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Operando nuclear magnetic resonance
decodes alkali-tuned proton-electron relay
boosting CO,-to-formate conversion
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The proton-coupled electron transfer (PCET) kinetics plays a critical role in

governing the CO,-to-formate conversion efficiency during CO, eletroreduc-
tion reaction. While alkali metal cations are known to influence the reaction
pathway, elucidating how trace doping modifies the catalytic sites remains a
key challenge. Here we show that incorporating Li into bismuth oxycarbonate
(BOC-Li) induces structural modifications that optimize the PCET process at
bismuth-active sites, thereby boosting CO,-to-formate conversion. By
employing dual-isotope (*H/*C) operando nuclear magnetic resonance (NMR)
to track the formation of 'H*COO /?H"*COO", combined with kinetic isotope
effect, Tafel analysis and in situ attenuated total reflection surface-enhanced
infrared absorption spectroscopy, we observe a more efficient proton-
electron transfer pathway. Density functional theory (DFT) calculations sug-
gest that Li doping is associated with enhanced activity of Bi sites, potentially
strengthening H,O/CO, adsorption and reducing the O-H activation energy.

Collectively, this work highlights alkali doping as a promising strategy for
structurally engineering catalytic sites to improve PCET kinetics.

The carbon dioxide reduction reaction (CO,RR) to value-added che-
micals and fuels, particularly when powered by renewable energy
sources, offers a sustainable pathway to mitigate fossil fuel depen-
dence and address escalating greenhouse effects'™. However, the
CO;RR process involves intricate multi-step proton-electron transfers
steps*®. The proton-coupled electron transfer (PCET) mechanism is
pivotal in the electrochemical CO,RR’, which relies critically on the
dynamic balance among proton supply pathways, electron transfer
synergy and intermediate stabilization. Recent optimization strategies
for PCET have evolved from singular catalyst design to synergistic
regulation of electronic structures and microenvironment engineer-
ing. However, challenges persist in dynamically resolving proton
sources and transfer pathways, as well as precisely controlling inter-
mediate stability in complex reaction networks. Early theoretical

studies revealed the pH- and potential-dependent nature of PCET
pathways. For instance, Géttle et al.® presented that the CO,RR path-
way of cobalt porphyrin (CoP) catalysts shifts with pH. Specifically,
acidic conditions (pH-3.5) favor a sequential proton-electron transfer
(SPET) mechanism forming sequential intermediates, while alkaline
conditions (pH>8.3) promote a concerted proton-electron transfer
(CPET) process that directly stabilizes key intermediates without dis-
crete protonation steps. Dunwell et al.” propose that optimizing
experimental conditions, such as employing low overpotentials and
minimizing cation-related mass transport limitations, can promote
PCET pathways during CO,RR. Within the kinetically controlled
regime, PCET acting as the rate-limiting step enhances the efficiency of
coupled proton-electron transfer processes and improves CO selec-
tivity. These studies, however, did not explicitly address the influence
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of proton sources on pathway selection. Subsequent research by Li
et al.'° achieved 98.1% CO selectivity and presented HCO; -involved
PCET as the RDS for CO,RR to CO in aqueous KHCOj electrolytes, and
Zhang et al." lowered the PCET barrier of *OCHO intermediates via Ce-
doped Bi by tuning p-band electronic structures. Despite these
advances, most studies relied on macroscopic electrochemical data,
lacking in-situ tracking of proton transfer dynamics.

To address these limitations, recent efforts have integrated
advanced characterization techniques to resolve PCET dynamics. For
example, Mukhopadhyay et al."> employed operando attenuated total
reflection infrared reflection-absorption spectroscopy (ATR-IRRAS) to
directly observe the characteristic vibration peak of the *OCHO inter-
mediate (1380 cm™) within a MOF reservoir (UiO-66-CN) and con-
firmed through DFT calculations that nitrile groups stabilize
intermediates via secondary coordination effects, although proton
transport efficiency remained constrained by spatial hindrance in MOF
pores. Wang et al.” applied in situ attenuated total reflection-surface
enhanced infrared absorption spectroscopy (ATR-SEIRAS) to track the
sequential PCET pathway in cobalt phthalocyanine-based COFs,
revealing that the polarizing effect of hydrated K* ions ([K(H,0),]*)
weakens the O-H bonds of coordinated water. However, proton
sources still predominantly originated from bulk electrolytes. These
advancements underscore the critical need to clarify proton origins
(e.g., adsorbed water, electrolyte ions, or catalyst active sites) and their
transfer pathways.

Alkali metal cations, widely recognized for their promotional
effects in CO,RR, have been studied as electrolyte additives'*". How-
ever, recent advancements have shifted focus toward integrating these
alkali cations directly into catalyst architectures for performance
optimization. For instance, Ding et al.'® engineered K*-doped Cu,Se
(Ku1.2%-Cu,Se), where embedded K* ions stabilized Cu® sites, sig-
nificantly enhancing ethanol selectivity by promoting *CO dimeriza-
tion. Similarly, Peng et al.” demonstrated that S and Na co-doping on
bismuth (Bi(110)-S-Na) synergistically localized electrons at *OCHO
intermediates while accelerating H* generation from water activation,
thereby boosting formate production. These studies establish alkali
cation-incorporated catalysts as an effective strategy to address the
selectivity and activity bottlenecks in CO,RR systems, thereby offering
an effective approach for PCET research.

In this work, we introduce isotope-labeled operando nuclear
magnetic resonance (NMR) coupled with a trace Li-incorporated
bismuth oxycarbonate (BOC-Li) electrocatalyst to mechanistically
probe PCET dynamics in CO,RR. By employing a dual-tracer
approach, using C-labeled ®CO, and 2H-based electrolyte
(K'HC05/*H,0), our operando *C NMR protocol reveals distinct
'HBCOO™ and *H™COO" signals, enabling direct discrimination
between HCO;™- and solvent-derived proton pathways. Through Li
modification the selectivity of formate has been increased from
13.69% to 95.52% at 300 mA cm2. Besides, the FEycoo- reached
~90% even at 1.5A cm™. Comparative isotopic analysis between
BOC-Li and undoped BOC reveals marked differences in proton
transfer mechanisms, elucidating how alkali metal integration
influences interfacial PCET kinetics through its effect on the
electronic properties of Bi sites. DFT calculations suggest that Li
doping on the Bi,0,CO;3 (161) surface may enhance CO,RR toward
HCOOH by potentially stabilizing four-coordinated Bi sites and
promoting the formation of oxygen vacancies (O,), which could
strengthen the adsorption of CO, and H,0. The Liz.-O, config-
uration shows relatively favorable catalytic activity in simulations,
with a predicted H,O dissociation barrier of 0.24 eV and a theo-
retically favorable pathway for HCOOH formation via the *HCOO
intermediate. These results indicate possible synergistic effects in
reactant adsorption, proton transfer Kkinetics, and reaction
energetics.

Results

Synthesis and characterization of BOC-Li catalyst

Herein, we drew inspiration from Li’s unique hydration characteristics
among alkali metals™ to integrate lithium species into the catalyst
architecture leading to the creation of the BOC-Li electrocatalyst. The
synthesis employed an optimized microwave-assisted protocol®® fol-
lowed by sequential LiOH and CO, treatments in a controlled sealed
environment (see “Methods” section for details). Inductively coupled
plasma mass spectrometry (ICP-MS) shows 0.0065 wt% of Li loading
(Supplementary Table 1). For comparison, the Li-free BOC was used as
the control catalyst.

As depicted in Fig. 1a, the X-ray diffraction (XRD) patterns of
both BOC-Li and BOC samples are well-indexed to the orthor-
hombic phase of Bi,0,CO3 (BOC) with the Pna21(33) space group.
The (161) plane is identified as the predominant facet. Unlike BOC,
the XRD pattern of BOC-Li exhibits noticeable peak broadening,
suggesting reduced crystallinity”. Furthermore, the enlarged XRD
patterns presented in Supplementary Fig. 1 demonstrate a minor
angular shift of the BOC-Li diffraction pattern toward higher angle.
It may attribute to the doping of Li due to its smaller atomic radius
than Bi*. The scanning electron microscopy (SEM, Supplementary
Fig. 2a) and transmission electron microscopy (TEM, Supplemen-
tary Fig. 2b) images show a nanosheet morphology of BOC-Li.
Energy-dispersive X-ray (EDX) spectra (Supplementary Fig. 3)
confirm the uniform distribution of Bi, O, and C elements
throughout the material®*?. The high-resolution TEM (HRTEM)
image (Fig. 1b) of BOC-Li displays lattice fringes with spacings of
0.295 nm, corresponding to the (161) lattice plane of orthorhom-
bic Bi,0,CO3, respectively. In addition, the HRTEM image of BOC-
Li reveals a significant presence of lattice distortions and disloca-
tions, which can be attributed to the incorporation of Li*°, For
comparison, the HRTEM image of BOC (Fig. 1c) shows well-defined
lattice fringes with a spacing of 0.295 nm, corresponding to the
(161) lattice plane of BOC. X-ray photoelectron spectroscopy (XPS)
was employed to examine the electronic structures of BOC-Li and
BOC. The Bi 4f XPS spectra (Fig. 1d) for both BOC-Li and BOC
exhibit two distinct peaks. The peaks centered at higher binding
energies, -164.49 and 164.2 eV, are attributed to the 4fs, orbital of
Bi**. The peaks at 159.19 and 158.9 eV correspond to the 4f;,
orbital of Bi*"'®. The peaks of BOC-Li shift 0.29 eV towards higher
binding energies, indicating a slightly higher oxidation state”. The
C 1s XPS spectrum (Fig. 1e) reveals C-C and C-O peaks at 284.8 and
286.4 eV respectively and that the C=0 peak of BOC-Li at 288.9 eV
is 0.4 eV higher than that of BOC”*,

To resolve the atomic-scale local environment of the incorporated
Li species, we employed solid-state ’Li magic-angle spinning NMR
(MAS NMR) spectroscopy. As shown in Fig. 1f, Supplementary Fig. 4
and Supplementary Note 1, the deconvoluted spectrum exhibits two
resolved resonances at 6 =-0.16 ppm (Site I) and §=-0.53 ppm (Site
II), separated by a chemical shift difference (Ad) of 0.37 ppm
(85.30 Hz), confirming the existence of distinct Li coordination geo-
metries. Quantitative integration of these signals yields a population
ratio of 40.2% (Site I) to 59.8% (Site II), corresponding to a ratio of 2:3,
which is consistent with the predicted dual Li-coordination environ-
ments in the crystalline framework. To further elucidate the local
coordination of Li dopants, we performed variable-speed “Li MAS NMR
spectroscopy. As shown in Fig. 1g and Supplementary Note 2,
increasing the MAS rate from 8 to 20 kHz results in line narrowing and
the emergence of a dominant peak with a discernible shoulder. This
spectral evolution confirms that the Li dopants are structurally
immobilized within well-defined, yet slightly distinct, lattice sites. The
absence of high Li mobility and the discrete nature of these sites
strongly support our assignment of Li incorporation into the crystal
lattice.
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Fig. 1| Structure characterization of BOC-Li and BOC. a XRD patterns of BOC-Li
and BOC indexed to orthorhombic Bi,0,CO;. b HRTEM image of BOC-Li revealing

lattice distortions and dislocations. ¢ HRTEM image of BOC with well-defined lattice
fringes. d Bi 4f XPS spectra indicating a higher oxidation state in BOC-Li. e C 1s XPS
spectra showing a higher binding energy for the C=0 peak in BOC-Li. f Deconvoluted

Wavenumber (cm-")

Wavelength (nm)

“Li MAS NMR spectrum showing two Li environments. g Variable-speed Li MAS NMR
of BOC-Li showing signal narrowing and a resolved shoulder, characteristic of Li
incorporation into discrete lattice sites. h FTIR spectra displaying enhanced absorp-
tion at 1465 cm™ in BOC-Li, suggesting altered carbonate bonding. i UV-vis absorption
spectra of BOC-Li and BOC. Source data are provided as a Source Data file.

Furthermore, the Fourier transform infrared (FTIR) spectrum of
BOC-Li (Fig. 1h) resembles that of BOC, exhibiting key vibrational
modes including Bi-O stretching vibrations at 548.5 cm™, out-of-plane
bending modes of v, CO5* at 848.5 cm™, and C-O stretching vibrations
of (CO5*) at 1391 and 1465 cm™. A notable difference is observed at the
1465 cm™ peak, where BOC-Li displays a more pronounced absorption
compared to BOC¥. Comparative analysis of UV-Vis absorption spec-
tra reveals a difference between BOC and BOC-Li systems (Fig. 1i). While
pristine BOC shows no absorption in this region, BOC-Li displays a
pronounced spectral feature centered at ~400 nm, likely correspond-
ing to the emergence of a Li-associated coordination complex species.

CO,RR performance evaluation and mechanism investigation

The CO,RR performance was initially evaluated in a standard three-
electrode H cell using CO,-saturated 0.5M KHCO; electrolyte. The
gaseous and liquid products were quantified by gas chromatography

(GC) and NMR spectroscopy, respectively®*°. As shown in Fig. 2a and
Supplementary Fig. 5, BOC-Li exhibits higher selectivity toward for-
mate than the pristine BOC catalyst, achieving high faradaic efficiency
(FE) across a wide potential window while effectively suppressing the
formation of CO and H,. Linear sweep voltammetry (LSV) measure-
ments (Supplementary Fig. 6) indicate that BOC-Li attains a higher
current density (-295mAcm™ at —2.0V vs. RHE, RHE calibration in
Supplementary Fig. 7, without iR compensation) compared to BOC
(=200 mA cm™). Electrochemical impedance spectroscopy (EIS) was
employed to probe the interfacial charge transfer kinetics. The Nyquist
plots in Fig. 2b show a discernibly smaller semicircle diameter in the
high-frequency region for BOC-Li, indicating a decrease in charge
transfer resistance. Together, these results—demonstrating higher
selectivity, activity, and charge transfer efficiency—collectively verify
the better CO,-to-formate conversion capability of BOC-Li in the
H-cell setup.
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Fig. 2 | Enhanced CO,RR performance, mechanism and kinetics of BOC-Li. Tafel slope on Li-doped catalyst versus 85.7 mV/dec™ on BOC indicates a concerted

a Potential-dependent FE of formate using an H cell in CO,-saturated 0.5M KHCO;  proton-electron transfer pathway. d Formate yield decreases with higher 2H,0
(pH =7.27 +0.04, n=3) for BOC-Li and BOC with mass loading as 1 mgcm™. The content, showing a deuterium KIE that identifies proton transfer as rate-

CO, flow rate was 20 sccm at room temperature. All potentials reported are non-iR  determining. e, f In situ ATR-SEIRAS shows potential-dependent *OCHO inter-
corrected. The error bars represent standard deviations from three independent mediate (1438, 1600 cm™) only on BOC-Li, validating its facilitated proton-coupled
measurements. b Nyquist plots demonstrating the reduced charge transfer resis- electron transfer. The mass loading was 2 mg cm™. Source data are provided as a
tance of BOC-Li (R;=3.8+0.2Q, n=3) relative to BOC (Rs=3.4+0.3 Q, n=3) at Source Data file.

-0.27V in H-cell. All potentials reported are non-iR corrected. ¢ The 64.0 mV/dec™
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To probe the origin of the enhanced catalytic performance, we
investigated the reaction kinetics. The Tafel slope for formate pro-
duction on BOC-Li is 64.0mV dec”, substantially lower than the
85.7 mV dec™ value measured for undoped BOC (Fig. 2¢). A Tafel slope
near 60 mV dec™ is consistent with a concerted proton-electron
transfer (CPET) process. This interpretation is further supported by a
deuterium kinetic isotope effect (KIE), wherein the formate production
yield decreases monotonically as the 2H,0 content in the electrolyte
increases (Fig. 2d), confirming that proton transfer is involved in the
rate-determining step®. Furthermore, this enhanced kinetics is facili-
tated by an improved reactant affinity, as solution-phase *C NMR
measurements revealed a stronger CO, adsorption capacity for BOC-Li
compared to BOC (Supplementary Fig. 8 and Supplementary Note 3).

To gain further mechanistic insight into the PCET process, we
performed in situ ATR-SEIRAS. The spectra show characteristic peaks
at 1438 and 1600 cm™, which are assigned to the adsorbed *OCHO
intermediate®’. Additional spectral features are identified as follows:
peaks at -1272 cm™ correspond to *CO, *’*%, the bands at -1358 and
~1390 cm™ are attributed to bicarbonate (HCO5;") and carbonate
(CO5%), respectively*’~*?, and the peak at ~1638 cm™ is assigned to the
0-H bending mode of water®**>** based on our control experi-
ments (Supplementary Figs. 9 and 10) and literature references. On
BOC-Li, the *OCHO-related peaks at 1438 and 1600 cm™ emerge and
intensify at more negative potentials (Fig. 2e), whereas these features
remain weak on undoped BOC (Fig. 2f). The potential-dependent for-
mation and stabilization of this key intermediate indicate that the local
environment of BOC-Li is favorable for the PCET step. Together, these
spectroscopic data provide direct evidence that Li* doping appears to
promote formate production by facilitating a concerted PCET
mechanism at the Bi sites.

Unraveling reaction mechanisms with operando NMR

The electrochemical reduction of CO, to formate is known to proceed
through competing pathways. However, their mechanistic details—
particularly concerning protonation sources and oxygen transfer
dynamics—remain contentious. Early studies have proposed two pos-
sible routes, namely the *OCHO and the *COOH pathways. The former
proceeds through an oxygen-bound intermediates with sequential
PCET, while the latter requires direct formation of a carbon-bound
intermediate’®’. To contribute to this discussion, we employed a
multimodal operando NMR approach integrating 'H, 70, and C/’H
isotopic tracking, focusing on a comparison between BOC-Li and
undoped BOC. Our goal is to examine how Li-induced modifications to
the electronic structure of Bi sites influence water-mediated oxygen
transfer and protonation dynamics. This is achieved by correlating
real-time intermediate speciation with interfacial kinetics under
operational CO,RR conditions.

Operando 'H/”O NMR reveals H,0-oxygen activation on BOC-Li
Catalytic performance was evaluated in a custom three-electrode NMR
microreactor (Supplementary Fig. 11) under continuous CO, flow
(1.5 standard cubic centimeters per minute, 1.5 sccm) at 298 K, using an
isotopically enriched electrolyte (450 uL *H,°O, 50 pL 'H,”0 and
25.16 mg K'HC03)*. The working electrode was prepared by loading
the catalyst onto carbon microfibers, with Pt wire as the counter/
reference electrode.

We leveraged synchronized operando 'H/”O NMR to track water-
derived oxygen. This enabled the simultaneous quantification of for-
mate (*H NMR) and oxygenated species (“O NMR), thereby linking
product formation to oxygen transfer events. As shown in Fig. 3a,
in situ 'H NMR quantification during 3 h electrolysis at —-1.18 V revealed
that BOC-Li produced 21 times more formate than the undoped BOC.
The formate peak also exhibited a downfield chemical shift of 3.50 Hz
(from 8.467 ppm for BOC to 8472ppm for BOC-Li). The
corresponding 7O NMR spectrum of BOC-Li (Fig. 3b) revealed distinct

signals from key oxygenated species. Compared to undoped BOC,
these signals exhibited significant downfield shifts: hydrated CO,
(79.381 ppm, +2.37 Hz), bicarbonate (173.21ppm, +10.44Hz), and
0-formate (288.737 ppm, +25.14 Hz). Moreover, the signal intensity
for O-formate was greater in BOC-Li.

To track oxygen involvement, we analyzed the O distribution in
the hydrated CO, and formate. The absence of detectable C-OH sig-
nals in formate suggests rapid hydroxyl exchange between reaction
intermediates and the solvent water. The transient nature of hydroxyl-
bound YO atoms explains their lack of detection by NMR. Conse-
quently, the O NMR resonance at 288.737 ppm is collectively assigned
to all "O-enriched isotopologues (*HC70"0", 'HC”0OY0"), serving as a
unified spectroscopic marker.

The relationship between oxygen transfer dynamics and catalytic
stability was investigated through a multimodal operando NMR
approach. By performing synchronized 'H/”0 spectroscopy with time-
resolved spectral acquisition (30-min intervals over 180 min), we
tracked oxygen incorporation pathways. As shown in Fig. 3c and
Supplementary Fig. 12, BOC-Li exhibits rapid HCOO™ signal emergence
(Tonser < 30 min) with linear concentration growth, indicative of stable
redox-active sites and efficient C-H bond formation. In contrast, for-
mate signals for BOC were near the background level and accumulated
slowly, indicating its lower activity.

Complementary operando 7O NMR analysis (Fig. 3d and Supple-
mentary Fig. 13) provides insight into the oxygen transfer efficiency
underlying these performance differences. For BOC-Li (left panel),
distinct YO-formate resonances (288.737 ppm) appear within 30 min
and intensify linearly over 3 h, consistent with rapid oxygen activation
and sustained interfacial stability. In contrast, BOC (right panel) shows
negligible 7O-formate signals with minimal growth, indicating sluggish
oxygen incorporation. This direct temporal correlation between
persistent VO-formate accumulation in BOC-Li and the stagnant signal
in BOC aligns with the 21-fold productivity difference (Fig. 3a), strongly
ascribing the enhancement to Li doping.

To probe oxygen incorporation pathways during CO, electro-
reduction, we quantified the C="0 isotopologues in the formate pro-
ducts using a published method*’. The quantitative analysis indicated
that VO-labeled formate constituted 2.46 mol% of the total produced
by BOC-Li after 3 h of operation. This value is notably below the the-
oretical maximum for direct CO, -derived oxygen, supporting the
dominance of the *OCHO pathway over the *COOH route*’. In contrast,
undoped BOC yielded only 1.50%. This enhanced isotopic incorpora-
tion in BOC-Li, resolved by operando 'H/”O NMR, confirms that Li
doping promotes water-derived oxygen participation by modifying
interfacial oxygen transfer dynamics.

Operando >C NMR reveals the proton source of HCOO-

To probe proton sourcing, we employed a dual-isotope (C/?H)
operando NMR approach. This method distinguishes protonation
pathways by utilizing ?H-*C J-coupling in the 2H*COO" product, which
discriminates between deuterium from water and protons from
bicarbonate under “CO,RR conditions. The operando “C NMR
experiments were conducted in a three-electrode setup with a BOC-Li-
modified carbon fiber working electrode, Pt counter/reference elec-
trodes, and a deuterated electrolyte (500 pL 2H,0, 25.16 mg K'H?CO5).
Prior to electrolysis, the electrolyte was pre-saturated with CO,,
which was then continuously supplied at 1.5 sccm during electrolysis at
-1.28 V to maintain a constant concentration at the gas-liquid interface
at 298 K.

As shown in Supplementary Fig. 14, 'H-decoupled C NMR spec-
troscopy clearly showed signals for solvated *CO, (6=124.62 ppm),
bicarbonate (H3CO5; , §=160.23 ppm), and the dominant formate
derivatives (§=170~172 ppm). High-resolution spectral deconvolution
in 2H,0 (Fig. 3e, blue bottom trace and Supplementary Note 4)
revealed two distinct formate configurations. A diagnostic 1:1:1 triplet
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(6=170.89 ppm, purple triangles, 2J[*H-C] = 29.83 Hz) was assigned to
2HBCOO', arising from scalar coupling between C and the bonded
deuterium (n=1, 2H, I=1). Concurrently, a singlet at §=171.04 ppm
(golden star) corresponds to 'H®COO™. The triplet serves as a spec-
troscopic fingerprint for a-carbon-selective deuteration, while the
singlet indicates the coexistence of protonated isotopologues. This
dual-isotope strategy effectively distinguishes protonation pathways:

deuterium from interfacial water *H®COO") versus protons from
bicarbonate (*HCOQ"), providing strong evidence for deuteration
dynamics and proton transfer selectivity.

The key finding is that formate formation is dominated by protons
derived from water, as unambiguously resolved by their distinct
J-coupling signatures. To gain further insight into interfacial proton
transfer dynamics, we performed controlled ®C NMR in a mixed
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Fig. 3 | Operando NMR mechanistic investigation of CO,RR on BOC-Li versus
BOC catalysts. a Time-resolved '"H NMR analysis quantifies 21-fold enhanced for-
mate production on BOC-Li. b 7O NMR spectra distinguish oxygen speciation
(hydrated CO,,79.38 ppm; HCO3, 173.21 ppm; formate, 288.74 ppm). ¢ Operando
'H NMR profiles reveal BOC-Li’s rapid formate generation versus BOC's negligible
activity. d Operando 7O NMR spectra demonstrate progressive “O-formate accu-
mulation on BOC-Li, contrasting with BOC'’s background-level signals. e Key
Information Summary: Dual-isotope (*H/*C) NMR spectroscopy in a mixed
'H,0/*H,0 electrolyte directly identifies and distinguishes both protonated
('H®CO0") and deuterated (*H*COO") formate species through their characteristic
J-coupling patterns. This provides direct evidence that protons derived from water
dissociation dominate the formate formation pathway during CO, reduction.
Detailed description: 2HCOO™ is identified by its characteristic 1:1:1 triplet (purple

triangles, 2J[*?H->C] = 29.83 Hz, pink shading). 'H*COO is identified as a singlet
upon 'H-decoupling (golden star, pink trace, light yellow shading) and as a 11
doublet under 'H-coupled conditions (golden stars, red trace, J['H->C] =194.79 Hz,
yellow shading). f 2C NMR results quantify reduced 'H/?H ratios (8.5% vs 10.3%) in
BOC-Li, indicating preferential interfacial hydration over bicarbonate pathways.
Operando ®>C NMR tracks the proton source for formate generation. Spectra for
g BOC-Li and h BOC show the accumulating of both protonated (‘H®COO", golden
star) and deuterated ((H®COO", purple triangles) formate species. (a-d) CO, flow
rate: 1.5 sccm; electrolyte: 450 pL 2H,'°0 + 50 pL 'H,70 +25.16 mg K'HC'0;.

e-h ®CO, flow rate: 1.5 sccm; electrolyte: 500 pL 2H,0 + 25.16 mg K'H'>COs. The
prominent formation of deuterated formate in BOC-Li implicates water (*H,0) as
the primary proton donor. Source data are provided as a Source Data file.

2H,0/'H,0 electrolyte (1:1v/v, 2516 mg K'H2CO;, *CO,-saturated;
Fig. 3e and Supplementary Note 4). Firstly, the diagnostic H*COO"
triplet (6=170.89 ppm, purple triangles, 1:1:1, }[*H-*C] =29.83 Hz)
remained well-resolved, confirming persistent 2H-*C coupling. Sec-
ondly, in the decoupled spectra (pink middle trace), the 'H*COO"
singlet (6=171.04 ppm, golden star) intensified relative to pure *H,0
conditions, consistent with greater proton availability from enhanced
'H,0 auto-protolysis and K'H2CO; dissociation in the mixed phase.
Finally, in the coupled spectrum (red top trace), the 'TH®*COO™ signature
appeared as a 11 doublet (6=171.04ppm, golden stars,
J['H-2C]=194.79 Hz), demonstrating the distinct NMR signature of
spin-'/, protons (doublet). The simultaneous detection of deuterated
(triplet) and protonated (doublet/singlet) adducts showcases the
power of this dual-isotope operando NMR approach for tracking
proton transfer pathways and interfacial deuteration kinetics.

The catalytic selectivity and proton transfer dynamics of CO,RR
were probed using a multimodal NMR approach integrating 'H, C,
and ?H isotopic tracing. For BOC-Li, operando 'H NMR revealed a
characteristic a-proton doublet for 'H®COO~ (6=8.465ppm,
J['H-C] =194.79 Hz; Supplementary Fig. 15), confirming high isotopic
fidelity. Complementary *C NMR (Supplementary Fig. 16) and 2H NMR
(Supplementary Fig. 17) spectra differentiated protonation pathways:
the ®C NMR spectrum resolved the 2H®COO" triplet (from water) and
the 'H®COO" singlet, while the *H NMR spectrum showed the
corresponding 2HCOO™ doublet (3J[*H-*C]=29.83 Hz, from bicarbo-
nate). This pronounced isotopic discrimination, which correlates with
BOC-Li’s higher performance, indicates that Li doping tunes the elec-
tronic structure of Bi active sites, thereby modulating proton transfer
kinetics.

This interpretation is further supported by controlled electrolysis
in 0.5M K'H"CO; (Fig. 3f). Spectral deconvolution showed that the
'H®COO/?HBCOO" ratio was lower for BOC-Li (8.5%) than for BOC
(10.3%), indicating a relative decrease in bicarbonate-mediated pro-
tonation and a correspondingly greater reliance on water-derived
protons for BOC-Li. This isotopic preference, which aligns with BOC-
Li’s higher Faradaic efficiency, indicates that Li doping modifies the
electronic structure of Bi sites, thereby promoting CO, pre-activation
and stabilizing the *OCHO intermediate.

The proton transfer pathways and carbon speciation during
BCO,RR were tracked by synchronized operando 'H and ®C NMR at
-1.28 V over 3 h. Comparative 'H NMR (Supplementary Figs. 18 and 19)
showed persistently higher and faster formate production for BOC-Li
(signal growth at 6 =8.465 ppm). Complementing this, time-resolved
BC NMR (Fig. 3g, h, and Supplementary Fig. 20) clearly distinguished
the 2H®COO" triplet from the 'H®*COO" singlet, revealing a system-
atically stronger progression of the water-derived 2H*COO" signal for
BOC-Li. This consistent kinetic advantage is attributed to Li-mediated
tuning of the Bi sites, which enhances water-derived proton transfer.
Thus, this multimodal approach not only distinguishes catalytic
pathways but specifically reveals how Li doping steers the PCET
mechanism toward a water-mediated route.

DFT calculation

To elucidate the Li-mediated activity of HCOOH formation, first-
principles DFT calculations were systematically performed. As depic-
ted in Fig. 4a, the predominant Bi,0,CO; (161) surface identified
through XRD analysis comprises four/three-coordinated Bi (Bisc/Bisc)
and four/three-coordinated oxygen (04./O3c) atoms. Computational
simulations suggested two distinct Li-doping sites on this surface, both
of which induced spontaneous oxygen vacancy (O,) formation, as
illustrated in the structural models (Supplementary Fig. 21). The
computational analysis indicates Li dopants tend to stabilize at four-
coordinated sites (Liyc), with a thermodynamic advantage of 0.32 eV
over three-coordinated sites (Lisc). It is worth noting that Li doping
promotes the formation of surface O,, which are predicted to act as
new reaction centers (Supplementary Fig. 22). Additionally, Bader
charge analysis suggests that Li,. exhibits a relatively lower charge
state (+0.90 |e]) compared to Liz. (+0.92 e|). These theoretical insights
offer a mechanistic rationalization for the experimentally observed
observations of dual Li species populations.

To elucidate the role of Li doping in catalytic activity, we sys-
tematically investigated CO,RR with H,O as the proton source. On
the pristine Bi,0,CO5(161) surface, H,O adsorbs at Bis and Bis, sites
with comparable energies of —0.77eV and -0.79 eV, respectively
(Fig. 4b, and Supplementary Fig. 23). In contrast, Li-doped config-
urations exhibit stronger H,O adsorption strength at O, sites, with
the adsorption energies of —0.80 eV (Liz.-doped) and —0.91 eV (Li4c-
doped) (Fig. 4d). For CO,, the molecule preferentially binds at the
Bi3.-O5.-Bis. bridge site on the pristine surface, adopting a bent
configuration and an adsorption energy of -0.54 eV (Fig. 4c, and
Supplementary Table 2). Upon Li doping, CO, adsorption is also
enhanced, with adsorption energies of —0.75eV (Liy.-doped) and
-0.69 eV (Lis.-doped) compared to the undoped surface (Fig. 4d, and
Supplementary Fig. 24), suggesting stronger surface interactions.
This progressive increase in adsorption strength appears to correlate
with improved CO, surface coverage, suggesting that Li incorpora-
tion may facilitate CO,RR by optimizing the thermodynamics of
reactant adsorption.

Moreover, H,O dissociation appears to be facilitated on the Li-
doped surface. As shown in Fig. 4e and Supplementary Fig. 25, the
energy profiles reveal a marked reduction in the activation energy (£,)
of O-H bond cleavage at O, sites on the Li-doped surfaces, decreasing
to 0.34 eV for Lis.-doped and 0.24 eV for Liz.-doped configurations,
compared to 0.40 eV and 0.36 eV at Bi4 and Bis, sites on the pristine
surface. Notably, the Li;--doped configuration, in particular, exhibits a
more thermodynamically favorable H,O dissociation, with an exo-
thermic energy of -0.43 eV, outperforming other reactive sites. We
also compared the H,0 dissociation at non-oxygen-vacancy sites on Li-
doped Bi,0,C0O5(161) surfaces, further confirming the active Li-doped
surface compared to clean surface (Supplementary Fig. 26, and Sup-
plementary Note 5). These results suggest that Li incorporation may
promote H,O dissociation, potentially increasing proton availability
for subsequent catalytic steps.
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Fig. 4 | Effects of Li doping on surface structure, adsorption, and reaction
energetics of Bi,0,C05(161). a The structure of Bi,0,C05(161) surface with Liy. and
Lis. doped marked. The best adsorption structure of H,O (b) and CO, (c) at clean,
Lisc- and Liz- doped surfaces. d The adsorption energy of H,O and CO, at clean,
Lisc- and Lis.- doped surfaces. e The energy profiles of H,O dissociation at the clean,
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Source Data file.
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the clean surface and on the Lis- and Lis-doped surfaces. g PDOS of lattice oxygen
atom on the clean surface and on the Li;.- and Lis.-doped surfaces, with the cor-

responding p-band center (g;,) indicated. h Free energy diagrams for HCOOH for-
mation via the *OCHO mechanism. Purple, Bi; red, O; white, H; grey, C; light blue, Li.
These color notations are used throughout the paper. Source data are provided as a
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Fig. 5 | CO,RR performance of BOC-Li and BOC in flow cell. a Three-electrode
flow cell for CO,RR in 1.0 M KOH (pH =13.98 + 0.03, n =3, flow rate: 25 mL min™)
with CO, flow at 20 sccm at room temperature. b Nyquist plot showing reduced
charge transfer resistance for BOC-Li (R;=9.0+0.1Q, n=3) compared to BOC
(Rs=7.9+0.3Q, n=3) in flow cell at -0.37 V. ¢ CO,RR performance plot of BOC-Li
shows FEycoo. ~90% at 100-1500 mA cm™. d CO,RR performance plot of BOC

exhibits lower FE,coo.- € Stability analysis of BOC-Li remains stable over 289 h at
100 mA cm™ with the FEycoo. over 95%. All potentials reported are non-iR cor-
rected. The error bars represent standard deviations from three independent
measurements. f Formate selectivity and current density of the BOC-Li catalyst
compared with recent formate-selective catalysts (Supplementary Table 3). Cata-
lyst loading: 1.25 mg cm™. Source data are provided as a Source Data file.

To elucidate the origin of the lower activation barrier for water
dissociation on the Lis.-doped surface, electronic structure analyzes
were performed. The projected density of states (pDOS) analysis
shows that for the clean surface, OH™ adsorption induces a narrow
peak slightly below the conduction band minimum (CBM), whereas on
the doped surface a broader peak appears further below the CBM,
indicating stronger orbital hybridization with Bi and enhanced bond-
ing stability (Fig. 4f). In addition, the p-band center of surface O, On
the doped surface, particularly for Li;. doping, is shifted upward
relative on the clean surface, which enhances H* adsorption and fur-
ther stabilizes the reaction intermediates (Fig. 4g). These results col-
lectively suggest that Liz. doping modifies the surface electronic
structure in a way that stabilizes both OH and H species, thereby
facilitating water dissociation. It is also worth noting that the stronger
binding of H* could suppress the H-H coupling process, making the
formation of H, less thermodynamically favorable and consequently
reducing its selectivity, which is consistent with the experimental
observation.

To further evaluate the effect of Li-doping, the CO,RR to HCOOH
was examined on pristine, Liyc-, and Lizc-doped surfaces. Free energy
profiles for HCOOH formation via the *OCHO pathway (Fig. 4h, Sup-
plementary Fig. 27, and Supplementary note 6) indicate that the initial
hydrogenation step (*CO, + *H'/e” > *OCHO) requires a noticeable
energy input, followed by an exothermic hydrogenation step leading
to HCOOH formation. Comparative analysis suggests that the Lisc-
doped surface appears to exhibit the lowest overall energy

requirement for HCOOH production among the three configurations,
implying a potentially higher catalytic efficiency. These results point to
Li;.-doping as a potentially favorable configuration for promoting
HCOOH synthesis. More broadly, these findings support Li incor-
poration as a promising strategy to modulate CO,RR activity, with site-
specific doping suggested as a possible route for tuning catalytic
performance.

Flow-cell CO,RR performance

To assess the commercial potential of BOC-Li for CO,-to-formate
conversion, we evaluated its performance across a range of current
densities in a flow cell reactor (Fig. 5a) in 1.0 M KOH electrolyte*s. LSV
shows that BOC-Li delivers a 28% higher current density than BOC
(1762 vs. 1381 mA cm™ at —4.97 V vs. RHE, Supplementary Fig. 28).
This is accompanied by a doubled double-layer capacitance (Cy), with
measured values of 9.34 vs. 439mFcm™ for BOC-Li and BOC,
respectively (Supplementary Fig. 29), indicating a likely increase in the
electrochemical active surface area. This is further supported by a
lower charge transfer resistance, as evidenced by the smaller semi-
circle in the Nyquist plot (Fig. 5b).

BOC-Li exhibits better CO,-to-formate performance across a wide
current density range (100-1500 mA cm™), sustaining a FE of -90%
with marginal decay at industrially relevant current densities (Fig. 5¢).
Notably, it achieves an FE of 95.5% at 300 mA cm™2 and a low potential
of -1.50 V, whereas the undoped BOC catalyst only reaches 13.7% at a
more negative potential of -2.07 V under the same condition (Fig. 5d).
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This performance disparity underscores the critical role of Li doping in
enhancing both activity and selectivity. Furthermore, BOC-Li demon-
strates robust operational stability over 289 h at 100 mA cm™ with the
FEjcoo- over 95% (Fig. Se), and its overall performance is highly com-
petitive among state-of-the-art formate-selective electrocatalysts
(Fig. 5f, and Supplementary Table 3).

Post-reaction characterization confirms the structural stability
of the BOC-Li catalyst. SEM imaging shows that the nanosheet mor-
phology is preserved after electrolysis (Supplementary Fig. 30). XRD
patterns demonstrate that the crystal structure of orthorhombic
Bi,0,CO5 remains intact (Supplementary Fig. 31). XPS analysis indi-
cates that the Li-modified oxidation state of Bi is maintained (Sup-
plementary Fig. 32). Furthermore, ex situ 'Li MAS NMR spectra
confirm that the two distinct Li sites remain structurally stable
(Supplementary Fig. 33). These results collectively illustrate the
structural and compositional integrity of BOC-Li under CO,RR
conditions.

Extension to other alkali dopants

To systematically explore the broader potential of our approach, we
extended the doping strategy to include Na* and K*. Under identical
synthesis conditions, both dopants were successfully incorporated
into the BOC structure, as confirmed by comprehensive characteriza-
tion. Similar to the Li*-modified catalyst, these alkali-doped variants
exhibited universally enhanced electrochemical properties, including
increased active surface area and improved charge transfer kinetics
compared to pristine BOC (Supplementary Figs. 34-52). This common
improvement translated directly to catalytic performance, with BOC-
Na and BOC-K achieving high FEformae at low-to-medium current
densities. Operando NMR spectroscopy further verified that both
dopants promoted the water-derived protonation pathway, confirm-
ing that the enhanced PCET mechanism represents a general phe-
nomenon across alkali-modified catalysts.

The investigation reveals that while the fundamental enhance-
ment in PCET kinetics is a general characteristic of alkali doping, the
specific choice of dopant determines the operational stability under
practically relevant conditions. Although all doped catalysts per-
formed comparably at moderate current densities, BOC-Li demon-
strated better performance maintenance, sustaining >90% FE¢ormate
across an extended operating range up to 1100 mA cm, while the
performance of BOC-Na and BOC-K began to decay beyond
500 mA cm™. This systematic study establishes alkali doping as a
promising strategy for modulating PCET kinetics in CO,-to-formate
conversion, with Li* emerging as the optimal dopant for applications
requiring sustained high-current operation.

Discussion

This study demonstrates that Li doping in bismuth oxycarbonate
(BOC-Li) improves CO,-to-formate conversion, achieving ~90% for-
mate selectivity at 1.5Acm™ with sustained operational stability
(>289 h at 100 mA cm™). We find that this enhancement is consistent
with Li modulating the electronic structure of Bi sites, which appears to
optimize the PCET kinetics. Dual-isotope (*H/C) operando NMR
identifies interfacial water as the primary proton donor, supported by
a reduced H®COO/?HBCOO™ ratio (8.5% vs. 10.3%) and intensified
2HBCOO" triplet progression in BOC-Li. This mechanistic shift is cor-
roborated by kinetic analyzes and in situ ATR-SEIRAS, which indicate
accelerated water dissociation and stabilization of the *OCHO inter-
mediate. DFT calculations provide further insight, suggesting that Li-
doping may strengthen H,O/CO, adsorption and lower the H,O
deprotonation barrier, thereby offering a plausible explanation for the
experimentally observed preference toward the water-mediated
pathway. Overall, this work highlights alkali doping as a promising
strategy for structurally tuning catalytic sites to influence PCET
mechanisms.

Looking forward, the multimodal operando NMR methodology
established here holds broader utility for deciphering complex reac-
tion networks. Our preliminary ®C NMR analysis of ethanol models
(Supplementary Fig. 53 and Supplementary Note 7) suggests that the
distinct signatures of 'H- and *H-labeled groups can be retained in
mixed solutions. This observation demonstrates the potential to track
proton transfer and carbon origin in multi-carbon products such as
ethanol and acetate. Extending this strategy to actual CO, electrolysis
for C,. products represents a promising future direction for eluci-
dating the intertwined PCET and C-C coupling mechanisms at catalytic
interfaces.

Methods

Chemicals

The following chemicals were acquired from their respective suppliers
for the project: Bismuth (lll) nitrate pentahydrate (Bi(NOs)s-5H,0,
99.0%) and a 5% Nafion 117 solution (5% in a mixture of lower aliphatic
alcohol and water) were sourced from Shanghai Macklin Biochemical
Technology Co., Ltd. Dicyandiamide (DCD, 99%) was provided by J&K
Scientific Ltd. Shanghai Titan Scientific Co., Ltd was the supplier for
Ethylene glycol (EG, 99%), potassium hydroxide (KOH, 90.0%), lithium
hydroxide (LiOH, 99%), potassium bicarbonate (KHCO3, 99.5%), and
ethanol (EtOH, 99.7%). Deuterium oxide (*H,0, 99.9%) was obtained
from Qingdao Tenglong Microwave Technology Co., Ltd, and iso-
propanol (PrOH, 99.7%) was supplied by Shanghai Aladdin Biochem-
ical Technology Co., Ltd. All chemicals were used as received, without
further purification. Deionized (DI) water for our experiments was
provided by the LICHEN System (UPTA-10).

Synthesis of Bi-based precursor

The Bi-based precursor was synthesized using a refined microwave-
assisted ultrasonic method®. Initially, 2 mmol of Bi(NOs);-5H,0 and
30 mmol of dicyandiamide were dissolved sequentially in 100 mL of
ethylene glycol (EG) under ultrasonic agitation to form a clear solution.
This was performed in a specialized three-neck flask.

The flask was then connected to a microwave/ultrasonic synthe-
sizer (XH-300A, Beijing Xianghu Science and Technology Develop-
ment Co., Ltd), equipped with a condensation setup. The reaction was
conducted under a constant temperature mode, with microwave and
ultrasonic powers both set to 500 W. The temperature was ramped to
150 °C within 10 min and maintained for 20 min using an automated
program.

The resulting white precipitate was collected by centrifugation
and washed thoroughly with deionized water and ethanol to remove
impurities. The final product was obtained as a white powder after
drying at 60 °C for 12 h in a vacuum oven.

Synthesis of BOC-Li

The synthesized Bi-based precursor was subjected to further mod-
ification using carbon dioxide (CO,) as both a reactant and a means to
create a high-pressure environment, in conjunction with a lithium
hydroxide (LiOH) solution. The process involved adding 300 mg of the
Bi-based precursor into a 20 mL reaction vessel containing 2 mL of a
0.5M LiOH solution. The vessel was then sealed and charged with
50 mL of CO, gas to facilitate the reaction under high-pressure con-
ditions. After 3 h of ultrasonication to promote complete mixing and
reaction, the white precipitate formed was collected by centrifugation.
It was subsequently washed thoroughly with deionized water and
ethanol to remove any remaining impurities. The BOC-Li was then
obtained as a white powder following a drying process at 60 °C for 12 h
in a vacuum oven.

Characterization
X-ray diffraction (XRD) analysis was executed on a PANalytical B.V.
Rayon X-ray Diffraction System to ascertain the crystal structure of the
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synthesized electrocatalyst. The surface morphology was examined
with precision using a Hitachi S4800 Scanning Electron Microscope
(SEM) and a JEM-F200 Transmission Electron Microscope (TEM).
Energy-dispersive X-ray spectroscopy (EDS) was utilized with a JED-
2300T Analysis Station to evaluate the elemental composition of the
samples.

X-ray photoelectron spectroscopy (XPS) was performed with a
Thermo Scientific Nexsa system, powered by an Al Ka X-ray source
(1486.6 eV), to obtain intricate details of the chemical composition.
The C 1s peak, positioned at 284.8 eV, served as a reference for the
calibration of binding energies. Fourier-transform infrared spectro-
scopy (FTIR) analysis was conducted using a Thermo Fisher Nicolet
iS50, while in situ FTIR measurements were captured with a Nicolet
iS50 MCT A Detector. Ultraviolet-visible (UV-Vis) spectroscopy was
carried out with a UV 3600l plus instrument. Inductively coupled
plasma mass spectrometry (ICP-MS) utilizing an Agilent 7700 system
was employed for a comprehensive evaluation of trace Li elements.

In situ ATR-SEIRAS measurements were performed in an external
reflection configuration using a custom-built accessory coupled to an
FTIR spectrometer (PerkinElmer Spectrum 100 detector). Spectra
were collected as an average of 16 scans with a spectral resolution of
8 cm™. A thin gold film (-10 nm) was deposited onto a silicon prism via
electroless deposition. The catalyst ink was deposited onto the Au film
by drop-casting 25 pL of the ink twice, allowing it to air-dry after each
deposition. The catalyst-coated Si prism served as the working elec-
trode in a three-electrode spectroelectrochemical cell, with a platinum
wire as the counter electrode and an Ag/AgCl electrode (3.5 M KClI) as
the reference. The cell was filled with CO,-saturated 0.5M KHCO;
electrolyte prior to each experiment. Electrochemical control was
maintained using a CHI 760E/ CHI 660E potentiostat.

Solid state Magic Angle Spinning Nuclear Magnetic Resonance
(MAS NMR) experiments of the “Li state in BOC-Li sample were con-
ducted on a Bruker 600 MHz AVANCE III operating at larmor fre-
quency of 600.18 MHz for 'H and 233.25 MHz for ’Li. Instrument was
equipped with H/X DVT MAS probe, supporting MAS rotor with
4.0 mm outer diameter. All the experiments conducted on Bruker
600 MHz AVANCE IIl were with MAS frequency of 8 kHz. Besides, we
have supplemented the “Li NMR at different spinning rate (8 k, 15k and
20 kHz) on Bruker AVANCE NEO 400 WB spectrometer operating at
155.55MHz for ’Li, equipped with 3.2mm double-resonance
MAS probe.

Operando 'H, 70 and 2C NMR experiments were carried out on
the Varian 700 MHz with an Agilent 5-mm z-axis pulsed-field gradient
BBS resonance probe at a 'H Larmor frequency of 699.79 MHz and 7O
Larmor frequency of 94.87MHz and ®C Larmor frequency of
175.96 MHz. Operando 'H NMR spectra were acquired using the s2pul
selective excitation pulse sequence. Operando O NMR spectra were
acquired using the s2pul pulse sequence with proton decoupling.
Operando C NMR Spectra were acquired using the s2pul selective
excitation pulse sequence with composite pulse 'H decoupling.

Quantitative analysis of the liquid-phase products 2H, O and C
spectra and BCO, adsorption experiments were acquired on Bruker
AVANCE Il HD 500 MHz spectrometer with a 5 mm broadband probe
at a 'H Larmor frequency of 500.17 MHz, *H Larmor frequency of
76.78 MHz and C Larmor frequency of 125.77 MHz. The NMR experi-
ments were conducted at 298 K.

Products quantification

The reaction products were analyzed using a combination of online
gas chromatography (GC) and offline '"H NMR spectroscopy. Gaseous
products generated during CO, electrolysis were monitored in real
time with a GC system (Ruimin GC-2060), equipped with a flame
ionization detector (FID) and a thermal conductivity detector (TCD).
Liquid products were quantified by offline '"H NMR. The Faradaic effi-
ciency (FE) for each product was calculated using the following

equation:
FE=FxnxZ/Qx100% )

F is Faraday constant (96,485 C mol™), n is the mole of product, Z
is the quantity of transferred electrons for each product, Q is total
transfer charge.

Electrochemical measurements

Electrochemical measurements were performed using a CHI 760E/CHI
660E potentiostat (equipped with a 10 A current booster for high
current densities tests) at an ambient temperature (298 K) and pres-
sure. The flow rate of high-purity CO, in our research was controlled by
a mass flow controller (Alicat Scientific).

Reference electrode calibration. All applied cathode potentials
values were recorded without iR compensation. All potentials in this
work were referenced to the reversible hydrogen electrode (RHE)
scale. To eliminate errors associated with liquid-junction potentials,
the Ag/AgCl reference electrode (3.5M KCI) was calibrated in each
electrolyte used for testing. A commercial RHE electrode (Dongping
Electrochemical Instrument) with exchangeable internal electrolyte
was employed as the primary standard. Before each calibration, the
RHE body was filled with the same electrolyte as the test solution (1M
KOH or CO,-saturated 0.5 M KHCO3) and activated in situ by applying a
cathodic potential (-9 V vs. a Pt counter) to generate a stable hydrogen
layer on its internal Pt catalyst. The open-circuit potential difference
between the activated RHE and the Ag/AgCI reference electrode was
determined via cyclic voltammetry (CV, Supplementary Fig. 7) at a scan
rate of 1mVs™ using a CHI 660E electrochemical workstation. The
steady-state potential was taken as the average of the two intercepts
where the current crossed zero during the forward and reverse
sweeps®. The measured offset was negative in both electrolytes,
confirming that the RHE potential lies more negative than that of
Ag/AgCl under the present conditions. In 1M KOH, the average offset
(Eofrse) Was —0.9894 V, giving the conversion formula E (vs. RHE) =E
(vs. Ag/AgCl) — Eofrsee=E (vs. Ag/AgCl) + 0.9894 V. In CO,-saturated
0.5M KHCO;, the Eyfrsec Was —0.628V, yielding E (vs. RHE) =E (vs.
Ag/AgCl) - Eofrser = E (vs. Ag/AgCl) +0.628 V.

The polarization curves were meticulously recorded across a
potential spectrum from 0 V to —=5.0 V (vs. RHE), employing a scan rate
of 10 mV/s. The electrochemical active surface area (ECSA) was esti-
mated from double-layer capacitance measurements. Cyclic voltam-
metry (CV) was performed at sequentially increasing scan rates (40,
80,120, 160, and 200 mV s™) within a non-faradaic potential window of
0.551 to 0.651V vs. RHE without iR compensation. The capacitive
current density (4/) at 0.601V vs. RHE was calculated for each scan rate
using the following formula:

Aj= (ja _jc)/z (2)

Where j, and j. represent the anodic and cathodic current densities of
catalysts, respectively. The calculated 4/ values were then plotted
against the corresponding scan rates and fitted linearly. The slope of
this linear fit corresponds to the double-layer capacitance (Cy).

Electrochemical impedance spectroscopy (EIS) measurements
were performed at a constant potential of —-0.37V over a frequency
range of 100 kHz to 1 mHz with an AC amplitude of 5 mV. The Nyquist
plots were analyzed using the equivalent circuit model shown in the
insets of Figs. 2b and 5b, and Supplementary Figs. 41 and 50, which
consists of a solution resistance (Rs) in series with a parallel combi-
nation of a constant-phase element (CPE) and a charge-transfer resis-
tance (Reo).
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Electrolysis in an H cell. The working electrode was prepared by
loading catalyst onto carbon paper (SCP130N). Specifically, 10 mg of
catalyst and 50 pL of Nafion solution were dispersed in 1000 pL of
isopropyl alcohol, followed by ultrasonication for at least 30 min to
form a homogeneous ink. A total of 100 pL (50 uL on each side) of the
ink was evenly applied to both sides of the carbon paper and allowed
to dry naturally, resulting in a catalyst loading (The weighted catalyst
loading normalized by the geometric area) of ~1 mgcm™ over a fixed
area of 1x1cm? on a 1x2cm? carbon paper. A platinum plate
(L.5x3cm? served as the counter electrode. A Nafion 117 proton
exchange membrane (3 x 3 cm?, 183 pum thick) was used to separate the
compartments. The membrane was pretreated by first boiling in 5 wt%
H,0, at 80°C for 1h, followed by soaking in deionized water for
30 min. It was then boiled in 5wt% H,SO, at 80 °C for 1h and finally
soaked again in deionized water for 30 min before use. The electrolyte
employed was 0.5 M KHCO3, prepared by dissolving 50.31 g of KHCO;
and diluting to 1L with distilled water. In the electrochemical cell,
40 mL of this solution was employed as the anolyte in the anode
chamber, whereas 40 mL of the CO,-saturated electrolyte (pH=7.27
+0.04, n=3) was employed as the catholyte in the cathode chamber.

Electrolysis in a flow cell. A custom three-compartment flow cell was
employed for the electrolysis. The compartments were separated by an
anion exchange membrane (Fumasep FAB-PK-130, 3x3cm?. The
membrane, with a dry-state thickness of 110-150 pm, was pretreated
prior to use by soaking in 0.5 M NaCl solution at 298 K for 72 h, with the
solution being replaced several times during this period. The gas dif-
fusion electrode (GDE) was fabricated by spray-coating catalyst ink onto
a gas diffusion layer (GDL, Sigracet 28 BC or 600 nm Ag/PTFE), with
catalyst ink containing 25 or 50 mg catalyst sprayed onto a 3 x 6 cm? gas
diffusion layer to achieve a loading of at least 1mgcm™ or 2mgcm?,
respectively. Plastic plate with a 0.5 cm? window and silicone gaskets
was used for structuring and sealing. A treated nickel foam (3 x 3 cm?)
served as the counter electrode. Both chambers were filled with 30 mL
of 1M KOH electrolyte (pH=13.98 + 0.03, n=3). For stability test, both
chambers were filled with 1L of 1 M KOH electrolyte. The electrolyte was
prepared by dissolving 62.34 g of KOH in distilled water and diluting to a
final volume of 1L, and was circulated at a rate of 15 mL min™.

All electrolytes mentioned above were sealed and stored in sealed
polypropylene bottles at room temperature (298 K), and used within
1 week. pH measurements were performed with a LeiCi PHS-25
pH meter.

Electrochemical operando NMR setup

The operando NMR experiments were conducted using a custom-
designed micro-reactor integrated within a 5 mm diameter NMR tube.
The setup comprised a three-electrode electrochemical cell coupled
with a plastic capillary for continuous CO, gas delivery (Supplemen-
tary Fig. 11), where both the counter and reference electrodes are
platinum wires, and CO, is delivered via a PTFE capillary. The working
electrode was fabricated from a bundle of ~3000 carbon microfibers
(individual filament diameter of 6.9 um). A catalyst ink was prepared by
dispersing 10 mg catalyst in a mixture of 500 uL isopropanol and
100 uL Nafion 117 solution, followed by ultrasonication for at least
30 min to form a homogeneous suspension. The catalyst layer was
loaded onto the carbon fiber bundle via a repeated dip-coating pro-
cess: the fiber bundle was immersed in the ink, withdrawn, and dried
thoroughly in an oven at 60 °C, with this cycle repeated multiple times
to achieve the desired loading (-3 mg cm™). A single catalyst ink batch
(prepared from 10 mg of catalyst) was used to fabricate three working
electrodes simultaneously. Both the counter and reference electrodes
were platinum wires with diameters of 0.3 mm. CO, gas was intro-
duced into the electrolyte through a PTFE capillary (inner diameter:
0.5 mm) at a controlled flow rate of 1.5 sccm, regulated and measured
using a mass flow controller (Alicat Scientific). All three electrodes and

the gas capillary were assembled within the 5 mm NMR tube. Before
the operando experiment, the electrode was rinsed repeatedly with
deuterated water and dried; this procedure ensured the complete
removal of any residual protic solvent, which is crucial for obtaining a
clean NMR background.

Electrolyte preparation
Electrolytes for the operando NMR experiments were freshly prepared
for each use according to the following procedures:

For operando YO NMR: The electrolyte consisted of 450 pL of
deuterated water (*H,0) and 50 pL of H,”0 (enriched water, 35-40%
isotopic purity), with 25.16 mg of KH*CO5 added as the bicarbonate
source. The total volume was 500 pL.

For operando ®C NMR: The electrolyte was 500 pL of ?H,0 with
2516 mg of KH™2COs. During the experiment, *CO, gas was con-
tinuously bubbled at a flow rate of 1.5 sccm to provide the ®C-labeled
substrate.

DFT calculations

Calculation details. All the spin-polarized calculations were con-
ducted using Vienna Ab-initio Simulation Package (VASP)***". The DFT
functional was applied at the Perdew-Burke-Ernzerhof (PBE) level.
The project-augmented wave (PAW) method was used to describe the
core-valence electron interactions, with the valence electronic states
expanded in plane wave basis set using an energy cutoff of 450 eV*~
The force convergence criterion was set as 0.05 eV/A. The transition
states were searched using the constrained optimization scheme. TSs
were located by varying this fixed distance, which are confirmed when
(i) all atomic forces on the relevant atoms vanish and (ii) the total
energy is a maximum along the reaction coordinate, while being a
minimum with respect to other degrees of freedom™. To well
describe the reaction system, the DFT-D3 method with the van der
Waals dispersion effect included was also used*®%,

In our calculations, the modeled surface is the (161) facet, which is
consistent with the experimental observations confirmed by XRD and
HRTEM (Fig. 1a, b). On the (161) surface, the exposed terminations
consist of four- and three-coordinated Bi atoms (Bis/Bisc) together
with four- and three-coordinated O atoms (O4/Os.). The Bi0,CO3
(161) surface was modeled by four-layer p(1x2) periodical slabs with the
volume of 15A (Supplementary Fig. 21). A corresponding 1x1x1
k-points mesh was consistently used during the structural optimiza-
tions to ensure reliable convergence of the calculations. For the doped
surface, the introduction of low-valence Li species facilitates the for-
mation of oxygen vacancies (O,) on the Bi,0,CO5(161) surface. This is
evidenced by the significantly reduced O, formation energies of
-0.77 eV and -0.13 eV for Lis- and Lisc-doped surfaces, respectively,
compared to 3.61 eV for the pristine surface (Supplementary Fig. 22).
These results clearly indicate that Li doping lowers the energetic bar-
rier for vacancy generation, thereby making the surface more defect-
rich and catalytically active under realistic reaction conditions.

In this work, the key processes under investigation mainly occur at
the catalyst surface, where water dissociation and subsequent reac-
tions are governed by the local electronic structure of surface atoms.
Although the electrolyte environment can influence the energetics, an
explicit solvation model would require tens or even hundreds of water
molecules to faithfully capture the hydrogen-bonding network, which
makes the computational cost prohibitively high for our large surface
models. Therefore, in this work, we adopted an implicit solvation
model, which can effectively account for the screening of the aqueous
environment while maintaining computational feasibility.

The adsorption energy of surface species is defined as
Eags(X) = E(X/sur) - E(sur) — E(X), where E(sur), E(X) and E(X/sur) are the
energies of the catalysts surface, X in the gas phase and X adsorbed on
the catalyst surface, respectively. The more negative E,45(X) is, the
more strongly the species X binds to the surface.
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Calculation of free energy

To ensure that the calculated energetics are comparable to realistic
electrochemical interfaces, we performed energy corrections within
the computational hydrogen electrode (CHE) framework. For instance,
considering a representative elementary step,

A+H +e” - AH +H’ 3)
the corresponding free energy change (AG) is evaluated as:
AG=AE +A(pV) — TAS + AE ¢ “)

where AF is the reaction energy, A(pV) is typically minimal before and
after the reaction, and thus is not considered in this study, TAS is the
entropy change and can be obtained from the Handbook of Chemistry
and Physics, and AEzp is the zero-point energy, which can be obtained
through the vibrational frequency calculations. Importantly, the
reaction energy AF is corrected relative to the applied electrode
potential. Specifically, the work function (®) of the catalyst surface is
obtained as the difference between the vacuum level (£,,c) and the
Fermi level (Er). The electrode potential versus the reversible hydrogen
electrode (Ugryg) is then determined by:

(©)

where ®g is the work function of the standard hydrogen electrode
(4.60 eV is adopted in this work for Bi,0,C05)**®, and e is the ele-
mentary charge. The corrected reaction energy can thus be expressed
as:

AE = AF g +e(U — Ugyyp) (6)
where AE_, is the raw DFT energy obtained from VASP calculations,
and U is the experimentally relevant potential (-1.18 V in this work).
This correction enables our free energy profiles to properly
reflect the influence of the electrochemical field, thereby bridging
the gap between theoretical modeling and real electrochemical
conditions.

Notably, for surface reactions on the Bi,0,COj3 surface, the free
energies of intermediates include zero-point energy corrections. Since
both the reactants and products remain adsorbed on the catalyst
surface, the change in entropy is expected to be very small and was
therefore neglected in these cases.

In contrast, for adsorption/desorption processes, and entropy of
reactant/product was fully considered. However, it is challenging to
directly obtain accurate entropy values for CO, and HCOOH using
periodic DFT package (such as VASP) with explicit aqueous models. To
address this, we adopted entropy values reported in the literature,
specifically S =231.6 J/mol/K for CO, and 129.0J/mol/K for HCOOH®,
which correspond to TAS terms of 0.72 eV and 0.40 eV, respectively.
This correction approach is commonly used in free energy calculations
and has been shown to provide a reliable estimation for such
systems®> 3,

Data availability

The data generated in this study are provided in the Supplementary
Information/Source Data file. Key structural data used in the DFT cal-
culations in this study are provided in Supplementary Data 1. Source
data are provided with this paper.
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