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Continuous production of liquid fuels in high concentration via electrocatalytic CO5 reduction (CO2RR) calls for
high-selectivity electrocatalysts and advanced devices. Here we designed and constructed a dual-functional
heterojunction catalyst with an in situ growth strategy. The dual-functional heterojunction catalyst could syn-
ergistically activate CO2 and water (as confirmed via in situ spectroscopy and theoretical calculations), and
therefore the catalyst displayed a high selectivity and activity for formate production. Equipped with this
catalyst, our custom-built gas-membrane-liquid electrolytic cell could continuously produce formate with a
concentration as high as 1.55-1.85 M over the voltage range from 2.8 to 3.4 V (reaching the maximum of 1.85 M
at 3.1 V). For continuous production of high-concentration HCOOH via CO2RR, our system features a broad
voltage window. The results of theoretical calculations and in situ spectroscopies collectively demonstrate that
constructing dual-functional heterojunction catalyst that work in synergy is the key solution to improving the
overall catalytic performance.

1. Introduction

Electrocatalytic CO, reduction (CO2RR), when powered by renew-
able energies (such as solar and wind), could produce value-added
commodity chemicals and help to neutralize the anthropogenic carbon
emission. Owing to the intermittency of renewable energy, the pro-
duction of liquid fuels with high concentration via CO2RR calls for high-
selectivity electrocatalysts working across broad potential windows.
Because of the high chemical inertness of CO, molecules, the activation
of CO, in CO2RR is rather difficult, typically resulting in low conversions
[1-4]. The most efficient pathways for CO2RR have been recognized as
the two-electron reduction to CO and HCOOH [5-7]. In particular,
HCOOH is a liquid product under ambient conditions, which has a
higher volumetric energy density and could be more easily separated,
stored and distributed [8-14]. Bismuth (Bi)-based catalysts have been
known capable of producing HCOOH [15-19], but they generally suffer
from relatively low activities and narrow potential windows for selective
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HCOOH production [20-22]. In determining the selectivity during
CO2RR process, the behavior of interfacial water plays a major role. It
has been reported that introduction of a second active site may not only
promote water activation to increase local proton concentration for CO»
reduction, but also stabilize the key intermediates [23-27]. Therefore,
constructing dual-functional catalysts that could synergistically activate
both water and CO2 molecules is expected to effectively optimize the
catalytic selectivity and the activity [28-31].

Recently, Wang et al. employed a solid-state electrolyte (SSE) for
CO2RR and obtained pure HCOOH product, and they also reported that
0.1 M HCOOH solution could be generated consistently in continuous
production [32]. In a following work, the team devised an all-solid-state
electrocatalytic CO2RR system and achieved continuous production of
HCOOH [33]. Zeng et al. reported continuous production of a pure
formic acid solution using a single-atom Pb-alloyed Cu catalyst via SSE
[34]. Xia et al. also demonstrated continuous production of ~0.12 M
HCOOH solution in a SSE-mediated reactor (at a current density of
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30 mA cm2) [9]. Wang et al. synthesized a Bi»S3-derived catalyst and
achieved continuous production of 3.5 M HCOOH solution with a
SSE-based reactor [35]. Despite the notable advantages of SSE, the
related devices need to be further optimized in the following aspects.
First, The SSE poses additional ohmic resistance that could lower the
reactor’s overall energy efficiency; second, the transport of generated
products into SSE is driven by both the electric field and the concen-
tration gradient across membranes, which may negatively influence the
selectivity and the concentration of liquid products. Therefore, it is still a
challenging task to design high-performance catalyst and novel catalytic
reactors for direct production of high-concentration liquid fuels via
CO5RR.

Here, we constructed dual-functional heterojunction catalyst Bi/
CeO,_y, in which Bi helps to activate CO3, and CeO5_y is responsible for
water activation. The dual-functional heterojunction catalyst could
synergistically activate CO2 and water, and therefore displayed a high
selectivity over a broad potential window (the Faradaic efficiency for
formate reaching > 90 %). The dual-functional heterojunction catalyst
was then incorporated into a custom-built gas—-membrane-liquid (GML)
electrolytic cell, which features a simplified assembly structure, and the
fast mass transport characteristic of flow cells, as well as the easy
gas-liquid separation characteristic of SSE-based reactors. Equipped
with this high-selectivity catalyst, our GML cell could produce formate
with a concentration as high as 1.55-1.85 M over the voltage range. The
results of theoretical calculation and in situ spectroscopy collectively
that constructing dual-functional heterojunction catalyst that work in
synergy is the key solution to improving the overall catalytic
performance.

2. Experimental section
2.1. Chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3e5H30, Innochem, 99 %),
urea (CH4N20, Aladdin, 99 %), cerium(IIl) nitrate hexahydrate (Ce
(NO3)306H>0, Innochem, 99 %), hexadecyl trimethyl ammonium bro-
mide (Ci9H42BrN, Innochem, 99 %), ethanol (CoHsOH, Fuchen, AR),
acetone (C3HgO, Fuchen, AR), potassium bicarbonate (KHCOj3, Aladdin,
99.5 %), potassium sulphate (K2SO4, Aladdin, 99 %), sulfuric acid
(H2SO4, Fuchen, 95 %), nitric acid (HNOs, Beijing Chemical Works,
36-37 %), proton exchange membrane (Nafion 117, Sigma-Aldrich, 5 wt
%), anionic exchange membrane (FAA-3-PK-130), deuterated water
(D20, Aladdin, 99 %), dimethyl sulfoxide (DMSO, Aladdin, 99.99 %),
sodium hydroxide (NaOH, 85 %) were purchased from commercial
sources. Ag/AgCl reference electrode and Pt wire electrode were ob-
tained from Gaoss Union. Deionized water (DI-H,0O) was obtained from
a distilling apparatus. All the electrochemical experiments were con-
ducted with a electrochemical workstation (Chenhua, Shanghai).

2.2. Preparation of Bi/CeO2_x

The purchased commercial carbon cloth was cut into the pieces
2 x 2 cm in size. The carbon cloth was placed in 500 mL three-necked
flask and ultrasonicated in acetone, ethanol and deionized water for
10 min sequentially. Then, the pieces of carbon cloth were heated in
concentrated HNO3 at 100 °C for 1 h, washed with deionized water, and
dried in vacuum at 60 °C for 12 h. In a typical gram-scale synthesis, Bi
(NO3)365H,0 (970 mg), Ce(NO3)306H20 (52.1 mg) and CioHsoBrN
(500 mg) were dissolved in 60 mL water, and an ethanol solution
(40 mL) of urea (3.0 g) was added. The mixture was stirred for 30 min,
and then kept under 90 °C for 4 h; subsequently, a piece of carbon cloth
(2 x 2 cm?) was immersed in the mixture, which was further stirred and
cooled down to room temperature. The carbon cloth thus obtained was
rinsed thrice with a mixed solvent (Vgion: Vwater = 1:1), dried in vacuum
at 60 °C, and then subjected to pyrolysis at 700 °C (ramping rate, 5 °C
min™) in N2 atmosphere for 2 h. The black catalyst Bi/CeO2_, was
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deposited on carbon cloth via in situ synthesis.The Bi/CeO5_, (low) and
Bi/CeOg2 , (high) catalysts were prepared by the same method with
different amounts of Ce(NO3)366H20 (26.1 mg and 104.2 mg, respec-
tively) added.

2.3. Characterizations

Transmission electron microscopy (TEM) was conducted using
TECNAI G2 Spirit TWIN microscope at 120 kV. High-Resolution Trans-
mission Electron Microscopy (HRTEM) was conducted using TALOS
F200 X microscope at 120 kV. The X-ray diffraction (XRD) tests were
carried on Japanese Science company SmartLab 9 KW (Cu Ka, 40 kV,
150 mA, 1 = 1.54178 f\) in the range of 20 from 20° to 80°. The room-
temperature CO, adsorption isotherms were recorded on BELSORP-Max
equipment. X-ray photoelectron spectroscopy (XPS) results were ob-
tained on Thermo scientific spectrometer (ESCALAB250Xi, Al Ka).
Elemental analysis was carried out by inductively coupled plasma op-
tical emission spectroscopy (ICP-MS, iCAP RQ).

2.4. Electrochemical measurement

Electrocatalytic CO5 reduction in H-type cell. All the electrochemical
measurements were performed with a CHI 660E (Chenhua, Shanghai)
using a gas-tight two-compartment H-cell separated by a proton ex-
change membrane. The as-synthesized sample was loaded onto carbon
cloth that served as the working electrode. Ag/AgCl (saturated KCI) and
Pt foil were used as counter electrode and reference electrode, respec-
tively. The two compartments were each filled with 20 mL of 0.5 M
KHCOs electrolyte. The electrolyte was bubbled with ultrapure CO5 gas
for 30 min prior to measurements (pH = 7.3). The LSV curves were
recorded in CO,-saturated and Ar-saturated 0.5 M KHCOj solution with
the scan rate of 5 mV s~ in the H-cell system. All the potentials were
referenced to reversible hydrogen electrode (RHE) using the equation
below:

Erue = Eag/agcl +0.197 +0.0591 x pH 1

EIS measurements were measured in COs-saturated 0.5 M KHCOs3
aqueous solution over the frequency range 0.1-10° Hz.

Electrocatalytic CO5 reduction in flow cell. The flow cell consists of a
gas chamber, a catholyte chamber, and an anolyte chamber. Each
chamber has an inlet and outlet for the feed of CO; gas or for the cir-
culation of electrolyte. The exposed window for electrode is 2 x 2 cm?.
1 M KOH aqueous solution was used as both anolyte and catholyte, and
the two chambers were separated with an anion exchange membrane
(AEM). An electronic flowmeter was employed to control the flow rate of
CO, gas.

Electrocatalytic COy reduction in GML. In the GML configuration,
stainless steels with a serpentine channel served as the anodic current
collector and cathodic current collector, and a proton exchange mem-
brane served as the membrane. The catalyst was placed between the
cathodic current collector and proton exchange membrane to serve as
the cathode, and a platinum-titanium felt loaded IrO, was placed be-
tween the anode and proton exchange membrane to serve as the anode.
The catalyst exposed area was 1 cm?, and the carbon cloth was cut into
2 x 2 em? for support and gas diffusion layer. Specifically, the cathode
side was fed with humidified CO gas (10 sccm). The anode was supplied
with recirculated mixed electrolyte at a flow rate of 20 mL/min. The CO,
was humidified by pouring 150 mL DI water into a 250 mL glass bottle
kept at 80 °C. In order to collect the HCOOH liquid product, we added a
condensing unit at the gas outlet.

2.5. Product analysis

The gas products of electrolysis were detected on the Shimadzu gas
chromatography equipped with a dual thermal conductivity detector
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and flame ionization detector system. High-purity Ar (99.9999 %) was
used as the carrier gas for the chromatography. The liquid products of
electrocatalytic reduction of CO, were determined via 'H nuclear
magnetic resonance (NMR) spectroscopy (Avance III 400 MHZ, Bruker,
Germany), and formate was found as the only liquid product. In detail,
450 pL of electrolyte after reaction was collected and mixed with 50 pL
of D20 and DMSO as the internal reference.

Calculation method: The faradaic efficiency of each reduction
product was calculated according to the following equation:

nNF

FEgs (%) = x 100% )

otal

n: the molarity of the product, mol;

N: the number of electron transferred for product formation, which is
2 for both HCOOH, CO and H; production;

F: Faraday’s constant, 96,500 C mol™l;

Quotar: the total amount of electricity passed through an electrode
during electrolysis, C.

For liquid products, the following method was used for the calcula-
tion of faradaic efficiency (FEjguia):

Fxc X Ve xmn
qtot

FEjqu = q‘i % 100% = x 100% 3)
tot

where ¢; (mol L") was the concentration of formate that was calculated
from 'H NMR spectroscopy, F was the Faraday constant, Ve (L) was the
electrolyte volume in the cell, and g (C) was the passed total charge.

2.6. In-situ ATR-SEIRAS measurements

All SEIRAS measurements were performed using a custom-made
three-electrode cell, including an Au film as working electrode, Ag/
AgCl as reference electrode, and a platinum wire as counter electrode.
The catalyst (5 mg) was dispersed in Nafion solution (1 mL 5 %) to
prepare the catalyst ink, then the catalyst ink was drop-cast onto the Au
film surface. The CO, reduction reaction was conducted in CO,-satu-
rated 0.5M KHCOs electrolyte, the real-time SEIRAS spectra were
simultaneously recorded using chronoamperometry (I-t) at different
potentials with potential swept from —0.9 to —1.3 V (vs. RHE) with a step
width of 100 mV. All spectra were collected with a 4 cm™ spectral
resolution.

2.7. Finite-element analysis

The model of the serpentine flow channel at the cathodic part for
finite-element analysis was constructed in COMSOL Multiphysics 6.1 as
a three-dimensional model. The channel was set to be 1.5 mm in both
height and width, and the serpentine shape was circumscribed in a
square with an edge length of 20 mm.

The modules of “laminar flow” and “transport of dilute species” were
employed to simulate the distribution of CO3 concentration along the
flow channel. One end of the serpentine flow channel was set as the
inlet, with a volume flow rate of 10 sccm for pure CO» (g); the other end
of the channel as set as the “fully developed flow” outlet with an average
absolute pressure (p) of 1 atm. The bottom boundary was set as a “flux”
boundary, with an outward normal CO; molar flux (J) proportional to
the current density (j = I/Aactive; I standing for the total current, set to be
150 mA; Aactive standing for the active surface area), specifically, J =
j*FE/2F (FE standing for the Faradaic efficiency, set as 0.9; F standing
for the Faraday constant). The flowing gas was assumed to be an ideal
gas, obeying p = cRT (c standing for molar concentration, R for ideal gas
constant, and T for temperature). The gas temperature was set as
323.15K.

The governing equations for the laminar flow and the transport of
CO4, (g) are shown below:
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VeV=0 @
Ve (pVV) = — Vp+uV3V ()
Ve (cV—-DVc)=0 ©

in which V stands for the flow velocity, for the gas density, ¢ for CO2 (g)
concentration, p for absolute pressure, for the dynamic viscosity of CO;
(g), and D for the diffusivity of CO; (g) in N3 (g).

A mesh comprising tetrahedral elements was used to discretize the
computational domain, and a linear shape function was used for the
finite-element analysis.

2.8. DFT calculations

All the density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package (VASP) [36,37]. The
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) [38] functional was adopted for the electron exchan-
ge—correlation. And the projected augmented wave (PAW) method [39]
was used to describe the electron-ion interaction. During the calcula-
tions, the valence states were expanded in a plane-wave basis set with a
cutoff energy of 400 eV and the Bi(6s6p), Ce(5 s,5p,6 s,4 f,5d), O(2s2p),
C(2s2p) and H(1 s) electrons were treated as the valence states.

For Bi(012), the computational model was a periodic slab with a
(2 x 3) surface unit cell, which contains four layers and 48 atoms.
During the calculations, the top two layers were relaxed and the bottom
two layers were frozen. For CeO5 (111), the computational model was a
periodic slab with a (2 x 2) surface unit cell, which contains three layers
and 36 atoms (12 Ce atoms and 240 atoms). During the calculations, the
top two layers were relaxed and the bottom one layers were frozen. For
Bi(012)/Ce0,, a Cez012 cluster is loaded on the Bi(012) surface to
mimic the heterojunction catalyst. A 15 A vacuum layers was set to the
three computational model to avoid the interaction between two adja-
cent layers. And the Brillouin zone was sampled by a Monkhorst—Pack
mesh with a 2 x 2 x 1 grid in the reciprocal space. To balance the
computational cost and accuracy, the convergence tolerance was set to
1075 eV for energy variation and 0.03 eV/ A for force on each atom. In
addition, the DFT+U approach was applied to describe electron locali-
zation on the 4 f states of the Ce atoms and the value of the effective
Hubbard U was set to 4.5 eV.

The Gibbs free energy for the intermediates in the reaction pathway
were calculated based on the following equation:

G = Eppr +Ezpg + [CydT- TS %)

Where Epgr is the electronic energy which is obtained directly from the
DFT optimizations, Ezpg is the zero-point vibrational energy, [CydT is
the heat capacity, T is the temperature (298.15 K), and S is the entropy.

3. Results and discussion

3.1. Synthesis and characterization of dual-functional heterojunction
catalyst

Fig. la illustrates the procedure of in situ growth of the dual-
functional Ce-modified Bi catalyst on carbon cloth. Fig. 1b shows the
scanning electron microscopy (SEM) image of the bare carbon cloth;
Fig. 1c reveals that uniform nanosheets of precursor (thickness, 5.5 nm)
were in situ grown on the carbon fibers. (Fig. S1) After pyrolysis, uni-
form nanoparticles (average diameter, 100 nm) composed of multiple
smaller particles were formed (Fig. 1d). We also found that without Ce
added, the product after pyrolysis would aggregate into large particles
(~10 mm) (Fig. S2). Fig. S3 shows the powder X-ray diffraction (XRD)
pattern for the precursor nanosheets basic bismuth nitrate [40,41], and
in the XRD pattern for the nanoparticles obtained after pyrolysis, the
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Annealing

N, 700°C

Fig. 1. Structural characterizations of dual-functional heterojunction catalyst. (a) Schematic illustration of the in situ growth of dual-functional heterojunction
catalyst Bi/CeO,_, on carbon cloth. (b-d) SEM images of carbon cloths: bare (b), with precursor (c) and with Bi/CeO,_, (d). inset of (b) and (c): macroscopic form of
carbon cloth, inset of (d): high-magnification SEM of Bi/CeO,_,. TEM (e) and HRTEM (f) images for Bi/CeO,_,. (g) EDS mapping for Bi, Ce and O elements.

major peaks are attributed to Bi (JCPDS No. 44-1246) [42], and the
minor broader peaks are attributed to CeO5 (JCPDS No. 34-0394) [27].
Fig. le shows the transmission electron microscopy (TEM) for the
sample obtained after pyrolysis. Fig. 1f shows the high-resolution
transmission electron microscopy (HRTEM) image corresponding to
Fig. le. The interplanar distance is 0.32 nm, in accordance with Bi
(012); the distance of crystal plane (gray range) is 0.31 nm, which is
attributed to CeOy (111). Energy-dispersive X-ray spectroscopy (EDS)
elemental mapping reveals the uniform distribution of Bi and Ce ele-
ments, and the actual metal contents were for Ce (determined via
ICP-MS) (Table S1). In order to investigate the chemical composition
and electronic structure of the Bi/CeO,_, catalyst, X-ray photoelectron
spectroscopy (XPS) was conducted [43,44]. Fig. 2a show the XPS survey
spectra for the Ce-modified and unmodified samples; the elements of Bi,
Ce, O and C were detected. Fig. 2b shows the Ce XPS profiles, and the
ratios of Ce* and Ce3* were determined to be ~58.7 % and ~41.3 %,
respectively, indicating the formation of oxygen vacancies on the sur-
face. Compared with the unmodified sample, the Bi/CeO._, catalyst has
a higher ratio of oxygen vacancies (Fig. 2c). Furthermore, as shown in
Fig. S4, the electron paramagnetic resonance (EPR) [9] data displayed a
higher signal intensity than that for pure Bi (Fig. S5). As shown in
Fig. 2d, the peaks at 164.6 and 159.3 eV are due to Bi®* species for Bi
and Bi/CeO;_, samples, and two new peaks at 162.2 and 156.8 eV
ascribed to metallic Bi are found in Bi/CeO,_,, indicating the electron
structure of Bi was regulated after Ce modification.

To further confirm the elemental valence and electronic structures of
Bi [45,46], synchrotron-radiation-based X-ray absorption fine structure
(XAFS) at the Bi [15,47,48] L-edge was conducted for different samples.
Fig. 2e shows the X-ray absorption near-edge structure (XANES) profiles
for Bi/CeO;_, and Bi without Ce modification, the corresponding ref-
erences including the Bi foil and BiyOs. The absorption edge for
Bi/CeOg 4 is closed to that for Bi foil, indicating the formation of Bi. Its
absorption edge is located at lower energy compared with that of Bi
without Ce modification, implying a lower Bi oxidation state of the
Bi/CeO2_,. The bond lengths were probed via extended X-ray absorption
fine structure (EXAFS) (Fig. 2f). For Bi foil, Bi/CeO2_, and Bi without Ce
modification, the radial distance space spectra x(R) show major and

broad peaks around ~3.00 A, which are attributed to the Bi-Bi scat-
tering path. The minor peaks at ~1.60 A are attributed to the Bi-O
scattering path. The intensity of this minor peak for Bi/CeOg_, is lower
than that for Bi without Ce modification, indicating that the electrons
would transfer to Bi from oxide support. The electron structure of
Bi/CeO4_y could be regulated by introducing Ce. We also found that the
Bi/CeO,_, catalyst has a higher adsorption capacity for CO, than the
unmodified counterpart, as revealed in CO, adsorption isotherms
(Fig. S6).

3.2. Assessment of CO2RR performance

The CO2RR performances of the catalysts were assessed first using a
standard three-electrode setup in an H-type cell [40], with COs-satu-
rated 0.5 M KHCOg solution as the electrolyte. The Ce content was
varied so as to screen for the optimal composition. As shown in the linear
sweep voltammetry (LSV) curves (Fig. 3a), the introduction of Ce could
significantly improve the catalytic activity. When the nominal Ce con-
tent was 6 % (denoted as Bi/CeO5_), the catalyst gives the lowest onset
potential and the highest current density for COoRR. The LSV curves
recorded in Ar- and CO,- saturated KHCOs3 solutions are shown in
Fig. S7. All the products were monitored via on-line gas chromatography
(GC) or 'H nuclear magnetic resonance (NMR) spectroscopy (Fig. S8,
S9). The 13C isotope experiments verifies that HCOOH is produced from
COq gas (Fig. S10) [49,50]. Compared with pristine Bi, the Ce-modified
samples give an improved FEycoon. The performances of Ce-modified Bi
samples with different nominal Ce contents (3 % and 12 %; denoted as
Bi/CeOy_ (low) and Bi/CeOs_, (high), respectively) can be found in
Fig. 3b. When the nominal Ce content was 6 % (Bi/CeO2 ), the FEycoon
is above 90 % over the potential range from —0.8 ~ -1.2 V, and reaches
the maximum of 97 % at —0.95 V. (Fig. 3b and Fig. S11,512) The partial
current densities for HCOOH (jycoon) are summarized in Fig. 3c. The
Jjucoou of Bi/CeOg y is higher than other samples over the entire po-
tential ranges.Furthermore, the Tafel slope for Bi/CeO, , was deter-
mined to be 113.8 mV dec™! (Fig. 3d), in contrast to 273.4 mV dec! for
Bi, 190.2mV dec! for Bi/CeO,, (low), and 234.6 mV dec! for
Bi/CeOy_, (high). These data revealed that Bi/CeOy_, displays a
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Fig. 2. XPS and XAFS spectroscopy analysis for catalysts. (a) XPS survey spectra; (b—d) high-resolution XPS profiles of (b) Ce 3d, (c) O 1s and Bi 4f for Bi/CeO,_, and
Bi (d). (e, f) Normalized XANES x(E) spectra (Inset: Magnified absorption edge) and Radial distance y(R) space spectra of Bi for Bi/CeO, , and Bi without Ce
modification.
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Fig. 3. CO2RR performance for catalysts. (a) LSV, (b) FEucoon, (¢) jucoon and (d) Tafel plots for the Bi-based catalyst and comparison catalysts in the CO»-saturated
in H-type cell. (e) it stability of the Bi/CeO,_, at —0.8 V (vs. RHE) and the corresponding FEycoon-

favorable reaction kinetics for producing HCOOH. The long-term sta- Bi/CeO,_ displays a high catalytic performance.

bility and corresponding FEycoon were assessed for 120 h for Bi/CeO2 Compared with previous reports, the obtained Bi/CeOs_, displays a
at —-0.8 V (vs. RHE), and the results (Fig. 3e) indicate an excellent sta- higher selectivity across a broad potential range for CO;RR. Further-
bility for COoRR with high FEycoon. Over a broad voltage window, more, the sample was also tested in flow cell configurations, and gave a
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higher current density and stability (Fig. S13-515).

3.3. Continuous production of high-concentration formic acid

For the commonly used configurations of electrolytic cells (H-type
cells and flow cells), the formate as product is inevitably dissolved in the
electrolyte (typically in low concentrations), which also leads to sub-
stantial obstacles for the subsequent purification step. The SSE-based
electrolyzers could yield products in high concentrations, but AEM,
cation exchange membrane (CEM) and SSE are essential here, resulting
in high ohmic resistance and significant joule heating during operation.
In this work, we devised a new GML electrolyzer configuration specif-
ically for CO2RR. Fig. S16 illustrates the configuration for the GML cell,
which has only one ion exchange membrane inserted between the
cathode and anode. The catalysts and the membrane are in direct con-
tact, which could facilitate the mass transport and lower the ohmic
resistance. The liquid product at the cathode could be readily carried out
with the CO, gas flow, and subsequently collected with high concen-
tration (Fig. S17,18). The high-selectivity catalyst Bi/CeO2_, was used
for the test on the GML cell that we designed here. Humidified CO, feed
gas would be reduced at the cathode. Oxygen evolution reaction pro-
ceeds at the anode comprising Ti support loaded with IrO;. A mixture
solution of 0.5 M K3SO4 and 0.01 M H2SO4 was used as the anolyte. At
the surface of the Bi/CeO,_, catalyst, CO, was converted into HCOOH,
which was then carried out by the gas flow, and subsequently condensed
into formic acid solution in high concentration. The LSV curve(Fig. S19)
demonstrates that the cell delivers high current densities under rela-
tively low voltages, probably because of the lower ohmic resistance and
faster mass transport compared with that of SSE-based counterparts. We
further conducted finite-element analysis on the flow channel at the
cathodic part during COoRR. The simulated distribution of CO2 con-
centration is displayed in Fig. 4b and Fig. S20, a steady decrease in COy
concentration could be noted along the flow path. The performance of
carbon cloth, pristine CeO,, and Bi without Ce are summarized in
Fig. S21. Fig. 4c summarizes the selectivity for HCOOH determined at
different applied voltages. The jycoou values were calculated at
different voltages. Over the voltage range from 2.8V to 3.4V, the
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selectivity for HCOOH is as high as > 90 %. The produced HCOOH so-
lution was collected at different voltages, and the concentration in
continuous production was found to be as high as 1.55-1.85 M, and
reached the maximum of 1.85 M at 3.1 V. (Fig. 4d). The concentrations
of HCOOH solutions collected at the outlet were found lower using
different electrolytes (Fig. S22). The current density reaches
215 mA cm™2 at 3.1 V. Stability test over 120 h revealed no significant
decline in both selectivity and current density. (Fig. 4e). The HAADF-
STEM and XPS characterizations in Fig. 23 and 24 demonstrate that
the structural features of the catalyst remain well preserved after long-
term electrolysis. To the best of our knowledge, as shown in Fig. 4f
and Table S2, the HCOOH concentration obtained here is among the
highest rank for continuous production, and the voltage range is also the
broadest.

3.4. Theoretical simulations and in situ spectroscopic characterizations

To gain further insights into the high efficiency in CO2RR to formate
on Bi(012)/Ce0,, we performed density functional theory (DFT) cal-
culations. Considering the above experimental results, the calculation
models for Bi(012), CeO, and Bi(012)/CeO, were constructed, and the
corresponding adsorption configurations for the intermediates were
investigated (Fig. 5a and Fig. S25). For Bi(012)/CeOs, the O atoms at the
interface can form strong Bi-O bonds with the surrounding Bi atoms,
which would influence the electronic structure and result in different
catalytic performances at the interface compared with the individual
surfaces. The current consensus regarding the mechanism of COj
reduction to HCOOH is that the CO5 molecule has to be converted to the
adsorbed *OCHO intermediate. Differential charge density with yellow
and cyan colors represents positive and negative electron density iso-
surfaces. As shown in Fig. S26, it can be seen that ~0.53 electrons are
transferred from Bi to CeO,, demonstrating significant charge transfer at
the interfaces. Significant charge transfer occurs between the interfaces,
which could affect the electronic structure of metal Bi and make it to be
beneficial for HCOOH production. In this work, the reaction pathways
for the CO5-to-HCOOH conversion on Bi(012), CeO5 and Bi(012)/CeO
were considered, and the corresponding energy diagrams were

C 09 [ 400
ProductT . i
Cathode 37 %
€ 80 —
GDE o = l 300 “.‘E
£ &_] E
[ L § <
2 8 d £
F200 =
35 O 2 40 =
€ w ] o
c 11 o
Catalyst @ T 3 8
Q / X
34 S 204 -3 =z
PEM g 5 L100
Humidified CO, o 0
Analvte in 33 O 27 28 29 3.0 31 32 33 34 35
olyte Cell Voltage (V)
d b e 0 100 f Max Cycoon (M)
I N H—Vi—m“é\f——ﬂ BilCeO,.
= 1.6 I L ok & 180 2D-Bi
s L | 2o g -100 nBuLi-Bi
5 <y
£ 121 E o0 < Duration (h) In,0,@C
£ I = 173 B — Chcoon (M)
g I g’ =200 o Continuous production
S 0.8 [ 34V Lo
o 3 w
b c -300
T € -300
O 0.41 e {20
[} 5
O o
Tl M E B S SSNENSR -400 : : : 0 Joen (MA cm?) Voltage range (V)
27 28 29 3.0 31 3.2 33 34 35 0 20 40 80 100 120 FEHCOOH >80%

Cell Voltage (V)

Time (h)

Fig. 4. Continuous production of formic acid using dual-functional heterojunction Bi/CeO5_, catalyst. (a) Schematic illustration of the GML configuration. (b)
Simulated distribution of CO, concentration along the flow channel (assuming FE = 90 %). (c) FEycoon, (d) Concentration of liquid product. (e) it stability of the Bi/
CeO,_ at 3.1 V and the corresponding FEycoon. (f) Comparison of maximum (Max) HCOOH concentrations, continuous generation concentration, duration, partial
current density and voltage range. (Inset: 2D-Bi [31], n-butyllithium-Bi [32] and In,O3@C [9]).



Z. Shi et al. Applied Catalysis B: Environment and Energy 380 (2026) 125745

0 B B

Bi(012) CeO, Bi(012)/CeO,
3 3
b — Bi(012) C —BIi(012)
2.24 —CeO, —CeO,
_ 2 —Bi012/Ce0,| — Bi(012)/Ce0,
S 24 / \ S 2
9, / k" K 1.63
> // \\ > / P s
S S -,
o 11 ’ v 0.58 o 1 -
£ i *.0.54 S -
o y 037 _--——===._040( © 031 -~
o S 019 -~ = 8 IS
£04000--" .004_--- L o]000 _---Z”__000 ________ 0.02
w [ R e —
018 ~~.
~~.-0.75
. €0, *OCHO *HCOOH HCOOH o *+H,0(g) *H,0 *H+OH
Reaction pathway Reaction pathway
d BilCeO,, ENV vs.RHE| @ ] [ |
e > 3V
5 5
Sl e > a2y &
o o
3] 3]
Sl e > | §
. 2
o o
2 10v| &
< <
Y
1800 1750 1700 1650 1600 1550 1500 2000 1750 1500 1250 1000
Wavenumber cm? Wavenumber cm?
f Bi without Ce E/V vs. RHE g »
| e sy
S S
s _— 2 ~ 12V @
[}]
Bl e ™™ :
£ A1V £
5 5
@ 4@ @
Qo B!
< <
A 0.9V,
1800 1750 1700 1650 1600 1550 1500 2000 1750 1500 1250 1000

Wavenumber cm3 Wavenumber (cm?)

Fig. 5. Theoretical calculations of the optimized models. (a) Theoretical calculation models for Bi(012), CeO, and Bi(012)/CeOs. Purple, yellow and red spheres
represent Bi, Ce and O atoms, respectively. (b, ¢) Gibbs free energy diagrams for CO, reduction to HCOOH and H,O dissociation on the Bi(012), CeO, and Bi(012)/
CeO, models. (d, f) ATR-SEIRAS spectra collected on the surfaces of Bi/CeO,_, and Bi. The fitted spectral profiles (black curves) reflecting the water bending mode
and C=0 stretching mode (pink, C=0 stretching mode; orange, water bending mode). Corresponding contour maps of Bi/CeO_, (e) and Bi (g).



Z. Shi et al.

compared, and the asterisk represents the adsorption state (Fig. 5b, c). It
can be seen that the Ce atom in CeOy cannot effectively adsorb the
*QCHO, because the formation of *OCHO has a high free energy change
value (AG = 2.24 eV), whereas the Bi atom in the pure Bi(012) surface
and Bi(012)/CeO, could strongly stabilize the *OCHO intermediate with
a smaller AG value of 0.37 eV and -0.04 eV, respectively. It should be
noted that the introduction of CeO5 onto the Bi(012) surface can further
assist the CO4 activation, and the formation of *HCOOH is the rate-
determining step with a AG value of 0.23 eV. To probe the effect of Bi
(012)/Ce0- interface on HyO dissociation, the free energy diagram of
H,O0 dissociation to *H and *OH species on Bi(012), CeO5 and Bi(012)/
CeO, were compared. It could be noted that the three models have
similar adsorption properties for the H,O molecule with a AG value of
0.31 eV, 0.00 eV and -0.18 eV, respectively.

In contrast, the H,O dissociation processes on the three models are
significantly different. The formation of *H and *OH on Bi(012) and
CeO5, is endothermic (AG = 1.32 eV and 0.02 eV), whereas this process
on Bi(012)/CeO; interface is exothermic, and the AG value remarkably
decreases to — 0.57 eV. These results indicate that the CeO3 has a good
performance in water activation, and the introduction of CeO5 onto the
Bi(012) surface can further accelerate H,O dissociation into *H (which
would participate in the CO, reduction) (Fig. S27). As shown in Fig. 528,
the free energy changes for the rate-determining step for CO and Hy
formation are 0.91 eV and 0.47 eV, respectively, both larger than that
for HCOOH formation (0.23 eV), indicating that the competing CO and
Hj formation can be effectively suppressed during the CO3RR over Bi/
CeO,. As shown in Fig. S29, the free energy change for the rate-
determining step over Bi/CeO» with oxygen vacancy is almost the
same as that over Bi/CeOj, indicating the oxygen vacancy does not have
decisive role in the COsRR mechanism. On the basis of the above
computational results, it can be concluded that the formation of the Bi
(012)/CeO> interface can not only promote the H>O dissociation, but
also boost the CO, reduction, which is well consistent with the experi-
mental observations.

To experimentally verify the role of the dual-functional catalyst, in-
situ attenuated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) was carried out to monitor the adsorbed
species at the electrochemical interface(Fig. 5d-g). A band at
1665-1672 cm™ in the potential range from —0.9 to -1.3 V (vs. RHE)
was found for both Bi/CeO»_, and Bi catalysts, which is attributed to the
C=0O0 stretching mode in *OCHO (a key intermediate to HCOOH). The
peak intensity of the C=0 stretching mode for the Bi/CeO,_, catalyst
decreases with more negative potentials applied, indicating that the
consumption rate of the intermediates increases, thus leading to a more
rapid conversion to HCOOH. In contrast, the peak intensity of C=0
stretching mode for the Bi catalyst increases with more negative po-
tentials applied, indicating that the intermediates are accumulated at
the interface, probably owing to the relatively slow reaction kinetics to
HCOOH. In addition, another peak was found located in the
1620-1635 cm™! range, corresponding to the water bending mode. As
shown in Fig. S30, the peak at ~1295 cm™! could be attributed to the
C—=O0 vibration of *CO3, and the two peaks at 1408 em! and 1365 cm™
could be ascribed to the C—H bending and O—C—O symmetric vibrations
of *OCOH, a key intermediate for HCOOH formation [51,52]. Compared
with Bi, the catalyst with CeO introduced displayed the favorable
property for water dissociation. Thus, the dual-functional hetero-
junction catalyst Bi/CeOs_, could synergistically promote the formation
of intermediates, thereby enhancing the overall catalytic performance.

4. Conclusion

For continuous production of high-concentration HCOOH via
CO9RR, we designed and constructed dual-functional heterojunction
catalyst Bi/CeO5_, with an in situ growth strategy. The Bi/CeOq_, dis-
played a high selectivity and activity for formate production in H-type
cell and flow cell. The FE for formate reached > 90 % (-0.8 ~ -1.2 V vs.
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RHE) in H-type cell. Equipped with dual-functional heterojunction
catalyst, the custom-built GML cell could produce HCOOH with a con-
centration as high as 1.55-1.85 M over the voltage range from 2.8 to
3.4V (the broadest reported thus far), and reached the maximum of
1.85 M at 3.1 V. ATR-SEIRAS revealed that the key intermediate could
be readily generated on the dual-functional heterojunction catalyst Bi/
CeOy_. The results of theoretical calculations and in situ spectroscopies
collectively demonstrate that constructing dual-functional hetero-
junction catalyst that work in synergy is the key solution to improving
the overall catalytic performance. For continuous production of high-
concentration HCOOH via CO2RR, our system features the broadest
voltage window reported thus far, and our work here offers a promising
solution to the practical application of CO2RR.
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