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SUMMARY

CO2 electrolysis is a promising route to convert CO2 into value-added chemicals. Here, we use flame spray 

pyrolysis (FSP) as a rapid and scalable method to synthesize Bi2O3 nanospheres and evaluate their formate 

production in a gas diffusion electrode flow electrolyzer. Under reaction conditions, Bi2O3 converts in situ into 

bismuth subcarbonate, delivering >90% formate Faradaic efficiency across − 0.6 to − 1.6 V vs. reversible 

hydrogen electrode (RHE), reaching a formate partial current density of − 700 mA.cm− 2 at − 1.8 V. This per

formance is nearly twice that of electrochemically deposited dendritic Bi2O3. To elucidate the origin of this 

high performance, a combined tomography approach based on focused ion beam-scanning electron micro

scopy (FIB-SEM) nano-tomography and inductively coupled plasma-mass spectrometry (ICP-MS) EDX 

cross-sectional profiling was introduced to track catalyst layer morphology and electrolyte-induced flooding. 

The FSP-derived catalyst forms a compact layer near the microporous layer, confining flooding to the cata

lyst microporous interface and improving operational stability. This work provides mechanistic insight and 

characterization guidelines for designing durable, high-performance electrodes for CO2 electrolysis.

INTRODUCTION

The continuous rise in anthropogenic CO2 emissions and global 

temperatures intensifies the need for mitigation strategies that 

lower industrial carbon footprints and enable renewable energy 

storage.1 Among the proposed approaches, carbon capture 

combined with the electrochemical (EC) CO2 reduction reaction 

(ECO2RR), powered by renewable energy sources, offers a 

promising and potentially scalable route to mitigate CO2 emis

sions while producing value-added chemicals.2–4 Over recent 

decades, the ECO2RR has progressed from fundamental studies 

toward industrial relevance.5–9 Extensive efforts have focused on 

developing active and selective catalyst materials: Au and Ag 

show high efficiencies for CO production,10,11 whereas Cu favors 

C2+ products,7,12 while Bi and Sn exhibit higher selectivity to

ward formate.13 Bismuth, in particular, has attracted consider

able interest because it is non-toxic, inexpensive, and Earth 

abundant. Its low affinity for adsorbed hydrogen (H*) suppresses 

the competing HER, thereby enhancing its suitability for the 

ECO2RR.14–16 Importantly, Bi uniquely incorporates CO2 into 

its oxide lattice to form bismuth subcarbonate ((BiO)2CO3), a 

highly active catalyst for formate production,17–19 and our previ

ous study provided direct evidence for this transition via oper

ando Raman spectroscopy.18

H-type cell experiments have been crucial for advancing the 

fundamental understanding of the ECO2RR and enabling the dis

covery of new catalysts. However, they face inherent limitations: 

in particular, the low solubility of CO2 in aqueous electrolytes re

stricts the achievable current density to a mass-transport limit 

that is typically two orders of magnitude below the industrially 

relevant range (> − 0.5 to − 1 A cm− 2).20,21 To increase opera

tional current density, flow-cell electrolyzers equipped with gas 
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diffusion electrodes (GDEs) have emerged as a promising strat

egy, as they improve delivery of CO2 to the catalyst surface.22,23

GDEs typically comprise three layers: (1) a conductive carbon fi

ber layer (CFL) that provides mechanical stability and electrical 

conductivity; (2) a hydrophobic microporous layer (MPL), often 

enriched with polytetrafluoroethylene (PTFE), together with the 

CFL forming the gas diffusion layer (GDL) or substrate; and (3) 

a catalyst layer interfaced with the MPL, where CO2 reduction 

occurs.24,25

Although flow cells enable operation at industrially relevant 

current densities, they introduce new challenges, particularly 

for GDE stability.26,27 Therefore, electrode durability remains a 

critical bottleneck for economically viable ECO2RRs. One of 

the key degradation mechanisms is electrolyte flooding of the 

GDE, which limits CO2 access to the catalyst.27 Bismuth-based 

catalysts are especially sensitive to CO2 depletion; under such 

conditions, the active bismuth subcarbonate phase is reduced 

to metallic bismuth, leading to a pronounced loss in formate 

selectivity.28,29 The accumulated catholyte inside the GDE can 

penetrate the CO2 flow field and leave the cell as droplets. This 

‘‘electrolyte perspiration’’ through the GDE into the gas compart

ment regulates flooding and can delay complete catalytic fail

ure.30,31 Efficient electrolyte management therefore requires 

careful GDE design. One strategy is to employ non-conductive, 

hydrophobic substrates such as PTFE or poly(vinylidene fluo

ride) (PVDF) as GDLs, which are resistant to electrowetting.32–34

Another approach is increasing the hydrophobicity of the cata

lyst layer by tuning the ionomer or adding hydrophobic nanopar

ticles (e.g., PTFE).35–38 In recent years, several methods have 

been developed to observe and quantify flooding in GDEs under 

ECO2RR conditions. Synchrotron-based operando techniques, 

although requiring specialized cell designs, provide detailed 

insight into GDE wetting behavior,39,40 while perspiration anal

ysis offers a complementary route to monitor and quantify elec

trolyte transport and retention.25,41,42

The reproducible and rapid synthesis of catalyst materials with 

well-defined composition and morphology is essential for imple

menting the ECO2RR at an industrially relevant scale.43 Different 

synthesis routes generate distinct particle sizes and morphol

ogies, which strongly influence EC performance. Conventional 

lab-scale nanoparticle syntheses are typically constrained by 

low production rates. Dynamic hydrogen bubble template 

(DHBT) electrodeposition is widely used to produce high-sur

face-area foams of fine particles, but despite being well estab

lished and reproducible, it is generally limited to deposition rates 

of ∼10 μg min− 1 (per 1 A m− 2).44 In contrast, flame spray pyrol

ysis (FSP) enables highly efficient nanoparticle production at 

rates exceeding 10 g min− 1,45,46 offering a realistic pathway to

ward mass fabrication of GDEs for the ECO2RR.47 To date, a sys

tematic understanding of how the structural characteristics of 

DHBT- and FSP-derived GDEs influence their catalytic evolution 

and susceptibility to flooding remains lacking, and a direct 

comparative analysis has not yet been reported. This gap com

plements the broader body of research, which has primarily 

focused on the optimization of active catalyst materials.

In this work, Bi2O3 particles with distinct sizes and morphol

ogies are synthesized by FSP (FSP Bi2O3) and DHBT EC deposi

tion (EC Bi2O3). The small, spherical FSP Bi2O3 particles exhibit 

markedly enhanced ECO2RR performance compared to the 

larger, dendritic EC Bi2O3 structures, achieving formate selectiv

ities above 90% over a broad potential window of − 0.6 to − 1.6 V 

vs. reversible hydrogen electrode (RHE), vs. − 0.6 to − 1.2 V vs. 

RHE for EC Bi2O3. FSP Bi2O3 also shows superior activity, reach

ing formate partial current densities (PCDs) exceeding − 700 mA 

cm− 2, compared to − 396 mA cm− 2 for EC Bi2O3. Performance 

losses at current densities above − 500 mA cm− 2 are investi

gated using focused ion beam-scanning electron microscopy 

(FIB-SEM) nano-tomography in combination with previously es

tablished inductively coupled plasma-mass spectrometry (ICP- 

MS) EDX (energy-dispersive X-ray) cross-sectional profiling, 

enabling detailed analysis of catalyst degradation and substrate 

flooding. The FSP Bi2O3 GDEs form a compact catalyst layer 

from the smaller FSP-derived particles, which mitigate flooding 

over an extended potential window and operating time, thereby 

maintaining superior electrocatalytic performance compared to 

EC Bi2O3.

RESULTS AND DISCUSSION

Catalyst and GDE preparation and characterization

The two synthesis methods, FSP and EC, were employed to 

obtain distinct Bi2O3 catalyst precursors (schematic illustrations 

in Figures 1A and 1B). In FSP, a suitable bismuth precursor was 

dissolved in an organic solvent and sprayed into a reactor, where 

combustion of the microdroplets in an oxygen atmosphere pro

duced aggregates of spherical primary particles (FSP Bi2O3), 

which were collected on a glass fiber filter at the top of the 

reactor.48 Dendritic Bi2O3 was synthesized via DHBT (EC 

Bi2O3) at a high current density (− 3 A cm− 2), leading to simulta

neous hydrogen evolution and Bi foam formation (Figure S1),35

followed by mechanical removal by sonication and subsequent 

oxidation in a furnace to yield bismuth oxide (Bi2O3). The average 

particle deposition rate for EC deposition was gravimetrically 

determined to be 420 mg h− 1, more than an order of magnitude 

lower than that of the FSP process (10–20 g h− 1). Brunauer–Em

mett–Teller (BET) N2 adsorption revealed that FSP Bi2O3 has a 

∼2.5-fold higher specific surface area than EC Bi2O3 (9.3 vs. 

3.7 m2 g− 1; isotherms in Figure S2). High-resolution TEM 

(HRTEM) images of both materials showed lattice spacings of 

∼0.314 nm corresponding to the [210] plane of Bi2O3 

(Figures 1C and 1D).

GDEs were fabricated by airbrushing the catalyst ink (details in 

the supplemental information) onto Freudenberg H23C8 GDLs 

(SEM in Figure S3). Dynamic light scattering (DLS) of the freshly 

prepared inks showed particle size distributions of 360–586 nm 

for EC Bi2O3 and 160–330 nm for FSP Bi2O3 (Figure 2A). The 

larger apparent size of FSP Bi2O3 compared to HRTEM results 

arises from particle agglomeration, which was observed at the 

GDE edges by SEM (Figures S4A and S4B). While the spherical 

FSP Bi2O3 particles can penetrate and embed within the small 

pores of the MPL, the larger dendritic EC Bi2O3 structures pre

dominantly interact with the MPL surface (Figure S4C). Surface 

imaging of the GDEs revealed a homogeneous yellow catalyst 

layer without visible cracks down to the MPL interface 

(Figures 2B, 2C, and S5A; SEM in Figures 2D, 2E, and S6), as 

observed in our previous works.28,29 Small deposits of catalyst 
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material were detected at the back-side edges of the GDE and 

transported through a narrow gap between the GDE and the filter 

holder (Figures S5B–S5D). The gravimetrically determined 

average mass loading of the fresh GDEs was 1.1 ± 0.05 mg 

cm− 2. Cross-sectional SEM-EDX images (Figures 2F–2I) and op

tical micrographs (Figure S7) showed a compact catalyst layer 

on top of the MPL, with average thicknesses of ∼6.06 μm for 

EC Bi2O3 and ∼3.41 μm for FSP Bi2O3. X-ray diffraction (XRD) 

diffractograms of the films exhibited identical 2θ values corre

sponding to β-Bi2O3 (JPCDS file no. 41-1449), with the most 

intense reflection at 27.38◦ assigned to the [210] lattice plane 

(Figure 2J), consistent with previous reports.18,29 The Rietveld 

refinement indicates that both materials are fully oxidized, with 

less than 1% metallic Bi present. Raman spectroscopy 

(Figure 2K) confirmed the presence of bismuth oxide via the 

characteristic Bi2O3 band at 313 cm− 1. A small shoulder at 

162 cm− 1 was assigned to bismuth subcarbonate ((BiO)2CO3), 

formed by the reaction of Bi2O3 with atmospheric CO2. ICP- 

MS impurity screening of both samples revealed negligible 

traces of Cu, Fe, Ni, Sn, and Pb.

The hydrophobicity of the catalyst layer is a key parameter for 

electrolyte management and flooding mitigation in GDEs.35,49–51

Contact angle (CA) measurements of the as-prepared coatings 

showed superhydrophobic behavior for both samples, with 

Figure 1. Schematic illustration of the experimental setup and catalyst precursor preparation 

(A) DHBT electrodeposition: magnified regions show foam formation at different deposition times, with H2 bubbles guiding metal deposition. 

(B) FSP: the liquid precursor feed is dispersed at a nozzle by controlled O2 flow, and the resulting spray is ignited by a premixed supporting flame. 

(C) HRTEM image and lattice spacing of the EC-derived dendritic Bi2O3 (scale bar in TEM images: 750 nm [left] and 15 nm [right]). 

(D) HRTEM image and lattice spacing of the FSP-derived spherical Bi2O3 particles (scale bar in TEM images: 100 nm [left] and 15 nm [right]).
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CAs of 145◦ for EC Bi2O3 and 168◦ for FSP Bi2O3 (Figures 2L and 

2M). As both catalyst layers consist of the same material and 

were prepared using identical procedures, the difference in CA 

is most likely attributed to variations in particle size and the re

sulting surface roughness.52 To probe the role of the ionomer, 

sessile-drop measurements were performed on catalyst films 

without Nafion. In the absence of Nafion, the EC Bi2O3 GDE ex

hibited a significantly lower CA than the FSP Bi2O3 GDE (85◦ vs. 

143◦; Figure S8), indicating higher wettability. The negligible 

dependence of FSP Bi2O3 GDE hydrophobicity on Nafion con

tent suggests that its wetting behavior is dominated by particle 

size and morphology rather than binder composition.

The freshly prepared GDEs were then mounted into the flow 

electrolyzer (Figure S9) for EC testing. To assess CO2 

Figure 2. Physical and chemical characterization of as-prepared EC Bi2O3 and FSP Bi2O3 GDEs 

Physical and chemical characterization of as-prepared EC Bi2O3 (blue) and FSP Bi2O3 (pink) GDEs. 

(A) Nanoparticle size distributions of the catalyst inks from DLS. 

(B and C) 3D microscope images of the catalyst layers. 

(D and E) Surface SEM images of the catalyst morphologies. 

(F–I) Cross-sectional SEM-EDX analysis of the catalyst and microporous layers. 

(J and K) XRD patterns with Bi2O3 reference and Raman spectra of the catalyst films. 

(L and M) Contact angle measurements of the films prepared with Nafion as binder. 

Scale bars: 300 μm for (B) and (C), 1 μm for (D) and (E), 10 μm for (F)–(I), and 1 mm for (L) and (M).
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permeability, Ar was introduced into the catholyte chamber at 

25 mL min− 1, while CO2 was fed into the gas chamber at 5 mL 

min− 1 (Figure S10). CO2 permeating through the GDE was swept 

by the Ar stream to a gas chromatograph (GC) for quantification. 

The measured CO2 permeabilities of the dry GDEs were compa

rable, 27.15 and 26.41 μL s− 1 cm− 2 for FSP Bi2O3 and EC Bi2O3, 

respectively, indicating similar CO2 flux through both electrodes 

and ensuring sufficient CO2 supply to the compact catalyst 

layers.

EC CO2 reduction performance

The ECO2RR performance of the two Bi2O3 catalysts was evalu

ated under potentiostatic conditions in a microfluidic electro

lyzer. Each potential was tested in triplicate for 1 h using a fresh 

electrode and electrolyte for every run. The average total current 

density (TCD) transients and their standard deviations were re

corded (Figure S11, shaded areas indicate standard deviations). 

Bismuth is well known for its selectivity toward formate, with CO 

and H2 as the only common side products.22,53 The Faradaic ef

ficiency (FE) and PCD for formate are shown in Figures 3A and 

3B. For EC Bi2O3, FEformate exceeded 90% between − 0.6 and 

− 1.2 V vs. RHE, reaching a maximum of 96% at − 1.0 V vs. 

RHE, while PCDformate increased from − 60 to − 336 mA cm− 2. 

FSP Bi2O3 exhibited superior performance, extending the high- 

selectivity window to − 0.6 to − 1.6 V vs. RHE and achieving a 

maximum FEformate of 98% at − 0.8 V vs. RHE. Although both cat

alysts displayed similar PCDformate up to − 0.8 V vs. RHE, FSP 

Bi2O3 showed higher activity at more negative potentials, reach

ing − 600 mA cm− 2 at − 1.6 V vs. RHE. In contrast, for EC Bi2O3, 

the FEformate decreased to 68%, with PCDformate capped at − 400 

mA cm− 2 and a continuous increase in the hydrogen evolution 

reaction (HER) (Figure 3C). For FSP Bi2O3, the onset of perfor

mance loss at high current densities was shifted by >200 mV 

to more negative potentials, yielding an FEformate of 75% at 

− 2.0 V vs. RHE while maintaining a high PCDformate of − 700 

mA cm− 2. The full product distributions and corresponding 

PCD values for each potential and catalyst are summarized in 

Tables S1 and S2.

Both catalysts exhibited similar current densities in the poten

tial range from − 0.4 to − 1.0 V vs. RHE, whereas at higher over

potentials, the FSP-based GDE sustained substantially higher 

current densities. This behavior suggests that the enhanced ac

tivity of the FSP GDE cannot be attributed solely to a higher sur

face area. It should also be noted that determining the electro

chemically active surface area (ECSA) during electrolysis can 

be complicated by the conductive carbon-based GDE substrate 

and that ex situ ECSA measurements may not accurately repre

sent the catalytically active area, since bismuth undergoes a 

phase transition from Bi2O3 to bismuth subcarbonate under re

action conditions.

The stability of the system is also reflected in the total current 

transients. Within the stable cathodic potential window, the cur

rent remained essentially constant over the 1 h electrolysis, 

whereas at potentials more negative than this window, the cur

rent steadily decayed (Figure S11). For FSP Bi2O3, current den

sities above − 1 A cm− 2 were sustained during the first 20 min of 

electrolysis, followed by a gradual decrease to around − 750 mA 

cm− 2. Post-electrolysis surface SEM revealed a partial morpho

logical transformation into larger sheets (Figure S12), which 

contributed to the observed loss in catalytic activity. The stability 

of the catalyst layer was further assessed by ICP-MS quantifica

tion of dissolved Bi3+ in the catholyte (Figure 3D; Table S3). 

Figure 3. Potential-dependent ECO2RR performance and characterization of EC Bi2O3 and FSP Bi2O3 catalysts 

(A and B) Faradaic efficiencies and partial current densities of formate. Data are represented as mean ± SEM (n = 3). 

(C) Partial current densities of H2 for both catalysts. Data are represented as mean ± SEM (n = 3). 

(D and E) ICP-MS quantification of K+ in the perspired electrolyte collected in the trap and Bi3+ dissolved in the catholyte. Data are represented as mean ± SEM 

(n = 3). 

(F) Metallic Bi content determined by XRD as a function of applied potential. Data are represented as mean ± SEM (n = 3).
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Within the stable potential window, both catalyst layers re

mained largely intact, with <1.5% of the initial Bi loading dis

solved; this value also includes the initial conversion of Bi2O3 

to bismuth subcarbonate. Surface SEM images after electrolysis 

showed continuous films (Figure S13), consistent with the 

ICP-MS results. At more negative potentials, vigorous hydrogen 

evolution destabilized the catalyst layer. While FSP Bi2O3 main

tained mechanical integrity down to − 1.6 V vs. RHE, the EC 

Bi2O3 GDE exhibited a 10%–20% loss of its initial catalyst 

loading, attributable to roughening of the catalyst film and 

morphological changes of the flake structure. The FSP Bi2O3 

GDE showed similar behavior only under harsher conditions: it 

remained intact at − 1.8 V vs. RHE, whereas at − 2.0 V, substan

tial catalyst detachment was observed (Table S3). Overall, the 

more compact FSP Bi2O3 catalyst layer was significantly more 

resistant to hydrogen evolution-induced degradation as 

compared to EC Bi2O3.

The impact of GDE flooding on EC performance was evaluated 

by quantifying potassium perspiration collected in the trap 

located at the CO2 outlet (experimental setup in Figure S14). At 

low overpotentials, both catalysts resisted flooding, and only mi

nor perspiration was detected (Figure 3E; Table S4). Under these 

conditions, stable operation indicates that CO2 mass transport 

remained sufficient to sustain PCD values above − 300 mA 

cm− 2. At more negative potentials, electrowetting became 

increasingly pronounced, leading to a rapid increase in perspira

tion. While FSP Bi2O3 GDEs effectively suppressed electrolyte 

breakthrough down to − 1.6 V vs. RHE, EC Bi2O3 showed a stron

ger rise in perspiration. This behavior is consistent with previous 

reports,30,31,49 in which severe GDE flooding increases the CO2 

diffusion path length, limits mass transport, and ultimately 

causes performance degradation and enhanced H2 evolution. 

GDE flooding can also be probed by tracking the Bi phase 

composition, since insufficient CO2 supply at the catalyst sur

face promotes the conversion of bismuth subcarbonate into 

metallic bismuth.29 The crystal structure of the active catalyst re

gion after electrolysis was characterized by XRD, and the phase 

composition was quantified via Rietveld refinement to resolve 

potential-dependent changes. The detected Bi2O3 fraction likely 

results from post-electrolysis oxidation of metallic Bi under 

ambient conditions and is therefore incorporated into the 

metallic Bi fraction. As shown in Figure 3F, the low content of 

Bi0 indicates that bismuth subcarbonate predominates at low 

overpotentials. With increasing cathodic potential, the metallic 

character of both catalysts increases.54

For both catalysts, the metallic Bi content increases at more 

negative cathodic overpotentials. In parallel, the (BiO)2CO3 

reflexes decrease in intensity and broaden with increasing over

potential, indicating a restructuring of the flakes into smaller par

ticles, as seen in the diffractograms (Figure S15).55 The pro

nounced increase in the metallic phase at the most negative 

potentials is consistent with severe GDE flooding and the asso

ciated loss of CO2 mass transfer to the catalyst, in agreement 

with previous reports.29 The in situ Bi phase transition also af

fects GDE wettability. Post-electrolysis hydrophobicity was as

sessed using sessile-drop CA measurements. For applied po

tentials up to − 1.6 V vs. RHE, bismuth subcarbonate films 

were hydrophilic, with CAs below 35◦. Example images for 

different potentials and average CAs are depicted in 

Figures S16A and S16B. At more negative potentials, the 

increasing fraction of metallic bismuth made the surfaces pro

gressively more hydrophobic. Exceptions were observed for 

electrodes with cracks or holes in the catalyst layer, where drop

lets were rapidly drawn into the GDL by capillary action. This ef

fect is more pronounced for the EC Bi2O3 layer at − 1.6 V vs. RHE 

due to the surface inhomogeneity (Figure S16C). Overall, main

taining the hydrophobic character of carbon-based GDLs re

mains challenging for robust electrolyte management.

Another advantage of the FSP method is its suitability for mass 

production, bringing it closer to industrial requirements. For the 

potential-dependent experiments, only a single batch of FSP- 

derived Bi2O3 precursor was required, whereas multiple EC 

Bi2O3 batches had to be prepared to complete all measure

ments. To evaluate the reproducibility of the FSP-derived elec

trocatalyst, a second control batch of FSP Bi2O3 was synthe

sized and subjected to the same potential-dependent tests 

(Figure S17). Both batches exhibited comparable EC perfor

mance, with selectivities and activities within experimental error. 

The control batch displayed less electrolyte perspiration and 

catalyst dissolution at potentials more negative than − 1.4 V vs. 

RHE. These deviations are attributed to differences in the 

hydrogen evolution rate, which affect the mechanical stress on 

the catalyst layer and the pressure in the catholyte flow channel.

Considering the performance, degradation behavior, and 

structural evolution of the GDEs, the applied potential alone 

does not appear to be the primary cause of instability. Instead, 

the combined effects discussed above trigger earlier degrada

tion in EC Bi2O3, driving it into a destructive cycle of flooding, 

enhanced hydrogen evolution, and catalyst loss at less negative 

cathodic potentials than for FSP Bi2O3. The summary of poten

tial-dependent degradation for FSP- and EC-derived GDEs is 

schematically shown in Figure S18.

Time-dependent electrolysis and ICP-MS-assisted EDX 

profiling of perspired electrolyte

To further elucidate the degradation mechanism under flooding 

conditions, time-dependent potentiostatic electrolysis was con

ducted at − 1.6 V vs. RHE. The evolution of catalytic selectivity 

and activity toward the main products is shown in Figures 4A 

and 4B. For FSP Bi2O3, FEformate decreased gradually from 

near unity to 81% over 1 h, whereas for EC Bi2O3, the selectivity 

dropped to 78% after only 20 min and further to 60% after 1 h. 

Both catalysts initially exhibited PCDformate exceeding − 700 

mA cm− 2 during the first 10 min. Subsequently, FSP Bi2O3 main

tained PCDformate above − 600 mA cm− 2 for the following 40 min, 

while the EC Bi2O3 current density decreased to − 525 mA cm− 2 

after 20 min and to − 325 mA cm− 2 after 1 h. Over the same 

period, FSP Bi2O3 showed only a modest increase in FEH2 (to 

15% after 1 h), in contrast to EC Bi2O3, for which FEH2 rose to 

38% after 1 h. The increase in HER and associated vigorous bub

ble formation also promotes mechanical degradation of the 

catalyst layer. For EC Bi2O3, less than 10% of the initial Bi loading 

was lost during the first 40 min, followed by a sharp increase to 

∼50% after 60 min (Figure 4C; Table S5). In contrast, the FSP 

Bi2O3 catalyst layer remained essentially intact, with only 2.6% 

of the original Bi loading dissolved in the catholyte after 1 h, 
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demonstrating the superior stability of the compact layer. This 

trend is corroborated by surface SEM (Figure S19). Initially, 

both catalyst layers consisted of homogeneously stacked flakes 

of various sizes. With increasing operation time, the EC Bi2O3 

films developed cracks and holes, and the morphology became 

progressively disrupted. Post-electrolysis XRD revealed that 

Bi2O3 was fully converted to (BiO)2CO3 within the first 10 min 

of electrolysis (Figure 4D; Table S6). While the FSP Bi2O3 catalyst 

layer maintained an essentially constant phase composition over 

1 h, the EC Bi2O3 films were further reduced to metallic Bi0 after 

40 min of operation.

To investigate the time-dependent evolution of flooding, the po

tassium concentration in both the perspired catholyte and within 

the GDE was quantified and spatially resolved using ICP-MS 

EDX cross-sectional profiling (Figures S20 and S21).28,56 As 

shown in Figure 4E, the average K+ concentration in the FSP 

Bi2O3 GDE remained consistently lower than in EC Bi2O3. FSP 

Bi2O3 exhibited an initial saturation behavior during the first 

20 min, consistent with a delayed onset of electrolyte perspiration 

(Figures 4F and S22). In both systems, most perspiration occurred 

during the final third of the experiment. At early times, both cata

lysts showed limited perspiration, but EC Bi2O3 displayed more 

electrolyte breakthrough due to its less compact catalyst layer 

and the development of a more porous structure, as seen in sur

face SEM (Figure S19). During the first 10 min, the flow channel 

became saturated, and only small amounts of K+ reached the 

trap. ICP-MS EDX cross-sectional profiling heatmaps show that, 

for both catalysts, most salts were localized at the top of the cata

lyst layer and within the MPL, corresponding to the first ∼50 μm of 

the depth profiles (Figures 4G and 4H). The heatmaps were con

structed from average concentration depth profiles (shown in 

Figure S23A), obtained by analyzing two different electrodes at 

three distinct locations on each electrode. Interestingly, the pro

nounced salt accumulation on the EC Bi2O3 catalyst layer after 

10 min of electrolysis indicates that the catalyst layer remained 

largely intact, limiting deeper electrolyte penetration into the 

Figure 4. Time-dependent potentiostatic electrolysis at − 1.6 V vs. RHE, with error bars indicating the standard deviations of three mea

surements 

(A) Faradaic efficiencies of formate and H2 for FSP Bi2O3 and EC Bi2O3. Data are represented as mean ± SEM (n = 3). 

(B) Corresponding partial current densities. Data are represented as mean ± SEM (n = 3). 

(C) Temporal evolution of dissolved Bi3+ in the catholyte, determined ex situ by ICP-MS. Data are represented as mean ± SEM (n = 3). 

(D) The crystalline metallic Bi content obtained from full Rietveld refinement of ex situ XRD data. Data are represented as mean ± SEM (n = 3). 

(E and F) Time-dependent amounts of K+ in the perspired electrolyte and K+ accumulated inside the GDE, quantified by ICP-MS. Data are represented as mean ± 

SEM (n = 3). 

(G and H) Heatmaps of the temporal evolution of the localized K+ concentration across the GDE cross-section.
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GDL, consistent with the surface SEM observations. As the FSP- 

gained catalyst layer was stable over the complete measurement, 

the majority of the salt precipitation was detected on the top of the 

catalyst surface.

Over time, gradual electrolyte ingress through the GDE 

increased the hydrophilicity of the substrate.57,58 This saturation 

behavior was particularly evident in the MPL of the FSP Bi2O3 

GDE, which became progressively wetted during the first 

20 min. Because PCDformate remained constant over this period, 

CO2 mass transport was not significantly impeded despite the 

increased diffusion path length in the MPL. To resolve salt depo

sition in the CFL (z > 50 μm), ICP-MS-assisted EDX data were 

evaluated using a lower intensity scale (Figure S23B). Initially, 

both GDEs showed no salt within the CFL. After 20 min, however, 

the EC Bi2O3 GDE exhibited substantial salt accumulation in this 

region, coinciding with a 15% drop in formate selectivity and indi

cating hindered CO2 mass transport. In contrast, the dense, 

compact FSP Bi2O3 layer retained most salt deposits near the 

GDE surface and effectively limited electrolyte penetration into 

the CFL during the first 40 min. Only at the end of electrolysis 

did minor salt deposits appear at the bottom of the GDE, sup

ported by the observation of a noticeable increase in perspiration.

Immediately after electrolysis, the CO2 permeability of the 

GDEs was in-situ-measured in the electrolyzer (Figure S24). After 

10 min, the FSP Bi2O3 catalyst layer became highly compact, 

with substantial salt accumulation on its surface, reducing the 

CO2 flux to <1 μL s− 1 cm− 2, which was much lower than that 

of the fresh GDEs. As the experiment progresses, the perme

ability gradually increases due to catalyst layer porosity evolution 

resulting from electrolyte penetration. The additional CO2 path

ways increase the permeability above 3 μL s− 1. In contrast, the 

EC Bi2O3 catalyst layer remained more porous, leading to a 

more homogeneous salt distribution within the GDE and a higher 

CO2 permeability of 5.8 μL s− 1 cm− 2 after 10 min. As material 

loss progressed and large holes and cracks formed, the perme

ability increased further to 7.4 μL s− 1 cm− 2, before decreasing 

again when larger regions of the MPL became directly covered 

by potassium-based salts. It should be noted that the gas 

permeability measurements were conducted under gas/gas 

conditions and therefore do not directly represent the effective 

gas transport behavior under gas/liquid operational electrolysis 

conditions. Thus, the permeability values reported here are 

used as comparative descriptors of the intrinsic through-plane 

gas transport resistance of the wetted GDEs rather than as quan

titative predictors of gas transport during operation.

Post-electrolysis FIB-SEM nano-tomography analysis

FIB-SEM nano-tomography was performed on electrodes after 

1 h of electrolysis to further resolve catalyst layer evolution.56

On the macroscopic scale, surface SEM images of EC 

Bi2O3 showed a porous structure with cracks extending down 

to the substrate. Figure 5A displays the FIB-SEM nano-tomogra

phy reconstruction of an intact EC Bi2O3 GDE section 

(∼19 × 21 μm; corresponding size is marked in Figure S25A). 

The flat white regions in the 3D model represent cross-sectional 

cuts through the underlying Bi2O3 catalyst particles. In contrast, 

Figure 5. FIB-SEM nano-tomography of EC Bi2O3 and FSP Bi2O3 catalyst layers 

(A and B) 3D reconstructions of the EC and FSP Bi2O3 catalyst layers. 

(C and D) Close-up views of the 3D models highlighting the primary structural units forming the catalyst films. 

(E) Particle size density function with the corresponding particle size distribution shown in the inset. 

(F) Solid volume fraction as a function of distance from the MPL.
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surface SEM of FSP Bi2O3 revealed a compact layer composed 

of micrometer-sized flakes, clearly visible at the top of the 3D 

model in Figure 5B (area: ∼12.4 × 13.9 μm, Figure S25B). The 

EC Bi2O3 catalyst layer consists of micrometer-sized, cauli

flower-like agglomerates forming a continuous network. A 

close-up (Figure 5C) shows that these structures are built from 

smaller primary particles with an average diameter of 142 ± 

11 nm (Figure 5E), with ∼80% of the particles in the 55– 

230 nm range. The post-electrolysis FIB-SEM nano-tomography 

of the EC Bi2O3 catalyst layer showed a loosely packed cauli

flower structure, different from what we previously observed 

for the as-prepared EC Bi2O3,28 indicating the morphological 

evolution of EC Bi2O3 during electrolysis. By contrast, FSP 

Bi2O3 forms a compact layer of small particles extending down 

to the MPL. The converted FSP Bi2O3 particles appear as fine 

lamellae (Figure 5D) with an average diameter of 76 ± 11 nm, 

and ∼80% of the particles lie between 34 and 117 nm, signifi

cantly smaller than for EC Bi2O3. The EC Bi2O3 catalyst layer 

appears relatively homogeneous and isotropic in all three direc

tions on the micrometer scale, with a maximum chord length of 

2.5 μm (Figure S25E). In contrast, the post-electrolysis FSP sam

ple exhibits anisotropy along the z axis: chords in the z direction 

have a maximum length of 2.25 μm, whereas the longest chords 

in the x and y directions are ∼4 μm (Figure S25F).

The solid volume fraction, defined as the total catalyst volume 

normalized to the geometric surface area, is plotted as a function 

of distance from the top of the MPL in Figure 5F. EC Bi2O3 forms 

a more extended catalyst layer (∼13 μm) than FSP Bi2O3 (∼8 μm), 

yet segmentation analysis shows that both samples possess 

similar overall mesoscale porosity and solid volume fractions 

(Table S7). Overall, the FIB-SEM nano-tomography data support 

the EC results and the superior flooding resistance of FSP Bi2O3 

GDEs: the more compact FSP Bi2O3 layer is mechanically more 

robust than EC Bi2O3, which is consistent with its reduced sur

face wettability and improved electrolyte management observed 

by ICP-MS EDX cross-sectional profiling.

Long-term testing further demonstrates stable formate produc

tion at − 200 mA cm− 2 for 12 h, with H2 selectivity remaining below 

20%. Adding PTFE particles to the catalyst layer (50 wt % loading 

compared to the catalyst) extended stable operation to 33 h. 

Moreover, stable performance was sustained for 24 h at − 400 

mA cm− 2 (Figure S26). During the galvanostatic electrolysis ex

periments, the applied potentials were in the range of − 0.8 to 

− 1.2 V vs. RHE. To investigate the influence of the additive on 

higher cathodic potentials and thus under enhanced electrowet

ting conditions, a time-dependent potentiostatic study was per

formed at − 1.6 V vs. RHE. The large PTFE particles establish hy

drophobic CO2 transport pathways within the catalyst layer, 

resulting in enhanced mass transport and higher PCDs for formate 

production while maintaining comparable selectivity (see 

Figures S27A and S27B). However, with increasing electrolysis 

time, these hydrophobic pores gradually become blocked, 

causing the performance of the PTFE-reinforced FSP Bi2O3 

GDE to converge toward that of the pristine FSP Bi2O3 GDE. 

This behavior is also reflected in the electrolyte management of 

the GDE (Figures S27C and S27D). During the first 20 min of elec

trolysis, electrolyte penetration was largely confined to the MPL 

(Figure S27F), and only negligible electrolyte perspiration was 

observed. Over the remainder of the experiment, the electrolyte 

content within the CFL steadily increased, while perspiration re

mained low. The addition of PTFE therefore reduced electrolyte 

perspiration through the GDE, leading to electrolyte accumulation 

within the CFL and consequently reduced CO2 mass transport.

The results of this study highlight the critical influence of catalyst 

morphology on electrolyte management in GDEs, complementing 

the extensive body of research focused on the development of 

highly active catalyst materials. Potentiostatic and time-depen

dent investigations revealed the superior performance of the 

small, spherical FSP-derived Bi2O3 precursor compared to the 

electrochemically deposited, micrometer-sized dendritic Bi2O3 

precursor (summarized in Figures S18 and S28). FIB-SEM tomog

raphy showed that, although both catalyst precursors were con

verted into flake-like structures during operation, the FSP-derived 

Bi2O3 formed a significantly denser catalyst layer. Furthermore, 

ICP-MS EDX cross-sectional profiling demonstrated that this 

compact FSP Bi2O3 layer effectively restricted electrolyte pene

tration to the MPL, whereas the EC Bi2O3 electrode became fully 

wetted. However, the methods applied herein are limited by the 

analyzed size of the GDE and the required ex situ characteristics. 

Whereas ICP-MS EDX profiling covers a larger segment of a com

plete GDE cross-section, FIB-SEM tomography analyzes single 

micrometer-sized spots with high resolution and accuracy.

In this work, two bismuth oxide precursors with identical 

chemical composition were synthesized by DHBT electrodepo

sition and FSP. Despite their chemical similarity, the materials 

exhibited distinct morphologies and particle sizes: FSP yielded 

spherical nanoparticles (∼10–100 nm), whereas the electro

chemically derived Bi2O3 consisted of micrometer-sized den

dritic structures. EC-derived Bi2O3 showed formate selectivity 

above 90% within a potential window of − 0.6 to − 1.2 V vs. 

RHE, while FSP-derived Bi2O3 maintained >90% selectivity 

over a wider range from − 0.6 to − 1.6 V vs. RHE. Moreover, 

FSP Bi2O3 reached a maximum PCD for formate of − 700 mA 

cm− 2, outperforming the EC-derived catalyst (− 396 mA cm− 2). 

The sharp decline in formate selectivity for EC Bi2O3 was attrib

uted to mechanical instability of the catalyst layer and an earlier 

onset of a self-reinforcing degradation cycle involving material 

loss, increased hydrogen evolution, and electrode flooding. To 

elucidate these processes, FIB-SEM nano-tomography was 

combined with ICP-MS EDX cross-sectional profiling to track 

catalyst layer evolution and its interaction with flooding behavior 

in GDEs. EC Bi2O3 formed larger particles and degraded more 

rapidly into a porous structure, whereas FSP Bi2O3 developed 

a compact layer adjacent to the MPL. This compact morphology 

effectively confined flooding to the catalyst and microporous 

layers, enabling prolonged stable operation. These insights pro

vide design guidelines for optimizing catalyst layers in CO2 elec

troreduction and other gas-involving EC systems.

METHODS

Catalyst synthesis

The dendritic Bi catalyst was synthesized using the previously 

established two-step synthesis via DHBT electrodeposition. 

First, a highly porous Bi foam was deposited onto a Cu foil in a 

three-electrode setup under harsh galvanostatic conditions. In 
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a second step, the foam was mechanically detached, and the re

sulting metallic Bi particles were thermally oxidized at 350◦C to 

the EC Bi2O3 catalyst. The spherical Bi2O3 catalyst was directly 

obtained with FSP preparation. A dissolved Bi precursor was 

dispersed as an aerosol and ignited by a methane/oxygen flame. 

The resulting FSP Bi2O3 nanoparticles were collected on glass fi

ber filters. Further details on the catalyst preparation methods 

are provided in supplemental methods.

GDE preparation

The Bi2O3 nanoparticles were dispersed in an isopropanol- 

based ink containing Nafion as a binder and, optionally, PTFE 

particles as a hydrophobic additive. After ultrasonication, the 

ink was spray coated onto a GDL using a nitrogen-driven 

airbrush under vacuum. A more specific description is presented 

in the supplemental methods.

EC setup and measurements

The electrolysis experiments were performed in a three-elec

trode flow cell, with a leakless Ag/AgCl reference electrode. 

Humidified CO2 was supplied to the GDE, and 1 M KOH was re

circulated through the cathode and anode compartments. The 

products were quantified by online gas chromatography and 

post-electrolysis liquid ion chromatography. A detailed descrip

tion of all components and the required calculations can be 

found in the supplemental methods.

Characterization of the electrocatalysts and GDEs

The surface area of the freshly prepared particles was deter

mined by nitrogen adsorption, and the particle size distribution 

was measured by DLS. The mesoscopic structures of the catalyst 

layer and its underlying nanomorphology were visualized using 

an optical 3D microscope, a white-light interferometer, SEM, 

and HRTEM. XRD was applied for the identification of the bulk 

crystal structure. The surface elemental and chemical composi

tion was investigated by EDX mapping and Raman microscopy. 

Sessile-drop CA experiments were performed to study the hy

drophobicity of the electrodes. Catalyst degradation and electro

lyte management of the GDE were quantified by ICP-MS. Small 

sections of the GDEs were embedded in epoxy and character

ized by FIB-SEM nano-tomography to obtain high-resolution 

3D reconstructions of the catalyst layer. The image layers were 

segmented and analyzed to quantify key morphological proper

ties of the catalyst layer. The local potassium salt distributions 

in the GDE were quantified by the previously established ICP- 

MS-assisted EDX profiling method. Cross-sections of the GDEs 

were analyzed by EDX mapping, and depth-dependent potas

sium profiles were extracted through image processing and sub

sequently calibrated using ICP-MS measurements of dissolved 

electrode samples. The applied conditions and the required 

instrumentation are detailed in the supplemental methods.
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