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Ag sites adsorb CO;’ reduced to
molecular CO, HCOO- on Bi sites

Core-shell BiAg alloy enhances carbon dioxide electroreduction into fromate, through a cascade reaction mechanism, while
simultaneously inhibiting the electrocorrosion of Bi during the process. This synergistic effect results in sustained formate
generation with high selectivity across a broad potential range.
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ARTICLE INFO ABSTRACT

Article history: CO: electrolysis into formate is a promising technology with the potential to simultaneously
Received alleviate energy shortages and global warming. However, the limited stability of the catalysts
Received in revised form during long-term electrolysis hinders their widespread implementation. Herein, we show that a
Accepted core-shell bimetallic BiAg catalyst with a multifaceted Janus structure at its core can achieve a
Available online stability of up to 300 h with a formate faradaic efficiency (FEformate) Over 90% at -0.75 V vs.

RHE (Reversible Hydrogen Electrode) in an H-type cell. Our investigations reveal the important
role of the Janus structure on the transfer of electrons, favoring their delocalization across the

Keywords: catalyst and enhancing their mobility. We propose that the compressive strain inclined to grain
CO; reduction boundaries within this structure would lower the energy barrier for electrons transfer and
Cascade catalysis promotes the cooperation between Ag and Bi. Indeed, Ag initiates the activation of CO2 through
Formate a series of cascade reactions and is subsequently hydrogenated on Bi. Additionally, our study
BiAg suggests that Ag plays a crucial role in stabilizing the catalyst structure after long-term
Janus electrolysis. This work highlights a new strategy for tandem CO: electrolysis, providing novel

insights for the design of formate formation catalysts.

The excessive consumption of fossil fuels results in significant anthropogenic CO, emissions, contributing to the greenhouse effect
and subsequent global warming. Recognizing this pressing challenge, governments worldwide have made commitments to achieve net
zero carbon emissions by 2050 [1]. To address this target, one effective route focuses on carbon recycling which involves transforming
CO; into value-added chemicals or low carbon fuels [2-5]. CO. electroreduction reaction (eCO2RR), powered by renewable electricity
sources, holds great potential to achieving a CO»-neutral energy cycle. Recent techno-economic analyses have underscored formate (or
formic acid) as the most valuable product of eCO,RR per mole of electrons (16.1 x 10 $/electron) [6]. Indeed, formate finds
widespread application in various industries, including pharmaceuticals, textiles, and as hydrogen carrier fuel [7,8].

The efficiency of eCO.RR is often limited by the use of aqueous electrolyte solutions, due to the competitive hydrogen evolution
reaction (HER) which tends to consume a significant portion of the input charge. Therefore, achieving high selectivity for the desired
product is crucial to avoid wasting electricity on undesired byproducts. With its low HER activity and high free energy for hydrogen
adsorption, bismuth (Bi) emerges as a promising and cost-effective electrocatalyst for high FEsmae. Extensive efforts were devoted to
fine-tuning the composition, size, and morphology of Bi catalysts in order to achieve high activity [9,10]. More recently, Bi-based
bimetallic catalysts were developed to enhance the eCO.RR activity, leveraging the synergistic geometric and electronic effects
between heterometallic components [11-13]. Although some of these catalysts have achieved a FEsmate Over 95%, they are associated
with a poor stability and a narrow potential window wherein 90% FEfomate iS maintained. Furthermore, a high stability during the
electrolysis is also a major parameter to consider for the viability of the process. Hence, it is imperative to explore and identify more
promising electrocatalysts to effectively address these challenges in the context of large-scale implementation.

Positively, our catalyst maintains a FEsomate OF Over 90% across an 860 mV potential window, while remaining stable during 300-h at
—0.75 V vs. RHE. To unveil the fundamental factors responsible for the remarkable stability of our catalyst, we have conducted
physicochemical characterization revealing the pivotal role of the multifaceted Janus bimetallic core structure. Furthermore, the
utilization of electrochemical isotopic tracing technique, electrochemical in situ attenuated total reflectance Fourier transformed
infrared spectroscopy (ATR-FTIR) and in situ shell-isolated nanoparticle enhanced Raman spectroscopy (SHINERS) permitted to
disclose a CO2RR cascade mode on BiAg, where Ag sites adsorb HCOs increasing the CO, concentration and the local pH nearby Bi
sites, where the formation of *OCHO™ (with * the active site) species is promoted whilst the HER is hindered.

Building upon the distinctive characteristics of metal-organic frameworks (MOFs) [14,15], we synthesize monometallic Bi, Ag and
bimetallic BiAg catalysts (Fig. 1a). The as-prepared catalysts were designated as Bi-600, Ag-600 and BiAg-600 (Note S1, Figs. S1 and
S2 in Supporting information).

Scanning electronic microscopy (SEM) displayed for both Bi-based catalysts a micron-pyramidal hexagonal prism shape (Figs. S3a
and b in Supporting information). High resolution transmission electron microscopy (HR-TEM) revealed that BiAg-600 nanoparticles
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exhibited an average particle size of 10.8 nm, encompassed by a graphitic layer measuring ca. 6-8 nm in thickness (Fig. S4 in
Supporting information and Fig. 1b). In contrast, the Bi nanoparticles were comparatively larger, with an average size of ca. 50 nm,
and similarly enclosed by a graphitic layer measuring 1.5 nm in thickness (Fig. S5 in Supporting information). Aberration corrected
scanning electron microscopy (AC-SEM) highlighted the specific core-shell structure of Ag and Bi inside BiAg-600 (Fig. 1c). The
compositional line analysis (Fig. 1d) and energy dispersive X-ray spectroscopy elemental mapping (Figs. 1 e-h) demonstrated that the
BiAg bimetallic shell (ca. 2 nm thickness) was amorphous and enriched by Bi, with a Bi/Ag ratio of ca. 5.4, according to X-ray photo-
electron spectroscopy (XPS) (Fig. S6 in Supporting information). The core was composed of both Bi and Ag atoms with different
crystal planes and with segregated phases forming multifaceted Janus nanostructures (Fig. 1c).
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Fig. 1. (a) Synthesis route for BiAg-600. (b) HRTEM image of BiAg-600. (c) AC-STEM of an individual nanoparticle of BiAg-600. (d) Compositional line
profiles of Bi (red) and Ag (blue) recorded along the arrow shown in the HAADF-STEM image. (e-h) Energy dispersive X-ray spectroscopy elemental
mappings of BiAg-600.

Within the core region, a tensile strain effect was observed for Ag (111), Ag (220), and Ag (311), with lattice spacings of 0.243 nm,
0.147 nm, and 0.126 nm, respectively. These values exceeded the standard lattice spacings, which are respectively 0.235 nm, 0.145 nm,
and 0.123 nm (PDF#04-0783). This tensile strain can be attributed to Bi being approximately 5% larger than Ag [16]. Simultaneously,
the interplanar spacing of the (012) rhombohedral Bi lattice plane, measured at 0.310 nm, was smaller than the standard value of 0.328
nm, indicating a compressive strain effect. This, was further supported by the absence of strain in Bi-600, where the lattice fringe for
Bi (012) measured 0.328 nm, similar to the standard value (Fig. S5). These strains are inclined to grain boundaries [17].

Bi 4f and Ag 3d core-level XPS spectra were monitored (Figs. 2a-c). For BiAg-600, at the near surface region (~10 atomic layer)
[18], Ag 3d showed a doublet with a binding energy of 368.3 eV (Ag 3ds;, ) and 374.3 eV (Ag 3da, ) assigned to Ag®[19], while Bi 4f
depicted two peaks at 164.2 eV (Bi 4fs;; ) and 159.1 eV (Bi 4f7, ) assigned to the oxidation of Bi resulting from the exposition of the
catalyst to air [20]. After Ar etching, two shoulder peaks appeared at 162.5 eV and 157.2 eV and were attributed to Bi®. According to
the peak’s areas, a Bi/Ag ratio of ~5.4 was obtained at the surface region, and decreased to ~1.2 at the subsurface of 30 nm (Fig. S6),
confirming that BiAg-600 was enriched with Bi in the near-surface. This enrichment would be caused by the difference in surface
energy between Bi and Ag, prompting the spontaneous aggregation of Bi atoms on the catalyst's surface during synthesis [21-25]. The
binding energy of Bi 4f;, on the surface of BiAg-600 exhibited a lower value compared to Bi-600 (159.1 eV vs. 159.5 eV). One
plausible explanation is the difference in electronegativity between Bi (2.02 eV) and Ag (1.93 eV), resulting in a higher electron
density surrounding Bi atoms and consequently a lower valence state of Bi. Another contributing factor could be the compressive strain
observed on Bi due to the presence of Ag, inducing a delocalization of the Bi-p orbital [26]. Moreover, the binding energy of Bi 4f7
within the shell exhibits a higher value compared to the core region, indicating an uneven distribution of charges among Bi atoms
throughout the catalyst. This, can be attributed to a gradient concentration of Ag atoms across the BiAg-600 nanoparticles, with the
core region displaying a higher enrichment of Ag (Fig. S6). As a result, the distribution of electrons across the catalyst is influenced by
this varying composition within the nanoparticles. In addition, XANES spectra of Bi L3-edge (Fig. 2d) depicted a negative shift of the
absorption edge position toward metallic Bi foil in the presence of Ag (black arrow in Fig. 2d), pointing to an electron transfer from Ag



to Bi. Besides, the extended X-ray absorption fine structure (EXAFS) analysis (Figs. 2e and f) provided further insight by revealing
that the valence state of Bi’* in BiAg-600 fell within the range of 2 < ¢ < 3 (Fig. 2e). This result was lower than that of Bi in Bi-600,
which is typically +3. Furthermore, in the EXAFS spectra, the R spaces for BiAg-600 and Bi-600 presented a peak at 1.69 A in Bi Ls-
edge, corresponding to Bi-O scattering path of Bi,Os. The coordination numbers of Bi-O were about 2.2 and 3.2 for BiAg-600 and Bi-
600 respectively, indicating that the incorporation of Ag promoted a lower coordination number (Fig. 2f and Table S1 in Supporting
information).
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Fig. 2. Electronic properties of Bi-600 and BiAg-600. X-ray photoelectron spectroscopy spectra of BiAg-600 compared with Bi-600 (a) and Ag-600 (b). (c) XPS
spectra depth profiling of BiAg-600. (d) XANES spectra of Bi Ls-edge of BiAg-600 and Bi-600, compared to the metallic Bi foil and Bi,O; used as references.
(e) Bi Ls-edge FT-EXAFS spectra. (f) Corresponding EXAFS fitting curves for BiAg-600 at R space.

The electrocatalytic activities of the catalysts were initially assessed in a gas-tight H-type cell, using a 0.5 mol/L KHCO; aqueous
solution. A commercial Bi powder (referred to as comm. Bi) was used for comparison. From the linear sweep voltammetry (LSV), Bi-
based catalysts exhibited higher current densities in the CO,-saturated electrolyte when compared to the blank Ar-saturated solution,
Fig. 3a. This, confirms a reduced activity towards HER [27]. Chronoamperometric tests were conducted at various potentials using
CO,-saturated solutions. The resulting gaseous and liquid products from one-hour electrolysis were collected and analyzed using gas
chromatography (GC) and nuclear magnetic resonance (NMR) (Fig. S7 in Supporting information). Formate was found to be the
primary product observed on all the Bi-based catalysts across the entire potential range, while CO and H, were minor products with a
FE < 5%. BiAg-600 demonstrated the highest efficiency with the highest FEfomate, Superior current density (jformate), and remarkable
formate production rate, reaching respectively 97% at -1.3 V, 58.6 mA/cm? at -1.0 V, and 974 pmol cm™ h* at -1.1 V (Figs. 3b and c).
Bi-600 achieved a FEfomate 0f 91% at -1.1 V, a jrormate 0F 51.3 at -1.0 V and formate production rate of 852 pmol cm™ h' at -1.0 V. The
Bi comm. showed the lowest activity with a FEformae 0f 88% at -1.0 V, a jrormate Of 47.6 mA/cm? at -0.9 V and formate production rate of
638 umol cm™ h't at -1.0 V. Most importantly BiAg-600 was able to maintain a FEomae Over 90% across a potential range window of
860 mV.

A smaller ECSA was observed for BiAg-600 compared to Bi-600, which can be attributed to the rougher surface exhibited by Bi-
600 (Fig. 3d, Figs. S8, S3a and b in Supporting information). The normalization of the partial current density of formate formation
against ECSA (jesca-formate) Showed for BiAg-600 a much higher intrinsic activity with a jesca-formate Of 2.3 mA/cm? at -1.0 V against 1.1
mA/cm? for Bi-600 (Fig. S9 in Supporting information).

In the same potential region, the incorporation of Ag into Bi resulted in an improved rate with a smaller Tafel slope compared to the
monometallic Bi catalyst (96.9 mV/dec vs. 117.3 mV/dec, Fig. 3e). The data, substantiated by electrochemical impedance spectroscopy
(EIS) experiments (Fig. 3f) indicated a faster electron transfer rate on BiAg-600. In addition, the Tafel slopes for both catalysts were
close to the theoretical value of 120 mV/dec, suggesting that the rate-determining step (RDS) was the first electron transfer step [28].
The Bi comm. displayed a Tafel slope of 176.9 mV/dec indicative of a low activity.

BiAg-600 exhibited a remarkable level of stability, maintaining a consistently high jrormae Of 14.8 mA/cm? and a FEformae > 90%
throughout 300-h at -0.75 V (Fig. 3g). These performances, make our catalyst one of the most stable compared to state-of-the-art
bismuth-based electrocatalysts in eCO,RR for formate formation (Table S2 in Supporting information). Bi-600 displayed stability for
only 122 h with negligible fluctuations in jrormae (12.6 MA/cm?) before experiencing a decline. Comm. Bi revealed a significantly
shorter stability period of less than 20 h (Fig. S10 in Supporting information).
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Fig. 3. CO, Electrolysis performances in H-type Cell of BiAg-600, Bi-600 and comm. Bi. (a) LSV curves in Ar- and CO,-saturated 0.5 mol/L KHCOj3 aqueous
solution. (b) Potential-dependent Faradaic efficiencies of formate in CO,-saturated 0.5 mol/L KHCO; aqueous solution. (c) Formate Partial current density
generation against potential. (d) Electrochemically active surface area measurement of BiAg-600 and Bi-600; Half-charging current density differences (Aj/2)
are plotted against scan rates. (e) Tafel plots obtained on BiAg-600 and Bi-600. (f) Nyquist plots obtained on BiAg-600, Bi-600 and comm. Bi. (g) Current
density and FEomate 0N Bi-600 (top) and BiAg-600 (bottom) during potentiostatic tests at -0.75 V.

The performances of the BiAg-600 were further investigated in a gas diffusion electrode flow cell (Fig. S1la in Supporting
information). Under these conditions, the current density recorded was greatly enhanced (Fig. S11b in Supporting information), and
was ascribed to a better diffusion of CO,. Formate started to be detected at -0.44 V, corresponding to an overpotential 7 of only 190
mV, and with a FEsormae 0f 93.1% (Fig.S11c in Supporting information). BiAg-600 demonstrated a stable industrial relevant current
density of 200 mA/cm? at 17 = 300 mV with a FEomate 0f 94.3% (Fig. S11d in Supporting information).

A linear correlation was observed between FEimae and the binding energies of Bi 4fs, for the tested catalysts (Fig. S12 in
Supporting information), indicating that a more reduced oxidation state of Bi promotes the formation of formate during the reaction.

In the aim to investigate the properties responsible for the stability of BiAg-600, the structure, morphology, and electronic properties
of Bi-600 and BiAg-600 were examined after reaction. SEM images showed significant damage to the structure of Bi-600 (Fig. S13a in
Supporting information), while BiAg-600 structure was well preserved (Fig. S13b in Supporting information). X-ray diffraction (XRD)
analysis revealed that the crystalline structures of BiAg-600 and Bi-600 remained almost unaffected after the reaction (Figs. S14a and
b in Supporting information), with some changes on the crystallites sizes. While the binding energies of Ag 3ds, in BiAg-600 remained
constant (Fig. S14c in Supporting information), the binding energies of Bi 4fs, and Bi 4f;, on the surface slightly increased by
approximately 0.6 eV (Figs. S14d and e in Supporting information), but to a lesser extent compared to Bi-600, which exhibited an
increase of around 2 eV (Fig. S14f in Supporting information). The morphological transformation of the catalysts can be attributed to
the electromigration of Bi atoms from the bulk to the surface of Bi-600 during the electrolysis process (Fig. S14f and Note S2 in
Supporting information). The incorporation of Ag would stabilize Bi and contribute to the preservation of the pyramidal structure of
BiAg-600. It also appears that the introduction of Ag contributed to the stabilization of the electronic properties of Bi, possibly through
the presence of the compressive strain structure discussed in the characterization section.

Electrochemical in situ ATR-FTIR at different potential, was used on BiAg-600, Bi-600 and Ag-600 and the results were reported in
Fig. 4 and Fig. S15 (Supporting information). A list of IR band assignments can be found in Table S3 (Supporting information), and
detailed explanations are provided in Note S3 and Fig. S16 (Supporting information). Bridge bonded CO species (*COsg) are
considered as a crucial intermediate in the formation of CO during CO, reduction [29]. In the IR spectra, this intermediate was
exclusively detected on Ag-600, explaining its high selectivity towards CO compared to Bi-based catalysts (Fig. S7d). Linear-bonded



CO species (*CO.) were observed on the surface of all catalysts, although the band intensity of *CO_ was significantly lower for Bi-
600, indicating the important role of Ag in its formation on the BiAg-600 catalyst. Notably, the IR band of *CO_ on BiAg-600
exhibited a blue shift of approximately 11 cm™ compared to Bi-600, which can be attributed to the presence of Ag. This shift indicates
a downshift of the d-band of Bi upon the introduction of Ag [30]. Besides, the high band intensity of the *OCHO species observed on
Bi-based catalysts explained their high FEsmae. Moreover, the band intensity of *OCHO™ in the BiAg-600 was the highest and could
be associated with the high selectivity of this catalyst toward formate formation. It is worth noting that the presence of *OCHO™ and
*COL species was also observed in the spectra of BiAg-600 under Ar (Fig. S17 in Supporting information). This, suggests that HCO3~
from the electrolyte may play a role in the formation of formate and CO during the eCO;RR process. Furthermore, the fact that
HCOz*~ was only present in the spectra of Ag-600 and BiAg-600 indicated that the HCO3™ species tended to only adsorb onto Ag sites.
This could be closely related to the higher eCO;RR activity against formate formation observed on BiAg-600 compared to Bi-600. A
linear relationship was established between the partial current density of formate and the concentration of HCO3™. The fitting results
yielded a quasi-one-order relationship with a coefficient of 0.76 (Fig. S18 in Supporting information). This result confirmed the direct
participation of HCOs™ in the formate formation pathway [31]. Isotopic labeling was used to clarify the nature of the protons involved
during the reaction. Deuterium oxide (D,0O) was firstly employed in a CO; saturated solution of D,O + 0.5 mol/L KHCOs3, where H-
formate and D-formate could be produced according to the source of protons. H-NMR revealed that less than 5% of the protons from
HCO;™ were involved in the formate formation in the potential range of -0.55 V to -1.3 V (assuming no protons transfer between D,0
and KHCOs) [32]. These findings indicates that the protons involved in the hydrogenation of OCO* species were primarily derived
from H,O activation. Thus, it was assumed that HCO3™ acted more as a carbon source for formate rather than solely serving as a pH
buffer. To validate this assumption, two control tests were conducted. Firstly, constant-potential tests were performed on BiAg-600 and
Bi-600 in a CO, saturated phosphate buffer (0.5 mol/L, pH 7) with HCO3™ concentrations, C(HCO3"), below 0.14 mol/L. The obtained
FEformae Was significantly lower compared to that in the CO, saturated KHCO; solution (Fig. S19 and Note S4 in Supporting
information), especially at high overpotential (). Secondly, constant-potential electrolysis experiments were carried out in an Ar-
saturated KHCO;s solution at -0.8 V. Under these conditions, a non-negligible amount of formate was detected, corresponding to 38.7%
and 18.7% FEomae for BiAg-600 and Bi-600, respectively. These data confirmed that HCO3™ adsorbed on Ag sites participate directly
in formate generation and promote FEsomate in @ broad potential window. It should be noted that there were no peak related to HCO3™ or
CO3? species on the BiAg-600 IR spectra under Ar- (Fig. S17). This indicates that the signals of HCOs*~ and COs*?” on Ag sites were
attributed to the presence of molecular CO,, as described by Eqg. 1. It can be inferred that HCO3™ species behaves as a mediator for the
transfer of CO, from the electrolyte to the catalyst's surface, following Egs. 1-3. The appearance of the COs?™ band near 1396 cm™ only
in the spectra of BiAg-600 suggests that the local pH near the surface of BiAg-600 was higher compared to Bi-600 [7]. This is because
COs? is formed through the dehydrogenation of HCOj3™ in response to the local pH increase near the electrode’s surface, as described
by Eqg. 4 [33]. Based on the combined findings from ATR-FTIR and isotopic labeling experiments, we propose that CO; reacts with
water to form HCO3™. Simultaneously, Ag sites adsorb HCOj3;™ species and releases CO, through a rapid equilibrium (Egs. 2 and 3),
resulting in a high local concentration of CO, and an increase in the local pH (Eg. 5) near the Bi sites.

CO, + H,0 > HCO5 + H* 1)
HCOy + H,0 > H,CO5 + OH @)
H,CO3 < CO; + H,0 3)
HCO5 + OH" — CO + H,0 @)
CO*" + H,O — OCHO* + OH" (5)

Due to the elevated local pH and localized CO; concentration, HER is impeded, leading to a sustained high activity for eCO.RR even
at highly negative potentials (below -1.3 V).

In situ SHINERS was employed to monitor the nature of the species on the catalysts' surface during the eCO;RR, specifically
focusing on the Raman region below 1000 cm™!. The Bi-O stretching near 236 cm™ appeared at the open circuit potential (OCP) and
disappeared after applying the reaction potential, Fig. 4c, confirming that Bi oxide was present on the catalyst’s surface and then
reduced into metallic Bi during eCO;RR. As the applied potential underwent a negative shift (Fig. 4d) four peaks were observed, with
their assignments summarized in Table S4 (Supporting information). The Raman shift frequency at around 1019 cm™' was assigned to
the vc-ony Vibration of adsorbed HCO;™ [34,35]. Notably, the higher band intensity of HCO3z* species on BiAg-600 compared to Bi-
600 demonstrated that Ag phase could easily adsorb HCOs*~ species on its surface. The viochoy peak near 1440 cm™ corresponded to
the O-bound bidentate formate adsorbed on catalyst sites [36]. The intensity of vocho) on BiAg-600 was slightly lower than that on Bi-
600, particularly at low 7. These findings suggested that a larger amount of formate could be generated on the latter catalyst. Based on
the downshift of the d-band for Bi over BiAg-600, as revealed by the CO4q shift in the in situ FTIR spectra, the decreased oxophilicity
of BiAg-600 resulted in efficient desorption of the final product formate from the active sites, facilitating subsequent CO, reduction
and leading to an enhanced jrormate.
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Fig. 4. Electrochemical in situ ATR-FTIR analysis. Bi-600 (a), BiAg-600 (b) in CO,-saturated 0.5 mol/L KHCO;between 0.0 V and -0.7 V. In situ SHINERS
and proposed mechanism: BiAg-600 (c) and Bi-600 (d) in CO,-saturated 0.5 mol/L KHCO; between 0.0 V and -0.8 V.

By considering the spectroscopic results from the in situ operando analyses, the mechanism of eCO;RR on the BiAg-600 catalyst
can be well understood. The Ag sites effectively captures CO, molecules through a continuous process of HCO3 consumption,
regeneration (or migration), and subsequent CO,* adsorption. The captured CO,* species then accept the first electron to form CO,*™,
which is further hydrogenated to *OCHO" on the Bi sites, leading then to the formation of formate.

Our study contributes to understand how to improve the catalytic stability against eCO2RR for formate synthesis and could lead to
the development of novel catalysis which will help to tackle the climate change by producing value-added molecules for chemical
industries.
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