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Single-atom catalysts show excellent catalytic performance because of their
coordination environments and electronic configurations. However, con-
trollable regulation of single-atom permutations still faces challenges. Herein,
we demonstrate that a polarization electric field regulates single atom per-
mutations and forms periodic one-dimensional Au single-atom arrays on fer-
roelectric Bi,TizO, nanosheets. The Au single-atom arrays greatly lower the
Gibbs free energy for CO, conversion via Au-O=C=0-Au dual-site adsorption
compared to that for Au-O=C=0 single-site adsorption on Au isolated single
atoms. Additionally, the Au single-atom arrays suppress the depolarization of
Bi,TizO1,, so it maintains a stronger driving force for separation and transfer of
photogenerated charges. Thus, Bi,Ti;O, with Au single-atom arrays exhibit an
efficient CO production rate of 34.15 ymol-g™-h™, ~18 times higher than that of
pristine Bi4 Ti;O,. More importantly, the polarization electric field proves to be
a general tactic for the syntheses of one-dimensional Pt, Ag, Fe, Co and Ni
single-atom arrays on the Bi,TizO;, surface.

CO, photoreduction as an “artificial photosynthesis” strategy is a
promising route to reducing the greenhouse effect and solving the
energy crisis'. However, the efficiency and product selectivity are far
from satisfactory in industry due to the high activation energies. The
activities of catalytic sites determine CO, adsorption and the activation
energy barriers of catalysts, which are very important for
photocatalysis®. Therefore, substantial research has been focused on
increasing the activities of catalytic sites.

Single-atom catalysts (SACs) have atomically dispersed catalytic
sites with uniform geometric and electronic structures that regulate

the surface local charge distribution of the catalyst, providing abun-
dant highly active catalytic sites’. Thus, SACs with isolated single atoms
(i-SAs) have garnered significant attention in photocatalysis. However,
i-SA sites always lack proximity to sites that induce multibond
adsorption with reactants, which is often needed in challenging reac-
tions. Recently, SACs with neighboring catalytic sites were found to
exhibit dual-atom synergetic catalytic effects unavailable for i-SA
sites®. Since the electronic and geometric structures of the neighbor-
ing single atoms (SAs) resemble those of the i-SAs, they retain the
catalytic selectivities of i-SAs while providing higher activities. Prior
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work showed that neighboring Fe SAs cleaved O-O bonds efficiently,
which is a key step in the preferred four-electron oxygen reduction
reactions in fuel cells’. In addition, the neighboring Pd SAs exhibited
high activities and selectivities for cleavage of carbon-halogen bonds,
which was difficult to achieve with either i-SAs or metallic Pd
nanoparticles®. Although SACs have demonstrated fascinating cataly-
tic activity in various catalytic reactions, regulation of the atomic
configuration remains a challenge’®. This is due in part to the tendency
of neighboring SAs to form nanoclusters or nanoparticles, even under
mild reaction conditions such as room temperature. Overcoming this
challenge and achieving precise control of SAC configurations repre-
sents an important direction in the field of catalysis.

Noncentrosymmetric materials, particularly ferroelectrics, offer
promising approaches to achieving switched surface properties
and controlling surface atom loading configurations. However,
the surface properties of ferroelectrics are susceptible to the effects
of surface screening fields, which can lead to the adsorption of ions
or charged particles and subsequent weakening of the polar nature
and polarization electric field (PEF)*'°. To achieve a larger and more
controllable polar nature and PEF, steerable domain switching is
desirable. Our group has reported that the application of an external
electric field regulated the polar natures and PEF of ferroelectrics, thus
providing switched surface properties"'*. Domains can be switched
along the direction of the external electric field when the intensity
of the external field is higher than its coercive electric field, which
causes drift of the positive and negative dipoles along opposite
directions, leading to a maximum PEF>', The effective PEF provides a
strong attraction for adsorption and anchoring of ions on the surface
of the ferroelectric. Moreover, the PEF provides a driving force for
charge separation in the bulk ferroelectric phase, allowing for simul-
taneous tuning of the surface and bulk driving forces. These char-
acteristics offer ferroelectric photocatalysts unparalleled advantages
for loading SACs.

Herein, we synthesized periodic one-dimensional (1D) SA arrays
by utilizing Bi4TizOy, (BTO) ferroelectric single-crystal nanosheets as
the substrate and subsequently introducing corona poling treatment,
which yielded stable 1D SA arrays with substantial neighboring atom
sites. Corona poling switched the domain direction in the BTO while
breaking the surface screening field, which endowed the domains in
the well-polarized BTO (BTOP) with orderly charged properties to
anchor Au SAs along the domains through electrostatic adsorption and
played a crucial role in the syntheses of 1D SA arrays. Theoretical and
experimental investigations were performed to reveal the crucial role
and mechanism of this SA configuration in efficient CO, photoreduc-
tion. As a representative example, the 1D Au SA array structure pro-
vides neighboring Au sites to enhance CO, adsorption and activation
via dual-site adsorption compared to single-site adsorption on Au
i-SAs. Additionally, the 1D Au SA arrays anchored on the BTO surface
prevented the domains from reversing and suppressing the depolar-
ization of BTO, which gave rise to a stronger PEF and enabled fast
transfer of photocharges from the bulk to surface catalytic sites with
minimum loss. Thus, the optimized BTO sample with 1D Au SA arrays
achieved a CO evolution rate of 34.15 ymol-g™h™ without any photo-
sensitizer or sacrificial reagents. Moreover, the proposed method was
shown to be a general strategy by loading 1D Pt, Ag, Fe, Co, and Ni SA
arrays on BTO nanosheets.

Results

Characterization of the as-prepared photocatalysts

BTO single-crystal nanosheets were synthesized by a hydrothermal
method, which was followed by an ice-bath treatment to obtain
BTOAuyx (X=1, 2, 3, 4) with different HAuCl, concentrations”. In
addition, BTO was treated by corona poling to obtain BTOP, and then
the BTOP was immediately treated by the above ice-bath treatment to
prepare BTOPAu (Fig. 1a). BTO and BTOP deposited with the same
loading amounts of Au nanoparticles (BTOAuUNP and BTOPAuNP) were
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Fig. 1| Schematic showing the preparation process and characterization of the samples. a Preparation process for BTO, BTOAu, and BTOPAu. b, d TEM images and

SAED (insert in b), c HAADF-STEM image and e element maps for BTOPAu.
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Fig. 2 | Structural characterizations of the Au SAs on BTOAu; and BTOPAu.

a, b HAADF-STEM images of BTOAu,. ¢, d HAADF-STEM images of BTOPAu
(enlarged area from a and b). Line scan HAADF intensity profile of e site A (direc-
tion-1and 2) and farray A (direction-1 and 2) versus distance. g, h Multiple HAADF-

STEM images of (b) BTOAu; and (d) BTOPAu. i Au L3-edge normalized XANES
spectra and j Au L;-edge EXAFS spectra in R space of BTOAuz, BTOPAu, and
references. k Fitting results of the k*weighted FT spectrum of BTOPAu at the Au
Ls-edge.

also synthesized as reference samples by photodeposition. The X-ray
diffraction (XRD) patterns suggested the preparation of orthorhombic
BTO in all the samples. Corona poling and Au loading did not change
the crystal structure and phase (Supplementary Fig. 1). The scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) images showed that all samples exhibited sheet-like morphol-
ogies with clean surfaces (Fig. 1b-d; Supplementary Fig. 2). Atomic
force microscopy (AFM) revealed a range of BTOPAu thicknesses
varying from ~6.2nm to ~10.1nm (Supplementary Fig. 3), indicating
that the sample had a thin-layered structure. However, the TEM images
of BTOAuNPs displayed observable Au nanoparticles loaded on the
surface of the BTO (Supplementary Fig. 4). The selected area electron
diffraction (SAED) pattern showed that BTOPAu had a single-crystal
structure, and the observed lattice spacings of 0.270 and 0.272 nm
corresponded to the (020) and (200) crystal planes of BTOPAu'®. Ele-
mental maps of Bi, Ti, O and Au revealed a uniform spatial distribution
of Au on the surface of BTO (Fig. 1e). The inductively coupled plasma
(ICP) results revealed Au loadings of 0.11wt%, 0.15wt%, 0.27 wt%,
0.44 wt%, and 0.30 wt% on BTOAu;, BTOAu,, BTOAus;, BTOAuy, and
BTOPAu, respectively (Supplementary Table 1). BET results indicated
that the specific surface areas of BTOAus; and BTOPAu were 11.74 m%/g
and 12.25m?/g, respectively. The Au coverage was determined

to assess the performance difference of the photocatalysts with the
following formula:

NAu X SAu

S @

Cau=

where Cy,, is the Au atom coverage, Ny, is the number of Au atoms, Sp,
is the cross-sectional area of Au and § is the surface area of the
substrate. Consequently, Ca, was determined for BTOAu; and BTOPAu
to be -6.13% and 6.51%, respectively. This demonstrated that BTOAu3
and BTOPAu had comparable Au atom coverage.

To disclose the distribution of Au SAs on the BTO surface, atomic
resolution high-angle annular dark-field scanning TEM (HAADF-STEM)
was conducted. The bright dots on the surfaces of BTOAuz and BTO-
PAu (Fig. 2a, c) were unambiguously ascribed to Au SAs according to
the Z-contrast difference between the Au atom and the substrate Bi
and Ti atoms”. Remarkably, there were two different permutations of
Au SAs on the surfaces of BTOAus and BTOPAu. On the surface of
BTOAus, scattered bright dots were observed, indicating the formation
of Au i-SAs (Fig. 2a, b). In sharp contrast, the bright dots were arranged
to form an array structure on BTOPAu (Fig. 2¢, d). The corresponding
quantitative intensity analyses of the bright dots confirmed the
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discrete permutations of the Au SAs on BTOAus. The two-dimensional
intensity analyses for site A and site B (Fig. 2b, e; Supplementary
Fig. 5a-c) indicated that the HAADF intensities of the bright dots were
higher than those of the surrounding atoms, demonstrating the for-
mation of Au i-SAs. For BTOPAu, array A and array B displayed two
intensity levels along direction-1 (Fig. 2d; Supplementary Fig. 5d), and
the low-intensity level corresponded to Bi/Ti atoms and the high level
indicated periodic Au atom loading (Fig. 2f; Supplementary Fig. 5e).
The HAADF intensity curves also showed only one high-intensity dot
along direction 2 (Fig. 2f; Supplementary Fig. 5f), which confirmed the
1D Au SA array structure. The linear arrays of Au SAs were attributed to
the corona poling treatment, which switched the domain direction of
BTO, provided orderly charges and formed periodic permutations of
the positive and negative dipoles. Then, the Au precursor was absor-
bed on the positive dipole sites to form 1D arrays due to the Coulomb
force. In addition, a quantitative analysis of the distribution of Au
atoms via statistical analyses of the HAADF-STEM images illustrated
that Ca, was ~6.24% and 6.65% for BTOAu; and BTOPAu, respectively,
confirming the above ICP results (Fig. 2g, h).

To disclose the Au SA coordination environment, X-ray absorp-
tion near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectroscopy were conducted. The white line
intensity of the XANES analysis indicated that the stable Au oxidation
state excluded the formation of Au clusters or nanoparticles, and the
peak intensities of BTOAu; and BTOPAu were between that of Au foil
and the Au,0; reference (Fig. 2i)°>”". The EXAFS data and fitting ana-
lyses indicate the coordination environments of the Au SAs on BTOAu;
and BTOPAu. The Fourier transformed EXAFS (FT-EXAFS) spectra and
fitting parameters indicated that the Au SAs were coordinated with O
atoms on the surfaces of BTOAu; and BTOPAu (Fig. 2j; Supplementary
Fig. 6 and Table 2). The distinct Au-O coordination was in stark con-
trast with the metallic Au-Au coordination observed in Au foil. A small
peak at ~2.90 A was observed for BTOPAu, corresponding to the
second-shell Au-Au coordination. This was proven by the fitting ana-
lysis, which confirmed the formation of a Au-O-Au structure in the Au
SA array structure (Fig. 2k). Higher Au 4f5, and Au 4fs, binding
energies for BTOAu; (4f7,: 84.2 eV, 4fs/»: 88.2eV) and BTOPAu (4f7,:
84.1eV, 4fs/,: 88.0 eV) compared to those for metallic Au (4f7/,: 83.9 eV,
4fs/>: 87.9 eV) confirmed the presence of oxidized Au SAs in BTOAu;
and BTOPAu (Supplementary Fig. 7a)*>*. In addition, the O atom
binding energies of BTOAu; and BTOPAu showed shifts compared to
those in BTO and BTOP, which verified their distinct local atomic
permutations and the coordination of Au and O atoms (Supplementary
Fig. 7b). The shifts of two peaks at 281.6cm™ to 277.2cm™ and
326.8cm™ to 334.3cm™ in the Raman spectra corresponded to the
vibrational bands in [TiOg] octahedra, which indicated that the Au-O
bonds influenced the vibrations of the [TiO¢] octahedra (Supplemen-
tary Fig. 8)**. The above characterization results clearly indicated that
Au SAs were successfully anchored on the BTO substrates and formed
different configurations on BTOAus; (i-SAs) and BTOPAu (1D SA arrays).

To explore the universality of the current PEF strategy, BTO and
BTOP with various metal atoms, including Pt, Fe, Co, Ni, and Ag, were
prepared. The corresponding HAADF-STEM images are shown in
Supplementary Figs. 9 and 10. The metals loaded on BTO and BTOP
showed remarkably different permutations, and the Pt, Fe, Co, Ni, and
Ag metal atoms were dispersed and anchored on the surface of BTO to
form i-SAs. However, similar to Au atoms, all of the above metal atoms
formed SA arrays linearly assembled on BTOP. This demonstrated that
the polarization field strategy can be applied generally to prepare 1D
SA arrays.

Photocatalytic CO, reduction
The CO, photoreduction capabilities of the as-obtained samples were
examined in a gas-solid system and a liquid-solid system under

simulated solar light without any sacrificial agents®. In the gas-solid
system, pristine BTO yielded CO as the main product with an evolution
rate of 1.92umol-g™h™, and it increased to 6.41umol-gh™
for BTOP, revealing the advantage of the PEF in carrier separation
(Fig. 3a, c). The incorporation of Au i-SAs substantially improved the
CO, reduction rate of BTO, with an optimal CO yield of
27.55 umol-g-h™* achieved for BTOAus; among the BTOAuy (X=1, 2,
3, 4) series. Notably, all of the BTOAuy catalysts showed better per-
formance than BTOAuNP, indicating the superiority of the SACs in
improving photocatalytic activities (Fig. 3a). Compared with the Au i-
SAs, the 1D Au SA arrays showed substantially improved CO, photo-
reduction, and the CO formation rate of BTOPAu reached 34.15
umol-g-h™; these were ~4 times and 18 times higher than those of
BTOAuNP and pristine BTO, respectively, revealing the catalytic
advantages of the special 1D array configuration (Fig. 3a, c). The pro-
duction rate was superior to those of most photocatalysts under
similar reaction conditions (Supplementary Table 3). To evaluate
whether polarization enhanced the performance of the metal nano-
particles, we synthesized BTOPAUNP and determined a CO yield of
34.10 umol-g™ within 4h, a value similar to that of BTOAuNP
(34.86 pmol-g™) (Supplementary Fig. 11). Therefore, it was concluded
that the PEF did not obviously enhance the photocatalytic CO,
reduction rate of BTOPAUNP. The improved performance of the Au
SAs was attributed to the PEF altering the permutations of i-SAs to
periodic Au SA arrays with neighboring Au catalytic sites. The photo-
reduction products also contained trace amounts of H, and CH4, which
indicated the unfavorable H, evolution competing reaction in the gas—
solid system and harsh eight-electron pathway (Fig. 3c). After a 12 h
photocatalytic reaction, BTOPAu still maintained high photocatalytic
activity and stability (Supplementary Fig. 12). In addition, BTOPAu also
showed the best CO, photoreduction to CO among the selected
samples in the liquid-solid system, reaching 57.77 umol-g™ after 4 h
(Fig. 3b). Control experiments indicated that no CO was detected in
the absence of a CO, atmosphere or under illumination, and a negli-
gible amount of CO was generated without the catalysts due to CO,
splitting under the simulated solar light (Fig. 3d). A ®*CO, isotopic
labeling experiment showed a peak at m/z=29 (®CO) in the mass
spectrum, clarifying the origin of CO (Fig. 3d).

In situ Fourier transform infrared spectroscopy (FTIR) was con-
ducted to analyze the interactions of CO, and BTOPAu (Fig. 3e). There
were three peaks at 1700 cm™, 1623 cm™, and 1541 cm™, which were
assigned to two intermediates (*CO,™ and *COOH) in the CO, reduction
process and confirmed CO, activation under illumination®. A peak at
1421cm™ corresponded to the symmetric stretching vibration of
*HCO5", which was also a vital signal of CO, activation. Importantly, a
peak at 2019 cm™ for *CO continuously increased with illumination
time, which suggested steady formation of CO during the reaction
process and the conversion of CO, to CO. Based on the above results
and previous work, a possible CO, photoreduction mechanism is
proposed:

CO,—"CO,;H,0—H" +OH"™ )
‘CO+e”"—'COy 3)
'CO; +H* —"COOH “)
"COOH+H* +e"—'CO+H,0 5)
‘C0—CO (6)

where “*” represents adsorption and e stands for electrons.
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b Photoreduction of CO, to CO over BTO, BTOP, BTOAus;, BTOAUNP and BTOPAu
samples for 4 h in a gas-liquid-solid system under simulated solar light. ¢ Evolution
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rates for CO, CH4, H, and O, over BTO, BTOP, BTOAus and BTOPAu.

d Corresponding production of CO over BTOPAu under different conditions for 4 h
(inset of (d): mass spectra of *CO originating from CO, photoreduction over
BTOPAu). e In situ FTIR spectra for CO, photoreduction over BTOPAu under a
300 W Xe lamp.

Mechanism of the SAC configuration-dependent catalytic
performance

Based on the photocatalytic process, including light absorption,
charge transfer and surface catalysis, the effects of the SAC config-
uration on these crucial steps were analyzed to elucidate the origin of
the distinct CO, photoreduction activity. BTO, BTOP, BTOAu3, and
BTOPAu have similar band structures, all of which meet the thermo-
dynamic requirements for CO, reduction into CO (Supplementary
Figs. 13 and 14).

The separation and transport of photogenerated charges were
studied with photoelectrochemical measurements. The linear sweep
voltammetry (LSV) curves and transient photocurrent responses show
that BTOPAu exhibited the highest cathode current density, demon-
strating that the photogenerated charge carriers were separated by
the synergy of the 1D Au SA arrays and the enhanced PEF (Fig. 4a).
Electrochemical impedance spectroscopy (EIS) showed that the
semicircle radius for BTOPAu was significantly smaller than those of
the other three photocathodes, indicating that BTOPAu had the
weakest resistance to electron flow and the fastest interfacial charge
transfer (Fig. 4b). The average lifetime was increased from 3.87 ns
(BTO) to 4.06 ns (BTOPAu), as revealed by time-resolved fluorescence
emission decay spectra and quenching of the photoluminescence (PL)
signal from BTOPAu, provided further evidence for suppressed
recombination of the photogenerated carriers (Fig. 4c; Supplementary
Fig. 15). The high separation efficiency mainly originated from efficient
charge separation in bulk and on the surface of BTOPAu, in which
effective surface charge separation was attributed to the surface Au SA
loading and the bulk charge separation was due to the migration
driving force provided by PEF. To obtain deeper insight, the electric
hysteresis loops were surveyed. BTOAu; and BTOPAu showed larger
remnant polarizations (Pr) than BTO, which was attributed to the
Au SAs anchoring the domains and keeping them in an aligned
polarization state (Fig. 4d)”. This fascinating phenomenon was

attributed to Au SA arrays anchored by the PEF, which played a
pinning role by inhibiting reversion of the domains into disordered
states after withdrawing the applied voltage; this maintained a
strong PEF for persistent separation of the photogenerated
charges. This was also observed for oxygen vacancy-decorated
ferroelectrics”. Notably, the increased maximum polarization in both
the BTOP and BTOPAu samples compared to BTO and BTOAu; was a
direct result of corona poling switching the domains within the sam-
ples, leading to uniform arrangements of the domains. Additionally,
the Pr of BTOPAu was slightly higher than that of BTOAu;, which was
attributed to the fact that different Au configurations exhibited vary-
ing degrees of this effect. Then, the fast charge dynamics were ana-
lyzed. Na,SOj3 used to simulate hole scavenging can provide a charge
separation efficiency of 100%, and the electrons all fall into the current
loop. Inthe current situation, the surface charge transfer efficiency was
67% for BTOPAu, far higher than that of BTO (15%), which confirmed
the accelerated charge dynamics in BTOPAu (Supplementary Fig. 16)*.
The surviving carriers arriving near the surface directly participated in
CO, activation and reduction. The surface potentials of samples were
determined with scanning Kelvin probe force microscopy (SKPFM) to
verify these results (Fig. 4e, f). For comparison, the potential is dis-
played as the absolute value of the surface potential (A,e). Before
illumination, BTOP, BTOAus;, and BTOPAu all showed larger surface
potentials than BTO, indicating that the presence of the PEF and Au SAs
enhanced the surface electric field of BTO. After illumination, all
samples exhibited higher surface potentials compared to those in the
dark. This indicated increased charge separation and redistribution
during photoexcitation of all synthesized samples. The difference in
the surface potential (A®) before and after illumination is defined as
follows:

AD= Aave(illuminaltion) - Aave(dark) (7)
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Here, A® was determined to be 10 mV for BTO, 25 mV for BTOP,
13 mV for BTOAus, and 35 mV for BTOPAu. This confirmed that both
PEF and Au SA loading played important roles in promoting charge
separation. The largest A@ observed in BTOPAu indicated the forma-
tion of the most robust electric field, which was attributed to the
synergistic effect of the PEF and Au SA loading, thus largely facilitating
rapid separation and transfer of the photogenerated charges and
contributing to the enhanced photocatalytic activity of BTOPAu.
Moreover, CO, adsorption reflected the affinity between the photo-
catalyst and CO,. BTOPAu showed the highest CO, adsorption capa-
city, followed by BTOAus;, which were much higher than those BTO and
BTOP, confirming that the Au SAs served as absorption sites for CO, on
BTO (Supplementary Table 4). It also indicated that the 1D SA array
configuration was more advantageous for CO, adsorption than the i-
SAs, given the similar actual Au loading concentrations on BTOPAu and
BTOAus. The neighboring Au atoms may have provided dual adsorp-
tion sites for more efficient adsorption of CO,, which was supported by
the density functional theory (DFT) calculations shown below.

Theoretical simulations demonstrated that the Au i-SAs sponta-
neously formed a stable structure on the surface of BTO, while loading
of three neighboring Au SAs (imitated 1D Au SA array) on BTO was
thermodynamically unfavorable compared to Au i-SAs (Fig. 5a). In
contrast, the formation of a 1D Au SA array was spontaneous and stable
when a voltage was applied. This explains why various 1D SA arrays
were formed on BTOP, as shown by the HAADF-STEM results. To
provide atomic-level insight into the crucial roles of the SA config-
uration in the surface catalytic reactions, the charge transfer behavior
and CO, absorption of the Au i-SAs and neighboring Au SAs were
analyzed (Fig. 5b, c; Supplementary Figs. 17 and 18). The results

indicated that Au SA sites were charge accumulation and transfer sites,
which were the main catalytic sites for adsorbing and activating CO,.
The simulated charge distribution profile revealed that the Au atom
exhibited a charge interaction with BTO, as evidenced by the 3D charge
density difference, where charge transfer around the surrounding Au
atom was clearly observed (Supplementary Fig. 19). Moreover, CO,
was adsorbed on the Au i-SAs through Au-O=C=0 single-site adsorp-
tion (Fig. 5d-f). Notably, dual-site adsorption as Au-O=C=0-Au occur-
red preferentially on the neighboring Au SAs, which afforded more
intense electron transfer and stronger affinity between the Au and CO,.
The Gibbs free energies for CO, reduction over BTO, BTOAus; (BTO
with Au i-SAs) and BTOPAu (BTO with neighboring 1D Au SAs) were
also calculated based on the results of in situ FTIR spectroscopy
(Fig. 5g; Supplementary Figs. 20 and 21). Formation of the adsorbed
intermediate *COOH was found to be the potential limiting step in CO,
reduction. CO, adsorption and the formation of *COOH over all sam-
ples were endothermic processes, while the formation of *CO and the
desorption of CO were exothermic. Remarkably, BTOPAu demon-
strated lower reaction barriers for the endothermic processes com-
pared to BTOAu; and BTO, which indicated easier CO, activation and
conversion on BTOPAu for more efficient photocatalytic activity,
confirming the experimental results.

Discussion

In this work, we propose that the PEF-induced periodic 1D Au SA arrays
on ferroelectric BTO single-crystal nanosheets through corona poling
followed by an ice-bath treatment. The as-prepared BTOP assembled
with 1D SA arrays exhibited prominent CO, photoreduction activity
without any photosensitizer or sacrificial agent. Experimental and
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theoretical results showed that corona poling switched the directions
of domains to regular PEFs for 1D SA array anchoring. The 1D Au SA
arrays had a pinning effect and inhibited reversion of the domains into
disordered states after withdrawing the applied voltage, which main-
tained a strong PEF driving persistent separation and transport of the
photogenerated charges. The high photocatalytic performance also
originated from the fact that the 1D Au SA arrays showed great dis-
persion with copious neighboring catalytic sites, which allowed dual-
site adsorption to lower the energy barriers for the CO, conversion
process compared to those of the Au i-SAs. This general strategy was
also confirmed by loading uniform 1D SA arrays of various metals, e.g.,
Pt, Fe, Co, Ni, and Ag, on the surface of BTOP. This may enable the
syntheses and regulation of SCAs with special configurations.

Methods

Synthesis of BTO

The synthetic method was based on a previously reported approach®.
Bi(NO3)3-5H,0 (0.80 g), 3.60 g of NaOH, and 0.136 mL of TiCl, were
dissolved in 30 mL of deionized water under ultrasonic treatment for
30 min and then stirred for 1 h. The above slurry was added to a 50 mL
Teflon-lined stainless steel autoclave for hydrothermal treatment at
220 °C for 12 h, after which the autoclave was cooled to room tem-
perature. The samples were washed with deionized water and ethanol

three times. Then, 0.364 g BTO samples were obtained for the fol-
lowing experiments after drying at 60 °C for 12 h.

Synthesis of BTOAuy (X=1, 2, 3, 4)

The BTOAuy (X=1, 2, 3, 4) samples with different Au loadings were
synthesized by treating BTO in HAuCl, solutions. First, 0.10 g of BTO
and 0.02 g of trisodium citrate were dissolved in 20 mL of deionized
water and stirred (Solution A). A series of 1 g/100 mL HAuCl, solutions
(0.05, 0.10, 0.20, and 0.40 mL) were added to 10 mL of deionized
water and then frozen with liquid nitrogen. The ice was transferred into
Solution A and stirred for 1h. Then, the samples were washed with
deionized water and finally dried at =50 °C for 12 h. The samples with
HAuCl, solutions of 0.05, 0.10, 0.20, and 0.40 mL in the reaction
solution were denoted as BTOAu;, BTOAu,, BTOAus;, and BTOAuy,,
respectively. This treatment was inspired by the reported approach®.

Synthesis of BTOP

BTOP was obtained by polarization treatment of BTO, which was
executed with a laboratory-made corona-poling instrument based on a
previous report'>?, Typically, 0.20 g of BTO powder was put into the
sample holder, and then a 5kV DC voltage was applied between the
mold and a metallic needle. The polarized electric field was calculated
to be 25kV/cm, and the samples were poled for 30 min. Afterward,
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0.192g of a powder was collected carefully, which was denoted
as BTOP.

Synthesis of BTOPAu

A 0.10 g BTOP sample was immediately collected and put into 20 mL of
deionized water with 0.02 g of trisodium citrate. The ice containing
0.02mL of the HAuCl, solution and 10 mL of deionized water was
transferred into the BTOP solution and stirred for 1 h. Then, the sample
was washed with deionized water and finally dried at =50 °C for 12 h to
obtain BTOPAu.

Syntheses of BTOAuUNP and BTOPAuNP

First, 0.10 g of the BTO sample powder and 0.20 mL of a 1g/100 mL
HAuCl, solution were mixed in 30 mL of deionized water. To achieve
adsorption-desorption equilibrium, the suspension was stirred in
darkness for 30 min and then irradiated by a 300 W mercury lamp with
continuous stirring. Then, the sample was washed with deionized
water and dried at -50 °C for 12 h to obtain BTOAuUNP. By employing an
analogous method, the substitution of BTO with BTOP was undertaken
to synthesize BTOPAuNP.

Catalyst characterization

Powder XRD was performed with a D8 Advance diffractometer (Bru-
ker, Germany) with Cu Ka radiation (A = 0.15418 nm) over the 26 range
5°-80°. Morphologies and microstructures were observed by scanning
electron microscopy (SEM, Hitachi S-4800, Japan). For the syntheses of
the SEM samples, the powder was first dispersed in 10 mL of absolute
ethanol followed by ultrasonication for 20 min, and then a small
amount of liquid was dropped onto a silicon pellet and dried in air for
20 h. The atom-level microstructure was observed by scanning trans-
mission electron microscopy (STEM), and Cs-corrected STEM images
were obtained on an FEI Titan G2 60-300 kV microscope operating at
300kV. These microscopes were equipped with probe spherical
aberration correctors, enabling sub-angstrom imaging with HAADF-
STEM detectors. For HAADF-STEM imaging, the inner and outer col-
lection angles were 58.5 and 200 mrad, respectively. The UV-vis dif-
fuse reflectance spectra (DRS) were measured with a Varian Cary 5000
UV-vis spectrophotometer with pure white BaSO, as the reference.
X-ray photoelectron spectroscopy (XPS) was conducted with an
ESCALAB 250Xi spectroscopy instrument (Thermo Fisher, Britain) to
determine the surface states and chemical composition. The surface
potentials were characterized by Kelvin probe force microscopy
(KPFM) (Bruker icon, Germany). The ferroelectric properties were
measured with a ferroelectric tester (aixACCT Systems GmbH, Aachen,
Germany). In situ Fourier transform infrared (FTIR) spectroscopy was
implemented with a Nicolet IS50 instrument with an in situ Harrick IR
cell under a300 W Xe lamp. Photoluminescence emission (PL) spectra
were obtained with a fluorescence system (Hitachi, F-4600, Japan) with
a 150 W xenon lamp as the excitation source. Time-resolved fluores-
cence decay spectra were collected on a fluorescence spectro-
photometer (FLSP-920, Edinburgh Instruments). CO, adsorption
curves were obtained with a Micromeritics instrument (ASAP 2020).
The characterizations are carried out under relevant guidance?®.

Photoelectrochemical measurements

The transient photocurrents, Mott-Schottky plots, electrochemical
impedance spectra, and linear sweep voltammetry were obtained with
an electrochemical workstation (CHI660E, Chenhua Instrument Co.
Shanghai, China) furnished with a standard three-electrode system
with a saturated calomel electrode (SCE) and platinum wire as the
reference electrode and counter electrode, respectively. The
test methods were based on previous reports”. The as-synthesized
samples coated onto the indium-tin oxide (ITO) sheet glass
(20 mm x 45 mm x 1.1 mm) were used as the working electrode. Ten
milligrams of the powder was dispersed in 1 mL of absolute ethanol

followed by ultrasonication for 30 min, and then the suspension was
evenly dripped onto the ITO sheet glass substrate and dried at room
temperature for 24 h. An aqueous solution of 0.10 M Na,SO, was used
as the electrolyte, and a 300 W xenon lamp was employed as the light
source. A 0.10 M Na,SO; solution served as a hole scavenger. The
applied voltage of the photocurrent response was 0.0 V.

Photocatalytic CO, reduction

The photocatalytic CO, reductions were investigated in a gas-solid
and gas-liquid-solid reactor with a 300 W Xe lamp (Perfectlight, China)
as the light source. For the gas—solid reaction, 1.70 g of NaHCO; was
put into the bottom of the reactor cell and then subjected to an
exhaustive vacuum treatment. Then, 15 mL of H,SO,4 was injected into
the cell to react with NaHCO; and generate CO, gas (1 atm). After the
photoreduction reaction, 1mL of the resultant gas was qualitatively
analyzed with a GC-2014C gas chromatograph (Shimadzu, Japan)
equipped with an FID detector (carrier gas, Ar; FID-R temperature,
150°C; FID-L temperature, 150 °C; chromatographic column tem-
perature, 60 °C) and by mass spectrometry with a quadrupole-type
mass spectrometer (OmniStar 300, carrier gas: He). *CO, (Beijing Gaisi
Chemical Gases Company) was used for the detection of the carbon
sources. Gas-liquid-solid CO, photoreductions were carried out in the
same reactor with 20 mL of deionized water and pure CO, gas. All
measurements were carried out at room temperature.

DFT calculation
The structure relaxation and single-point energies were calculated by
density functional theory (DFT) calculations through DFT +U with
Uerr=4.2eV, which were implemented with the Vienna Ab initio
Simulation Package (VASP) and the generalized gradient approxima-
tion (GGA) of Perdew-Burke-Ernzerhof (PBE). The related computa-
tional parameters (the plane wave cutoff energy of 400 eV, the k-point
with a density of (3 x 3 x1) points in the Brillouin zone of the unit cell
and the threshold of the self-consistent-field energy convergence of
10™*) were set for high-precision calculations. All of the computational
parameters were set as fine to confirm the accuracy of the present
results. A vacuum region of 15A in the ¢ direction of the Bi,Ti;O1
crystal structure was created, and an applied electric field of
9x1072*V/A was used in the calculation of the formation energy.

The formation energy (Ef) was calculated with the following
formula:

Ef = Etot - I-:sub — Nlpy (8)

where E,, and E,;, are the total energy of the substrate structure with
Auloading and the substrate structure, respectively, n is the number of
Au atoms, and p,, is the energy of one Au atom.

The adsorption energy (E.gs) was calculated with the following
formula®:

Eads = Etot - Esub - Ecoz (9)

where Ecor, Esub and E,, are the total energy of the adsorption struc-
ture, the substrate structure, and the CO, molecule, respectively.

The structures from the theoretical simulations of BTOAus and
BTOPAu were modeled with BTO with a single Au atom and BTO with
dual Au atoms, respectively.

Data availability

Full data supporting the findings of this study are available within the
article and its Supplementary Information. The source data generated
in this study are available in the figshare repository (https://doi.org/10.
6084/m9.figshare.24558553)*. Additional data are available from the
corresponding authors upon reasonable request. Source data are
provided with this paper.
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