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ABSTRACT

Herein, we demonstrate the superior performance of novel bismuth subcarbonate ((BiO),COs3)
film catalysts for formate production using a fluidic CO,-fed electrolyzer device. The
subcarbonate catalyst readily forms in situ from a COj-absorbing Bi,O3 precursor material
during the CO, reduction reaction (CO,RR). In 1moldm> KOH electrolyte solution, a
maximum Faradaic efficiency of FEgmate = 97.4% (corresponding partial current density of
formate formation: PCDsomae = —111.6 mA cm™2) was achieved at a comparably low applied
electrolysis potential of —0.8 V versus the reversible hydrogen electrode (RHE). Even higher
values of PCDtormate = —441.2 mA cm 2 (FEformate = 62%) were observed at more cathodic
potential, —2.5 V vs. RHE. As the alkalinity of the liquid electrolyte is further increased (e.g., by
using 5 mol dm™ KOH solution), the performance of formate production is boosted beyond
PCDjsomae Values of —1 Acm?. Combined X-ray diffraction and Raman spectroscopic
investigations demonstrate an extraordinarily high stability of Bi(lll) cations in the catalytically

active subcarbonate catalyst phase down to cathode potentials of -1.5V vs. RHE. This
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stabilization effect can clearly be attributed to the high abundance of gaseous CO, under the
operating conditions of the gas-fed electrolyzer. In the absence of any CO, supply, however, the
reductive Bi(111)—Bi(0) transition already occurs at much milder conditions of —0.3 V vs. RHE,
as evidenced by in situ Raman spectroscopy in CO,-free 1 mol dm™> KOH electrolyte solution.
Advanced X-ray diffraction computed tomography (XRD-CT) technique was applied to gain
deeper insights into the spatial distribution of the metallic and subcarbonate phases comprising

the active composite catalyst layer (CL) during the CO,RR.

1. INTRODUCTION

In recent years, the electrochemical conversion of CO, into higher-value products has been
introduced as a promising and technologically feasible approach for mitigating the negative
climatic impact of the steadily increasing levels of atmospheric CO2.** The CO; reduction
reaction (CO,RR) may become not only economically feasible but also truly sustainable if the
surplus of renewable energy originating from solar radiation, wind power, and hydroelectric
sources is used as energy input to drive the highly endergonic and kinetically hindered CO,
conversion. The overall electrolysis reaction relies on an oxidative splitting of water (i.e., oxygen

evolution reaction, OER) through

0, + 4e~ + 4H* = 2H,0 (acidic) Eq. 1
or
0, + 2H,0 + 4e™ = 40H™ (alkaline) Eq. 2

which is coupled to the reductive conversion of CO, (denoted hereafter CO,RR). In aqueous
reaction environments, oxygen (O,) is the only product that forms on the anode side regardless of

the anode material used. However, a variety of CO,RR products can be produced on the cathode,

d4, 10-12

including but not limited to carbon monoxide (CO),*® saturate and non-saturated

hydrocarbons,** 37

12, 18-20
I,

and, alcohols with various chain lengths and energy densities (e.qg.,

16, 21-23 24
l, |

methano ethano and n-propanol””). Formate is another commodity chemical of
high value.??® As recently noted by Chen et al.,?® it is the liquid nature of the formate/formic
acid product that enables the downstream product separation following primary electrolysis to be
conducted with less effort, thus enhancing the profitability of the overall production process.

Existing and potential future applications of formate/formic acid concern formic acid fuel
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2729 yrelated hydrogen storage technologies,®® the chemical de-polymerization of lignin

cells,
(biomass valorization),®* and its usage as a silage additive.®* Particularly promising are recent
developments aimed at coupling CO, electrolysis with approaches transforming formate into
higher alcohols through biotechnological means, thus opening groundbreaking venues of future
(CO,—formate) valorization.®

Not only are catalysts essential to accelerate the intrinsically slow CO,RR, they are also required
for a selective CO, transformation, directing the electrolysis toward the targeted product (e.g.,
formate) and minimizing the parasitic hydrogen evolution reaction (HER) that is typically
superimposed on the CO,RR in aqueous reaction environments. Depending on the solution pH,

the HER can be fed either through reductive water splitting

2H,0 + 2e™ = H, + 20H™ (neutral/alkaline) Eq. 3
or by the reduction of protons

2H* + 2e” = H, (acidic) Eq. 4

It has been shown that both the chemical nature of the catalyst material** and its morphology on
various length scales® dictate the resulting CO,RR product distribution. The catalyst porosity
has been demonstrated to be particularly important for consecutive multi-proton/multi-electron
reactions, e.g., the electrosynthesis of higher hydrocarbons and alcohols from CO,, where the
accumulation of key intermediates (e.g., CO) in confined reaction spaces of porous catalysts and
related local pH effects determine the resulting CO,RR product distribution.® *” However, a
weaker impact of mesoscale porosity on the CO,RR product distribution has been reported for
coupled electron/proton transfer reactions of reduced complexity, e.g., the formation of

formate/formic acid *® from CO, according to
CO, + H,0 + 2e~ = HCOO™ + OH™ (neutral/alkaline) Eq. 5

Since the pioneering work by Hori et al.,>* it has been known that particular oxophilic materials,
e.g., Sn,>** pPpb* Cd,*® TI, and In* favor CO,RR pathways toward formate production.

However, debate continues regarding the mechanistic role of the respective metal oxides, which

are either formed in situ during electrolysis, or are applied directly as the catalyst (precursor).>*#?

Advanced operando techniques, e.g., vibrational®® *"*° and X-ray absorption spectroscopy,*®*°

have been successfully employed to gain deeper mechanistic insight into the electrolysis time,



current density, and potential-dependent activation of CO,RR catalysts under operating
conditions.®® ®! A recent example is based on the use of oxidic bismuth electrocatalysts,® °2>
which had already demonstrated superior selectivities toward formate production in classical H-
type cell testing environments, with Faradaic efficiencies (FEs) exceeding 95% within an

38,54

extraordinarily (approximately 1.1 V) wide potential window.

For a CO,-saturated 0.5 mol dm KHCO; electrolyte solution, a combination of electrochemical
analysis and operando Raman spectroscopy during CO,RR revealed the coupling of two
potential-dependent CO,RR pathways as the origin of this superior catalytic performance.*® At
low applied overpotentials (0.3 V to -0.6 V vs. RHE), the CO,RR was shown to proceed
predominantly via the so-called subcarbonate pathway (see Figure 1), where pristine Bi,O3
precursor undergoes a rapid transformation into a bulk bismuth subcarbonate phase.*® >>>" The
term “bismuth subcarbonate” refers to a mixed oxide/carbonate compound in which the bismuth
is an oxidation state of +3. (BiO),COj is formed through partial exchange of 02~ by CO3~ anions
through the reaction of the oxidic precursor with gaseous or dissolved CO,. With the aid of
operando Raman spectroscopy, Dutta et al. could identify the (BiO),CO3 subcarbonate phase as
the active catalyst under these experimental conditions.®® However, at electrolysis potentials
more negative than —0.6 V vs. RHE, the formed (BiO),CO3; phase underwent a reductive
transformation into metallic Bi, resulting in even higher partial current densities of formate
formation (PCDformate), i.€., reaching a remarkable value of -85 mA cm 2 at —1.6 V vs. RHE.® In
the presence of metallic Bi, the CO;RR proceeds via the Bi-O pathway (Figure 1).>" At first
glance, these results seem to suggest that the so-called subcarbonate reaction pathway of formate
formation remains limited to artificial experimental conditions, e.g., to those realized in H-type
cell configurations. These conditions have only limited practical relevance for gas-fed
electrolyzer systems. In gas-fed electrolyzers the rate of CO;RR is not limited by slow CO, mass
transport, and as a consequence, much higher applied overpotentials (or current densities) can be
achieved, while still maintaining high formate selectivity.>*>> %

In the present study, we demonstrate that an accelerated mass transport of gaseous CO; not only
boosts the formate production to values beyond PCDsomae =—1 A cm 2 but can also lead to a
substantial stabilization of subcarbonate phases beyond the stability regime observed in classical
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CO2RR test environments.™ Our experimental results strongly suggest that observations

previously made using H-type cell configurations cannot simply be transferred to experimental
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conditions realized in practical gas-fed electrolyzers. This conclusion is particularly relevant for
the potential-dependent phase behavior of the used non-metallic CO,RR catalyst which, as will
be demonstrated hereinafter, depends not only on the applied electrode potential but also on the
actual CO; gas supply.

2. EXPERIMENTAL

Fabrication of the gas diffusion electrode (GDE) — The initial catalyst preparation starts with
repetitive Bi foam electrodeposition following established synthesis protocols based on the
dynamic hydrogen bubble template (DHBT) metal deposition approach (see Figure S1).* For
metal foaming, galvanostatic Bi deposition (jgeo = ~3.0 Acm ™) was performed in 100 cm® of
1.5 mol dm 2 H,SO., supporting electrolyte (prepared from 96% H,SO., ACS grade, Sigma-
Aldrich) containing 20 mmol dm™ ammonium bismuth citrate (C1oH2,BiN3O14, Sigma-Aldrich,
purity > 99.5%) as the Bi source. The used three-electrode configuration consisted of a double
junction Ag | AgCl | 3 mol dm 2 KClI reference electrode (Metrohm), a bright Pt anode (50 mm x
20 mm foil), and a Cu foil support (1 cm? geometric surface area) acting as the cathode. After
completion of the metal foam deposition, the Bi-foam@Cu-foil samples were transferred to a
vial containing 3 cm?® of isopropanol (iPrOH, BASF SE, assay > 99.0%) and then ultrasonicated
until the porous foam material was completely removed from the Cu foil and dispersed in the
iPrOH. Metallic Bi powders were obtained through evaporation of the solvent at 50 °C for 12
hours. To prepare the catalyst ink, 55 mg of the Bi powder was redispersed in a mixture of
19.5 cm® iPrOH and 0.5 cm® Nafion perfluorinated resin solution (~5 wt% Nafion in a mixture of
lower aliphatic alcohols and 15-20 wt% water, purchased from Sigma-Aldrich), followed by 30
min of sonication at room temperature.

To fabricate the GDE, 17 cm® of the catalyst ink was spray-coated on the surface (6.3 cm x 6.3
cm) of a commercial gas diffusion layer (GDL, Freudenberg H23C8) via a hand-held airbrush
pistole (Master Airbrush, G233) propelled by nitrogen gas (99.999%, Carbagas, Switzerland).
The catalyst ink was dried with the assistance of vacuum applied to the backside of the GDL
during the ink spray-coating process. The expected (nominal) Bi mass loading of
mgi = 1.17 mg cm 2 agrees well with the experimental value obtained by inductively coupled

plasma mass spectrometry (ICP-MS; mg;i = 1.06 mg cm 2).



The used H23C8-GDL reveals a characteristic bilayer structure composed of a supporting carbon
fibrous layer (CFL) and a terminating microporous layer (MPL) on which the catalyst layer (CL)
is deposited. MPLs are typically made hydrophobic by the manufacturer, e.g., via coating with
polytetrafluoroethylene as a water-repelling agent, to minimize electrolyte flooding into deeper
layers of the GDL, which may lead to an undesired blockage of CO, transport to the active
catalyst sites during extended electrolyzer operation. The structural and physical characteristics
of the H23C8-GDL are detailed in Figure S2. The most important feature of the used H23C8-
GDL is the absence of cracks inside the MPL, which might facilitate massive permeation of
liquid electrolyte into the GDL during the operation of the fluidic gas-fed electrolyzer.

For further use, pieces (6.3 cm x 6.3 cm) of these prepared GDEs (denoted ap-Bi@GDEs) were
cut into smaller segments (2 cm x 2 ¢cm) by a punching blade. For further activation, the ap-
Bi@GDEs were subjected to 6 hours of in-air thermal annealing in a tube furnace (Nabertherm,
Germany) at a temperature of 350 °C. The obtained oxidic layer is denoted as ap-Bi,O;@GDE
and represents the starting point for all electrolyses discussed hereinafter. Of note, the
transformation of metallic Bi into the corresponding Bi,O3; does not strongly affect the dendritic
nature of the catalyst (precursor), as demonstrated in Figure S3. Similar observations were
previously made for the thermal annealing of electrodeposited Cu foams. % %

Electrolysis experiments — All electrolysis experiments were performed in a potentiostatic
operation mode utilizing a three-compartment flow cell electrolyzer (ElectroCell, Denmark, see
also Figure 2, Figure S4). Cathode and anode compartments were separated from each other by
an anion exchange membrane (Sustainion® X37-50 Grade RT Membrane). For the ap-
Bi,0s@GDE, a geometric surface area of 1 cm? was exposed to the liquid electrolyte. A third
compartment, required for the CO, gas supply, was assembled at the backside of the cathode.
With the aid of a peristaltic pump (LabV1, SHE-LabV1-MC4), anolyte and catholyte were fed
through the electrolyzer cell via two separated liquid flow channels at a flow rate of
3.3 cm® min™. Either 1 moldm™ or 5 mol dm® KOH aqueous solution was used as the
electrolyte. All solutions were produced using high-purity Milli-Q water (specific resistance of
18.2 MQ cm, total organic carbon content below 5 ppb, Millipore).

For CO, electrolysis experiments, humidified CO, gas (Carbagas, 99.9999%) was fed at
atmospheric pressure through the gas channels and the GDE. A gas flow rate of 30-35 cm® min*

was applied and monitored by a mass flow controller unit (Vogtlin Instruments, GmbH, type



GSC-A9SA-BB2). For selected reference experiments, the gas supply was switched during
electrolysis from CO; to inert Ar gas (99.9999%, Carbagas, Switzerland).

All electrolysis experiments were conducted in a three-electrode configuration consisting of the
ap-Bi,Os@GDE (working electrode, cathode), a Pt foil serving as the counter electrode (anode,
geometric surface area of 1.5cm™®), and a leakless Ag|AgCl|3 mol dm2KCl reference
electrode (eDAQ). To ensure comparability, all potentials measured vs. the named reference

electrode were converted to the RHE scale according to

Erne = Eag| agcl| 3 mol am-2 ka1 + 0.210 V + (0.0591 V - pH) Eq. 6

An ECi-200 potentiostat (Nordic Electrochemistry, Denmark) was used to establish potential
control during electrolysis. For all measurements, IR compensation was applied.

During electrolysis, gaseous products (e.g., Hz, CO) were detected and quantified in intervals of
20 min by means of online gas chromatography (GC). For this purpose, the gas flow outlet of the
electrolyzer unit was connected to the sampling loop of a gas chromatograph (8610C, SRI
Instruments). The GC instrument was equipped with both a packed Hayesep D column and a
packed Molesieve 5A column. Argon (99.9999%, Carbagas) served as the carrier gas for GC
analysis. To quantify gaseous CO and H; electrolysis products, a flame ionization detector
coupled to a methanizer and a thermal conductivity detector were applied.

The partial current for a given electrolysis product (l;) can be determined from

X v Fz

I =
i Vim

Eq. 7
where c; refers to the concentration of the formed product in ppm, z represents the number of
electrons transferred during the reaction, F = 96485.3 C mol™ is the Faraday constant, v is the
volumetric gas flow rate, and Vi, represents the molar volume of the gas at 1 atm and room
temperature.

The FE for a specific gaseous product was calculated by relating the partial current (I;) to the

corresponding total current (lita) according to

FE = i

-100% Eq. 8

Itotal

Non-volatile electrolysis products (e.g., formate), accumulated in the catholyte, were quantified

by ion exchange chromatography (IC) using a Metrohm 940 Professional IC Vario instrument



equipped with a Metrosep A Supp 7 column and operated with MagicNet 3.1 software. For
selected control experiments, the anolyte was also analyzed with the aim of monitoring possible
formate crossover through the anion exchange membrane into the anolyte compartment during
electrolysis. For IC analysis, aqueous solutions of 3 mmol dm > Na,CO3 and 0.1 mol dm H,SO,
served as the eluent and the suppressor, respectively. The IC instrument was calibrated by
injecting known standard formate concentrations in the range of 10-250 ppm prepared by
dilution of a 1000 ppm IC standard solution (Sigma-Aldrich). Chromatograms and the
corresponding calibration plot are presented in Figure S5. Sample aliquots were diluted (20- to
50-fold) with the eluent prior to IC analysis to inhibit matrix effects arising from the highly
concentrated KOH working electrolyte.

FE values for non-volatile products were derived from the integrated total charges (Qwta) Of the
electrolysis reaction and the partial charges (Q;) corresponding to the formation of a specific

product:

FE = —%.100% Eq. 9

Qtotal

The partial charge is calculated according to

Q =remt. g, Eq. 10

M;

Veath 1S the total volume of the catholyte circulating in the electrolyzer, ¢; denotes the mass
concentration of the product i (usually expressed in mg dm= or “ppm”), and M; is the molar
mass of product i.

Electrolysis data presented hereinafter were acquired by averaging FE and PCD values obtained
from three independent electrolysis experiments per applied electrolysis potential.

Structural and compositional characterization of the catalyst — X-ray diffraction (XRD) analyses
were conducted using a STOE Stadi system equipped with a Cu K, radiation source
(A =0.1540 nm, 40 mA) and operated at 40 keV. X-ray diffractograms were recorded in
reflection mode (Bragg—Brentano geometry) in steps of 1° min* with 26 values ranging from 0°
to 90°. Commercial B-Bi,O3; (Sigma Aldrich, purity > 99.8 %) and (BiO),CO3; (Alfa Aesar,
purity > 98.5 %) samples were used as internal references for the peak assignment. The obtained

XRD patterns were further analyzed and compared with respective JCPDS (Joint Committee on



Powder Diffraction Standards) data for polycrystalline Bi, 3-Bi,O3, and (BiO),CO3 (file no. 85-
1331, 78-1793, and 84-1752).

X-ray diffraction computed tomography (XRD-CT) experiments were performed at the high-
energy beamline 1D31 of the European Synchrotron Radiation Facility in Grenoble, France. The
X-ray beam was mono-chromatized with a Laue monochromator to an energy of 80 keV and
focused to a size of ~ 6x20 um? (verticalxhorizontal) at the sample position. Two-dimensional
XRD patterns were collected with a Dectris Pilatus 2 M CdTe detector and radially integrated by
pyFAI software.”® Each slice is reconstructed from 62500 diffraction patterns using a standard
back-projection algorithm. 5 slices for each sample are space by 5 um to cover the whole volume
of the catalyst layer.

Scanning electron microscopy (SEM)/energy-dispersive X-ray (EDX) analysis was performed
with a Zeiss DSM 982 SEM equipped with a Noran SIX NSS200 EDX spectrometer.

The mesoscopic surface morphology of the foam was analyzed by means of white light
interferometry (Contour GT, Bruker, see Figure3). Vision64 software (Bruker) was used for
operating the instrument and for data analysis.

Contact angle measurements were conducted using a DSA25 Kriss Advance Drop Shape
Analyzer (Kriss GmbH, Hamburg, Germany). Electrodes were mounted on a flat sample stage,
and water drops (Milli-Q water, 1.4 uL) were deposited at room temperature.

Elemental analysis was performed by means of ICP-MS using a NExXION 2000 ICP-MS
instrument (Perkin Elmer). For the determination of the catalyst mass loading, GDE samples
were dissolved in 3 cm® of conc. HNO3 (69.3 w%, BASF SE). For the analysis, aliquots of 5
mm? of this solution were dispersed in 10 cm® of 2 w% HNO; solution (2000 times dilution).
Sample solutions were measured 6 times each by ICP-MS.

For the post-electrolysis analysis of the electrolyte solution, aliquots of 20 mm? electrolyte were
diluted in 10 cm® of 2 w% HNO; solution (500 times dilution). Sample solutions were measured
4 times each by ICP-MS. Repetition measurements served as the basis for the determination of
the relative standard deviation (RSD). ICP-MS-related RSD values are typically between 1 and
2%. An extra measuring error of ca. 1.5% needs to be taken into account and is due to the
dilution treatment required for certain samples.

Raman spectroscopic analyses (ex situ) were conducted using a LabRAM HR800 confocal

microscope (Horiba Jobin Yvon). Spectral data were collected with Lab Space 3.0 software via



the Raman spectrometer coupled with a confocal microscope (Horiba Jobin Yvon). Calibration
was carried out using a silicon wafer standard (520.6 cm ™). A large-working-distance objective
lens (50X magnification, 8-mm focal length) was applied with a numerical aperture of 0.1 in
order to focus a diode-pumped solid-state laser beam (532 nm excitation wavelength, 3 mW
power) on the sample and collect the incident and scattered laser light. The details of the in situ
Raman spectroscopy experiments have been described previously.®

To identify the Bimeta, Bi2O3, and (BiO),CO3 phases, we used characteristic Raman features at
96 cm ™ (Eqg mode of Bimetar), 313 cm ™ (By mode (“Bi-O stretch™) of Bi,O3), and 162 cm ™ (Ayg

mode of the carbonate in (BiO),COs), respectively (Figure S$6).%°%

3. RESULT AND DISCUSSION

3.1 Characterization of the as-prepared GDEs

Several studies have already demonstrated the superior CO,RR performance of porous metal
foam catalysts® electrodeposited with the aid of the DHBT method.®*®® Herein, we have
integrated the DHBT-assisted metal foam electrodeposition approach into a more general and
versatile catalyst preparation scheme that is particularly suited for the fabrication of GDEs and
that can be used in advanced electrolyzer setups. Owing to instrumental limitations,
functionalizing more extended surface areas with the DHBT approach alone remains difficult,
considering the required ultra-high (geometric) current densities typically applied for such metal
foam electrodeposition (e.g., —3 A cm 2).%>%2% As detailed in Figure 3, the new GDE fabrication
approach involves the repetitive deposition of metallic foams and their subsequent removal from
the planar support electrode by ultrasonication.

Of note, this foam removal method destroys the initially formed primary macro-porosity of the
metal foam without affecting the dendritic nature of the electrodeposited material. In particular,
for CO,RR processes in which the primary macroporosity of the foam is less important, e.g., in
case of formate production, the excellent catalytic performance and selectivity of the
electrodeposited material are preserved, as it was recently shown by Dutta et al.*® This dendritic
catalyst material is used for the formulation of catalyst (precursor) inks, which are subsequently
spray-coated onto extended gas diffusion layer supports, thereby yielding homogeneous CLs.
Further catalyst activation can often be achieved through thermal annealing, e.g., yielding a

Bi,Os film with a characteristic yellow appearance in the present case (Figure 3).%
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Bi,O3 crystallizes in various polymorphic forms, denoted o-Bi,O3 (monoclinic), B-Bi,O3
(tetragonal), y-Bi,Os (bce), 8-BioO3 (cubic), &-Bi,O3 (triclinic), and @-Bi,Os (triclinic).®"
Amorphous Bi,O3 has also been reported in the literature.”® These studies emphasize the
necessity of combining XRD analyses with complementary techniques, e.g.,, Raman
spectroscopy/microscopy, that are sensitive to phases lacking any long-range transitional order.
Interestingly, the combination of DHBT-assisted bismuth electrodeposition and thermal
annealing (e.g., at 350 °C in air) exclusively yields the B-Bi,O3 phase, which has been described
in the literature as the most valuable phase among the known modifications (e.g., for photo-
catalytic applications) because it shows the smallest band-gap (~2.58 eV).** ™ The synthesis of
this phase in a pure form, for instance through wet chemistry (precipitation routes), is often
considered difficult in the literature.®®

Figure 4 depicts top-down SEM and cross-sectional SEM/EDX micrographs as well as
representative X-ray diffractograms and Raman data of the as-prepared bismuth oxide film on
the GDE (denoted ap-Bi,O3@GDE). This ap-Bi,O3@GDE was the starting point for all
electrolysis experiments discussed hereinafter. On a macroscopic length scale, the SEM data
reveal a homogenous catalyst precursor film (panel a) whereas dendritic features govern the
catalyst morphology on a sub-micrometer length scale (panel b). The catalyst (precursor) layer
must be porous and permeable for both gases and liquids to enable (i) rapid CO, transport
through the GDL toward the active catalyst sites and (ii) (partial) permeation of the catalyst
material by the liquid electrolyte. The inward transport of CO, and liquid electrolyte into such
three-dimensional CL is considered vital for establishing triple-phase boundaries in the CL,
thereby facilitating CO,RR.”*" As shown by panels ¢ and d of Figure 4, the ap-Bi,O3 CL has an
average thickness of about 28 um, with the bismuth oxide not penetrating the carbon MPL. The
X-ray diffractogram (panel e) and the Raman spectrum (panel f) of the ap-Bi,O3; CL closely

resemble the reference diffractogram and spectrum of 3-Bi,Os.

3.2 Electrochemical performance testing

Catalyst performance testing was conducted in 1 mol dm™ and 5 mol dm KOH electrolyte
solutions using the fluidic electrolyzer system depicted in Figure 2. Unless otherwise stated,
electrolysis was carried out for the duration of 1 h with the application of a freshly prepared ap-
Bi,O3;@GDE in each case. The catalyst testing results are presented in Figure 5 and confirm the
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superior selectivity of the dendritic Bi,O3 catalyst (precursor) toward formate production that has
already been reported for H-type cell experiments.3® *°

In 1 mol dm~ KOH solution, the formate efficiency (FEfomate) increases from an initial value of
72.2% to a maximum of 97.4% as the applied potential was changed from —0.3V to —0.8 V vs.
RHE. It is important to note that within a rather broad potential window that spans from —0.6 to —
1.2 V vs. RHE, the formate efficiency does not fall below 90%. The main (parasitic) by-product
of this electrolysis reaction is hydrogen. CO was also detected as a CO,RR by-product but only
in trace amounts, never exceeding a Faradaic yield of 2.7% (Table S1). At more negative
potentials, the formate efficiency decreases to 62% at —2.5 V vs. RHE.

The beneficial effect of using gas-fed electrolyzer systems becomes more obvious when we
consider the corresponding PCDs (Figure 5a and Table S2), which greatly exceed those obtained
in the H-type cell configuration. In H-type cells such high CO;RR rates cannot be achieved due
to reactant mass transport limitations in the CO,-saturated aqueous bicarbonate solution.® The
PCDrsormate Values steadily increase with the applied potential and reach in the 1 mol dm= KOH
electrolyte solution a value of PCDfomate = —441.2 mA cm? at the most negative applied
potential of —2.5 V vs. RHE (Table S2). Throughout the entire potential range studied herein, the
FEs of formate production and the corresponding PCD values remain above those of the
parasitic HER.

Further improvement of the PCDsomate Values can be achieved using a 5 mol dm 2 KOH aqueous
solution as the electrolyte (Figure 5b, Tables S3 and S4). In the present case, a superior formate
current density of PCDformate = —1353.4 mA cm 2 was found for an applied electrolysis potential
of —2.5V vs. RHE. Compared to the results for 1 mol dm® KOH, the corresponding FEs are
slightly lower in the 5 mol dm™ KOH solution, reaching a maximum of 85% also at —0.8 V vs.
RHE. Note that the actual PCDsormate and FEsormate Values might be even higher than those
reported in Figure 5b. In particular at high current densities formate crossover through the
membrane into the anolyte cannot be neglected anymore.”® This why the total Faradaic efficiency
(FEgt), determined from the IC analysis of the catholyte and online GC, remains clearly below
100%, e.g., FEwt = 86.0% at —2.5 V vs. RHE (Table S3). Figure S7 demonstrates the detection of
formate in the anolyte. The precise quantification of formate in the anolyte stemming from the
crossover process is, however, hindered due to possible formate oxidation on the anode. Figure

S8 compares the excellent performance of the ap-Bi,O;@GDE catalyst precursor presented
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herein with data published in the literature with an emphasis on gas-fed electrolyzer studies (see
also Table S5).

It is important to note that under the harsh experimental conditions applied here, the CLs become
structurally unstable (highlighted in red in Figure 5b). This particular form of catalyst
degradation is due to the parasitic HER (e.g., PCDy, = -584.9 mA cm? at —2.5V vs. RHE),

which involves massive gas evolution and H, bubble formation on and inside the porous CL,
leading to structural disintegration of the catalyst film. For this reason, all mechanistic studies
discussed hereinafter were performed in the 1 mol dm KOH electrolyte, in which CLs remain

structurally intact.

3.3 Structural alterations within the CL

To gain insight into the structural and compositional changes occurring to the ap-Bi,O;@GDE
precursor during the CO,RR, processed GDEs were subjected to rigorous ex situ XRD and
Raman spectroscopic analysis after electrolysis (post mortem). To demonstrate the influence of
CO; exposure on the compositional and structural alterations of the catalyst, 1-h electrolyses
were performed in two different ways: i.) under a continuous flow of CO, for the whole duration
of the experiment; and ii.) under an initial CO; flow (30 min) followed by an additional 30 min
of electrolysis in a stream of inert Ar gas (see Figure 6). Note that after switching from CO, to
the Ar gas supply, the resulting electrolysis currents stem solely from the HER. For electrolyses
that were fully performed under CO; flow (panels a and c in Figure 6), both XRD and Raman
data point to a predominant transformation of the oxidic Bi,Oz precursor into a bismuth
subcarbonate phase according to

Bi,03 + CO, = (Bi0),CO0; Eq. 11

No characteristic features of the original Bi,O3 phase remained visible in the respective X-ray
diffractograms or Raman spectra when the electrolyses were performed in the potential range of
—0.6 to —1.5 V vs. RHE (panels a and c¢). To gain more insight into the kinetics of (BiO),COj3
formation, selected Raman/XRD analyses were carried out for a series of time-dependent
electrolyses performed at -1.0 V vs. RHE (Figure S9), which suggested a rapid Bi,Os
transformation into subcarbonate in the initial stage of CO, electrolysis. Additional control

experiments performed under CO, gas flow at the open circuit potential (OCP) further revealed
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that exposure of the Bi,Oz precursor to gaseous CO, in the presence of 1 mol dm~ KOH
electrolyte solution is already sufficient to initiate subcarbonate formation (Figure S10).
Although neither potential control, nor an ongoing CO,RR seem to be a prerequisite for the
observed (BiO),CO3 formation in the alkaline electrolyte solution under CO; gas flow, CO,RR

clearly accelerates this in situ transformation.

A noteworthy difference between the phase transitions occurring under potential control and at
OCP is observed in the appearance of metallic Bi, which forms only under reductive conditions
(e.g., at —1.0 V vs. RHE) but not at OCP (Figure S10). In agreement with this reasoning, metallic
Bi is also found as a second (minor) component of the CL in addition to (BiO),COg in all
diffractograms recorded after 1 h of electrolysis in the potential range of —0.6 to -1.5 V vs. RHE
(panel a and panel ¢ of Figure 6). This experimental finding points to a CO,-mediated (oxo-
anion—carbonate-anion) exchange process during the CO,RR, which is superimposed by a

(competing) reductive transformation of Bi(lll) to Bi(0) according to
Bi, 03 + 6e~ + 3H,0 = 2Bi + 60H" Eq. 12

At lower applied overpotentials (0.6 to —1.5 V vs. RHE), the anion exchange under a continuous
CO; flow is obviously the faster process, whereas the Bi(lll) electroreduction to metallic Bi
determines the final chemical composition of the CL at higher applied overpotentials. Notably,
only (BiO),CO3 is detected in the Raman spectroscopy experiments for samples processed at
lower applied overpotentials (Figure 6c¢), with no metallic bismuth present. As recently discussed
by Dutta et al. on the basis of oxidic Cu foams,* the (minor) deviations between XRD and
Raman analyses likely originate from the different probing depths of these techniques. Raman
spectroscopy is typically considered to be more surface-sensitive than XRD, which probes the
entire three-dimensional “bulk” of the porous catalyst film.*® This would suggest that the surface
regions in contact with the aqueous electrolyte are mainly in the subcarbonate form while the
more buried “bulk” regions can be both metallic and (BiO),COs. Also, in-plane chemical
inhomogeneities in the CL (discussed in detail below) can be partially responsible for observed
differences (Figure 6) given the different volume probing depths by different techniques.

(Bi0O),COs-related features disappear completely from the diffractograms and Raman spectra of
GDEs subjected to electrolysis potentials below —1.5 V vs. RHE (panels a and ¢ of Figure 6). Our
results demonstrate that the subcarbonate reaction pathway of formate formation (Figure 1),
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3,547 s also relevant for the CO,RR

already described for liquid-flow and H-type cell test beds,
performed in gas-fed electrolyzer devices. Intriguingly, in the present case, the subcarbonate
phase remains stable even at the extremely cathodic potential of —1.5 V vs. RHE (Figure 6a and
c). This behavior hints to a further stabilization of the (BiO),CO; catalyst in the CO, gas-fed
electrolyzer.

Our findings indicate that the CO, abundance may be the key factor for the stabilization of
Bi(1l1) in the subcarbonate phase during the CO,RR. (BiO),CO3 electroreduction involves the

(formal) release of CO, according to
(Bi0),CO; + 6e~ + 2H,0 = 2Bi + 60H™ + CO, Eq. 13

which actually rationalizes the observed cathodic shift of the reduction potential in the presence
of gaseous CO; for the gas-fed electrolyzer. Of note, the bismuth subcarbonate electroreduction

can also be formulated by assuming a carbonate anion release according to
(Bi0),C0O;3 + 6e~ + 2H,0 = 2Bi + 40H™ + CO%~ Eq. 14

The assumed CO,-mediated stabilization of the subcarbonate occurs in the latter case through the
carbonic acid/bicarbonate/carbonate/CO, equilibria in the alkaline electrolyte solution.

To experimentally prove our working hypothesis of a CO,-mediated stabilization of the
subcarbonate phase, we performed dedicated control experiments in which 30-min CO,
electrolyses were followed by additional 30-min electrolyses under an Ar gas flow. Under these
“inert” conditions, electrolysis continues exclusively through the HER. Panels b and d in Figure
6 depict the corresponding ex situ XRD and Raman data of these processed GDEs. The results
indeed confirm the complete reductive transformation of (BiO),COg3, formed in the initial phase
of electrolysis under CO; supply, into metallic Bi at all applied potentials after the switch from
CO; to an inert Ar gas supply (Figure 6b and d). Corresponding time-dependent experiments
(Figure S11) indicate a reduction process that occurs rapidly on the outermost catalyst surface
being in contact with aqueous electrolyte (preferentially probed by Raman spectroscopy) with,
however, a certain time delay in the three-dimensional bulk of the catalyst material (probed by
XRD).

To further support our working hypothesis of a stabilizing effect of CO,, we conducted
additional potential-dependent in situ Raman spectroscopy experiments in the absence of any
CO; gas supply. Under these conditions (BiO),CO3 reduction already occurs in the CO,-free
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1 mol dm KOH electrolyte solution under relatively mild cathodic conditions, at an applied
potential of approximately —0.3 V vs. RHE (Figure S12). Of note, corresponding stability Raman
experiments using the Bi,Os; film demonstrate a higher stability of (BiO),CO;3; against
electroreduction compared to the corresponding oxidic precursor (Figure S12), even in the
absence of any stabilizing CO, gas dissolved in the electrolyte or in direct contact with the
subcarbonate phase. The observed reduction potential of Bi,O3; agrees fairly well with the
Bi/water Pourbaix diagram depicted in Figure S13.

Our ex situ XRD analysis clearly indicates that the subcarbonate formation affects the entire
three-dimensional bulk of the Bi,O3 precursor material. Complementary top-down SEM analysis
reveals that both the CO,-mediated transformation of Bi,O; and the potential-induced
electroreduction of the subcarbonate phase into metallic Bi lead to substantial alterations in film
morphology across various length scales (Figure 7). The dendritic appearance, which is
characteristic for films of the as-prepared metallic Bi (panels a and b) and annealed Bi,Os
(panels d and e), disappears in the course of (BiO),CO3; formation and is replaced by more
compact aggregates of subcarbonate nano-sheets (panels g and k). Further electroreduction of the
in situ-formed (BiO),CO;3; at —1.7 V vs. RHE leaves more extended micron-sized sheets of
metallic Bi behind (panels m and n). Complementary contact angle measurements (panels ¢ and
f) hint at a transition from initially hydrophobic to pronounced hydrophilic surface characteristics
as a consequence of thermal annealing of the as-prepared metallic Bi (ap-Bi@GDE: @ = 157.7°).
The contact angle of this ap-Bi,O3;@GDE decreased to ®@=28.2°. Moreover, also the formed
bismuth subcarbonate shows pronounced hydrophilic characteristics (pe-Bi,O;@GDE: ® = 8.8°/
-0.6 V vs. RHE, ® = 24.0°/ -1.0 V vs. RHE, panel i and panel |, respectively). Interestingly, the
initial hydrophobic surface properties of the as-prepared Bi were largely recovered after
subcarbonate electroreduction back into metallic Bi (denoted pe-Bi@GDE: @ =144.9°, after
electrolysis at —1.7 V vs. RHE, panel o), although the film morphology showed substantial
changes, e.g., compared to the as-prepared dendritic Bi.

These contact angle analyses suggest a facile electrolyte permeation of the three-dimensional
structure of the CL when the oxidic Bi,O3 precursor is brought into contact with the aqueous
electrolyte. It can be further assumed that such catalyst wetting is sustained even if the oxidic
catalyst precursor is transformed into the hydrophilic subcarbonate phase during the CO,RR. To

probe the extent to which the interior of the micrometer-thick CL is wetted by the alkaline
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electrolyte, we applied cross-sectional SEM/EDX analysis, with a focus on potassium
concentration profiles along the surface normal (Figure 8). The exclusive source of potassium
cations is the KOH electrolyte solution; therefore, the presence of potassium cations in the GDE
serves as a “chemical fingerprint” for the permeation of the CL with electrolyte, and further
points to an (undesired) electrolyte flooding into deeper layers of the GDE. This approach
represents an extension of the recently developed analysis technique applied for post-electrolysis
visualization of potassium carbonate precipitates in the GDE interior.”® Indeed, the K-EDX
mapping suggests complete wetting of the Bi,O3 precursor layer, the formed subcarbonate, and
the metallic bismuth layer down to the MPL (see Figure 8h and 8l). Of note, our above
considerations of the wetting characteristics are based solely on (post-electrolysis) ex situ contact
angle measurements and neglect additional electrocapillary effects under potential control, which
might transform an intrinsically hydrophobic material (e.g., metallic Bi film) into a more
hydrophilic one. The extent to which the electrolyte is expelled from the CL after the Bi(lll)
reduction into Bi metal takes place cannot be ultimately determined by the ex situ measurements
presented herein.

Interestingly, after electrolyses, potassium is also detected inside the MPL of the GDE (Figure 8h
and 8l). This observation indicates a partial electrolyte permeation of the MPL during the
CO2RR. However, considering the observed high PCDs and FEs of formate production at these
applied electrolysis potentials (see also Figure 5a), it appears unlikely that the micropores of the
MPL (Figure S2) would become completely blocked by the electrolyte. The CO, gas supply
through the micropores of the GDL toward the CL is still apparently sufficient, and it is likely
that the electrolyte, entering the MPL and the fibrous layer during electrolyzer operation
perspirates out of the electrolyzer with the outward CO; gas stream. Such electrolyte perspiration
typically prevents massive electrolyte flooding and complete blockage of the micropores, which
would result in substantial CO,RR performance losses.

As a consequence of the described phase transitions, the CL also experiences a further structural
alteration in film thickness. Cross-sectional SEM analysis reveals a substantial decrease in CL
thickness occurring with subcarbonate formation at —1.0 V vs. RHE and Bi,O3 reduction to
metallic Bi at —1.7 V vs. RHE (Figure 8a,e,i). The film thickness decreases from an initial value
of ~28 um (ap-Bi;O3@GDE) to ~12 um (pe-(BiO2)CO;@GDE) and ~10 um (pe-Bi@GDE).

However, complementary ICP-MS analyses of the electrolyte to which the CL was exposed
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during electrolysis reveal only a minor loss (< 3%) of catalyst material in the liquid electrolyte
(Figure S14), which cannot account for the thickness changes observed in the cross-sectional
SEM analysis (Figure 8a,e,i). From this comparison, it can safely be concluded that the density
of the CL increases during the transformation of Bi,Os into either (BiO),CO3 or metallic Bi. This
substantial structural alteration obviously does not compromise the facile transport of CO,
through the GDL into the CL (see Figure 5a).

To better understand the differences observed between XRD and Raman spectroscopy (Figure
6), and to gain information on the heterogeneous distribution of (BiO),CO3; and metallic Bi in the
CL, a series of X-ray diffraction computed tomography (XRD-CT) scans have been collected for
samples that were made subject to electrolysis at different potentials. By using this technique’®
8 we can image the chemical composition with relatively high spatial resolution (40 um) in the
whole bulk of the sample. The maps in Figure 9 represent the location of the (BiO),COj3 (left
column) and metallic Bi (right column) in the CL after 1 hour of CO,RR at increasing cathodic
potentials, from —1.0 V to —1.8 V vs. RHE for each sample. To derive the concentration profile of
(BiO),CO3 and metallic Bi as a function of depth, the intensities of the (1,0,3) and (0,1,3) peaks
at 20 = 3.01° for (BiO),COg3 and that of the (2,-1,0) peak at 26 = 3.91° for Bi were integrated in
the XRD pattern corresponding to each voxel. The result confirms that the distribution of the
phases is rather homogeneous as a function of the CL depth. The coexistence of (BiO),CO3 and
metallic Bi in the same positions in the GDE is highlighted in Figure 9, with a general increase in
the metallic phase at the expense of the carbonate phase for CO,RR at lower potentials. A
relatively higher concentration of metallic Bi on the CL surface (in contact with the electrolyte)
is observed at extreme negative potential (—1.8 V vs. RHE). This is in agreement with the Raman
and ex-situ XRD measurements showing the preferential subcarbonate phase formation on the
same CL-electrolyte interface at lower CO,RR potentials, even though both phases are present in
the bulk. The interesting observation that the phases in the bulk are mixed and, therefore, not in
thermodynamic equilibrium, can likely be explained by diffusion effects occurring in the CL that
lead to uneven potential distribution and a strong in-plane phase inhomogeneity. The potential
distribution on the surface of the catalyst layer, in contact with the electrolyte solution, is
relatively homogeneous, allowing subsequent phase transformations toward the thermodynamic
equilibrium. However, the bulk of the CL can be subjected to much larger concentration and

potential differences that can lead to the mixing of crystalline phases.
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Hints to phase mixing in particular at “intermediate potentials” can clearly be seen in Figure 10,
showing (in panels a and b) the phase distribution of (BiO),CO3 and Bi, respectively, in a CL
sample following 1 hour electrolysis at —1.6 V vs. RHE. These maps reveal locations where
either one of the phases is completely missing, marked by white ovals, which can only be
explained by assuming that these areas were subject to different CO, concentrations and/or
potential. Apart from these areas, the sample contains both phases, mixed with uneven
distribution (panel c). In certain regions, the phase transformation proceeded from the surface in
contact with the electrolyte to the bulk. This is demonstrated by the line profiles in panel (d),
where we plotted the phase distribution and the relative difference along the grey line shown in
panel (c). In this area, the Bi phase is much more abundant close to the electrolyte than in the
center of the region. As we observe these effects only at larger scales of several hundred
microns, areas of smaller scales are likely homogeneous, as supported be SEM measurements,
and this explains the relative homogeneity of phases in the out-of-plane direction. These
considerations are important in the CL design, as the slow phase mixing can lead to the

degradation of catalyst selectivity and may play a role in long-time catalyst deactivation.

4. Conclusions and outlook

In this work, we have integrated the DHBT assisted metal foam deposition of CO,RR catalyst
materials into a more general preparation scheme for the preparation of gas diffusion electrodes
that can be used in gas-fed electrolyzer set-ups. The so-called subcarbonate reaction pathway of
CO,-to-formate electroreduction is shown to be prevalent also at high current densities (e.g.,
PCDsomate = —207.1 mA cm? and FEfomae = 95.3% at —1.2V vs. RHE) in these gas-fed
electrolyzer systems. We have demonstrated that the local abundance of gaseous CO, during
operation of a gas-fed electrolyzer leads to substantial stabilization of the bismuth subcarbonate
catalyst in which Bi is present in an oxidation state of +3. The active subcarbonate phase
((BiO),CO3) readily forms in situ, during CO,RR, from an oxidic CO,-absorbing Bi,O3
precursor material. Under a continuous CO, gas flow in the electrolyzer, the (BiO),CO3; phase
transforms into metallic Bi only under harsh reductive conditions at applied electrolysis
potentials more negative than —1.5 V vs. RHE, whereas this cathodic transformation occurs in the
absence of CO, under much milder conditions, at —0.3 V vs. RHE, as evidenced by in situ Raman

spectroscopy. After electroreduction of the (BiO),CO3 phase into metallic Bi even higher partials
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current densities were observed, e.g., a value of PCDsomae = —441.2 mA cm 2 at —2.5 V vs. RHE.
Increasing the alkalinity of the liquid electrolyte further (e.g., by using 5mol dm~ KOH
solution) boosts the PCDyomate.values beyond —1 mA cm 2,

Post-electrolysis K-EDX mapping of cross-sectioned GDEs demonstrated complete permeation
of the CL with 1 mol dm™ KOH electrolyte solution as a prerequisite for the formation of triple-
phase boundaries facilitating CO2RR.

Ex situ CT-XRD techniques were applied to GDEs following electrolysis, and confirmed the
appearance of heterogeneous composite catalyst films consisting of metallic Bi and (BiO),COs.
Relative phase abundances are not only potential-dependent but also show great variance across

the sample, which can compromise the long-term stability of the catalyst.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Reaction pathways of formate formation postulated for bismuth-type catalysts.
a) Subcarbonate pathway involving the in situ formation of (BiO),CO; from Bi,Os. b) Bi-O

pathway over metallic Bi catalysts.

a) Fluidic cathode configuration used in this study. b) Exploded view of the flow cell

electrolyzer. ¢) Photograph of the assembled electrolyzer setup.

Individual preparation steps required for the fabrication of the GDE coated with the Bi,O;
film (denoted ap-Bi,O;@GDE) serving as the catalyst precursor.

a-b) Top-down SEM micrographs of ap-Bi,O;@GDE. c-d) Cross-sectional SEM and EDX
mapping of ap-Bi,O;@GDE. e) X-ray diffractogram of ap-Bi,Os@GDE including references
for B-Bi,0Os. f) Representative Raman spectrum of the ap-Bi,O;@GDE.

a) Potential-dependent product distribution of potentiostatic CO, electrolyses performed in
1 mol dm™ KOH aqueous electrolyte. The data are represented as plots of FE values or
corresponding (partial) current densities versus the applied electrolysis potential (E vs.
RHE). Of note, the applied potentials are IR-compensated. b) Data set obtained for
electrolysis conducted in 5 mol dm® KOH aqueous electrolyte. Electrolysis results for which
the catalyst undergoes structural degradation (mechanical instability under massive hydrogen
evolution) are highlighted in red. Numerical data for this figure are presented in Tables S1-
S4.

a) Ex situ X-ray diffractograms recorded after 60 min of potentiostatic electrolysis in
1 mol dm™® KOH solution under a continuous CO, gas flow; the IR-compensated electrolysis
potentials are indicated next to the diffractograms. b) Corresponding X-ray diffractograms of
catalyst films subjected to 30 min of electrolysis under a CO, flow followed by an additional
30 min of electrolysis under an inert Ar gas flow. ¢) Ex situ Raman spectra recorded after 60
min of potentiostatic electrolysis in 1 mol dm™ KOH solution under a continuous CO, gas
flow (corresponding to panel a). d) Raman spectra of catalyst films subjected to 30 min of
electrolysis under a CO, flow followed by an additional 30 min of electrolysis under an inert
Ar gas flow (corresponding to panel b). Diffractogram and Raman spectroscopy features
corresponding to Bi,O3, (BiO),CO3, and metallic Bi are highlighted in red, blue, and green,

respectively.
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Figure 7.

Figure 8.

Figure 9.

Figure 10

Top-down SEM inspection and corresponding contact angle measurements of the catalyst
(precursor) layers. a—c) As-prepared porous metallic Bi film (denoted ap-Bi@GDE).
d-f) As-prepared Bi,O; film on the GDL after thermal annealing (denoted ap-Bi,Os@GDE).
g-i) Post-electrolysis (pe) inspection of the CL after 60 min of electrolysis at —0.6 V vs. RHE
(denoted pe-(BiO),CO;@GDE). j—I) Results obtained after 60 min of electrolysis at -1.0 V
vs. RHE. m-0) Results obtained after 60 min of electrolysis at —1.7 V vs. RHE (denoted pe-
Bi@GDE).

Representative cross-sectional SEM and EDX analyses of the GDEs. a—d) Data for the ap-
Bi,O;@GDE sample (after thermal annealing of the metallic Bi sample). e-h) Post-
electrolysis data for a sample subjected to 60 min of electrolysis in 1 mol dm? KOH
electrolyte at —1.0 V vs. RHE; this sample is representative of a predominant presence of the
subcarbonate phase. i-l) Post-electrolysis data for a sample subjected to 60 min of
electrolysis in 1 mol dm> KOH at —1.7 V vs. RHE; this sample is representative of a

predominant presence of the metallic Bi phase.

XRD-CT scans of the catalyst layer after CO,RR (1 h) at various potentials. The left column
shows the distribution of (BiO),CO; in different depths and corresponding depth profiles
determined at the selected areas of the sample. The right column shows the same for Bi

metal phase.

The in-plane distribution of (BiO),CO; (a) and Bi (b) of CL after CO,RR (1 h) at -1.6V vs.
RHE. The inhomogeneous nature of the phase distribution is highlighted in (c) by showing
the Bi/(Bi0O),CO;s ratio. Plot (d) presents line profiles along the grey line in (a), (b) and (c).
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Figure 2
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Figure 3

Step 1: Bi foam electrodeposition
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Figure 4

The catalyst precursor: ap-Bi,0,@GDE
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9

XRD-CT analysis of selected GDEs
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Figure 10

normalized intensity / a.u.
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