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HIGHLIGHTS
QDDCs were synthesized through
in situ electrochemical reduction

QDDCs maximize the density and
stability of vacancies in metallic
nanocrystals

QDDCs produce a local atomic
and electronic structure that
enhances CO,RR performances

QDDCs provide further avenues
to catalyst design and
optimization

A high density of homogeneously dispersed atomic defects has long been
believed to be a promising strategy for improving catalytic activity. Taking the
defective nature of quantum dots, Liu et al. synthesize vacancy-rich metal
nanocrystals through in situ electrochemical reduction of quantum dots. This
maximizes the density and stability of vacancies in metallic nanocrystals and
achieves record current densities with high faradic efficiencies in the
electrosynthesis of formate, carbon monoxide, and ethylene at low applied
potentials.
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SUMMARY

Defect sites are often proposed as key active sites in the design of catalysts. A
promising strategy for improving activity is to achieve a high density of homo-
geneously dispersed atomic defects; however, this is seldom accomplished in
metals. We hypothesize that vacancy-rich catalysts could be obtained through
the synthesis of quantum dots (QDs) and their electrochemical reduction during
the CO; reduction reaction (CO,RR). Here, we report that QD-derived catalysts
(QDDCs) with up to 20 vol % vacancies achieve record current densities of 16,
19, and 25 mAcm 2 with high faradic efficiencies in the electrosynthesis of
formate, carbon monoxide, and ethylene at low potentials of -0.2, -0.3, and
-0.9 V versus reversible hydrogen electrode (RHE), respectively. The materials
are stable after 80 hr of CO,RR. These CO,RR performances in aqueous solution
surpass those of previously reported catalysts by 2x. Together, X-ray absorp-
tion spectroscopy and computational studies reveal that the vacancies produce
a local atomic and electronic structure that enhances CO5RR.

INTRODUCTION

The electroreduction of CO, to valuable carbon-based products and feedstocks pro-
vides an attractive paradigm for the storage of intermittent renewable electricity and
thus contributes toward reducing net greenhouse gas emissions.'® Although the
CO; reduction reaction (CO,RR) has reached low activation overpotentials and

increased faradic efficiencies (FEs) via the tuning of catalyst morphologies,'*""
5,8,12,13

manip-
ulation of oxidation states, and introduction of dopants,”ﬁm CO, electroreduc-

tion still requires further efforts toward high catalytic activity, selectivity, and durability.

Quantum dots (QDs), emerging solution-processed materials that have a small size,
high surface-to-volume ratio, and high monodispersity, are interesting but also chal-
lenging materials for optoelectronics in light of their potential to have high atomic
vacancy densities.'’ " In catalysis, though, defect sites are often proposed as key
active sites because they can lower the energy barrier for the electrosynthesis of
desired chemical products.”’~?’ This suggests a general design principle for devel-
oping efficient CO,RR catalysts with high activity and selectivity with QDs.

Here, we report the synthesis of QD-derived catalysts (QDDCs) for CO2RR through
the in situ electrochemical reduction of QDs in CO,-saturated 0.5 M KHCO3; electro-
lyte. This maximizes the density and stability of vacancies in metallic nanocrystals.

Context & Scale

Using renewable electricity to
convert CO5 into value-added
carbon-based products and
feedstocks simultaneously
addresses the needs for storage of
intermittent renewable energy
sources and reduces greenhouse
gas emissions. We report record
current densities with high faradic
efficiencies in the electrosynthesis
of formate, carbon monoxide, and
ethylene at the low applied
potentials through the synthesis
of quantum-dot-derived catalysts
(ODDCs). The QDDCs maximize
the density and stability of
vacancies in metallic nanocrystals
and thus the catalytic activity and
stability. The catalysts show
excellent stability without
deactivation after more than 80 h
of operation.
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The synthesis thereby produces a local atomic and electronic structure that drasti-
cally enhances CO,RR performances.

RESULTS AND DISCUSSION

We first used computational stimulations to investigate the impact of metal atomic
vacancies on CO,RR. We obtained Gibbs free energy (AG) diagrams by using density
functional theory (DFT) calculations on Pb and Au surfaces with and without vacancies
(Figures TA=1F, S1, and S2). The results showed that CO,RR overpotentials decreased
on a variety of metal facets when vacancies were present. In particular, overpotentials
were decreased by ~90%, e.g., from 0.169 to 0.017 V, on Pb (110) and by ~25% on
Au (100) when vacancies were incorporated. This improved activity can also be depicted
as a volcano-like dependency for the CO,RR onset potential (Figure S3): the presence of
vacancies weakens the binding strength of intermediate HCOO* on the facets, lowering
the energetic barrier and determining the rate of reaction.

To study the stability of vacancy generation in these systems, we also obtained the
formation energies associated with vacancies on metal, metal sulfide, and metal ox-
ide slabs of gold (Au), lead (Pb), and copper (Cu) (Figures 1G and S4 and Table S1).
The results indicated that metal sulfides favor vacancy generation. To investigate the
effect of vacancies on the electronic structure of Pb and Au nanoparticles (NPs), we
examined both pristine and defective ~3 nm Pbyse and Augse. We computationally
generated the defective structures by removing 20% of the atoms at random. The
results showed that the defects localized the electron density around the surface
atoms and subsequently altered their catalytic activity in CO,RR (Figures TH-1K).
Together, these results suggest that metal sulfides are a promising platform for
the synthesis of vacancy-rich nanocrystals: they offer the possibility of localizing elec-
tronic structure and thereby decreasing the barrier to CO,RR.

To verify the computational predictions, we pursued the synthesis of vacancy-rich
metallic nanocrystals for CO2RR through the in situ electrochemical reduction of
QDs in CO,-saturated 0.5 M KHCOj3 electrolyte (Figure 2A). We began with metal
chalcogenide QDs, such as lead sulfide (PbS) and gold sulfide (Au,S) QDs (Figures
55-57), from which we obtained QDDCs. Transmission electron microscopy (TEM)
revealed that the QDDCs retained the particle size of the original QDs and that
vacancies were progressively generated in the QDs as sulfur atoms were liberated
(Figures S8 and S9). X-ray diffraction (XRD) spectra showed that QDDCs consisted
of metallic Pb and Au (Figure S10). X-ray photoelectron spectroscopy (XPS) and
X-ray absorption near-edge structure (XANES) spectra showed features character-
istic of Pb® and Au®, but no sulfur (Figures $11-513).

We then sought to compare the density of vacancies with that of controls. High-
angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images showed well-aligned atoms with obvious vacancies in Pb (Figures
2B-2D) and Au (Figures 21-2K) QDDCs. The corresponding three-dimensional topo-
graphic images and linear integrated pixel intensities confirmed that vacancies
resided in Pb (Figures 2E-2J and S14) and Au (Figures 2L-2N and S15) QDDCs.
We found that the density of vacancies increased as NP size decreased from ~5%
for 5 nm dots to ~10% for 4 nm dots and reached ~20% for 3 nm dots (Tables S2
and S3). Positron annihilation spectrometry results further confirmed these trends.
In comparison, in controls based on metal NPs (Pb and Au NPs, size ~3 nm) and com-
mercial metal particles (Pb and Au particles, size ~ 200 nm), vacancies were not
observed after similar reduction treatments (Figures S16-519).
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Figure 1. Thermodynamic Energy Profiles for the CO,RR, Vacancy Formation Energies, and Electronic Structures on Pb and Au NPs

(A-C) Gibbs free energy (AG) diagrams of the electrochemical reduction of CO, to formate on pristine and vacancy-containing Pb(111) (A), Pb(100) (B),
and Pb(110) (C) facets.

(D-F) AG diagrams of the electrochemical reduction of CO, to CO on pristine and vacancy-containing Au(111) (D), Au(100) (E), and Au(110) (F) facets.
(G) Vacancy formation energies for Pb and Au metal, oxide, and sulfide.

(H-K) Electronic structures of Pb and Au NPs with and without vacancies.

To elucidate the vacancy generation process, we carried out in situ Raman and in situ
X-ray absorption spectroscopy (XAS) studies under CO,RR condiitions (Figures 3, S9,
and S20-524). XANES and Raman spectra showed that the features of sulfide decreased
gradually over the course of the reaction (Figures S9 and S20). After ~90 min of opera-
tion in COy-saturated 0.5 M KHCO3 at —0.2 V versus reversible hydrogen electrode
(RHE), the features of sulfide had completely disappeared: this result suggests that
the QDs were completely reduced to a metallic state (Figure S21). By evaluating the re-
sults of extended X-ray absorption fine structure (EXAFS), we found that Au-S bonding
decreased over the course of the reaction and became imperceptible over ~90 min of
operation (Figures 3A and 3B). The Au-Au distance decreased from the initial Au,S dur-
ing catalytic operation and reached a steady value after ~90 min of operation (Figure 3C
and Table S4). The Au-Au coordination number (CN) increased from ~4.4 in the initial
AusS to a steady value of ~9.0 after ~90 min of operation (Figure 3C and Table S4).
These results indicate more Au-Au bonding during desulfurization accompanied by
metal formation. Notably, the stable Au-Au CN was much smaller than those in Au
foil and Au NPs (Figures 3C and 3F), suggesting the formation of undercoordinated sites
from atomic vacancies.

We then proceeded to study the atomic and electronic structures of the QDDCs with
different sizes and to compare them with those of ~3 nm metal NPs (Figures 3D-3I
and S22 and Tables S5 and Sé). For the non-vacancy samples, the metal-metal
(Pb-Pb and Au-Au) bonding distance and CN of metal NPs each decreased with
the smaller particle size, consistent with previous reports.”®?” In contrast, for
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Figure 2. Generation Schematic and High-Resolution HAADF-STEM Images for Vacancy-Rich Pb
and Au QDDCs

(A) Schematic of the process for preparing vacancy-rich QDDCs. The organic ligands were first
removed by a ligand-exchange process, and the obtained QDs were electrochemically reduced to
create vacancy-rich QDDCs.

(B-D) HAADF-STEM images of Pb QDDCs with particle sizes of 3 nm (B), 4 nm (E), and 5 nm (D).
(E-G) The corresponding three-dimensional topographic images for the HAADF-STEM images in
(B)—(D). Color was applied to enhance the contrast.

(H) The integrated pixel intensities of Pb QDDCs. The peaks represent atom locations. Vacancies
can be observed from the relatively weak peak intensities.

(I-K) HAADF-STEM images of Au QDDCs with particle sizes of 3 nm (I), 4 nm (J), and 5 nm (K).
(L-N) The corresponding three-dimensional topographic images for HAADF-STEM images in (I)-
(K). Color was applied to enhance the contrast.

(O) The integrated pixel intensities of Au QDDCs. The peaks represent atom locations. Vacancies
can be observed from the relatively weak peak intensities.

vacancy-rich QDDC samples with similar particle size, the Pb-Pb and Au-Au bonding
distances followed the opposite trend: instead of decreasing with smaller size, the
average bond distance within QDDCs increased appreciably. We associate this
with the increased density of vacancies and note that it is consistent with a major
role of vacancies in influencing atomic structure.’® This is evidence of local atomic
and electronic structure modification.

To evaluate the stability of vacancies, we measured EXAFS in situ as a function of increas-
ingly reducing potential (Figures S23 and S24 and Tables S5 and S6é). The enlarged
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Figure 3. In Situ X-Ray Absorption Spectra of Pb and Au QDDCs
(A and B) In situ Au L3-edge EXAFS spectra and their corresponding fitting curves in the R space (A) and K space (B) for Au QDDCs with different reaction

times, Au NPs, and Au foil.
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(C) Bonding distances and CNs obtained from EXAFS fitting results for Au QDDCs with different reaction times.
(D and E) Au L3-edge EXAFS spectra and their corresponding fitting curves in the R space (D) and K space (E) for completely reduced Au QDDCs with

different sizes, Au NPs and Au foil.

4nm 5nm PbNPs Pb foil

(F) Bonding distances and CNs obtained from EXAFS fitting results for Au QDDCs with different sizes, Au NPs, and Au foil.
(G and H) Pb L3-edge EXAFS spectra and their corresponding fitting curves in the R space (G) and K space (H) for Pb QDDCs with different sizes, Pb NPs,

and Pb foil.

(1) Bonding distances and CNs obtained from EXAFS fitting results for Pb QDDCs with different sizes, Pb NPs, and Pb foil.
Error bars in (C), (F), and (I) were aroused by nonlinear least-squares algorithm curve fitting in the r space range.

bonding distances and decreased CNs were similar across potentials, indicating an iden-
tical local atomic structure and a high stability of vacancies in the 3 nm QDDCs.

As a control, we explored the use of metal sulfide microparticles and found that they

failed to be completely reduced to metal even under —1.0 V versus RHE for 10 h of
operation (Figure S25). This result highlights the necessity of using QD NPs to access
the proper size regime to facilitate metal atomic vacancies.

To challenge our prediction of enhanced CO2RR with vacancy-rich QDDCs, we
compared their CO,RR activity with that of metal NPs in COj-saturated 0.5 M
KHCOj; electrolyte (Figures S26-528). Linear sweep voltammetry (LSV) curves taken
from 0.4 to —1.0 V versus RHE showed that current densities of QDDCs notably
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Figure 4. CO, Reduction Performance on Pb and Au QDDCs

(A) Current-voltage curves on Pb QDDCs, Pb NPs, and Pb particles obtained from LSV scans. The
scan rate was 10 mV/s.

(B) Formate FEs on Pb QDDCs, Pb NPs, and Pb particles at different applied potentials.

(C) Current-voltage curves on Au QDDCs, Au NPs, and Au particles obtained from LSV scans. Scan
rate, 10 mV/s.

(D) CO FEs on Au QDDCs, Au NPs, and Au pentagonal NPs at different applied potentials.

(E) COz reduction activity for Pb QDDCs needles at —0.2 V versus RHE. The total current density (left
axis) versus time and formate FE (right axis) versus time indicate high stability and selectivity for
CO,RR. The error bars, 5, were calculated with at least three independent experiments.

exceeded those of controls and improved as vacancy densities increased (Figures 4A
and 4C). Notably, 3 nm Pb and Au QDDCs, which possess the largest densities
of vacancies, exhibited record stable geometric current densities () of ~16
and ~19 mA cm~?, respectively, at low potentials of —0.2 and —0.3 V versus RHE,
respectively, for over 80 h of continuous reaction (Figures 4E, S27, and S28 and
Table 1).3"7%* These current density values are 30x and 200x larger than the cur-
rent densities for NPs and particles, respectively. This activity could be partly attrib-
uted to the increased propensity for CO, molecules to adsorb onto the surface of the
QDDCs, as evidenced by CO, gas adsorption experiments (Figure S29).

Quantification of CO,RR products via "H nuclear magnetic resonance (NMR) (Fig-
ure S30) and gas chromatography (Figure S31) revealed that 3 nm QDDCs had the
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Table 1. Comparison of CO,RR Performances on QDDCs and Controls

Catalyst Electrolyte Loading j (mA/cm?) FE Onset
Amount (mg/cmz) Over-potential (n)
Partially oxidized Co 0.1 M Na,SO,  0.27 10 (=0.24 V)  90% 70 mV
Pd needles 0.5 M KHCO3 - 10 (0.2 Vrye) 90% 70 mV
Oxide-derived Pb 0.5MKHCO3 - 1(=1.0 Vryp) 95% 200 mV
Au nanowire 0.5 M KHCO3 - 1(—0.3 Vrue) 80% 90 mV
Au needles 0.5MKHCO; - 8 (—0.3 Vrue) 90% 70 mV
Nanoporous Ag 0.5 M KHCO3 - 4 (—0.4 Vgue) 80% 100 mV
Plasma-treated Cu 0.1 MKHCO; - 10 (0.9 Vrue) 60% 550 mV
Pb QDDCs 0.5 M KHCO3 0.18 16 (—0.2 Vryp) 95% 40 mV
Au QDDCs 0.5 M KHCO3 0.19 19 (—0.3 Vryg) 95% 50 mV
Ag QDDCs 0.5MKHCO; 0.18 16 (—0.3 Vrye) 95% 70 mV
Cu QDDCs 0.5MKHCO; 0.16 25 (—0.9 Vrue) 53% 420 mV

highest FE—a value equal to ~95%—among the five classes of samples that pro-
duced formate and CO (Figures 4B and 4D). No obvious changes were observed
in morphology or surface state after long-term CO,RR, consistent with the fact
that QDDCs are stable under electrocatalytic conditions (Figures S32 and S33).
Notably, the onset of CO,RR occurred at an exceptionally low potential of
—0.05 V (Mformate = 0.04 V) and —=0.16 V (nco = 0.05 V) versus RHE,® and the FE for
formate and CO generation was measured to be ~5% on 3 nm Pb and Au QDDCs
at this potential, respectively (Figures 4B and 4D). These onset potentials are signif-
icantly lower than the values when metal NPs are used.

In contrast, no significant CO, reduction was observed for Pb or Au NPs or particles
at applied potentials closer to —0.3 or —0.4 V versus RHE, respectively (Figures 4B
and 4D). The activity and stability decreased rapidly in the case of these control sam-
ples (Figures S27 and S28). The dramatic loss in activity observed in the case of NPs
and particles suggests that atomic vacancies play a vital role in the interaction with
CO; molecules (Figure S29) and sustained high activity of QDDCs.

Next, to elucidate the origin of improved catalytic performance, we then investi-
gated the electrochemical surface area (ECSA) of the catalysts and compared their
ECSA-normalized partial current densities for formate (jsormate) and CO (jco) produc-
tion with the applied potential for the electrodes (Figures S34-538 and Tables S10
and S11). Notably, both ECSA and Brunauer-Emmett-Teller (BET) surface-area ana-
lyses showed that Pb and Au QDDCs had surface areas identical to those of metal
NPs, yet they showed 30x and 40x higher catalytic activities at —0.2 and —0.3 V
versus RHE, respectively (Figures S36 and S37). These data indicate high intrinsic ac-
tivity arising from vacancy active sites.

To explore the kinetics of CO2RR on the QDDCs, we carried out Tafel analysis (Fig-
ure S39). ECSA-corrected Tafel slopes for formate and CO production using metal
NPs and particles were ~100 and ~120 mV dec™", respectively, agreeing well with
prior reports (103 and 150 mV dec™', respectively) and indicating the involvement
of a rate-limiting one-electron (1e™) process.'”** Generally, during two-electron
CO3RR, the first 1e™ step of converting CO, to COOH* or CO, ™~ intermediates is
rate determining for the combined process.'>*** In comparison, QDDCs show
much lower Tafel slopes of ~35 mV dec™" for 3 nm size, indicating a fast pre-equi-
librium involving a Te~ transfer to form COOH* or CO, ~ intermediates.’® These

Cell

Tafel Reference
Slope (mV dec™")

44 Gao etal.”

- Liuetal'

83 Lee and Kanan®'
- Zuetal.”

36 Luetal.'

58 Luetal.'®

- Mistry et al."®
36 this work

33 this work

38 this work

50 this work
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results are in agreement with the theoretical calculations above, as well as the CO,
gas adsorption experiments, which each also suggest higher intrinsic CO2RR activ-
ities for QDDCs.

Next, we investigated electrochemical impedance spectroscopy (EIS) for QDDCs
and controls to probe charge-transfer processes occurring at electrode-solution in-
terfaces (Figure S40 and Tables S12 and S13). The smaller semicircle sizes of the
Nyquist plots for QDDCs confirmed the acceleration of charge-transfer processes
in QDDCs. This provides the evidence of improved kinetics of charge transfer on
QDDCs, facilitating the first pre-equilibrium step involving 1e™ transfer.

We further studied the effect of temperature on the performance of the catalysts to
assess the kinetic barriers of reaction (Figures S41 and 542). CO,RR proceeds more
rapidly at elevated temperatures, reflecting the exponential temperature depen-
dence of the chemical reaction constant."*® The electrochemical activation en-
ergies were extracted from the slopes of the Arrhenius plots and agreed well
with previously reported values (Figures S41 and S42 and Tables S14 and
S15)."%7:3% We found that the experimental energy barriers decreased from parti-
cles to QDDCs and reached the lowest value of ~20 kJ mol~" for 3 nm Pb and
Au QDDCs. These results again indicate that vacancies improve the kinetics of
COZRR.

To investigate the breadth of applicability of the QDDC concept, we prepared silver
(Ag) and Cu QDDCs and studied their CO,RR performance (Figures S43-S51). As
indicated by XRD, XPS, and XAS, the final (post-CO,RR) QDDCs did consist of
metallic Ag and Cu (Figures S43 and S49). TEM and XAS revealed that controlling
the particle size can be used to adjust the density of vacancies (Figures S44-546,
S50, and S51). The Ag and Cu QDDCs exhibiting the highest ratio of vacancies ex-
hibited enhanced CO,-to-CO and CO,-to-ethylene conversion relative to that of

Ag and Cu nanostructures and particles (Table 1).9.10.13

This work features the modulation of atomic and electronic structure arising from the
incorporation of vacancies in the metal NPs and highlights the benefits of the
approach in CO,RR. Vacancy-rich metal catalysts provide further avenues to catalyst
design and optimization. The synthesis of these metals from metal chalcogenide
NPs offers a promising new degree of freedom in the implementation of this
concept.

EXPERIMENTAL PROCEDURES

Computational Details

We used the Vienna Ab initio Simulation package (VASP)>? for DFT calculations with
the Perdew-Burke-Ernzerhof (PBE)*® exchange-correlation functional augmented
with semi-empirical Grimme D3 corrections for dispersive interactions.”’ Valence
electrons were described with a 400 eV plane-wave basis set, and their interaction
with core electrons was treated with the projected augmented wave (PAW) tech-
nique.? The Gaussian smearing of 0.1 eV was applied to the occupation of elec-
tronic eigenstates. Slab calculations were performed with a 3 x 3 X 1 k-point mesh.

Geometry optimization was performed until the forces on atoms became less
than 0.1 eV/nm with all atoms relaxed. We considered the following five-layer
slabs with experimental lattice parameters®® of Pb and Au: a 1.40 X 1.40 nm
and 1.15 x 1.15 nm p(4 X 4) slab for the (100) surface, a 1.40 x 1.48 nm
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and 1.15 x 1.22 nm p(4 X 3) slab for the (110) surface, a 1.40 x 1.40 nm and 1.15 X
1.15 nm p(4 X 4) slab for the (111) surface, and 0.88 x 1.08 nm and 1.41 x 0.86 nm
p(1 X 3) and p(2 X 3) slabs for the (211) surface. The vacuum separation between
adjacent slabs was higher than 1 nm.

The metal clusters were presented with a cluster containing 459 Pb or Au atoms. There-
after, we removed 20% of the surface atoms from the cluster to generate highly defec-
tive clusters. The obtained metal clusters were optimized by the same algorithm
described above with a 1 x 1 x 1 k-point mesh. Thereafter, we chose the
electrons in the energy levels within 0.1 eV lower than the fermi level to plot the electron
density.

To calculate the contribution of molecular vibrations to Gibbs free energies at 298 K
(including zero-point energy corrections), we calculated vibrations of the involved
species by applying finite displacements of 3 pm to H, C, and O atoms, whereas po-
sitions of metal atoms remained fixed.

Computational Electrochemistry
The COzRR mechanism considered for formate production on Pb catalysts is

+H* +e

CO; ———= HCOO* 2% HCOO ° where sol stands for solvated species. In line

with a previous study,** CO} (which is physisorbed on Pb), CO§°|, and COS™ are consid-
ered to be equilibrated with each other, i.e., to have equal Gibbs free energies,
G(CO3) = G(COY') = G(COF™). The Gibbs energy of the product, HCOO™*°, can
be derived at a given pH from the Gibbs energy of HCOOH* with the experimental
pK, value G(HCOO™*°) = G(HCOOH™') — kg TxIn 10% (pH — pK, ) = G(HCOOH:")—
0.20 eV at experimental pH = 7.2 and pK, = 3.77. In turn, HCOOH*' is assumed to
be equilibrated with HCOOH®**. The Gibbs energies of gas-phase species were calcu-
lated by a standard thermochemical approach within the ideal gas approximation at
fugacities f(COJ*) = 101, 325 Pa and f(HCOOH?*) = 2 Pa, chosen to be in line with pre-
vious computational studies of CO,RR.** Free energies of protons and electrons,
G(H**) and G(e"), are described according to the computational hydrogen electrode
approach.”> At the given fugacities and the given pH, the reaction free energy
AG(COY® +H" +2e~ - HCOO ) is calculated to be 0.109 eV at the RHE potential.
That is, the calculated equilibrium potential for this reaction is —0.055V versus RHE,
which compares nicely to the experimental value of —0.05 V versus RHE. We calculated
the HCOO* intermediate on all possible high-symmetry adsorption sites on pristine Pb
surfaces. On surfaces with vacancies, only high-symmetry sites directly involving va-
cancies were considered. The obtained configurations with lowest energies are dis-
played in Figure S1.

For CO, reduction to CO on Au, we considered the following mechanism:
CO; Mg COOH* M—CO* —CQO9%. Gibbs energies of CO,, H", and e™
were calculated as explained before. Gibbs energies of CO and H,O were
calculated with the ideal gas approximation at fugacities f(CO9%°®)=5,562 Pa and
f(H,0)=3,534 Pa, chosen to be in line with Peterson et al.** The latter value
corresponds to the fugacity of water vapors in equilibrium with liquid water at room
temperature. The calculated structures of COOH* intermediates on Au surfaces are dis-
played in Figure S2. At the given fugacities, the reaction free energy
AG(COJ™ +2H* +2e~ - CO9%° + H,0) is calculated to be endothermic by 0.68 eV.
Thus, its equilibrium thermodynamic potential is —0.34 V versus RHE, whereas the
experimental value is —0.11 V versus RHE.
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Corrections regarding to the C-O bond in the reactions were applied to our computa-
tional results.*® As expected, these corrections improved the reaction energy and the
equilibrium potential for CO, — CO reduction on Au but made the respective values a
little bit worse for the CO, — HCOO™ reaction on Pb. Interestingly, these corrections
only slightly affected the calculated overpotentials of the CO, — HCOO™ reduction
and had no effect on the overpotentials of the CO, — CO reaction.

Calculations of Vacancy Formation Energy

To provide an approximation of thermodynamic stability of the atomic vacancies,
we calculated the vacancy formation energies on metal, metal sulfide, and metal
oxide slabs of Au, Au,O3, Au,S, Cu, CuO, CuS, Pb, PbO, and PbS. DFT calcula-
tions were performed with the VASP. The PBE generalized gradient approximation
exchange-correlation functional was used. All-electron frozen-core PAW pseudo-
potentials with a Bléchl plane-wave basis set were used with a cutoff energy of
500 eV, a fermi smearing width of 0.1 eV, and dipole corrections. Monkhorst-
Pack mesh was used for k-point sampling; 6 x 6 x é k-points were sampled for
the optimization of all bulk structures, and 5 x 5 X 1 k-points were sampled for
all slabs. The (111) surface slabs were modeled to be 3 X 3 X 3 repeating units
with a vacuum space of at least 10 A perpendicular to the surface. The (111) sur-
face facet was chosen across all materials to provide a consistent treatment of
the surface. Structural and unit-cell optimizations were performed with the
Broyden-Fletcher-Goldfarb-Shanno algorithm until the maximum structural optimi-
zation cutoff was set to 0.02 eV/atom.

The vacancy formation energy is the energy difference between a slab with an atomic
vacancy and a pristine slab and can be written as follows,

EF(vacancy) = Eslab—x - (Eslab + Ex)y (Equation 1)

where Eggacancy) is the vacancy formation energy, Egjab« is the energy of the slab with
an atomicvacancy, Esqp, is the energy of the slab without an atomic vacancy, and E, is
the energy of the bulk pure metal divided by the formula unit of the unit cell.

We found that for elements Au, Cu, and Pb, the Eryacancy) Was lowest for the metal
sulfide structures. It should be noted that the Au;O3 slab with an atomic vacancy
failed to converge, suggesting that binding of an Au atom in the Au,Oj3 surface lat-
tice is very high, and thus the formation of an atomic vacancy on gold oxide is very
unfavorable.

QD Synthesis and Ligand Exchange

Oleic-acid-capped PbS QDs were synthesized according to previously reported
methods.?” We synthesized copper(l) sulfide QDs by introducing the Cu precursor
solution (4.3 mmol copper(ll) acetylacetonate and 41 mmol oleic acid heated to
110°C) into the sulfur solution (@mmonium diethyldithiocarbamate, 1-dodecanethiol
(10 mL), and oleic acid heated to 180°C under argon). We controlled the QD size by
varying the Cu-to-S-precursor ratio. 5 nm CQDs were synthesized with a Cu:S ratio of
1:1. For 3 nm CQDs, a ratio of 5:1 was used.”® The synthesis of silver sulfide QDs
included 0.3 mmol silver nitrate and 7 mmol 3-mercaptopropionic acid mix with
4.5 mL ethylene glycol. The reaction mixture was pumped for 10 min under vacuum
before being refilled with dry argon. The mixture was then heated to 145°C for the
CQD growth. After some time, the reaction mixture turned from clear to dark. We
controlled CQD size by modulating the reaction time. We quenched the growth
by cooling the reaction mixture in ice water.*” For gold(lll) sulfide QD synthesis,
we dissolved sulfur (15.40 mg, 0.481 mmol) in 12 mL decalin in a Suslick reaction
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vessel by stirring it on a magnetic stirrer for 10 min. We added gold acetate, Au(CH3_
COO); (100 mg, 0.267 mmol), and stirred the slurry for another 10 min to obtain bet-
ter homogenization. The mixture was outgassed with nitrogen for 15 min. Then the
slurry was irradiated for 2 h under nitrogen with ultrasound in a cooling bath with a
constant temperature of 0°C.*° The solution-phase ligand-exchange process was
carried out in a test tube in air with lead iodide and ammonium acetate as precur-
sors."” Lead iodide (0.1 M) and NH,Ac (0.04 M) were pre-dissolved in dimethylfor-
mamide (DMF). A5 mL amount of QD octane solution (10 mg/mL) was added to a
5 mL of precursor solution. These were mixed vigorously for 1-2 min until the
CQDs completely transferred to the DMF phase. The DMF solution was washed
three times with octane. After ligand exchange, carbon (Vulcan XC 72R) powder
was added in the DMF solution and mixed with dots. The CQD-carbon-powder
mixture was precipitated via the addition of toluene and was separated by centrifu-
gation. After the supernatant was removed, 3 mL of DMF was added again to the
CQDs, which were then centrifuged for the removal of precursor residues. The left
CQD-carbon-powder mixture was dried overnight in a vacuum chamber.

Preparation of QDDCs

After the CQD-carbon-powder mixture dried, active QDDCs were formed in situ in
CO;-saturated 0.5 M KHCO3 reduction electrolyte with a standard three-electrode
cell system. Typically, 4 mg of the CQD-carbon-powder mixture was dispersed in
a 1 mL mixture of water and ethanol (4:1, v/v), and then 80 uL of Nafion solution
(5 wt % in water) was added. We immersed the suspension in an ultrasonic bath
for 30 min to prepare a homogeneous ink. We prepared the working electrode by
depositing 10 pL (around 0.04 mg) catalyst ink onto carbon paper (Toray H060,
Fuel Cell Store), the back of which we covered with kapton tape to avoid the compet-
itive hydrogen evolution reaction on the carbon paper. After that, we fully reduced
the electrode at a setting potential for 2 h to get the active QDDCs.

Preparation of Pb NPs

To synthesize monodisperse Pb NPs, we loaded 1.5 mmol lead(ll) acetate and
7.5 mmol trioctylphosphine oxide into a 100 mL flask with 20 mL oleylamine and
20 mL octadecene. The above solution was dried under vacuum at 110°C for 1 h.
The transparent solution was then rapidly heated to 200°C under N; flow. 10 min
later, the reaction mixture was cooled down. After reaction, the aggregated NPs
were separated by centrifugation. The supernatant was discarded, and the precipi-
tate was redispersed in hexane. We repeated the washing procedure twice to re-
move the unreacted precursors. The obtained Pb NPs were then mixed with carbon
(Vulcan XC 72R) powder and dried overnight in a vacuum chamber.

Preparation of Au NPs

Au NPs were prepared as follows: HAuCl,+3H,0 (0.118 g dissolved in 5 mL H,0) and
tetraoctylammonium bromide (TOAB) (0.190 g dissolved in 10 mL toluene) were
combined in a tri-neck round-bottom flask. After the solution was vigorously stirred
for about 15 min, Au(lll) was completely transferred to the toluene phase. 0.235 g
triphenylphosphine (PPh3) was added to the toluene solution under vigorous stir-
ring. Then, NaBH, (0.034 g dissolved in 5 mL ethanol) was injected all at once.
The reaction was allowed to proceed for 2 h at room temperature under air environ-
ment. A black product was obtained. The black product was washed several times
with water and hexane for the removal of PPh; and TOAB.®" The obtained Au NPs
were then mixed with carbon (Vulcan XC 72R) powder and dried overnight in a vac-
uum chamber.

Cell
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Preparation of Electrodes

Typically, 4 mg of sample and carbon powder (weight ratio 1:1) was dispersed in a
1 mL mixture of water and ethanol (4:1,v/v), and then 80 pL of Nafion solution
(5 wt % in water) was added. We immersed the suspension in an ultrasonic bath
for 30 min to prepare a homogeneous ink. We prepared the working electrode by
depositing 10 pL (around 0.04 mg) catalyst ink onto carbon paper (Toray H060,
Fuel Cell Store), the back of which we covered with kapton tape to avoid the compet-
itive hydrogen evolution reaction on the carbon paper.

Characterization

TEM, high-resolution TEM (HRTEM), and HAADF-STEM before and after CO,RR
were performed on a Hitachi 2700C and HF-3300 transmission electron microscope
operated at 200 kV. We prepared the samples by dropping the catalyst powder
dispersed in ethanol onto carbon-coated Cu TEM grids (Ted Pella) with micropi-
pettes and dried them under ambient conditions. Powder X-ray diffraction (XRD)
patterns were obtained with a MiniFlex600 instrument. Data were collected in
Bragg-Brettano mode with 0.02° divergence and a scan rate of 0.1°/s. The specific
surface areas of the samples were determined from the nitrogen absorption data
at liquid nitrogen temperature according to the BET technique. The samples were
degassed at 200°C and a pressure below 100 mTorr for a minimum of 2 h prior to
analysis with a Micromeritics VacPrep 061 instrument. The total surface areas were
deduced from the isotherm analysis in the relative pressure range from 0.05 to
0.20. The surface analysis was studied by XPS (model 5600, Perkin-Elmer). The bind-
ing energy data were calibrated with reference to the C 1ssignal at 284.5 eV. Raman
measurement was performed on a confocal micro-Raman spectrometer (Horiba
Aramis) equipped with a 473 nm laser as the excitation source. The laser beam
was focused with a X50 long-working distance objective with a numeric aperture
of 0.5, and the spot size was about 1.5 mm.

Electrochemical Measurements

All CO; reduction experiments were performed with a three-electrode system con-
nected to an electrochemical workstation (Autolab PGSTAT302N) with a built-in EIS
analyzer. QDDCs on carbon paper or a glassy carbon electrode were used as the
working electrode. Ag/AgCl (with 3M KCI as the filling solution) and platinum
mesh were used as reference and counter electrodes, respectively. Electrode poten-
tials were converted to the RHE reference scale as follows: Egpg = Eag/agcl +
0.197 V + 0.0591 x pH. The electrolyte was 0.5 M KHCOj; saturated with CO,
with pH of 7.2. The experiments were performed in a gas-tight two-compartment
H-cell separated by an ion-exchange membrane (Nafion117). The electrolyte in
the cathodic compartment was stirred at a rate of 300 rpm during electrolysis.
CO, gas was delivered into the cathodic compartment at a rate of 5.00 standard
cubic centimeters per minute (s.c.c.m.) and was routed into a gas chromatograph
(PerkinElmer Clarus 600). The liquid products were quantified by NMR (Agilent
DD2-500) spectroscopy, for which 0.5 mL electrolyte was mixed with 0.1 mL D,O
(deuterated water), and 0.05 pL dimethyl sulfoxide (Sigma, 99.99%) was added as
an internal standard. The one-dimensional 'H spectrum was measured with water
suppressios by a pre-saturation method. The FE of formate was calculated from
the total amount of charge Q (in coulombs) passed through the sample and the total
amount of formate produced (Nformate, in Moles). Q = | X t, where [ (in amperes) is the
reduction current at a specific applied potential and t is the time (in seconds) for
the constant reduction current. The total amount of formate produced was
measured by NMR (Agilent DD2-500) spectroscopy. Assuming that two electrons
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are needed to produce one formate molecule, the FE can be calculated as follows:®
FE = 2F X Normate/ Q = 2F X Ngormate/(l X 1), where F is the Faraday constant.

The electrochemical active surface area (ECSA) was measured by the underpoten-
tial-deposited method." The electrode was immersed in a 0.50 M H,SO, solution
containing 100 mM CuSQO4 continuously purged with N,. Cyclic voltammograms
(CVs) from 0.83 t0 0.483 V (versus Ag/AgCl) at a scan rate of 50 mV s~ were acquired
repeatedly until traces converged. The anodic stripping waves at 0.39 V versus
Ag/AgCl were integrated. The factor used to convert the stripping charge to surface
areawas 92.4 nC cm~2. To accurately detect the ECSA, we also integrated the reduc-
tion peak area obtained from CVs in the 50 mM H,SO,°? with a scan rate of
10 mV s~ In the forward scan, a monolayer of chemisorbed oxygen was formed,
and then it was reduced in the reverse scan. We calculated the surface area by inte-
grating the reduction peak (0.9 V versus Ag/AgCl) to obtain the reduction charge.
The reduction charge per microscopic unit area was experimentally determined to
be 448 nC/cm?. The error of the results obtained from these two methods is within
5%, indicating an accurate estimation of ECSA.

For temperature-dependent measurements, the sealed glass cell was suspended in
a thermostatic silicone oil bath. The electrodes were passed through holes in the lid
with an O-ring slightly larger than the electrodes to minimize evaporative losses. The
effect of temperature on the performance of the catalysts is shown in Figure S42. As
expected, the kinetics of the CO,RR were increased at elevated temperatures, re-
flecting the temperature dependence of the chemical rate constant, which is approx-
imately proportional to exp(—AH*/kT), where AH* is the apparent enthalpy of acti-
vation (hereafter termed the activation energy), and k is the Boltzmann constant.
Specifically, the apparent electrochemical activation energy (AH*) for CO,RR can

be determined according to the Arrhenius relationship:*’->%>*
a(logik)‘ _AH
a(1/T) V" 23

where i is the kinetic current at ¥ = —400 mV, T is the temperature, and R is the uni-
versal gas constant.

In Situ XAS Measurement

In situ XAS measurements were conducted at Taiwan Beam Lines BLO1C1, BLO7A1,
and BL17C1 at the National Synchrotron Radiation Research Center (Hsinchu,
Taiwan). The electron-storage ring was operated at 1.5 GeV with a current of
300 mA. A Si (111) double-crystal monochromator was employed for the energy
selection with resolution dE/E better than 2 x 10~* at different element (M: Pb,
Au, Ag, and Cu) L3- or K-edges. The measurement on metal NPs was performed in
a purpose-made stainless-steel cell for the Hz-atmosphere reduction treatment.
The in situ measurements on QDDCs NPs were conducted in a self-designed
three-electrode electrochemical cell through electrochemical reducing metal sulfide
CQDs in CO,-saturated KHCO3 solutions at —0.2 V different potentials. All XAS
spectra were recorded at room temperature in transmission mode. Higher harmonics
were eliminated through detuning of the double-crystal Si (111) monochromator.
Three gas-filled ionization chambers were used in series for measuring the intensities
of the incident beam (l,), the beam transmitted by the sample (I;), and the beam sub-
sequently transmitted by the reference foil (I;¢). The third ion chamber was used in
conjunction with the reference metal foil for element Ls3- or K- edge measurements.
All measurements were compared against the reference samples. Control of param-
eters for EXAFS measurements, collection modes, data processing, and error
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calculation were performed according to the guidelines set by the Standards and
Criteria Committee of the International XAFS Society.””

Ex Situ XAS Measurement

The ex situ Pb Lz-edge and S K-edge XAS data were collected on Sector 20-BM at the
Advanced Photon Source and Soft X-Ray Microcharacterization Beamline at the
Canadian Light Source, respectively. Pb Ls-edge and S K-edge XANES spectra
were recorded at 12.9-13.2 keV and 2.45-2.55 keV, respectively, in fluorescence
mode with a step size of 0.6 and 0.25 eV at the near edge, respectively. All samples
for ex situ measurements were prepared on carbon paper and Kapton tapes after
CO3RR.

XAS Data Analyses

We obtained the EXAFS function, v, by subtracting the post-edge background from
the overall absorption coefficient and then normalizing to the edge jump. The
normalized function, %(E), was then converted to k space, which is the photoelectron
wave vector. We weighted the wave-vector function (k") by k" to compensate for
the damping of the backscattering oscillation in the high k region. Subsequently,
we converted k™weighted (k") data ranging from ~3 to ~10 A~" at various ele-
ments L3- or K-edge to r space by Fourier transformation to identify the backscat-
tering contributions of each coordination shell. A nonlinear least-squares algorithm
was employed to curve fitting in the r space range. The reference phase and ampli-
tude of M-M absorber were obtained from corresponding metal foil. All computer
programs were implemented in the UWXAFS 3.0 package,® and the backscattering
amplitude and phase shift of the specific-atom model were calculated by the FEFF8
code.”” In this analysis, the structural parameters corresponding to first-shell coordi-
nation, such as CNs (N), bond length (R), the Debye-Waller factor (ojz), and inner po-
tential shift (4Ep), were calculated. The amplitude reduction factor (562 represents
the energy loss during multiple electron excitations. Fixing the CN values in the
FEFFIT input file yielded a So? value near 0.95 for various elements.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
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