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ARTICLE INFO ABSTRACT

Keywords: The acidic electrochemical CO2 reduction reaction (CO2RR) holds promise for achieving a carbon-neutral future
€O, reduction. and can promote efficient CO, utilization by attenuating the carbonate/bicarbonate formation reaction. How-
Electrocatalysis ever, catalyst degradation in strong acids and the competing hydrogen evolution reaction (HER) often result in
Acid stable - .. . : . o

In sitit XAS short catalyst lifetime and poor product selectivity. Herein, this study introduces a strategy to stabilize copper

oxide (CuOy) catalysts for acidic CO5 reduction (CO2RR) by incorporating bismuth oxide (BiOy) and achieved a
maximum formic acid Faradaic efficiency (FEgcoon) of 97 + 1 % at —2.7 V vs. RHE and maintaining over 90 %
FE for more than 20 h. In situ XAS, SR-FTIR and density functional theory (DFT) calculations show that the
catalyst can inhibit *H adsorption and promote selective CO, conversion to HCOOH via the HCOO* pathway.
Further electrolyte anion modulation achieves ethanol and acetone production at Faradaic efficiencies of 17 %
and 16 % in phosphoric and perchloric acid, respectively. In situ analyses reveal that distinct anion adsorption
influence key intermediates, such as *CO, leading to shifts in Cz- product distributions. This work offers insights
into designing acid-stable electrocatalysts for CO2RR and highlights the potential of electrolyte modification to
tailor product selectivity.

1. Introduction

Electrochemical carbon dioxide reduction reaction (CO-RR) is
considered a promising pathway to close the carbon cycle and to
generate synthetic chemicals and fuels, powered by renewable energy
sources [1-3]. Currently, most CO2 reduction studies are conducted in
alkaline or near-neutral electrolytes, as alkaline environments have been
demonstrated to yield optimal cathode performance for products such as
methane [4,5], and to promote carbon-carbon coupling reactions
necessary for generating Cz- products [6,7], while also suppressing the
competing hydrogen evolution reaction (HER) [8-11]. However, the
side reaction between CO5 and OH™ causes undesired CO, consumption
and crossover, lowering carbon utilization and energy efficiencies
[12-15]. Furthermore, the resultant accumulation of the generated

* Corresponding authors.

carbonate and byproducts is reported to significantly lower the catalyst
stability and cell durability [16-18]. Among the emerging strategies,
acidic CO4RR offers a viable approach since hydronium ions (H3O™") are
present as proton source, and limited hydroxide ions (OH) are gener-
ated during electrolysis to produce parasitic carbonate ions [19,20]. In
addition, acidic electrolysis can outperforms its alkaline counterpart by
exhibiting lower ohmic resistance and higher current density (j),
attributed to the superior conductivity of H;0" (350 S cm? mol ™) over
OH" (198 S em? mol™1) [21,22]. However, limiting the competing
hydrogen evolution reaction (HER) is a challenge under acidic envi-
ronment, owing to presence of excess protons, and the harsh environ-
ment shortens catalyst lifespan, hampering its practical deployment.
Copper (Cu) and oxide-derived Cu catalysts have been reported to be
highly effective in acidic CO-RR, owing to the presence of active Cu’
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species and defect sites that enhance CO: adsorption and activation
[23-25]. These catalysts can facilitate the conversion of CO: into a wide
range of products, from CO, formic acid to Cz, products [26]. For
instance, Li et al. showed that graphene oxide wrapped Cu nanowires
demonstrated a Faradaic efficiency (FE) of 55 % for CO, to CHy [27].
Cao et al. developed an electro-deposited Cu catalyst that achieved a
60 % FE for ethylene in 0.05 M sulfuric acid electrolyte [28]. However,
the catalyst stability is generally poor under such reaction conditions
with less than 10 h of reported data. It is therefore imperative to develop
acid-stable Cu based CO2RR catalysts for reaping benefits associated
with acidic electrolysis that is also capable of tuning product selectivity.

Several strategies have been developed for acidic water electrolysis,
including the structure modification and surface engineering of acid-
stable precious metals and their oxides [29-33]. Surface coating or
wrapping the electrocatalyst with anticorrosive adlayers is another way
widely used to enhance catalyst stability [34-37]. However, these
strategies are not directly applicable to CO2RR as the introduction of
noble metals or passivation layers can significantly alter the active sites
of the catalyst and further promote HER [38], and the adlayers and
core/shell structure can limit conductivity and mass transport within the
catalyst diffusion layer [39,40]. Current research on acidic CO3RR
excessively focuses on the HER suppression through augmenting the
hydrophobicity of the microenvironment [40,41], modulating elec-
tronic structure by metal alloying [42-44], and morphology control [45,
46]. While these approaches have shown improved performance, the
dual strategy of HER suppression and stability enhancement especially
for the non-precious metal-derived electrocatalysts with facile synthesis
method warrants further investigation.

Herein, we propose the use of p-block metal oxides, such as BiOy
within CuOx matrix as a strategy to stabilize the catalyst in acidic
environment. Pourbaix diagram indicates the robust stability of p-block
oxides in acidic solution, and these materials have been successfully
applied to the anodic oxygen evolution reaction (OER) in acid [47-49].
The in situ synchrotron based X-ray absorption spectroscopy (XAS)
measurements confirmed the efficacy of our approach. The in situ
Fourier transform infrared transmission (FTIR), and density functional
theory (DFT) reveal that the combination of BiOx and CuOy suppress *H
adsorption and increases the energy difference between two reaction
pathways, synergistically enhancing the selective COoRR-HCOOH per-
formance. Building on this stable dual metal oxide matrix, we also
explore the role of anions in controlling product selectivity during acidic
CO,RR. By varying the electrolyte from SO3 to PO} or ClO%, we observe
shifts in product selectivity from formic acid to ethanol (with a Faradaic
efficiency of 17 % at —1.7 V vs. RHE) and then to acetone (16 % at
—2.2 V ys. RHE). Our characterization techniques show that anions
exhibit distinct adsorption behaviors, altering the bounded key in-
termediates and influencing the distribution of Cz products.

2. Experimental section
2.1. Catalyst preparation

The catalysts were synthesized employing a custom-built flame spray
pyrolysis (FSP) apparatus, as described in our previous works [50-53].
The bi-metallic Cu/Bi precursor was prepared through the combination
of copper(Il) naphthenate in mineral spirits (8 % Cu, Strem Chemicals)
and bismuth(III) 2-ethylhexanoate (70-75 % in xylenes, 24 % Bi, Strem
Chemicals). The precursors were dissolved in a 1:1 (vol) mixture of
toluene (anhydrous 99.8 %, Sigma-Aldrich) and 2-ethylhexanoic acid
(99 %, Sigma-Aldrich), constituting a total metal precursor with con-
centration of 0.2 M. The resultant precursor solution was injected into
the FSP system through a syringe pump at a volume flow of 5 mL min !
and atomized with an oxygen flow of 5 mL min~! (Coregas, 99.9 %). The
flame was ignited and maintained using supporting gas, which has a
composition of 3.2 L min~! oxygen and 1.5 L min~! methane (Coregas,
99.95 %). After the flame synthesis and filtration, the collected catalyst
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powder was used for characterization and for fabricating working
electrodes to be tested in the flow electrolyzer. The CuOy and BiOy
catalysts were synthesized following the same procedure with only
copper(Il) naphthenate or bismuth(Ill) 2-ethylhexanoate as the
precursor.

2.2. Electrochemical measurements

The CO2RR performance of the as-prepared catalysts was tested in a
three-electrode flow cell, Ag/AgCl electrode stored in saturated KCl
(Gauss Union) was used as the reference electrode in the catholyte
chamber, and commercial Iridium oxide/ionomer mixture coated on
carbon paper (Dioxide MaterialsTM) was used as the counter electrode.
The pretreated Nafion 117 membrane (Gauss Union) was used as the
proton exchange membrane to separate the cathode and anode com-
partments. Electrochemical measurements were conducted using an
Autolab M204 and Booster 10 A (Metrohm Autolab) electrochemical
workstation.

2.3. In situ material characterization

The in situ XAS spectra were recorded at the Australian Synchrotron
ANSTO, operating at 3.0 GeV with a current of 500 mA, at the Copper K-
edge and Bismuth Lz-edge. Data were acquired in fluorescence mode
using three N»-filled ionization chambers in series as detectors. Spectra
were acquired under room temperature, using an in-house designed cell.
Energy calibration was achieved by simultaneously recording the
spectrum of copper foil, for which the energy of the first maximum in the
first derivative is 8980 eV [54]. XAS data were processed and analyzed
using the Demeter software package [55].

The in situ SR-FTIR measurements were carried out at the Australian
Synchrotron ANSTO using SR-FTIR setup equipped with a ZnSe crystal
as the infrared transmission window (cut-off energy 625 cm ) and a
specific designed FTIR cell. An infrared microscope (Bruker Hyperion
3000 with an x20 objective) was coupled with an FTIR spectrometer
(Bruker 70 v s 1) equipped with a KBr beam splitter and liquid-nitrogen-
cooled mercury cadmium telluride detector. The cell was connected to
an electrochemical workstation (Metrohm Autolab M204) to supply
voltage. Before each systematic measurement, the background spectrum
of the catalyst electrode was acquired at open-circuit potential, with the
cell filled with electrolyte and measured without any applied potential.
The infrared absorption spectrum was acquired by averaging 256 scans
at a resolution of 2 cm ™1,

The detailed methods for electrochemical measurements, product
quantification, material characterization and DFT calculations are
available in Supplementary information.

3. Results and discussion
3.1. Stability enhancement of CuOy/BiOy in acidic environment

The CuOy/BiOy catalysts were synthesized using our previously re-
ported facile and scalable one-step flame spray pyrolysis (FSP) synthesis
approach [51-53,56]. The transmission electron microscopy (TEM)
images (Fig. S1-S3) prove the co-existence of CuO and BiyO3 for the
as-synthesized catalyst, with lattice spacing of 2.31 A and 3.18 A, cor-
responding to the (111) facet of CuO and the (201) facet of BiyOs,
respectively. These observations are consistent with the XRD patterns
(Fig. S4). Physiochemical characterizations verify the formation of
CuOy/BiOy dual metal oxides, and energy dispersive X-ray spectroscopy
(EDS) elemental mapping indicates the uniform distribution of Cu, Bi,
and O elements on the carbon substrate (Fig. S5). XPS analysis also
confirmed the surface atomic composition and valence state of the
CuOy/BiOy catalyst (Fig. S6). Both EDS and XPS indicate a Cu/Bi
composition ratio of approximately 1:1, aligning well with the intended
stoichiometry in our synthesis, confirming that the targeted composition
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was successfully achieved.

When tested for CO2RR, the CuOy/BiOyx catalyst demonstrates
significantly improved stability compared to the as-prepared CuOy
catalyst within a flow cell electrolyzer (Fig. 1a). At —2.3 V vs. RHE, the j
for the CuOy catalyst declines from —65 mA cm 2 to —35 mA cm ™2
during the first 4 h, indicating a loss of catalyst activity. In sharp
contrast, the j for CuOy/BiOy catalyst remains stable for over 10 h at
approximately —70 mA cm 2. Similarly, at —2.7 V vs. RHE (the potential
corresponding to the highest Faradaic efficiency for CuOx/BiOy cata-
lyst), the j of the CuOy catalyst decreases from —95 mA cm ™2 to —80 mA
em~2 within the first 4 h. After 5 h, flooding of the electrode was
observed, with an increase in FEys from 24 % in the first hour to over
40 % while the CuO4/BiOy catalyst remains stable for over 10 h, main-
taining a j of approximately —105 mA cm™~2 (Fig. 7). This difference can
be attributed to CuO dissolution in acidic media, which alters the elec-
trode morphology, and CuO reduction under cathodic conditions,
leading to changes in active sites [57,58]. The ex situ XRD analysis of the
CuOy electrode before and after the reaction reveals that the charac-
teristic peaks of CuO disappear, while a new peak at 37° corresponding
to Cu20 (111) emerges (Fig. S8), confirming the partial reduction of CuO
[59,60]. The CO:zRR stability test conducted in the H-cell for the CuOy
catalyst exhibits a similar degradation trend (Fig. S9), where the current
density declines during the first few hours and fluctuates over the first
10 h.

The X-ray absorption near edge structure (XANES) spectra, collected
on Cu K-edge using Cu, Cuz0, and CuO as references, and on Bi Ls-edge
using BiyO3 as reference, were used to investigate the valence state and
coordination environment of the Cu and Bi species on the CuOy/BiOy
catalyst. The XANES spectrum of Cu K-edge for CuOy/BiOy overlapped
with that of the CuO reference and that of Bi Lz-edge overlapped with
the BiyO3 reference (Fig. S10-S11). It indicates that the Cu and Bi ele-
ments appeared as Cu?* and Bi®* in the catalyst, in good agreement with
the previous TEM, XRD, and XPS results. The Fourier transformed
extended X-ray absorption fine structure (FT-EXAFS) at the Cu K-edge of
the catalyst exhibited the peak at around 1.53 A, which is consistent
with Cu-O species, the lack of Cu-Cu scattering path also suggests that
the Cu species in the CuOy/BiOx are fully oxide (Fig. 1b). Similarly, the
FT-EXAFS at the Bi Ls-edge revealed that the catalyst exhibited a coor-
dination structure similar to that of the Bi2Os reference (Fig. 1¢), without
a distinctive Bi-Bi scattering path characteristic of Bi foil, which typi-
cally appears at approximately 3 A, as reported in the literature [61,62].
Taken together with other characterization techniques, our results
provide strong evidence of the formation of well-dispersed CuOx/BiOx
dual metallic oxide without the formation of solid solutions and bime-
tallic compounds.

The in situ XAS spectrum collected at different potentials during the
CO2RR in sulfuric acid (pH 2, cation concentration [KT] = 0.5 M) are
shown in Fig. 2, with the reference spectra of metallic Cu foil, Cuy0,
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CuO, and BiyO3 plotted. The Cu K-edge spectra show a shift toward
lower energy (Fig. 2a) at an applied potential of —0.6 V vs. RHE. Under
more negative potentials, we note that the absorption threshold passed
that of Cu0 and continued moving toward the position of Cu foil
reference. A decrease in the white-line intensity during the reaction with
more negative applied potentials was also observed, suggesting that the
Cu oxidation state was decreasing during the reaction at —1.0 V vs. RHE,
aside from the decrease in white-line intensity, the feature above the
edge also gradually changed towards a two-peak feature characteristic
of metallic Cu [63]. This trend is also clearly presented by EXAFS
(Fig. S12a), the ex situ EXAFS patterns are similar to the CuO reference
while the pathway changes with applied potential.

FT-EXAFS of Cu K-edge (Fig. 2c) reveals a decline in the intensity of
the Cu-O bond at 1.6 A and an increase in the Cu-Cu scattering peak at
2.3 A compared to the measurements obtained at OCP, that could be
attributed to a partial transformation from CuO to metallic Cu®, which is
consistent with the findings in XANES spectra. Similarly, from the Bi Ls-
edge XANES spectra, a shift toward lower energy and a decrease in
white-line intensity suggests the reduction of Bi*" towards lower
oxidation states (Fig. 2b). The FT-EXAFS spectrum shows a decline in Bi-
O scattering peak (1.56 Z\) intensity at —0.6 V vs. RHE, followed by an
increase with more negative applied potentials [64]. The initial decline
in the Bi-O scattering peak suggests the onset of partial reduction of
BiOy, likely due to the removal of some oxygen from the Bi coordination
sphere. As the potential becomes more negative, a restructuring of the
BiOy phase occurs, possibly through a dynamic equilibrium between
reduction and re-oxidation, resulting in a restored or even enhanced
Bi-O coordination rather than complete reduction to metallic Bi. The
Bi-Bi scattering path at about 3.09 A is also observed at —1.0 V vs. RHE,
indicating the existence of metallic Bi under higher redox potential
(Fig. 2d) [61,65]. The comparison of EXAFS spectra at Cu K-edge and Bi
Ls-edge of the CuOy/BiOyx catalyst shows distinct difference from each
other, it is therefore, unlikely that BiOy is doped into CuOy, but presents
as a separate phase and intimately intermixed with CuOy to produce a
nanocomposite (Fig. S12) [66]. It is also confirmed by the XRD patter of
the CuOy/BiOx catalyst before and after the reaction, the results indicate
that no detectable CuxBiy phase formed during electrolysis, as no addi-
tional peaks corresponding to such an alloy were observed (Fig. S13).
The Pourbaix diagrams further supports the robustness of BiOy in acidic
solutions, suggesting that its presence is key to the enhanced stability of
the catalyst compared to the CuO counterpart [67].

3.2. Electrochemical CO2RR performance

Equipped with the above findings, we then tested the dual metal
oxide matrix catalyst for acidic CO2RR in H2SO4 electrolyte (pH 2) in a
flow cell electrolyzer (Fig. S14), revealing higher j compared to con-
stituent CuOy and BiOy catalysts, respectively. Specifically, the CuOyx/
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Fig. 1. (a) Stability comparison of CuOyx and CuO,/BiOy conducted in sulfuric acid (pH 2) in the flow cell electrolyzer at —2.3 V vs. RHE. (b-c) The ex situ Cu K-edge
FT-EXAFS spectra of CuO,/BiOy catalyst with Cu foil, Cu,0, and CuO as references. (c) The ex situ Bi Lz-edge FT-EXAFS spectra of CuO,/BiOy catalyst with Bi,O3 as

the reference.
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BiO, display a j of —189 mA cm ™2 at —3.7 V vs. RHE whereas CuOy and
BiOy display only —152mA cm™2 and —154 mA cm™2 at the same
applied potential, respectively (Fig. 3a).

The enhanced performance of the CuOy/BiOy catalyst was also
demonstrated by its high FE towards formic acid (Fig. 3b), which was
maintained > 93 % across a wide potential range from —1.7 to —3.7 V
vs. RHE, with negligible formation of Hy and CO (<5 %). Notably, the
catalyst achieved a maximum FEycooy of 97 + 1 % at —2.7 V vs. RHE.
Owing to the relatively high cell resistance of the flow cell system, IR
compensated applied potential is about —1.4 V vs. RHE. The perfor-
mance is comparable with the Bi-based catalysts reported in the litera-
ture [62,68,69]. In comparison, BiOyx displayed a FEgcoou > 95 % at
—1.7 V vs. RHE, which is consistent with the unfavorable *COOH in-
termediates adsorption towards CO production, generally presented by
Bi-based catalysts [70]. The high selectivity towards formic acid of
CuOy4/BiOy and BiOy at low overpotential can be attributed to the
intrinsic inertness of Bi toward HER [71,72], where the activation of
HER requires higher potential compare to CO2RR on Bi catalysts [73,
74]. However, the formic acid selectivity declines significantly (FE <
60 % at —2.7 V vs. RHE) for BiOyx at more negative potential when the
competing HER takes place at more negative overpotentials. This is
likely because the intimate mixing of CuOx and BiOx modulates the local
electronic environment, lowering the energy barrier for HCOO* for-
mation and suppressing competing reaction pathways (e.g., *COOH
formation), as supported by DFT calculations. Moreover, under strong
cathodic polarization, a dynamic equilibrium between reduction and
re-oxidation helps stabilize the active sites, thereby sustaining high

formic acid selectivity even at —2.7 V vs. RHE. In contrast, CuOy catalyst
obtained FEycoon of around 55 % at low potentials of —1.7 V vs. RHE
and producing a mixture of C; and Cy products across the potential range
tested, consistent with reported CuO catalysts [75]. When comparing
production rate, we note that yield for CuOx/BiOy is 803 nmol s ! em 2
at —3.7 Vvs. RHE compared to BiOy and CuOy yield rate of 174 nmol s7!
cm~2 and 78.7 nmol s~' cm ™2, higher than the catalyst reported in
literature under similar j (Fig. 3c and Table S3) [76]. The stability of this
catalyst was further confirmed where j remained at around —100 mA
em 2 at —2.7 V vs. RHE with FEgcoon stabilized > 90 % for 20 h of
operation (Fig. 3d). The synthesized CuOy/BiOx demonstrates
outstanding HER suppression capability and enhanced product selec-
tivity at more negative potentials compared with the single metal oxide
counterparts. As a result, it is important to study the structure of evo-
lution and underlying mechanisms to unveil such improvements.

To investigate coordination numbers, binding distances, and
Debye-Waller parameters, we performed a simplified three-parameter
fit of the FT-EXAFS data acquired between —0.6 and —1.0 V vs. RHE.
Although the Cu K-edge XANES indicates partial reduction of CuO, it is
not fully converted to metallic Cu within the in situ measurement
duration, as evidenced by a slightly higher white line intensity relative
to the Cu foil reference. Our fitting results reveal that the coordination
number (CN) of Cu-O decreases with increasing cathodic potential,
while the CN of Cu-Cu correspondingly increases from 1.65 to 9.52.
Similarly, the CN for all three Bi-O scatterings decrease from 1.80 to
0.51, and a metallic Bi-Bi scattering path emerges at —1.0 V vs. RHE,
indicating that both Cu* and Bi®* sites undergo changes in their
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coordination environments and are partially reduced to Cu*/Cu® and Bi°,
respectively (Fig. S16, S17; Tables S1, S2).

Due to the challenges of acquiring reliable in situ XAS data at more
negative potentials, we supplemented our analysis with ex situ XPS
(Fig. S15) and XRD (Fig. S13) measurements before and after reaction.
The post-reaction XRD patterns reveal that CuO is partially reduced to
metallic Cu, while characteristic peaks corresponding to Cu20O persist,
indicating that under high overpotentials the catalyst comprises a
composite of reduced Cu* or Cu’ indicating that under high over-
potentials the catalyst comprises a composite of reduced Cu species
(Cu*/Cu®) and residual copper oxide. Although post-reaction XPS in-
dicates the exclusive presence of Bi** species [51,77], our in situ XAS
results reveal partial reduction of Bi species to Bi’ already, as less
negative applied potential, and the lack of characteristic signals could be
due to the re-oxidation of Bi metal. Therefore, our combined in situ and
ex situ analyses, confirm that the CuOy/BiOx catalyst undergoes partial
reduction during CO:zRR, resulting in a dynamic composite that pre-
serves synergistic interactions between Cu and Bi. This dynamic
behavior is critical for stabilizing the active sites responsible for the
selective production of formic acid under acidic conditions.

3.3. Mechanism study

In situ synchrotron radiation — Fourier transform infrared trans-
mission (SR-FTIR) spectrum was collected at different applied potentials
in CO,-saturated pH 2, cation [K*] = 0.5 M H,SO, electrolyte using a
custom-built FTIR cell (Fig. S18). As shown in Fig. 4a, we note a peak at
1395 cm ™, ascribed to the vibration of rate determining formic acid
species (HCOO*) [78], while peaks at 1716 em ! and 1751 ecm ™! are
assigned to the C=O stretch of formic acid monomer and dimer,
respectively [79]. The peak intensity increases along with the produc-
tion of formic acid [80]. We also note a declining intensity of peak at
wavenumber of 1300 cm ™}, corresponding to the adsorbed HCO3 group,
which is consumed during the reaction [80,81]. No obvious feature can
be found in the region of 1900-2100 cm ™ that is associated with *CO
formation, indicating that CO formation is inhibited at the catalyst
surface, which is consistent with the selectivity results reported above.
The peaks below 1100 cm ™! corresponds to the adsorption of sulfate
species in the electrolyte, as also witnessed in spectra collected in
Ar-saturated electrolyte (Fig. S19) [82]. From the in situ FTIR, we
conclude that the reaction pathway for formic acid production of the
CuOy/BiOx catalyst is through formation of the intermediate that binds
to the catalyst surface through oxygen atom [83,84].

The in situ XAS spectra shows evidence on the role of Cu*/Cu® and
Bi®* during the CO, reduction process and the in situ SR-FTIR mea-
surements further identify the HCOO* as the key intermediate towards
formic acid production. Based on these findings, we carried out the
density functional theory (DFT) calculations for both CuOy, BiOy, and
CuOy/BiOy to probe the individual role of these single metal oxides
within the CuO,/BiOx nanocomposite and unravel the underlying reason
for enhanced activity and selectivity of CO2RR.

The DFT results show that the required free energy change (AG) for
CuOy/BiOy from *CO, to HCOO* is 0.54 eV, significantly lower than
that of CuO (2.18 eV) (Fig. 4b). Moreover, a 0.28 eV energy barrier to-
ward HCOOH on CuOy/BiOy, smaller than that of Bi;O3 (0.92 eV),
suggesting a more favorable *HCOOH desorption from the catalyst
surface. This synergistic interaction between Bi;O3 and CuO facilitates
both HCOO* formation and product desorption, contributing to a more
efficient overall electrocatalytic process. In addition, the AG of *H is
0.61 eV for CuOy/BiOy, larger than any of the AG required in the
HCOOH pathway (0.17 eV for *CO2, 0.54 eV for HCOO*, and 0.28 eV
for HCOOH), as shown in Fig. 4c. We further calculated the free energy
towards *CHO and found that both Cu* and Cu® exhibit very similar free
energy between the formation of *COOH and HCOO* (Fig. S19), which
supports the notion that CuO can generate a mixture of products during
CO2RR. Notably, upon the addition of BiOy, the catalyst demonstrates a
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distinct divergence in free energy profiles. For the CuO4/BiOy catalyst,
the *COOH becomes unfavorable with a positive energy of 1.19 eV,
while the HCOO* formation pathway remains more favorable at 0.71 eV
(Fig. 4d). These results demonstrate that the outstanding FEycoon of
CuOy/BiOy are contributed by the energetically preferred pathway of
HCOOH compared with other reaction pathways, thus leading to the
single-distributed, superior CO2RR performance towards formic acid,
compared to its single metal oxide counterpart.

3.4. Electrolyte anion effect

We conducted CO2RR using different electrolytes, including phos-
phoric acid and perchloric acid to gain a deeper understanding of the
reaction mechanism, investigate the influence of the reaction environ-
ment and tune product selectivity. Our findings show that varying the
anions in the electrolyte can tune product selectivity toward higher-
value products (Ca,). Fig. 5a illustrates that the CuOx/BiOy catalyst in
a pH = 3, [K'] = 1.1 M phosphoric acid buffer achieved an FEgoy of
16.8 % at —1.7 V vs RHE but showed decreased HER suppression ability,
with an FEp; of above 40 % across all applied potentials. Compared to
other electrolytes under the same pH, the catalyst exhibited poor HER
suppression in a PO} -containing electrolyte at both pH 2 and pH 3
(Fig. 5b). This could be attributed to a pH gradient at the catalyst sur-
face, as the phosphoric acid buffer is more effective at regulating the
local pH at the catalyst surface, maintaining it closer to the bulk pH by
producing H3O™ ions, leading to a high concentration of protons at the
catalyst surface and promoting HER [85,86]. Conversely, in a
sulfate-containing electrolyte, after protons reach their diffusion limit
near the catalyst surface, reduced CO reacts with water to produce OH’,
which diffuses away from the electrode surfaces and reacts with protons
before they reach the catalyst, thus suppressing HER [87]. Similar
product selectivity changes were observed in ClO4™ electrolytes, where
acetone was produced with a Faradaic efficiency of 16.4 % at —2.2 V vs.
RHE (Fig. 5b)

Post-reaction XPS spectra revealed surface structural changes in the
catalyst after CO2RR in different electrolytes. In the Ols core-level
spectrum (Fig. S22), the peak corresponding to Oy, retained compara-
ble position and intensity after the reaction in both SO% and ClOj
electrolytes, but shifted by 0.8 eV (from 530.4 to 531.2 eV) in PO‘Z{
electrolytes, indicating a decrease in electron density [88]. A similar
trend was seen in the Bi 4 f spectrum, where the 4 5,5 and 4 f; 5 orbitals
upshifted 0.5 eV and 0.18 eV, respectively, for catalysts in H3PO4 and
HClOy4 electrolytes. These results suggest that anions in the electrolyte
affect the electron density of surface species, potentially altering the
binding of key intermediates to the catalyst, and consequently, lead to
variations in product distribution [89].

In situ FTIR measurements (Figs. 5¢ and 5d) further revealed that the
variations in product distribution could be attributed to the distinct
adsorption behaviors of anions on the dual metal oxide catalyst. For the
spectra collected in phosphoric acid buffer, characteristic phosphate
peaks at 1050 cm™! and 1007 cm™! [90], were not observed on the
catalyst surface at OCP or low potentials. Conversely, an initial sulfate
adsorption peak was detected in spectra collected in HySO4. For ClOy
ions, the characteristic peak at 1157 cm™! was observed at OCP, but
with much lower peak intensity compared to the spectrum collected in
HySO4 electrolyte[91]. These observations align with prior studies
identifying SO as a strongly adsorbed anion and ClO; has been
long-term regarded as a nonspecifically adsorbed anion [92]. Addi-
tionally, SO adsorption was noted on the polycrystalline Cu surface at
the initial state of the catalyst surface while phosphate anions are re-
ported to not adsorb at low potentials [93].

Such difference was found to influence the adsorption of molecules
and atomic hydrogen production by alternating the active sites [94]. As
evidence, we noted a peak located between 1800 and 1900 em ™! in
HClO4 and H3POy4 electrolyte but absent for So% electrolyte that rep-
resents the formation of bridged *CO. The bridged *CO adsorbate is
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Fig. 5. (a, b) FE of CuO,/BiO, in CO, saturated (a) pH = 3, [K"] = 1.1 M phosphoric acid buffer and (b) [K*] = 0.5 M H,SO,, H3PO,, and HCIO, electrolytes, tested
at —2.2 V vs. RHE. In situ SR-FTIR of CuO,/BiOy in (c) H3PO,4 and (d) HCIO,4, from OCP to —1.2 V vs. RHE.

found to be prone to deep protonation into *OCHgs intermediate, thus
accelerating the coupling of *CO and *OCHjs intermediates to generate
Co alcohols [95-98]. Accordingly, we found that different anions ex-
hibits distinct adsorption behaviors and consequently, leads to the for-
mation of different intermediates and tuning product distributions. This
offers a novel approach to enhancing Cz; product formation in elec-
trochemical processes. However, we acknowledge that further system-
atic investigation is necessary to fully elucidate the effect of electrolyte
composition. In particular, advanced in situ techniques and the incor-
poration of DFT calculations will be essential to gain a more compre-
hensive understanding of the underlying mechanisms by which
electrolyte anions govern CO2RR product selectivity.

4. Conclusion

In this study, we demonstrate the incorporation of BiOx and CuOy
matrix to enhance the stability of the catalyst for acidic COsRR. At
—2.7V vs. RHE (-1.4 Vir.compensated), the FE of HCOOH reached the
highest of 97 + 1.1 % and the yield of 476.3 nmol s ! cm™2. The catalyst
also demonstrates excellent stability with FE of HCOOH maintained
above 90 % for 20 h. In situ characterizations show that metastable BiOy
plays a crucial role in stabilizing site Cuz0 species, and the production of
HCOOH is though the HCOO* pathway. Theoretical calculations indi-
cate that the CuOy/BiOyx catalyst inhibits *H adsorption, effectively
suppressing the HER and increasing the free energy difference between
*CO and *HCOOH, which promotes the selective conversion of CO, to
formic acid. Additionally, our findings highlight that anion modulation
in the electrolyte plays a critical role in controlling product selectivity
and distribution. The catalyst achieves optimal formic acid selectivity in
a sulfuric acid electrolyte, while ethanol and acetone are produced with
Faradaic efficiencies of 16.8 % and 16.4 % in phosphoric acid buffer and
perchloric acid electrolytes, respectively. In situ analyses revealed the
distinct adsorption behavior of anions, resulting in the formation of
bridged-adsorbed *CO intermediates, which facilitates the deep pro-
tonation into *OCHs intermediates and tune the selectivity towards Ca

products. This work provides valuable insights into the design of acid-
stable electrocatalysts for efficient acidic CO2RR and highlights the
potential of tuning product selectivity through electrolyte modification.
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