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Active and conductive layer stacked superlattices
for highly selective CO, electroreduction
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Metal oxides are archetypal CO, reduction reaction electrocatalysts, yet inevitable self-
reduction will enhance competitive hydrogen evolution and lower the CO, electroreduction
selectivity. Herein, we propose a tangible superlattice model of alternating metal oxides and
selenide sublayers in which electrons are rapidly exported through the conductive metal
selenide layer to protect the active oxide layer from self-reduction. Taking BiCuSeO super-
lattices as a proof-of-concept, a comprehensive characterization reveals that the active
[Bi, 0,12 sublayers retain oxidation states rather than their self-reduced Bi metal during CO,
electroreduction because of the rapid electron transfer through the conductive [Cu,Se,]12-
sublayer. Theoretical calculations uncover the high activity over [Bi,0,12* sublayers due to
the overlaps between the Bi p orbitals and O p orbitals in the OCHO* intermediate, thus
achieving over 90% formate selectivity in a wide potential range from —0.4 to —1.1V. This
work broadens the studying and improving of the CO, electroreduction properties of metal
oxide systems.
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lectrochemical CO, reduction (CO,RR) to high value-added

carbon-based products has received extensive interest and

represents a path from renewable electricity sources to
chemical and fuel production!~%. Formate, which is widely used
as the most kinetically accessible feedstock in the fields of phar-
maceuticals, textiles, and energy, is an attractive liquid product of
CO,RR>7. Metal oxides (such as SnO,, Bi,Os, and In,05) as the
most common and widely available catalysts have been exten-
sively explored to achieve CO, electroreduction to formate with
considerable activity>8-12. The development of advanced in situ
characterization has revealed that metal oxides can undergo
in situ self-reduction to zero-valence metal during the CO,RR
(Fig. 1a)!314. Substantial efforts have been devoted to exploring
efficient catalysts derived from these metal oxides!>~1°. However,
with this self-reduction, the competitive hydrogen evolution
reaction (HER) performance of the derived metal catalysts will
gradually dominate!!419-23, resulting in their CO,RR activity
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being difficult to maintain in a wide potential window. Actually,
this spontaneous self-reduction of metal oxides is contradictory to
the high selective CO,RR performance. More importantly, due to
the untenable oxidation state during the CO,RR, unraveling the
catalytic mechanism of metal oxides will be inaccessible. There-
fore, developing electrocatalysts based on metallic oxidation states
rather than on their self-reduction is highly desirable for per-
formance optimization and mechanism exploration, which
remains an enormous challenge.

Recently, several representative reports have presented metal
oxide-support interaction systems to stabilize the oxidation state
during the CO,RR (Fig. 1a)!%24-27 egpecially metal
oxide-carbon!>182426-28 i which the carbon layer acts as a
conductive layer to quickly conduct electrons and prevent the
active oxides from being reduced. Notwithstanding these efforts,
the composite catalytic materials have their own inevitable
weaknesses, mainly poor interface contact. As a result, a large
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Fig. 1 Design scheme and structural characterizations of BiCuSeO superlattice nanosheets. a Schematic illustration of exploring single-phase materials
with active/conductive layer alternately stacked superlattices. (I) Pure metal oxides. (II) Metal oxides-support interaction system. (lll) Superlattice
consisting of a one-by-one vertically stacked active layer (metal oxides) and conductive layer subunit. b Structural model of BiCuSeO superlattice. ¢ AFM
image. d TEM image. e HRTEM image. f Corresponding SAED pattern. g EDS mapping images.
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number of oxides in noninterfacial areas may still be self-
reduced®28, Inspired by the strengths and weaknesses of this
structural model, finely stacking an ultrathin oxide layer upon
layer on conductive substrates will maximize the potential of such
models but require an extremely rigorous synthesis method.

Focusing on this vision, natural superlattice, which consists of
one-by-one vertically stacked plural subunits, will be presented as
perfect and tangible models. In a natural superlattice, one can
obtain a metal oxide layer and conductive layer simultaneously by
elaborately designing the prototype of each subunit (Fig. 1a), in
which the conductive layer rapidly conducts electrons to protect
the active center of the oxide layer to drive the activation of CO,.
Guided by this delicate avenue, a typical natural superlattice,
BiCuSeO oxyselenides (Fig. 1b), which consists of conductive
[Cu,Se,]?~ and insulating [Bi,O,]?* sublayers stacking alter-
nately along the c-axis?*=31, is thought to interplay with the
Cu-Se layer/Bi-O layer for efficient CO, electroreduction. More
characteristically, Bi-based oxides are the first self-reduction
phenomenon discovered and are still considered to be highly
promising candidates for selective formate production!8-28:32-34,
Therefore, a natural BiCuSeO superlattice provides an excellent
opportunity to obtain high-efficiency CO, properties in the metal
oxidation state rather than their self-reduction, and to explore
their structure-activity relationships

Herein, we propose BiCuSeO nanosheets (Ns) as an example
and utilize alternately stacked insulating [Bi,O,]2* and con-
ductive [Cu,Se,]2~ in their superlattices as active/conductive
sublayers to stabilize the metal oxidation state for high CO,RR
activity and selectivity. Specifically, X-ray photoelectron spec-
troscopy (XPS), synchrotron-based X-ray absorption near-edge
structure (XANES) spectroscopy, and extended X-ray absorption
fine structure (EXAFS) studies consistently confirm that the
Cu-Se sublayers in the BiCuSeO superlattices mainly conduct
electrons so that the highly active Bi in the Bi-O layer still holds
its oxidation state fine rather than self-reduced zero-valence Bi-
metal during the CO,RR. Furthermore, density functional theory
(DFT) simulation reveals that Bi—-O coordination in [Bi,O,]2*
exhibits a strong coupling effect with its Bi p orbitals overlapping
with O p orbitals in OCHO* and enables a highly selective
CO,RR to formate. Benefitting from the interplay of the Cu-Se
layer/Bi-O layer, natural BiCuSeO superlattices exhibit a high
catalytic selectivity featuring a formate Faradaic efficiency FE of
>90% over a wide potential range from —0.4 to —1.1 V. Impor-
tantly, the catalytic model, active/conductive layer alternately
stacked natural superlattices, could provide valuable insights for
the development of highly efficient CO,RR catalysts and beyond.

Results

Structural characterizations of BiCuSeO Ns. Herein, ultrathin
BiCuSeO nanosheets are synthesized by using poly-
vinylpyrrolidone (PVP) as the control agent via a mild hydro-
thermal route. The X-ray diffraction pattern (XRD), Raman
spectrum, and calculated formation energy of [B,0,]*T are
shown in Supplementary Fig. S1, all solidly indexed to the suc-
cessful synthesis of the crystalline BiCuSeO phase with high
purity and stability. The atomic force microscopy (AFM) and
transmission electron microscopy (TEM) characterizations in
Fig. 1¢, d reveal sheet-like morphology with an average thickness
of ~9.2nm of obtained BiCuSeO. The high-resolution TEM
(HRTEM) image shows two sets of mutually perpendicular lattice
fringes with a spacing of ~0.28 nm (Fig. 1e), corresponding to the
(110) and (1-10) planes of tetragonal BiCuSeO. A single set of
diffraction spots with fourfold symmetry in the selected area
electron diffraction (SAED) pattern (Fig. 1f) illustrates the high
orientation along the c-axis of the as-obtained BiCuSeO Ns,

which is consistent with HRTEM analysis. Additionally, the
energy dispersive spectroscopy (EDS) mapping analysis points
out the uniform distribution of Bi, Cu, Se, and O elements
(Fig. 1g). Consequently, all of the above structural characteriza-
tion results evidently verify the successful synthesis of ultrathin
BiCuSeO single-crystal nanosheets.

Electrochemical performances. The electrochemical perfor-
mance of the as-fabricated BiCuSeO is evaluated using a three-
electrode flow cell in a CO,-saturated KHCOj3; aqueous solution
(Supplementary Fig. S2). To investigate the effect of Bi-O and
Cu-Se sublayers in BiCuSeO for the CO,RR, Bi,0;, Cu,Se N,
and Cu,Se-Bi,O; heterostructures (CuSe-BiO) are prepared, and
their structural characterizations are displayed in Supplementary
Fig. S3, S4 and S5. The corresponding electrocatalytic activities
are also tested for comparisons, as shown in Fig. 2. First, the
linear sweep voltammetry (LSV) curves are conducted in a
potential range of 0 to —1.1 V (the reversible hydrogen electrode,
RHE, all potentials mentioned in the following are RHE). As
shown in Fig. 2a, BiCuSeO reveals significantly improved current
density and more positive onset potential than Cu,Se, Bi,Os, and
CuSe-BiO, demonstrating its better electrocatalytic performance
for the CO,RR. To identify the products and their Faraday effi-
ciency (FE) at different potentials, we conducted the electrolysis
at a variety of constant potentials from —0.4 to —1.1V and col-
lected samples for further test. From the chronoamperometry
curves (Fig. 2b), the current density is consistent with the LSV
curves and remains steady, suggesting the good electrochemical
stability of BiCuSeO catalysts. Accordingly, the gaseous and liquid
products were quantitatively analyzed by online gas chromato-
graphy (GC) and 'H nuclear magnetic resonance (!H NMR)
spectroscopy, respectively. The GC and NMR results show that
formate is the predominant product, accompanied by minor
amounts of H, and CO gas. Apparently, the BiCuSeO shows high
selectivity toward formate production, and its FE (FEg mate) is
over 90% in a wide potential window ranging from —0.4 to
—1.1V, with a maximum value that can reach ~93.4% at —0.9V,
while the FE for CO and H, gas are ~2.4% and ~2.4%, respec-
tively (Fig. 2c). Noticeably, the overpotential for formate gen-
eration is as low as 190 mV (Supplementary Fig. S6), which is
smaller than that of most other Bi-based catalysts!0:26:27:32-43,
Moreover, the Faraday efficiency of formate (FEgymae) for
BiCuSeO is much higher than that of Cu,Se (the maximum
FEformate 18 ~60%), Bi,O5 (the maximum FEg¢ e is ~85%), and
CuSe-BiO (the maximum FEg . iS ~91.7%) at the tested
potentials, indicating that BiCuSeO Ns is more inclined to yield
the formate product (Fig. 2d, Supplementary Table S1). Fur-
thermore, the calculated formate partial current densities (Jiormate)
of BiCuSeO are significantly larger than those of Cu,Se, Bi,Os3,
and CuSe-BiO at the same potentials, and the maximum value
can reach ~47.5mAcm~2 at —1.1V (Fig. 2e). These results
underlie that BiCuSeO can hold outstanding formate selectivity
over a wide potential window (>90% from —0.4 to —1.1 V, Fig. 2f,
Supplementary Table S2) and precede other state-of-the-art Bi-
based catalysts!%-26:27:32-43 " Moreover, BiCuSeO exhibits a sig-
nificantly larger current density (a maximum of ~219 mA cm~?)
and similar good formate selectivity (over 90%) over a wide
potential window with iR compensation to eliminate the inter-
ference of solution resistance (Supplementary Fig. S7). In general,
the CO, reduction rate will increase obviously in the alkaline
electrolyte. Therefore, the electrocatalytic performance of CO,
was also tested in 1 M KOH and exhibited similar outstanding
formate selectivity over a wide potential window and an
impressive current density ~267 mA cm~2 at —1.1V (Supple-
mentary Fig. S8). Interestingly, the BiCuSeO exhibits the largest
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Fig. 2 CO,RR performance in 0.5 M KHCO;. a LSV curves of BiCuSeO, Cu,Se, Bi,O3 Ns, and CuSe-BiO without iR compensation. b Chronoamperometric
curves at different potentials. ¢ FE of formate, CO and H, for BiCuSeO Ns. d FE;o/mate: € Jiormate: and g Tafel slope comparisons of BiCuSeO, Cu,Se, Bi,O3
Ns, and CuSe-BiO. f FEfoymate COMparison among the reported Bi-based catalysts and the BiCuSeQ'0: 26. 27, 32-43 b 10 h Chronoamperometry results for

BiCuSeO at —0.9 V.

electrochemical active surface area (ECSA) and ECSA-normalized
formate current densities, suggesting a large increase in intrinsic
activities refer to Bi,O;, Cu,Se, and CuSe-BiO (Supplementary
Fig. 89, S10 and Table S3). In addition, the Tafel slope is determined
by using the logarithm of formate partial current density against the
applied potentials to evaluate the reaction kinetics of CO, RR#4, The
calculated Tafel slope of BiCuSeO is ~90.3mV dec™!, which is
smaller than that of Cu,Se (~102.9 mV dec—!), Bi,O; (~109.6 mV
dec™1), and CuSe-BiO (~115.6 mV dec™!), suggesting the favorable
kinetics of BiCuSeO for formate generation (Fig. 2g). Furthermore,
the electrochemical reduction reaction for CO, at a fixed potential of
—0.9V is carried out over an extended period to evaluate the sta-
bility of the BiCuSeO. As shown in Fig. 2h, the total current density
stabilizes at ~21 mA cm™2 together with an average FEgymae Of
~94% over 10 h. Remarkably, by the SEM images, the morphology

of BiCuSeO catalysts is substantially preserved (Supplementary
Fig. S11). In summary, all the above results indicate that the
BiCuSeO exhibits efficient formate selectivity in a wide potential
window for the CO,RR.

Intermediates detection. To monitor the reaction process and the
intermediate species of CO,RR, we carried out in situ electro-
chemical Raman spectroscopy tests (Fig. 3a). Two obvious Raman
peaks at 1160 and 1540 cm™! are detected at —0.5V or lower
potentials in Fig. 3b, c. To identify the ascription of these vibration
peaks, the Raman spectra of possible intermediate groups are cal-
culated and shown in Fig. S12. Specifically, the peaks at 1160 cm~!
can be ascribed to the C=O0 stretching vibration of surface-adsorbed
carbonate (vyCO, ) during the CO,RR electrolysis process
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Fig. 3 Intermediates detection on BiCuSeO during CO,RR. a Schematic illustration of the in situ Raman measurement device during the CO,RR.
b, ¢ Potential- dependent and d, e time-dependent in situ Raman spectra of BiCuSeO catalysts in 0.5 M KHCO5 solution under CO, bubbling. f Single
oxidative LSV scans in N,-saturated 0.1 M NaOH solution for BiCuSeO, Cu,Se, Bi,O3 Ns, and CuSe-BiO.

(Supplementary Fig. S12a, Table S4)*-47. Meanwhile, the peaks
located at 1540 cm~! are vibrational fingerprints of asymmetric
C-O stretching vibration modes of proton-trapped carboxylate
*CO, ~ radicals (OCHO*, Supplementary Fig. S12b, Table S5)4>-47.
Therefore, both peaks are attributed to the key intermediates
OCHO* for the formate product during electroreduction CO,%0-48,
which also confirms that CO, could be directly activated and
reduced into formate with lower potential on BiCuSeO catalysts
(Supplementary Fig. S13). Notably, their peak intensity gradually
increases as the applied potentials and reaches a high point at
—0.7 V. This variation trend of characteristic peak intensity with
potential may depend on the trade-off between adsorption and
transformation of intermediate products. Moreover, the time-count
in situ Raman spectra at —0.6 and —0.7 V show that the peaks
intensities of the crucial intermediates for formate gradually
strengthen with expanding time (Fig. 3d, ), resulting from favorable
adsorption and proton-trapping capacity of formate intermediates.
This indicates a step-by-step reaction process for formate generation
from CO, (Supplementary Fig. S13). No obvious band associated
with C-O stretching or C=0 stretching of the *COOH intermediate
for the CO product indicates that the formation of CO on BiCuSeO
is almost suppressed*>~474%, which is consistent with the above
experimental FE results. To validate the binding affinity of CO, ~,
the adsorption of OH™ as a surrogate for CO, ~ is detected by
oxidative LSV scans in a N,-bubbled 0.1 M NaOH electrolyte. Fig-
ure 3f reveals that the potential for surface OH- adsorption on
BiCuSeO is lower than that for Bi,O; Cu,Se Ns, and CuSe-BiO. This
result combined with the Raman analyses adequately illustrates that
the BiCuSeO possesses a stronger adsorption affinity for OH™, and
hence they could efficiently stabilize the CO," ~ intermediate, finally
facilitating formate production.

Structural transformation, XAFS, XPS, and TEM character-
izations of BiCuSeO after CO,RR. Metal oxides-based

electrocatalysts inevitably undergo spontaneous reduction under
the function of negative potential during the CO,RR process. The
XRD pattern and Raman spectrum in Supplementary Fig. S14
show that the crystalline BiCuSeO phase can still be mainly
retained with partial Se escaping during CO,RR process. To
further determine whether the structure of the Bi-O layer can be
maintained as expected, the synchrotron radiation X-ray
absorption fine structure (XAFS) spectroscopy was performed.
Specifically, Bi L3-edge XAFS measurements are explored and
presented in Fig. 4a. Both the absorption edge and white line peak
of the XANES for BiCuSeO nearly overlap with that of the Bi,O;
reference, suggesting the Bi>t species of Bi atoms in BiCuSeO.
After the CO,RR, the absorption edge of BiCuSeOg (the BiCuSeO
after the CO,RR is denoted as BiCuSeOg) only slightly shifts
toward lower energy, indicating that the oxidation state of Bi is
mainly retained. Furthermore, the Fourier transform (FT) of the
EXAFS curve is resolved to evaluate the Bi local environment at
the atomic level (Fig. 4b). The intense peak of BiCuSeOy is
located at 1.63 A (without chemical shift), which is still consistent
with the pristine BiCuSeO and can be attributed to the first Bi-O
coordination shell. The relatively controlled peak weakening
further explains why most of the Bi-O bonds of BiCuSeO are
maintained after the CO,RR. Meanwhile, wavelet transform
(WT) is used to precisely analyze the Bi L3-edge extended X-ray
absorption fine structure (EXAFS) oscillations. The WT contour
plots of BiCuSeOg display only one intensity maximum at
~1.6 A, which apparently corresponds to the Bi-O coordination
with BiCuSeO rather than the Bi-Bi in Bi powders. Notably,
combined with its crystal structure, the length of the Bi-O bond
in the BiCuSeO superlattice is significantly larger than that in the
common Bi,Os, showing a specific type of Bi-O coordination
structure for the CO,RR. Furthermore, to clearly illustrate the
coordination states, the intense peak is finely fitted and the fitting
result suggests that it consists of two superimposed peaks, named
Bi-O, (2.13 A) and Bi-0, (2.27 A) (Supplementary Figs. S15-18,
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Table S6). The Bi-O, is attributed to the lattice bond in BiCuSeO,
and the coordination number (CN) is calculated to be 2.5 (Sup-
plementary Table S6), which is close to the value for BiCuSeO
(CN = 4), further illustrating that only a small amount of
reduced Bi3* after the CO,RR is different from contrastive Bi,O;
Ns. The fitted coordination number of the metal Bi-Bi bond
(3.09A) for BiCuSeOg is only 0.3 (Supplementary Table S6),
which also supports the above conclusion. Combined with the
in situ Raman results, the appearance of Bi-O; can be reasonably
attributed to chemisorbed *OH and OCHO* species, suggesting
the effective adsorption of intermediates in CO,RR. Taken
together, all these results clearly illustrate that Bi sites are still
retained in the oxidation state under the negative potential during
the CO,RR, as assumed, which certainly is conducive to driving
the conversion of CO, to formate (Fig. 4a, b, e, Supplementary
Figs. S14-19, Table S6). In contrast, combined with XAFS, XRD,
and XPS, Bi,0; and CuSe-BiO do essentially transform the metal
Bi as reported (Fig. 4a, b, e, Supplementary Figs. S19, S20).

In addition to the Bi-O bond, it is noteworthy that the Bi-Se
bond weakens dramatically, with the coordination number
reduced from 8 to 0.8 (Fig. 4b, Supplementary Table S6), which
results from the precipitation of Se. In general, metal selenides are
very sensitive and may undergo structural evolution to form
metal oxide catalysts during the electrochemical process. Mean-
while, the Cu-Se sublayer as a conductive layer undertakes
electron transport, leading to self-reduction. Therefore, the local
structure of Cu-Se sublayers is also investigated by Cu K-edge
XAFS spectra (Fig. 4c). First, the absorption edge for the Cu
K-edge XANES spectrum of BiCuSeOg is located between the Cu
foil and BiCuSeO, implying that Cu™ species are partially reduced
and the valence state of its Cu atoms is between 0 and +1.
Furthermore, the EXAFS curves of the Cu K-edge reveal that the

main peak at 2.06 A disappeared and two new characteristic peaks
appeared at 1.93 A and 2.58 A for BiCuSeOg (Fig. 4d, Supple-
mentary Figs. S15, S17, S21, Table S6), respectively. Based on the
comparison, the emergent peaks can be attributed to Cu-O bonds
and metallic Cu-Cu bonds. Meanwhile, the calculated coordina-
tion numbers for Cu-Se bonds, Cu-O bonds, and metallic Cu-Cu
bonds are 0.7, 0.8, and 4, respectively (Supplementary Table S6).
This result indicates ~17.5 atom% Se atoms are retained in
BiCuSeOg. Furthermore, inductively coupled plasma mass
spectrometry (ICP-MS) shows that ~11 atom% Se are reserved
in BiCuSeOg, which is consistent with XAFS result. Based on the
above structural characteristics, it is reasonable to assume that in
the process of CO, reduction, a large number of Se atoms
overflow from the conductive Cu-Se lattice. To keep the structure
stable, some of the space left was filled with ambient oxygen,
while some of the copper atoms bonded directly (Fig. 5a). The
detailed structure transformation process of BiCuSeO is explained
in Supplementary Note 1. Similarly, the in situ XANES, EXAFS,
and XPS (Figs. 4f, 5a, Supplementary Figs. S21, S22, S23, and
Table S6) conformably point to their structural features and
further reinforce our inference. As a control, we also explore the
structural evolution process of Cu,Se and CuSe-BiO during CO,
reduction. Similar to other conventional selenides and Cu-Se
layers of BiCuSeO, Se atoms essentially escape from the Cu,Se
lattice and thus completely transform into Cu and Cu,O
(Supplementary Figs. S20, S24, S25).

To further confirm the structural features, X-ray photoelectron
spectroscopy (XPS) is also carried out. From Fig. 5b, the intensity
of two typical Se 3d characteristic peaks exhibits a sharp decrease
for BiCuSeOg compared to that for BiCuSeO30->0, suggesting that
a large percentage of Se escapes from the Cu-Se sublayers during
the electrocatalytic reaction. Meanwhile, the indistinct Se
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distribution through the BiCuSeOg nanosheet in EDS mapping
explains the loss of Se (Fig. 5g), which are identical to XAFS and
XPS results. Furthermore, the high-resolution O 1s XPS
spectrum of pristine BiCuSeO (Fig. 5¢) can be split into three
deconvolution peaks at approximately 529.37, 530.87, and
533.03 eV, which belong to Bi-O, Bi-OH, and surface-adsorbed
oxygen species, respectively?27. After CO,RR, besides the peaks
at ~530 eV corresponding to Bi-O and 531.92 eV corresponding
to Bi-OH, an intense peak with higher binding energy at
535.29 eV, arising from surface-adsorbed carbonate species®!»>2,
appears in the O 1s spectrum of BiCuSeOg. These observations
are in line with the corresponding Raman results (Fig. 3) and
further suggest that the CO, molecules are stably adsorbed onto
the surface of the BiCuSeO catalyst during the electrocatalytic
CO,RR. As expected, the XPS Bi 4f core-level spectra of
BiCuSeOr and BiCuSeO remain consistent (Fig. 5d), which
confirms the existence of oxidation state Bil%-2%, Interestingly, in

addition to changes in the local structure and chemical states, the
structural framework of the BiCuSeO superlattice tends to be
stable during the CO,RR, which may be due to the mutual
support of the sublayers (Fig. 5). In summary, XANES, EXAFS,
XPS, and HRTEM studies consistently confirm that the highly
active Bi oxidation state can be stabilized by finely designing
superlattices stacked with Bi-O layer and conductive Cu-Se layer,
which can undoubtedly contribute to highly selective CO,
electroreduction performance over a wide potential window and
explore its structure-activity relationship. To further understand
the stability of [Bi,O,]2T sublayer, we calculated a pourbaix
diagram to evaluate the potential possibility for surface or
subsurface oxygen defects at every pH (0-14) under the reduction
conditions (Fig. 5e and Supplementary Fig. $26). According to the
calculation, the theoretical formation energy of the surface O
defects for the BiCuSeO system was 2.81 eV, suggesting that it’s
not easy to thermodynamically form surface or subsurface oxygen
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defects. Notably, the pourbaix diagram that oxygen defects would
not be generated under the CO,RR reduction condition.

DFT calculations. To explore the intrinsic origin of high formate
selectivity and activity over the [Bi,0,]2t sublayers in the
BiCuSeO superlattice, DFT calculations were performed to
investigate the electronic structure of the catalyst as well as the
strength of the interaction between the catalytic interface and
CO, molecular species (Supplementary Fig. S27). First, to verify
whether the [Cu,Se,]2~ sublayer of BiCuSeOy alters and func-
tions as a conductive channel after the structural transformation,
their electron charge density, and density of states (DOS) are
studied. Clearly, the typical positive charge feature localizes along
[Cu,Se,]?~ sublayers after structural transformation (Fig. 6a),
suggesting that [Cu,Se,]?~ sublayers still maintain a good con-
ductivity and can be employed as conductive channels. The cal-
culation result reveals that the accumulated sublayer charge
quantity is —1.44 e (Supplementary Fig. S28), confirming a highly

8

efficient intersublayer charge separation. Moreover, the total DOS
(sum) of BiCuSeOg, in the neighborhood below the Fermi level is
mainly contributed by bonding hybridized Cu d and Se p states
from [Cu,Se,]2~ sublayers (Fig. 6d), which is the origin endowing
the conductive character. The sharp peak characteristic in the
PDOS of the Cu d orbital further illustrates a strong d electron
localization, resulting in the localized charge distribution in
[Cu,Se,]>~ sublayers. More notably, different from pristine
BiCuSeO reported previously??, the DOS of BiCuSeOy below the
Fermi level crosses over the Fermi surface, implying a typical
semimetallic/metallic nature and thus an enhanced conductivity
for BiCuSeOgy after structural evolution. The above results and
analyses consistently indicate that [Cu,Se,]2~ sublayers in the
superlattice still maintain fine and even enhanced conductivity.
Meanwhile, the PDOS of Bi p and Bi s orbitals overlap with that
of O p orbitals to a great extent, indicating a strong interaction
between Bi atoms and O atoms, and the oxide state of Bi in the
[Bi,0,]2t sublayer is negligibly influenced by structural trans-
formation and can be well retained (Supplementary Fig. $29). All
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of the above results show that the [Cu,Se,]>* sublayer still
functions as a conductive channel while [Bi,O,]2* sublayer
maintains a strong Bi-O coordination structure feature in
BiCuSeO superlattices after structural transformation. To further
examine the interaction process between catalytic interface and
CO, molecules, we calculated the charge density difference and
DOS of OCHO*intermediate adsorbed BiCuSeOg. The charge
density difference (Fig. 6b, c) reveals that the charge transfers
directly from Bi atoms in [Bi,0,]2+ sublayers to O atoms in
OCHO* intermediate, which is beneficial to activate CO, mole-
cules, and generate and stabilize formate intermediates OCHO*
on the BiCuSeOy surface. Moreover, OCHO* absorbed BiCu-
SeOg displays a higher DOS value near the Fermi level than
BiCuSeOp, further suggesting that the good charge transfer from
BiCuSeOg toward formate intermediates OCHO* (Supplemen-
tary Fig. S30). Actually, large overlaps of Bi p states and O p states
below the Fermi level in the PDOS of OCHO* absorbed BiCu-
SeOr (Fig. 6e) further point out that Bi atoms in the [Bi,O,]?*
layer of BiCuSeOr have a strong interaction effect with the O
atoms in the OCHO* intermediates, which contributes to the
absorption and stabilization of the OCHO* intermediate on the
BiCuSeOg surface. Taken together, the specific Bi-O oxide
structure of the [Bi,0,]*t sublayer endows strong activation
capacity of CO, molecules and stabilization ability of inter-
mediates OCHO*, resulting in high activity for CO,RR.

To better elucidate the high selectivity of the CO,RR, the
OCHO* adsorption on the Bi site, Cu site, and Se site are simulated
(Supplementary Fig. S31, Table S7, S8)). The calculation results
show that OCHO* adsorption on the Se site is weak physical
adsorption, so the adsorption of Bi and Cu sites is mainly
considered. Clearly, Fig. 6f, g indicates that both the thermo-
dynamic energy barrier and kinetic energy barrier for the formation
of OCHO* on Bi site are much lower than that Cu site, which
accords with a perfectly linear Brensted-Evans—Polanyi (BEP)
relationship. These results evidently suggest the Bi site is the active
site for the CO,RR. Therefore, the reaction Gibbs free energies (AG)
for OCHO* absorbed on the Bi site based on transient state theory
(Supplementary Fig. S32) are calculated and presented in Fig. 6h.
For comparison, AG for CO, electroreduction to CO and
competitive HER are also performed (Fig. 6h, Supplementary
Fig. $33). The calculation results exhibit a much lower energy
barrier for the formation of OCHO* (the crucial intermediate) for
generating formate compared with CO and HER. These results
indicate that BiCuSeOg kinetically enables the activation of CO,
molecules to form OCHO* intermediate and thus further produce
formate (Supplementary Fig. S34). In addition, considering the
applied potential and pH effects, the reaction Gibbs free energies
under actual work conditions (0.5M KHCO; pH=7) is also
calculated (Fig. 6i). Notably, the AG value for the OCHO*
formation processes is exergonic, indicating their CO, activation
and protonation processes are spontaneous. In contrast, whether
CO, electroreduction to form *COOH or HER to form *H is
endergonic, suggests the easy formation of the crucial intermediate
OCHO*. Consistent with the predesigned scenario, the DFT
calculation results solidly support that in natural BiCuSeO super-
lattices the [Cu,Se,]~ sublayers conduct electrons, while
the [Bi,O,]?* sublayers act as the active center for the activation
of CO, molecules and subsequent formation/stabilization of
OCHO*intermediates, enabling highly selective CO, electroreduc-
tion to formate.

Discussion
In summary, we propose a tangible active/conductive layer alter-
nately stacked with natural superlattices for stabilizing the metal

oxidation state for high activity and selectivity CO,RR performance.
Taking the example of BiCuSeO, which consists of alternately
stacked conductive [Cu,Se,]?~ and insulating [Bi,O,]>* sublayers,
the comprehensive characterizations reveal that Bi-O layers are
retained to drive the activation of CO, molecules during the CO,RR
because the electrons rapidly conducted through conductive
[Cu,Se,]%~ sublayers. Furthermore, DFT calculations indicate that
the specific Bi-O coordination in [Bi,O,]?* exhibits a strong acti-
vating and stabling effect toward the OCHO* intermediate with its
Bi p orbitals overlapping with the O p orbitals in OCHO* and
enables a highly selective CO, electroreduction to formate. As a
direct outcome, BiCuSeO natural superlattices are found to produce
formate with an optimum FE of >90% over a wide potential range
from —0.4 to —1.1V in neutral electrolyte. Our work not only
serves as a tangible model with active/conductive layer alternately
stacked natural superlattices to suppress the reduction of the metal
oxidation electrocatalysts to improve the CO,RR selectivity, but it
also introduces the specific coordination structures in designing
new CO,RR materials.

Methods

Synthesis of BiCuSeO Ns. Bi(NO3),-5H,0 (~95 mg) was first added to a mixed
solvent containing 5 mL ultrapure water and 5mL ethanol followed by ~10 min
magnetic stirring. When a milky white suspension was generated, selenourea

(26 mg) was added with continued stirring. Then PVP (K30, 100 mg),
Cu(NO;),-3H,0 (~50 mg), KOH (120 mg), and NaOH (320 mg) were subse-
quently added with continuous stirring to obtain a black suspension. Afterward, the
contents were transferred into a 50 ml Teflon-lined stainless-steel autoclave and
heated at 180 °C for 24 h. After naturally cooling to room temperature, the black
precipitate was washed with H,O and ethanol and then naturally dried under
ambient conditions.

Synthesis of CuSe Ns. Cu,Se NS was prepared according to ref. >3. First, 157 mg
Se powder, 5 g NaOH, and 704 mg ascorbic acid were dissolved in 20 mL of H,O at
50 °C, and then added a premade aqueous solution containing 199 mg Cu(CHj;-
C0O0),-H,0, 100 mg beta-cyclodextrin and 30 mL H,O. The mixed solution was
placed in a Teflon-lined stainless-steel autoclave and hydrothermally treated at
180 °C for 6 h.

Synthesis of Bi,O3 Ns. Bi,O; Ns was prepared according to the refs. 184,

0.5 mmoL Bi(NO3),-5H,0 was dissolved in 8.5 mL ethylene glycol and 4.3 mL
ethanol, and placed in a Teflon-lined stainless-steel autoclave and hydrothermally
treated at 160 °C for 5 h.

Synthesis of Cu,Se/Bi 03 heterostructure (CuSe-BiO). The synthesis pro-
cess was similar to that of Bi,Os nanosheeets, but added an amount of Cu,Se
nanosheets.

Characterizations. The samples were tested by X-ray diffractometer (XRD, Cu Ka,
\=1.5405 A, D2 PHASER, Bruker), atomic force microscopy (Dimension Icon,
Bruker), X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD-600W),
atomic force microscopy (AFM, Dimension Icon, Bruker), confocal Raman system
(Alpha 300RS 4+, WITec), inductively coupled plasma mass spectrometry (ICP-
MS, ICPOES730, Agilent), scanning electron microscopy (SEM, FEI quanta 650)
and high-resolution transmission electron microscopy (HRTEM, FEI Tecnai G2
F30) equipped with an X-ray energy dispersive spectrometer (EDS). X-ray
absorption fine structure spectra (XAFS) were acquired at the BL11B beamline at
the Shanghai Synchrotron Radiation Facility (SSRF).

Electrochemical measurements. The CO,RR performances of the various sam-
ples were tested by using a three-electrode flow cell system in a CO,-saturated
0.5 M KHCOj; aqueous solution. All electrochemical measurements were con-
ducted on a CHI 760E clectrochemical workstation (CH instrument, Shanghai,
China). And, all the CO,RR performances were measured after the stable LSV
scanning. If not specified, all CO, reduction performance was collected without iR
compensation in this work. Approximately 2 mg of catalyst deposited on a gas
diffusion layer with a 1 cm? working area was used as the working electrode (WE).
The Ag/AgCl electrode and platinum plate were employed as the reference elec-
trode (RE) and counter electrode (CE), respectively. During the electrochemical
measurement, CO, was pumped into the cathode chamber with a constant flow
rate (20 mL min~!). The gas products were detected by using an in situ connected
gas chromatograph instrument (PANNA, A91lus). The liquid products were
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analyzed by nuclear magnetic resonance (NMR) spectrometer (Bruker Ascend TM
600 MHZ). The Faradaic efficiency (FE) during the CO,RR is calculated by the
equation, FE = Q;/Q, = (N; x n x F)/Q,, where Q; is the charge amount for product
reduction, Q; is the total charge consumed, N; is the product molar amount, n is
the electrons transfer number (which is 2 for formate, H, and CO), and F is the
Faradaic constant (96,485 C mol—1).

In situ Raman measurements. In situ Raman measurements were conducted by
employing a top-plate cell euphotic device, which was connected to an electro-
chemical workstation. The three-electrode (WE, RE, and CE) and electrolyte were
the same as those used in the anterior electrochemical measurements. Prior to
Raman measurements, CO, was bubbled into the electrolyte. The in situ Raman
spectra were acquired from a confocal Raman spectroscopy (Alpha300, WITec)
using a 532 nm laser source.

In situ XAFS measurements. In situ XAFS measurements were conducted on

homemade equipment (Supplementary Fig. S35). XANES was acquired at the BL11B
beamline of the Shanghai Synchrotron Radiation Facility (SSRF), China. The absorption
edge position (E,) was calibrated by employing Cu foil, and all the XANES data were
collected by fluorescence mode. Every XANES spectrum is tested two or three times.

DFT calculations. All the calculations were carried out based on density functional
theory (DFT) as implemented in the Vienna Ab initio Software Package code
within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation and
the projected augmented wave (PAW) method®. The cutoff energy of the plane-
wave basis was 500 eV. The BiCuSeOg structural models were relaxed by a 3 x3 x 1
Monkhorst—Pack grid with the solvation correction®®>’. The convergence criter-
ion for the electronic self-consistent iteration and force was set to 107> eV and
0.01 eV/A, respectively. A vacuum slap of greater than 30.0 A was selected to avoid
periodic interactions. The Gibbs free-energy change (AG) was calculated at
298.15 K according to the computed hydrogen electrode mode>$-%0. The detailed
Raman and DFT calculation process and descriptions can be found in Supple-
mentary Note 2, Note 3.

Data availability

All the data supporting the findings of this study are available within the paper and its
Supplementary Information file. The data generated in this study for main manuscript
are provided in the Source Data file. All other relevant source data reported in this work
are available from the authors on reasonable request. Source data are provided with
this paper.

Received: 11 August 2021; Accepted: 22 March 2022;
Published online: 19 April 2022

References

1. Birdja, Y. Y. et al. Advances and challenges in understanding the
electrocatalytic conversion of carbon dioxide to fuels. Nat. Energy 4, 732-745
(2019).

2. Masel, R L et al. An industrial perspective on catalysts for low-temperature
CO, electrolysis. Nat. Nanotechnol. 16, 118-128 (2021).

3. Navarro-Jaen, S. et al. Highlights and challenges in the selective reduction of
carbon dioxide to methanol. Nat. Rev. Chem. 5, 564-579 (2021).

4. She, Z. W. et al. Combining theory and experiment in electrocatalysis: insights
into materials design. Science 355, eaad4998 (2017).

5. Gao, S. et al. Partially oxidized atomic cobalt layers for carbon dioxide
electroreduction to liquid fuel. Nature 529, 68-71 (2016).

6. Gallagher, J. A framework for forming formate. Nat. Energy 4, 7-7 (2019).

7.  Fan, L, Xia, C, Zhu, P., Lu, Y. & Wang, H. Electrochemical CO, reduction to
high-concentration pure formic acid solutions in an all-solid-state reactor.
Nat. Commun. 11, 3633 (2020).

8. Kumar, B. et al. Reduced SnO, porous nanowires with a high density of grain
boundaries as catalysts for efficient electrochemical CO,-into-HCOOH
conversion. Angew. Chem. Int. Ed. 56, 3645-3649 (2017).

9. Lei, F. C. et al. Metallic tin quantum sheets confined in graphene toward high-
efficiency carbon dioxide electroreduction. Nat. Commun. 7, 12697 (2016).

10. Gong, Q. et al. Structural defects on converted bismuth oxide nanotubes
enable highly active electrocatalysis of carbon dioxide reduction. Nat.
Commun. 10, 2807 (2019).

11. Duan, Y. X. et al. Boosting production of HCOOH from CO, electroreduction
via Bi/CeOy. Angew. Chem. Int. Ed. 60, 8798-8802 (2021).

12. Zhang, J., Yin, R,, Shao, Q., Zhu, T. & Huang, X. Oxygen vacancies in
amorphous InO, nanoribbons enhance CO, adsorption and activation for
CO, electroreduction. Angew. Chem. Int. Ed. 58, 5609-5613 (2019).

14.

15.

16.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Timoshenko, J. & Cuenya, B. R. In situ/operando electrocatalyst
characterization by X-ray absorption spectroscopy. Chem. Rev. 121, 882-961
(2021).

Liu, L. C. & Corma, A. Structural transformations of solid electrocatalysts and
photocatalysts. Nat. Rev. Chem. 5, 256-276 (2021).

Li, F., Chen, L., Knowles, G. P., MacFarlane, D. R. & Zhang, J. Hierarchical
mesoporous SnO, nanosheets on carbon cloth: a robust and flexible
electrocatalyst for CO, reduction with high efficiency and selectivity. Angew.
Chem. Int. Ed. 56, 505-509 (2017).

Huang, Y. et al. Size-dependent selectivity of electrochemical CO, reduction
on converted In,O3 nanocrystals. Angew. Chem. Int. Ed. 60, 15844-15848
(2021).

Wang, W. et al. Modulation of molecular spatial distribution and
chemisorption with perforated nanosheets for ethanol electro-oxidation. Adv.
Mater. 31, 1900528 (2019).

Chen, Z., Mou, K., Wang, X. & Liu, L. Nitrogen-doped graphene quantum
dots enhance the activity of Bi,O; nanosheets for electrochemical reduction of
CO, in a wide negative potential region. Angew. Chem. Int. Ed. 57,
12790-12794 (2018).

Deng, W. et al. Crucial role of surface hydroxyls on the activity and stability in
electrochemical CO, reduction. J. Am. Chem. Soc. 141, 2911-2915 (2019).
Liu, G. et al. CO, reduction on pure Cu produces only H, after subsurface O is
depleted: theory and experiment. Proc. Natl Acad. Sci. USA 118, 2012649118
(2021).

Wang, W. et al. Vacancy-rich Ni(OH), drives the electrooxidation of amino
C-N bonds to nitrile C equivalent to N bonds. Angew. Chem. Int. Ed. 59,
16974-16981 (2020).

You, H. et al. 1T MoTe,-based on-chip electrocatalytic microdevice: a
platform to unravel oxidation-dependent electrocatalysis. CCS Chem. 1,
396-406 (2019).

Yang, H. et al. On-chip electrocatalytic microdevice: an emerging platform for
expanding the insight into electrochemical processes. Chem. Soc. Rev. 49,
2916-2936 (2020).

Yuan, L. P. et al. Molecularly engineered strong metal oxide-support
interaction enables highly efficient and stable CO, electroreduction. ACS
Catal. 10, 13227-13235 (2020).

Gao, D. et al. Enhancing CO, electroreduction with the metal-oxide interface.
J. Am. Chem. Soc. 139, 5652-5655 (2017).

Deng, P. et al. Metal-organic framework-derived carbon nanorods
encapsulating bismuth oxides for rapid and selective CO, electroreduction to
formate. Angew. Chem. Int. Ed. 59, 10807-10813 (2020).

Liu, S., Lu, X. F., Xiao, J., Wang, X. & Lou, X. W. Bi,O; nanosheets grown on
multi-channel carbon matrix to catalyze efficient CO, electroreduction to
HCOOH. Angew. Chem. Int. Ed. 58, 13828-13833 (2019).

Zhang, W. et al. Nanocapillarity and nanoconfinement effects of pipet-like
bismuth@carbon nanotubes for highly efficient electrocatalytic CO, reduction.
Nano Lett. 21, 2650-2657 (2021).

Barreteau, C., Berardan, D., Amzallag, E., Zhao, L. & Dragoe, N. Structural
and electronic transport properties in Sr-doped BiCuSeO. Chem. Mater. 24,
3168-3178 (2012).

Samanta, M., Guin, S. N. & Biswas, K. Ultrathin few layer oxychalcogenide
BiCuSeO nanosheets. Inorg. Chem. Front. 4, 84-90 (2017).

Zhu, H. et al. Efficient interlayer charge release for high-performance layered
thermoelectrics. Natl Sci. Rev. 8, nwaa085 (2021).

Lee, C. W. et al. Selective electrochemical production of formate from carbon
dioxide with bismuth-based catalysts in an aqueous electrolyte. ACS Catal. 8,
931-937 (2018).

Deng, P. et al. Bismuth oxides with enhanced bismuth-oxygen structure for
efficient electrochemical reduction of carbon dioxide to formate. ACS Catal.
10, 743-750 (2020).

Koh, J. H. et al. Facile CO, electro-reduction to formate via oxygen bidentate
intermediate stabilized by high-index planes of Bi dendrite catalyst. ACS
Catal. 7, 5071-5077 (2017).

De Arquer, F. P. G. et al. 2D metal oxyhalide-derived catalysts for efficient
CO, electroreduction. Adv. Mater. 30, 1802858 (2018).

Wang, Y. et al. BiPOy4-derived 2D nanosheets for efficient electrocatalytic
reduction of CO, to liquid fuel. Angew. Chem. Int. Ed. 60, 7681-7685 (2021).
Wen, G. B. et al. Orbital interactions in Bi-Sn bimetallic electrocatalysts for
highly selective electrochemical CO, reduction toward formate production.
Adv. Energy Mater. 8, 1802427 (2018).

Thanh, T. P. et al. Nanostructured beta-Bi,O3 fractals on carbon fibers for
highly selective CO, electroreduction to formate. Adv. Funct. Mater. 30,
1906478 (2020).

Yi, L. et al. Molten-salt-assisted synthesis of bismuth nanosheets for long-term
continuous electrocatalytic conversion of CO, to formate. Angew. Chem. Int.
Ed. 59, 20112-20119 (2020).

Zhang, X., Sun, X., Guo, S. X,, Bond, A. M. & Zhang, J. Formation of lattice-
dislocated bismuth nanowires on copper foam for enhanced electrocatalytic

10 | (2022)13:2039 | https://doi.org/10.1038/541467-022-29699-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

CO, reduction at low overpotential. Energy Environ. Sci. 12, 1334-1340
(2019).

Kim, S. et al. Shape-controlled bismuth nanoflakes as highly selective catalysts
for electrochemical carbon dioxide reduction to formate. Nano Energy 39,
44-52 (2017).

Zhang, W. J. et al. Liquid-phase exfoliated ultrathin Bi nanosheets: uncovering
the origins of enhanced electrocatalytic CO, reduction on two-dimensional
metal nanostructure. Nano Energy 53, 808-816 (2018).

Han, N. et al. Ultrathin bismuth nanosheets from in situ topotactic
transformation for selective electrocatalytic CO, reduction to formate. Nat.
Commun. 9, 1320 (2018).

Sun, S. N. et al. Identification of the activity source of CO, electroreduction by
strategic catalytic site distribution in stable supramolecular structure system.
Natl Sci. Rev. 8, nwaal95 (2021).

Shan, W. et al. In situ surface-enhanced Raman spectroscopic evidence on the
origin of selectivity in CO, electrocatalytic reduction. ACS Nano 14,
11363-11372 (2020).

Bohra, D. et al. Lateral adsorbate interactions inhibit HCOO- while promoting
CO selectivity for CO, electrocatalysis on silver. Angew. Chem. Int. Ed. 58,
1345-1349 (2019).

Chernyshova, I. V., Somasundaran, P. & Ponnurangam, S. On the origin of the
elusive first intermediate of CO, electroreduction. Proc. Natl Acad. Sci. USA
115, E9261-E9270 (2018).

Liu, H. et al. Solid-liquid phase transition induced electrocatalytic switching
from hydrogen evolution to highly selective CO, reduction. Nat. Catal. 4,
202-211 (2021).

An, H. et al. Sub-second time-resolved surface-enhanced Raman spectroscopy
reveals dynamic CO intermediates during electrochemical CO, reduction on
copper. Angew. Chem. Int. Ed. 60, 16576-16584 (2021).

Yang, D. X. et al. Selective electroreduction of carbon dioxide to methanol on
copper selenide nanocatalysts. Nat. Commun. 10, 677 (2019).

Burghaus, U. Surface chemistry of CO,-adsorption of carbon dioxide on clean
surfaces at ultrahigh vacuum. Prog. Surf. Sci. 89, 161-217 (2014).

Taifan, W., Boily, J. F. & Baltrusaitis, J. Surface chemistry of carbon dioxide
revisited. Surf. Sci. Rep. 71, 595-671 (2016).

Yang, B. et al. Green fabrication of large-size Cu,Se hexagonal sheets with
visible light photocatalytic activity. Appl. Surf. Sci. 535, 147712 (2021).
Meng, F. L., Zhang, Q., Liu, K. H. & Zhang, X. B. Integrated bismuth oxide
ultrathin nanosheets/carbon foam electrode for highly selective and energy-
efficient electrocatalytic conversion of CO, to HCOOH. Chem. Eur. ]. 26,
4013-4018 (2020).

Hammer, B., Hansen, L. B. & Norskov, J. K. Improved adsorption energetics
within density-functional theory using revised Perdew-Burke-Ernzerhof
functionals. Phys. Rev. B 59, 7413-7421 (1999).

Mathew, K., Sundararaman, R,, Letchworth-Weaver, K., Arias, T. A. & Hennig, R.
G. Implicit solvation model for density-functional study of nanocrystal surfaces
and reaction pathways. J. Chem. Phys. 140, 084106 (2014).

Mathew, K., Kolluru, V. S. C., Mula, S., Steinmann, S. N. & Hennig, R. G.
Implicit self-consistent electrolyte model in plane-wave density-functional
theory. J. Chem. Phys. 151, 234101 (2019).

Norskov, J. K. et al. Origin of the overpotential for oxygen reduction at a fuel-
cell cathode. J. Phys. Chem. B 108, 17886-17892 (2004).

Peterson, A. A., Abild-Pedersen, F., Studt, F., Rossmeisl, ]J. & Norskov, J. K.
How copper catalyzes the electroreduction of carbon dioxide into
hydrocarbon fuels. Energy Environ. Sci. 3, 1311-1315 (2010).

Yang, J. et al. In situ thermal atomization to convert supported nickel
nanoparticles into surface-bound nickel single-atom catalysts. Angew. Chem.
Int. Ed. 57, 14095-14100 (2018).

Acknowledgements

This work is financially supported by the National Natural Science Foundation of China
(22071069, 21825103, and 22173048), the Hubei Provincial Natural Science Foundation
of China (2019CFA002), the Project Funded by China Postdoctoral Science Foundation
(2019M662604), Hubei Province Postdoctoral Science and Technology Project, and the
Foundation of Basic and Applied Basic Research of Guangdong Province
(2019B1515120087). We thank Prof. Gong Penglai (Hebei University) and Dr. Fan
Zheng (Shanghai University of Science and Technology) for the helpful discussion of
Raman spectroscopy. We also acknowledge technical support from Analytical and
Testing Center in Huazhong University of Science and Technology, especially Dr. Zhao
Jianquan.

Author contributions

Y.W.L, J.Y.D. and T.Y.Z. conceived and directed the project. Y.W.L. and J.Y.D. designed
the experiments. J.Y.D. carried out the experiments. J.Y.D., T.Y.L., YH.Z. and Y.F.L.
performed and analyzed the DFT calculations. J.Y.D., R.O.Y,, W.B.W. and Y.Z. per-
formed the XAFS and the in situ Raman spectroscopy. Y.W.L. and J.Y.D. co-wrote the
paper. HQ.L. and T.Y.Z. revised the paper. All authors discussed the results and assisted
during manuscript preparation. J.Y.D., T.Y.L. and Y.H.Z. contributed equally to this
research.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-29699-2.

Correspondence and requests for materials should be addressed to Youwen Liu, Yafei Li
or Tianyou Zhai.

Peer review information Nature Communications thanks the other anonymous
reviewer(s) for their contribution to the peer review of this work. Peer review reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:2039 | https://doi.org/10.1038/s41467-022-29699-2 | www.nature.com/naturecommunications 1


https://doi.org/10.1038/s41467-022-29699-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Active and conductive layer stacked superlattices for highly selective CO2 electroreduction
	Results
	Structural characterizations of BiCuSeO Ns
	Electrochemical performances
	Intermediates detection
	Structural transformation, XAFS, XPS, and TEM characterizations of BiCuSeO after CO2RR
	DFT calculations

	Discussion
	Methods
	Synthesis of BiCuSeO Ns
	Synthesis of Cu2Se Ns
	Synthesis of Bi2O3 Ns
	Synthesis of Cu2Se/Bi2O3 heterostructure (CuSe-BiO)
	Characterizations
	Electrochemical measurements
	In situ Raman measurements
	In situ XAFS measurements
	DFT calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




