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ABSTRACT: Single-atom catalysts are promising for electrocatalytic CO2 conversion but face

challenges in controllable syntheses. Herein, a facile selenic acid etching-assisted strategy has been



developed to fabricate a hybrid metal-semimetal dual single-atom catalyst for electrocatalytic CO;
reduction. This strategy enables the simultaneous generation of monodisperse active sites and
hierarchical morphologies with hollow nanostructures. The as-obtained catalyst with Fe-Se dual
single-atom sites supported by porous nitrogen-doped carbon (FeSe-NC) shows exceptional
catalytic activity and CO selectivity, delivering a Faradaic efficiency (FE) of >97% with
industrially comparable jco, superior to the Fe single-atom catalyst. Moreover, the FeSe-NC-based
rechargeable Zn-CO; battery delivers a high power density (2.01 mW c¢m 2) and outstanding FEco
(>90%), as well as excellent cycling stability. Experimental results together with theoretical
calculations reveal that the etching-induced defects and the Se-modulated Fe centers with
asymmetrical polarized charge distributions synergistically facilitate the key intermediate *CO

desorption, and thus accelerate the CO»-to-CO conversion.

Electrocatalytic CO reduction reaction (CO2RR), an effective CO, conversion technology, is
promising for lowering anthropogenic CO; emissions while producing value-added carbonaceous
fuels.!* 2 However, such technologies usually require catalysts with high activity to selectively
convert COz to target products. Electrochemical reduction of CO to CO via two-electron transfer
is attractive since it produces an essential feedstock for chemical and industrial production.® Thus,
there have been intensive efforts devoted to developing effective catalysts for electrocatalytic CO»
reduction to CO, such as noble metal-based and molecular materials.* > However, their high costs

and poor durability are roadblocks for commercial applications.



Beyond precious metal-based catalysts, one ideal alternative is atomically dispersed metal atom
based catalysts, known as single-atom catalysts (SACs), which have demonstrated great potential
in CO2RR owing to their distinctive catalytic features.’!! Iron-based SACs with nitrogen doped
carbon (NC) supports, noted as Fe-NC, for example, are highly active for selective CO production,
which can be on par with or even superior to precious metal catalyst.!*'* However, the
performance associated with those reported Fe SACs still suffers from limited current density and
easy poisoning at the Fe-Ny sites by *CO intermediate at high potentials.!*> '® To improve the
performance of Fe SACs, an effective approach is the atomic engineering of the single metal
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atoms, where regulating the coordination to construct dual-metal atomic catalysts (DACs) has

been particularly attractive.'®? Building DACs, specially hybrid DACs, offers great potential
since it effectively modifies the local atomic environment and creates extra metal sites.?!"?®
Synergistic active sites with different but favorable adsorption energies, as a promoter, improve
the reaction kinetics. Recently, Ren and co-workers introduced the concept of binary atomic
engineering to construct isolated Ni-Fe DAC sites, which significantly improved CO;-to-CO
conversion.?® Similarly, a series of DACs with or without axial heteroatom bridging supported by
NC showed better activity and CO selectivity than monometallic catalysts.?> 2¢ These reports
demonstrate that heteroatom doping, geometric structures, electron distribution, and metal-metal
interactions all affect the CO,RR performance of these DACs. The induced electronic regulation
can facilitate the reaction process by producing key intermediates and suppress competing
hydrogen evolution reaction (HER). However, to fabricate DACs with suitable metal atoms is
synthetically challenging. The common approaches reported so far for preparing DACs are co-

crystallization, ion exchange, atomic replacement, and cage confinement.”’ Nevertheless,

simultaneous generation of single-atom sites and controllable pore engineering have been rarely



reported. The bulky particles and narrow pores in most metal-organic frameworks (MOF)-derived
DACs severely limit the mass transfer in the catalysts, resulting in sluggish CO>RR kinetics.
Therefore, developing effective methods to fabricate DACs with hierarchical porous structures and
understanding their structure-activity relationship is of great scientific and technological
importance.

By selectively breaking the coordination bonds between metal ions and organic linkers,
chemical etching of MOFs provides an effective means to simultaneously tailor the shape and
composition of the derivatives.’!" 3 Aqueous solutions of SeO», a weak acidic etching agent, can
slowly etch the MOF precursors and also introduce selentum to form selenium-rich
nanostructures.*® ** Selenium, a semi metal with chemical properties similar to sulfur but higher
polarizability, is expected to have catalytic activity for CO2RR.* 3¢ Therefore, we envision that
coupling p-block Se single atom (SA) with d-block Fe SA may enhance CO2RR performance due
to a synergistic catalytic effect. So far, metal-semimetal DACs have rarely been reported, and the
correlation between their structures and CO2RR performance requires investigations.

Herein, we report a selenic acid etching assisted strategy to obtain isolated metal-semimetal dual
atomic sites. By treating the SeO;-etched zeolitic imidazolate frameworks (ZIF) precursor, Se can
be in situ doped into the porous N-doped hierarchical hollow carbon matrix and subsequently
combined with Fe SAs to form Fe-Se DACs. Benefiting from Se-induced electronic structure
change for the Fe centers, the resultant FeSe-NC delivered a high CO selectivity of up to 97% in
a H-type cell and affords an industrially comparable jco (>228 mA cm2) in a flow cell.
Furthermore, a rechargeable Zn-CO, battery (ZCB) using the as-synthesized FeSe-NC as the
cathode delivered a high power density (2.01 mW cm 2) and superior FEco (>90%), offering great

potential for practical applications. This study presents an effective approach for optimizing the



electronic structures of atomic catalysts and the adsorption/desorption dynamics of intermediates

on active sites, thus enhancing their electrocatalytic performance.

RESULTS AND DISCUSSION
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Figure 1. (a) Schematics of the synthetic steps for FeSe-NC. (b) SEM image, (c) TEM image, (d)

HAADF-STEM image, and (e-1) EDX mapping results of FeSe-NC.

Figure la shows the step-wise synthesis of the hybrid Fe-Se DAC. The well-defined ZIF-8

nanocrystals were first etched by SeO (denoted as SeO,-ZIF-8), followed by calcination. During



the pyrolysis, the evaporated Se species were reduced and doped into the NC substrate, forming
an atomically dispersed Se catalyst (Se-NC) with hierarchical hollow nanostructure. The resulting
Se-NC was then utilized as a host to absorb and anchor Fe ions, and a subsequent thermal activation
was performed to obtain highly dispersed dual-atom Fe-Se DAC (FeSe-NC). Similarly, the single-
atom Fe catalyst (Fe-NC) without SeO; etching was prepared for comparative studies.

The structure and morphology of the resultant etching product were first investigated using
powder X-ray diffraction (PXRD) and scanning electron microscopy (SEM). Figure S1 shows the
PXRD pattern of SeO,-ZIF-8, which reveals a phase similar to ZIF-8. Besides, the absence of SeO»
characteristic peaks indicates that the resultant Zn-Se-O species is amorphous. SEM images
(Figure S2, Supporting Information) show that SeO,-ZIF-8 maintains the initial rhombic
dodecahedron shape, but the surface becomes much rougher and porous compared with the ZIF-8
crystals. X-ray spectroscopy (EDX) analysis (Figure S3, Supporting Information) confirms the
presence of a small amount of Se introduced during the etching of ZIF-8 by SeO,.

The morphology of the as-obtained DAC and SAC can be evidenced by the SEM and
transmission electron microscopy (TEM) images. The samples inherit the original shapes of ZIF-
8 crystals with some shrinkage. However, in comparison with Fe-NC dodecahedron (Figure S4,
Supporting Information), FeSe-NC (Figures 1b-c) and Se-NC particles (Figure S5, Supporting
Information) become hollow with rough surface due to SeO» etching. Simultaneously, many
bubble-like cavities can be observed on the surface of Se-containing samples, due to the
interconnected few-layer graphene (Figure S6c¢c-d, Supporting Information). Such a hierarchical
porous nature can improve the accessibility to active centers, thus facilitating mass transfer during
the CO2RR process. Figure 1c shows the HRTEM images, where Fe and Se nanoparticles and

nanoclusters are invisible. In addition, only two broad diffraction peaks (23° and 43°) appear in



the PXRD patterns (Figure S7, Supporting Information), associated with the (002) and (101) facets
of carbon, further ruling out the existence of metal or oxide phases. High-angle annular dark-field
scanning TEM (HAADF-STEM) analysis was performed, and the image shows that both Fe and
Se atoms are bright spots at the atomic scale, indicating the uniform heterogenization of Fe and Se
atoms on the carbon support (Figure 1d). Besides, the darker color in the center of the
dodecahedron particle demonstrates its hollow nanostructure (Figure 1e). The corresponding EDX
mapping also shows a homogenous dispersion of Se and Fe over the entire FeSe-NC particle
(Figure 1f-1). The inductively coupled plasma (ICP) analysis unveils that the metal contents in
FeSe-NC are 0.51 (Fe) and 1.89 wt% (Se) (Table S1, Supporting Information), respectively, close
to Fe content in Fe-NC (0.48 wt%) and Se content in Se-NC (2.29 wt%). Raman spectra and pore
size analysis indicate that SeO»-etching and subsequent doping of Se into NC creates a defect-rich
structure with a high surface area and hierarchical micro-mesopores (Figures S8-9, Supporting

Information), which is consistent with the TEM results.



—
Q
N
—
(=2
N

Se 3d C-Se-C FeSe-NC

——Fe-NC
Fe foil
Fe,0,

FeSe-NC

Intensity (a.u.)

Intensity (a.u.)
—
Normalized XANES (a.u) O

7118 7119 7120 7121 7122

410 408 406 404 402 400 398 396 394 62 60 58 56 54 52 7100 7120 7140 7160 7180 7200

Binding energy (ev) Binding energy (ev) Energy (eV)
(d) FeSe-NC (e) ——FeSe-NC (f) O FeSe-NC
——Fe-NC Se-Se Se foil ——— Fittting
_ FeFe Fe,0, (x0.5) Ve _

Fe foil (x0.3)

m

10 1.2 14 16 18|

Fe-N

[FT (k3)(K)| (a.u.)
IFT (K%)(K)| (a.u.)
i
[2(R)I (A%)

Figure 2. (a) N 1s XPS spectra of Fe-NC and FeSe-NC. (b) Se 3d XPS spectra of FeSe-NC and
Se-NC. (c) Normalized Fe K-edge XANES and (d) K-edge EXAFS of FeSe-NC, Fe-NC, Fe,03
and Fe foil. (¢) Se K-edge EXAFS of FeSe-NC and Se foil. (f) Fe FT-EXAFS fitting curve of
FeSe-NC and the fitting model (inset). (g) Wavelet transform plots of Fe in FeSe-NC and Fe foil;
Se in FeSe-NC and Se foil.

X-ray photoelectron spectroscopy (XPS) analysis provides insight into the compositional
difference between the catalysts. The survey spectra show that Se only appears in FeSe-NC and
Se-NC (Figure S10, Supporting Information). The deconvoluted N 1s profiles suggest that beyond
the four typical peaks associated with the pyridinic, pyrrolic, graphitic and oxidized N, an

additional peak at 399.5 eV (Fe-N) appears in FeSe-NC and Fe-NC samples, compared to Se-NC



(Figures 2a and S11, Supporting Information).’” In the high-resolution Se 3d spectra, a central
peak for Se-C units (56.4 eV) can be observed,*® *° and the peak remains nearly unchanged after
high-temperature H; etching (Figures 2b and S12, Supporting Information), indicating that the
atomically dispersed Se sites have excellent stability. The minor peak belonging to the Se-O bond
(58.4 eV) suggests the incomplete reduction of tiny amount of Se species. Regarding the Fe 2p
spectra, the binding energy of Fe is higher than metallic Fe, indicating the oxidation state of Fe in
FeSe-NC and Fe-NC (Figure S13, Supporting Information).** Moreover, the position of Fe 2ps»
peak in FeSe-NC experiences a slight red shift by 0.63 eV compared with Fe-NC, suggesting the
existence of the electronic interaction between Se and Fe. Similar electronic changes were
observed in previous studies.*!

To study the geometrical coordination of Fe and Se in the as-prepared catalysts, X-ray
absorption spectroscopy (XAS) measurement was conducted. The Fe K-edge X-ray absorption
near edge structure (XANES) spectra (Figure 2¢) demonstrate that the adsorption edges of FeSe-
NC and Fe-NC exhibit similar energy between Fe and Fe;Os, suggesting that the oxidation state
of Fe in both samples is close to +2. The slight difference in the XANES plots may be attributed
to the weak electronegativity of the Se atom. However, the absorption edge of FeSe-NC is
observed to shift slightly to a lower energy compared with Fe-NC (Figure 2c, inset), implying a
higher electron density around the Fe site in FeSe-NC than that in Fe-NC. This indicates the
electronic structure around Fe site is influenced by the presence of Se in FeSe-NC, consistent with
the XPS analysis which also suggests an electronic interaction between Se and Fe in FeSe-NC.
The Fourier transformed extended X-ray absorption fine structure (FT EXAFS, Figure 2d) spectra
show similar peaks at ~1.47 A associated with Fe-N for FeSe-NC and Fe-NC, while the peak at

2.24 A associated with Fe-Fe is invisible, indicating the atomically dispersed Fe sites.*>** The Se



K-edge XANES spectra suggest that Se in FeSe-NC has a partially positive charge (Figure S14,
Supporting Information). Thus, the analytical results from Fe K-edge and Se K-edge XANES
spectra reveal charge redistribution between Fe and Se, strongly correlated with the coordination
environments. Notably, only Se-C signal (1.50 A) can be found in the EXAFS spectra (Figure 2e),
confirming that the isolated Se atoms are atomically coordinated with C. Quantitative EXAFS
fittings indicate that the coordination numbers of the isolated Fe-N and Se-C are 3.7 and 1.9,
suggesting that the atomic Fe centers and Se centers feature the geometric Fe-N4 and Se-C;
configurations, respectively (Figure 2f and Figures S15-16, Table S2, Supporting Information). In
addition, the wavelet transform (WT) plots are in accordance with the above Fourier transform

results (Figure 2g).
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Figure 3. Electrocatalytic CO2RR performance of the catalysts: (a) LSV curves, (b) FEco, (¢) jco,
(d) Tafel plots, and (e) durability test in the H-type cell. (f) Schematic diagram, (g) LSV curves,

(h) FEco, and (i) jco in the flow cell.

The electrocatalytic CO2RR evaluation for these catalysts was first conducted in a conventional
H-type cell containing 0.5 M KHCO3 electrolyte. When CO2RR was assessed by the polarization
curves (Figure 3a and Figure S17, Supporting Information), FeSe-NC offered the most positive
onset potential and highest j values compared to Fe-NC, Se-NC and NC, showcasing its boosted
intrinsic activity. Meanwhile, the superior CO2RR activity of FeSe-NC is also reflected in the large

difference between the current densities recorded in the CO> and Ar-saturated electrolytes. We
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further performed controlled electrolysis to evaluate the CO2RR selectivity, during which the gas
and liquid products at different applied potentials were detected and quantified via online gas
chromatography (GC) and offline nuclear magnetic resonance (NMR) spectroscopy analysis,
respectively. In this work, except for H> and CO, no other products were detected (Figure S18,
Supporting Information). As shown in Figure 3b, the calculated faraday efficiency (FE) results
show that FeSe-NC has the best CO»-to-CO selectivity. Specifically, FeSe-NC exhibits not only
the highest FEco but also the long-last and stable FEco (>90%) from —0.38 to —0.78 V that surpass
those of Fe-NC and Se-NC. Moreover, the maximum FEco by FeSe-NC reached 97.7% at —0.48
V, while the highest FEco was only 93% and 90% for Fe-NC and Se-NC, respectively. Combining
the total j and FEco, the derived CO partial current density (jco) is shown in Figure 3¢. Obviously,
the jco of FeSe-NC increased with the applied potentials and reached a maximum of —40.4 mA
cm 2 at —0.78 V, which significantly outperforms Fe-NC (—15.5 mA cm2) and Se-NC (—9.5 mA
cm 2). Notably, compared with the state-of-the-art Fe-based SACs, FeSe-NC exhibits superior
COzRR performance in terms of the overpotential, FEco and jco (Table S3, Supporting
Information). Meanwhile, the calculated turnover frequency (TOF) (Figure S19, Supporting
Information), representing the activity of a single site, indicates that Fe-NC (5.6 s™!) has a much
higher intrinsic activity for CO,-to-CO conversion compared to Se-NC (1.2 s™!). Compared to a
single Fe and Se site, FeSe-NC affords the highest TOF value of 10.4 s~!, further verifying the
synergistic enhancement in the CO;RR activity upon combining Fe with Se. Additionally, as an
important parameter, Tafel slope was acquired to provide kinetic insight into the reaction. The
fitting results exhibit the lowest value for FeSe-NC, indicating boosted CO production kinetics
after introducing Se SAs (Figure 3d). Such enhanced reaction kinetics are also evidenced by the

lower charge-transfer resistance of FeSe-NC and higher double-layer capacitance (Cai) (Figures
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S20-21, Supporting Information). Further long-term electrolysis indicates that FeSe-NC also has
outstanding durability. After 12 hours of continuous electrolysis, both j and FEco of FeSe-NC
maintained the same (Figure 3e). The SEM, TEM, XPS and ICP results show no change in
chemical composition and structure after the long-term test, verifying the stability of FeSe-NC
(Figures S22-23 and Table S4, Supporting Information).

To further verify the SeO;-etching effect on the CO,RR performance, Se-doped Fe-NC catalyst
(Fe/Sep-NC) as a comparison was also fabricated using Se powders under the same conditions.
TEM image (Figure S24, Supporting Information) shows that Fe/Se,-NC appears to be similar to
FeSe-NC but without visible bubble-like cavities on the surface. N 1s XPS spectrum shows that
the intensity of pyridinic N increased after Se-doping in contrast to FeSe-NC (Figure S25,
Supporting Information). Compared with FeSe-NC, the resulting Fe/Se,-NC catalyst exhibited a
lower current density and poor CO selectivity (Figure S26, Supporting Information), likely due to
the lack of active sites and the increase of HER-favorable pyridinic N species.'*

The impact of other factors on performance, such as Se content and etching time, was also
studied. Comparative experiments show that neither Se content nor etching time greatly changes
the CO2RR performance of FeSe-NC (Figure S27, Supporting Information) due to their similar Se
content after two calcinations. These findings confirm that SeO;-etching removes some pyridinic
N atoms and suppresses the competitive H> generation, and also generate active sites that boost
the CO2RR performance.

As discussed above, while FeSe-NC was observed to have high selectivity toward CO in H-type
cell, the reaction rates are slow, which is due to the limited mass transfer caused by low CO»
solubility. Therefore, we further tested the CO2RR activity of FeSe-NC in a self-designed flow

cell electrolyzer (Figure 3f), where high CO» transfer rate can be obtained. As shown in Figure 3g,
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a significantly higher j was achieved in the flow cell due to the enhanced mass transfer, in marked
contrast to that gained in the H-type cell. Compared with Fe-NC and Se-NC, FeSe-NC has a
significantly higher j value (>320 mA cm™), and its outstanding CO2RR performance is also
verified by its higher FEco and jco, as shown in Figures 3h and 3i. The highest jco of FeSe-NC
was realized at —0.98 V, reaching 228 mA cm 2 with a high FEco. The jco of Fe-NC dropped
sharply and struggled to reach 108 mA cm 2 as a result of decreased FEco. Similar degradations
were also observed in previously reported Fe-SACs, possibly due to the insufficient CO desorption
on Fe centers at high potentials.** CO desorption in the local atomic environment, especially at
high current density, could become rate limiting and then greatly influence the CO;RR
performance since CO desorption is a non-Faradaic step. Therefore, the incorporation of Se SAs
in FeSe-NC promotes CO desorption through electronic structure regulation,* which is confirmed

by computational and in situ analysis (as discussed in later section).
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Figure 4. Performance of rechargeable Zn-CO; batteries with the FeSe-NC as the cathodes. (a)

Schematic representation of aqueous ZCB. (b) Polarization curves with related power densities.
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(c) Correlation between discharge plateaus, j, and corresponding FEco. (d) Long-term stability test
of ZCB with FeSe-NC at 2 mA cm 2 (e) Discharging-charging polarization curves. (f)

Galvanostatic cycling performance at 0.5 mA cm 2.

Inspired by the impressive CO2RR performance, FeSe-NC was further applied as the cathode
material and integrated into an aqueous rechargeable Zn-CO; battery (ZCB) (Figure 4a). As shown
in Figure 4b, the peak power density of FeSe-NC-based ZCB was achieved at 0.27 V, reaching
2.01 mW cm 2 with a current density of 7.43 mA cm 2, surpassing those of Fe-NC (1.83 mW cm 2,
6.68 mA cm?). In addition, ZCB with FeSe-NC has better rate performance and higher FEco
(>94%) when discharging at various current densities (Figure 4c). The stability of FeSe-NC-based
ZCB was then evaluated with a 12 h discharging at 2 mA c¢cm 2, where no obvious decay was
observed in either voltage and FEco (Figure 4d). As for the rechargeable performance, FeSe-NC
exhibits a comparatively small charging-discharging gap of only 1.34 V, suggesting its superior

reversibility compared to Fe-NC (2.07 V) (Figures 4e and 4f).
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Calculations for FeSe-NC, Fe-NC and Se-NC: (e) Gibbs free energy profiles for CO:RR; (f)
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difference and Bader charge analysis of Fe-NC and FeSe-NC with adsorption of *CO on Fe sites.

Electron accumulation and depletion are marked with light yellow and cyan, respectively; (h)

PDOS of d orbitals of Fe in FeSe-NC and Fe-NC.
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To explore the origin of CO2RR activity enhancement for FeSe-NC, the in-situ attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR) was performed to study the
dynamics of intermediates during the electrochemical process. As displayed in Figure 5a, two *CO
absorption peaks around 1930 and 2060 cm™' were observed for Fe-NC, indicating the presence of
a strong bridge-bonded (*COg) and very weak linear-bonded *CO (*COL) species, respectively.*®
48 Moreover, the increased frequencies and intensity of the *COjp bands at the potentials negative
than —0.7 V (for Fe-NC) suggest a higher CO coverages.*’ In sharp contrast, these peaks were
much weaker for FeSe-NC, indicating that *CO desorption occurs more easily on FeSe-NC (Figure
5b), which is consistent with the electrochemical results that the overall performance for CO
production is significantly enhanced. Furthermore, a comparative kinetic isotope effect (KIE)
analysis revealed a facilitated proton transfer for FeSe-NC after introducing Se, as evidenced by
its smaller KIE value (Figure 5c-d and Figure S28, Supporting Information).*

Density functional theory (DFT) calculations were executed to explore the contribution of Se
SAs in modulating the electrocatalytic CO2RR process in FeSe-NC. Based on the XAS results, the
FeNy configuration with SeC» edge in FeSe-NC was used for theoretical analysis. Meanwhile, the
comparative Fe-N4 and Se-C, models were also built for Fe-NC and Se-NC, respectively. As
displayed in Figure 5Se, the calculated Gibbs free energy diagrams for the pathways suggest that
activating CO» to intermediate *COOH on Se-NC is an endothermic process with an uphill energy
change. The large energy barrier, therefore, results in a higher onset potential of Se-NC during
CO2RR measurements. By contrast, both Fe SAC samples offer a considerable decrease in the
energy barriers for *COOH formation, which suggests that CO2RR is more favorable to take place
on Fe sites, evidenced by their smaller initial potentials. Moreover, introducing Se atoms can

decrease the *CO binding strength and promote the desorption of CO on neighbouring FeNjy sites,
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thus facilitating the catalytic performance, consistent with electrochemical and ATR-FTIR results.
The difference between the thermodynamic limiting potentials for CO production and competitive
H> evolution (denoted as U (CO,)-U;(H,), (U =-AGy/e) ) is important in evaluating the
selectivity of the catalysts. As depicted in Figure 51, the difference value of FeSe-NC is much more
positive than that of Fe-NC, indicating that the CO selectivity of Fe-Ns can be improved by
adjacent Se dopants, resulting in a higher FEco.

The charge density distribution analysis was also performed to depict the charge accumulation
or depletion at the atomic Fe and Fe-Se sites. The corresponding results indicate an obvious
interaction between Fe and Se atoms leading to an asymmetric electronic structure (Figure Sg,
Figure S29 and Table S5, Supporting Information), which aligns well with the XPS and XANES
analyses. Furthermore, the projected density of states (PDOS) provides insights into the energy
state of Fe atoms in Fe SA and Fe-Se DA (Figure 5h). After introducing adjacent Se atoms, the d-
band center of Fe shifts negatively from —0.61 to —0.88 eV due to the strong Fe-Se interactions,
which is favorable for *CO desorption during the CO2RR process, thus exhibiting superior CO
selectivity. Therefore, the theoretical analyses reveal that the asymmetric electronic properties
induced by Se SA not only offer more active and selective effect but also inhibit the competitive
HER reaction, thus boosting the overall CO2RR electrocatalytic performance, which matches well

with the electrochemical observations.

CONCLUSION
In conclusion, we have developed a facile selenic acid etching-assisted strategy to fabricate
metal-semimetal Fe-Se dual single-atom sites in a MOF-derived porous hollow NC matrix.

Benefitting from the synergetic FeNs and SeC, atomic configurations, FeSe-NC delivers
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exceptional CO2RR activity for selective CO generation, featuring a high FEco (>97%) and
industrial-level jco (228 mA cm?), surpassing the majority of prevailing Fe-based catalysts.
Experiments and DFT calculations illustrate that the electronic configuration of Fe-Se hybrid sites
facilitates CO; activation and optimizes the binding strength of the key intermediates on active
sites, thus boosting CO: conversion. Besides, SeO; etching also enhances the overall CO2RR by
increasing surface roughness, porosity and active site accessibility. This etching-doping atomic
engineering provides a straightforward approach to fabricating hybrid dual-metal single-atom

catalysts for CO2RR and other chemical reactions.

METHODS

Synthesis of SeQ2-ZIF-8. ZIF-8 was first synthesized following a literature method.’! Then, 400
mg of ZIF-8 was dispersed in 20 mL of MeOH, upon which 20 mL of aqueous solution containing
50 mg of SeO, was added and aged for 30 min. After that, SeO,-ZIF-8 was collected by
centrifugation, washed with methanol, and dried overnight at 60 °C under vacuum.

Synthesis of Se-NC. In a typical synthesis, SeO,-ZIF-8 was transferred to a quartz tube and
pyrolyzed at 1000 °C for 2 h with a ramping rate of 5 °C min"! under Ar flow, and the sample was
cooled down to room temperature naturally. For comparison, NCs were also synthesized by a
similar method in the absence of SeOs.

Synthesis of FeSe-NC and Fe-NC. The as-prepared Se-NC was immersed in a HCI solution (2.0
M) and stirred at 80 °C for 12 h to remove Zn species. The FeSe-NC catalyst was prepared via
metal ion adsorption using the Se-NC as a porous carbon host followed by thermal activation. For
example, 50 mg of Se-NC powders were dispersed in 5 mL of isopropanol that contained 2.5 mg

of Fe(NO3)3-9H0. The as-obtained mixture was then sonicated for 1.0 h and stirred 2.0 h before
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being washed with methanol, centrifuged, and dried at 60 °C overnight to prepare the Se-NC-Fe**
sample. Afterward, the obtained Se-NC-Fe** was subjected to heat treatment at 900 °C with a ramp
rate of 10 °C min ™! for 1.0 h under Ar and cooled naturally to generate the final FeSe-NC catalyst.
As another control, Fe-NC was obtained following the same procedure except that NC was used
as the carbon host.

Synthesis of Fe/Sep-NC. The synthesis process for is similar to that of FeSe-NC, except that SeO»
was replaced by Se powders.

Electrochemical measurement

H-type cell system. Electrochemical CO;RR measurements were conducted in a gas-tight H-
type cell, in which the anodic and cathodic chambers were separated by a proton exchange
membrane (Nafion 117). Ag/AgCl (in saturated KCl aqueous) electrode and Pt mesh were used as
the reference and counter electrodes, respectively. Before each experiment, CO2 (99.999%) was
constantly purged into the catholyte (30 mL) for 30 minutes to form a CO;-saturated electrolyte.
LSV curves were recorded in Ar or CO;-saturated 0.5 M KHCO;3 electrolyte with a scan rate of 10
mV s~!. All potentials reported here were converted to the RHE scale.

Flow cell system. Electrochemical experiments were performed in a flow cell reactor filled
with gas, catholyte, and anolyte. The catalyst-supported gas diffusion electrode (GDE) with a mass
loading of 1 mg cm™, Ag/AgCl (in saturated KC1 aqueous) electrode, and nickel foam were used
as the cathode, reference electrode, and anode, respectively. Copper tapes were used to connect
the cathode and anode. The anolyte and catholyte chambers were separated by an anionic exchange
membrane (Fumasep FAB-PK-130). 80 mL of electrolyte (1 M KOH, pH =14.0) was circulated in

the cathode and anode chamber using a peristaltic pump at a constant flow of 30 mL min™'. High-
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purity CO, was directly fed to the backside of the cathode GDE at a constant flow of 40.0 sccm
using a digital mass flow controller, and CO; output was connected to a GC system.
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