from the cathode. This spa-
tial displacement effectively mitigates back-diffusion of formic
acid and sustains a more alkaline cathode environment, thereby
enhancing CO2RR selectivity. Therefore, these findings demon-
strate that the incorporation of TiO2 plays a crucial role in ad-
dressing key limitations of SSE cells, such as formic acid back-
diffusion and low CO2RR selectivity, by simultaneously enhanc-
ing IEC and anion transport, while stabilizing the local pH envi-
ronment at the cathode.

3. Conclusion

In summary, we developed and systematically optimized Nafion-
based porous solid electrolytes (NPSEs) for solid-state electrolyte
(SSE) CO2RR systems for the selective production of pure formic
acid. Structural variables such as thickness, porosity, and TiO2
incorporation were investigated to assess their impact on ion

transport, selectivity, and energy efficiency. Our results show that
NPSE thickness influences Faradaic efficiency, cell voltage, and
energy efficiency, while porosity optimization further enhances
system performance. Critically, the incorporation of 1 wt.% TiO2
NPs into the NPSE matrix led to a dramatic improvement in
formic acid selectivity (FEHCOOH of up to 98.6%) with a high
single-pass product concentration of 17.4 wt.% under electrolyte-
free conditions. Mechanistic analyses revealed that TiO2 not only
increases the IEC and decreases ohmic resistance but also fa-
cilitates the transport of formate anions (HCOO−). This im-
proved HCOO− mobility was shown to suppress back-diffusion
of formic acid and stabilize the local cathodic pH, which collec-
tively enhanced CO2RR selectivity. These findings highlight the
importance of structural and compositional tuning in design-
ing solid electrolytes for efficient CO2RR. The NPSE-TiO2 com-
posite presents a promising platform for scalable, selective, and
energy-efficient CO2-to-formic acid conversion, offering insights
for future development of advanced ion-conductive media. Fu-
ture work should explore alternative ionomers and nanomateri-
als for SSE to further enhance ion transport and electrochemical
performance.
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