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Strain‑Induced Surface Interface Dual Polarization 
Constructs PML‑Cu/Bi12O17Br2 High‑Density Active 
Sites for  CO2 Photoreduction
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HIGHLIGHTS

• Strain induces coupling in  Bi12O17Br2 and Cu porphyrin-based monoatomic layer (PML-Cu), constructing Bi–O bonding interface 
in PML-Cu/BOB (PBOB).

• Surface interface dual polarization boosts internal electric field, promoting electron transfer.

• PML-Cu provides high density of dispersed active Cu sites in PBOB, enhancing  CO2 photoreduction.

ABSTRACT The insufficient active sites and slow interfacial charge trans-
fer of photocatalysts restrict the efficiency of  CO2 photoreduction. The 
synchronized modulation of the above key issues is demanding and chal-
lenging. Herein, strain-induced strategy is developed to construct the Bi–O-
bonded interface in Cu porphyrin-based monoatomic layer (PML-Cu) and 
 Bi12O17Br2 (BOB), which triggers the surface interface dual polarization of 
PML-Cu/BOB (PBOB). In this multi-step polarization, the built-in electric 
field formed between the interfaces induces the electron transfer from con-
duction band (CB) of BOB to CB of PML-Cu and suppresses its reverse 
migration. Moreover, the surface polarization of PML-Cu further promotes 
the electron converge in Cu atoms. The introduction of PML-Cu endows 
a high density of dispersed Cu active sites on the surface of PBOB, significantly promoting the adsorption and activation of  CO2 and CO 
desorption. The conversion rate of  CO2 photoreduction to CO for PBOB can reach 584.3 μmol  g−1, which is 7.83 times higher than BOB 
and 20.01 times than PML-Cu. This work offers valuable insights into multi-step polarization regulation and active site design for catalysts.
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1 Introduction

The massive consumption of fossil fuels has caused energy 
shortage, while the large emissions of carbon dioxide  (CO2) 
has also posed serious atmospheric pollution, making an 
effective response to the energy and environmental crisis 
a major challenge for the world today [1–3]. Based on bio-
nomics simulation from green plant, artificial photosynthesis 
provides a new response to the above problems [4, 5]. How-
ever, the high dissociation energy of  CO2 (750 kJ  mol−1) and 
the slow electron-proton coupling process in reaction make 
it difficult to fulfill the  CO2 photoreduction efficiency for 
practical applications [6].

The process of photocatalytic  CO2 reduction primarily 
involves three steps: the photoexcitation of the photocatalyst, 
the migration of photogenerated charges to the surface, and 
the subsequent reaction with  CO2 adsorbed on the surface 
[7]. Today, a myriad of photocatalysts have been developed, 
including  TiO2 [8],  C3N4 [9, 10],  BiVO4 [11, 12], CdSe 
[13–15] and others [16–18]. Among these, bismuth oxy-
halide stands out as a promising material due to its crystal 
tunability and the high dependence of photocatalytic proper-
ties on its compositional structure [19, 20]. However, insuf-
ficient active sites and low charge separation efficiency limit 
their further application [21]. Although the construction of 
heterostructures enhances charge separation and introduces 
new exogenous active sites, the state and number of active 
centers are difficult to precisely regulate and the charge 
transfer process is still influenced by the contact interface 
[22]. For the targeted design of active sites in photocata-
lytic materials, porphyrin-based monoatomic layer (PML) 
materials show great prospects for application. PML can be 
viewed as a monoatomic lamellar layer formed by cross-
coordination of the ends of the metalloporphyrin molecule 
with metal atoms. This two-dimensional ultrathin structure 
of the single-atom layer can strengthen the anisotropy of 
electron transfer, and the homogeneous periodic structure 
can make all metal catalytic sites highly uniform [23]. The 
chemical state of the central active site can be modulated 
by group and metal type, while the highly dispersed central 
metal maximizes atom utilization [24]. The introduction of 
PML onto the catalyst surface would be expected to enable 
the construction of the catalyst with a high density of active 
sites. Further, numerous research examples have demon-
strated that the construction of a localized polarization field 

between materials can break their charge symmetry and 
promote efficient spatial separation of photogenerated elec-
trons-hole pairs [25, 26]. Huang et al. optimized the electron 
migration process by coupling VNi/VSe double vacancies to 
form a spontaneous polarization electric field in NiSeS/ZnSe 
heterojunctions [27]. Liu et al. found that the construction of 
surface Bi–O vacancy pairs promoted the surface interface 
polarization of  Bi24O31Br10 nanosheets with black phospho-
rus, and the interfacial electron bridge acted as a fast transfer 
path to enhance electron directional transfer [28]. Notably, 
the construction of structures similar to the above usually 
depends on the presence of surface defects, and the polari-
zation regions are usually random. Strain engineering can 
cause surface bending deformation of the materials through 
tensile strain, which in turn leads to an increase in surface 
atomic escape energy [29]. The generation of a large number 
of surface vacancies causes widespread surface lattice mis-
match, which results in the formation of unsaturated sites on 
the outer surface and offers the possibility of further loading 
of the materials and overall directed polarization.

Herein, strain-induced strategies were developed to 
achieve dual surface interface polarization. Specifically, Cu 
porphyrin-based atomic layers (PML-Cu) were constructed 
with Cu-TCPP as the substrate, and the assembly of PML-
Cu with  Bi12O17Br2 (BOB) was achieved by strain engi-
neering, which triggers the interface-to-surface multistep 
polarization process of of PML-Cu/Bi12O17Br2 (PBOB). The 
strong coupling interface in PBOB motivates the rapid influx 
of photogenerated electrons from PBOB toward PML-Cu. 
The encapsulated PML-Cu over BOB provides the high den-
sity of active Cu sites and induces surface electron transfer 
toward them. As a result, the photocatalytic  CO2 reduction 
performance of PBOB was significantly enhanced.

2  Experimental Section

2.1  Materials

Polyvinylpyrrolidone (PVP, AR) was purchased from 
Sigma-Aldrich Trading Co., Ltd. Bismuth nitrate pentahy-
drate (Bi(NO3)3·5H2O, AR), sodium bromide (NaBr, AR), 
mannitol  (C6H14O6, AR), sodium hydroxide (NaOH, AR), 
anhydrous ethanol (ETOH, AR), formic acid (HCOOH, 
AR) and copper nitrate (Cu(NO3)2·3H2O, AR) were sup-
plied from Sinopharm Chemical Reagent Co., Ltd. (China).
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2.2  Preparation of PML‑Cu, BOB and PBOB 
Materials

2.2.1  Preparations of PML‑Cu

PML-Cu: The material was synthesized according to previ-
ously report [23, 24]. N,N-dimethylformamide and ETOH 
were configured into a dispersion with a ratio of 3:1. Then, 
2 mg Cu(NO3)2-3H2O, 40 μL formic acid and 10 mg PVP 
were added into 12 mL of the dispersion, record as solu-
tion A after mix. Five milligrams of Cu-TCPP (preparation 
method in Supporting Information) was added to 4 mL of 
the dispersion and mixed thoroughly as solution B. Sub-
sequently, solution B was added to solution A with con-
tinuous stirring and the volume was fixed to 20 mL. The 
solution was transferred to a reaction vessel and heated at 
80 ℃ for 2 h. After the reaction, the precipitate was washed 
several times and centrifuged. The precipitate was dispersed 
and transferred to a round bottom flask and dried by rotary 
evaporator. The resulting product was recorded as PML-Cu.

2.2.2  Preparations of BOB

Bi12O17Br2 (BOB) nanotubes: 0.243 g Bi(NO3)3-5H2O, 
0.273 g mannitol and 0.18 g PVP were added to 15 mL 
deionized water and ultrasonically dispersed. 3 mL of KBr 
solution (0.17 M) was injected under stirring. Subsequently, 
the pH of the above solution was adjusted to 13 by 2 M 
NaOH solution. After stirring for 0.5 h, the solution was 
heated at 160 ℃ for 24 h. The product was centrifuged and 
washed several times with hot ethanol and water, dried by 
vacuum drying oven and noted BOB.

2.2.3  Preparations of PBOB

PML-Cu/Bi12O17Br2 (PBOB): 60 mg BOB was dispersed 
in a 150 mL round bottom flask containing 60 mL etha-
nol, and PML-Cu with a mass fraction of 5‰ was added 
to form a mixture. Then, it was stirred vigorously in an oil 
bath and heated at 85 ℃ for 12 h. The product was washed 
several times with deionized water and anhydrous ethanol. 
The precipitate was collected by centrifugation and dried in 
a vacuum drying oven, and recorded as PBOB.

3  Results and Discussion

3.1  Design Principle and Structural Characterizations

The synthesis method of PBOB with surface high-density 
active sites is shown in Fig. 1a. The Cu porphyrin-based 
monoatomic layer (PML-Cu) was constructed using Cu-
TCPP as a primitive. In this atomic layer structure,  CuO4 
and  CuN4 act as metal junctions and ligand sites within the 
porphyrin ring, respectively, thus expanding and grown-
ing by bottom-up cross-linking reactions. Meanwhile, the 
ultrathin  Bi12O17Br2 (BOB) nanotube structure was prepared 
by strain engineering. The surface distortion caused by its 
curved tubular structure allowed the escape of surface oxy-
gen atoms and the formation of a large number of oxygen 
defects. Based on this, a large number of dangling bonds and 
surface coordination unsaturated atoms brought by the defec-
tive structure were utilized to realize the effective encapsu-
lation of PML-Cu on the BOB surface, and the PML-Cu/
Bi12O17Br2 (PBOB) was finally achieved. The compositional 
structure of the catalyst was explored by X-ray diffraction 
(XRD). As shown in Fig. S1, peaks of the materials at 29.0°, 
32.7°, 45.0°, and 56.1° correspond to the (1 1 7), (2 0 0), (2 
2 0), and (3 1 7) crystal planes, respectively, which match 
with the standard card of  Bi12O17Br2 (JCPDS NO. 37-0701) 
[29]. The diffraction peak shapes of the PBOB are in accord-
ance with that of BOB, indicating the capping of PML-Cu 
did not change the crystalline shape of the material. The 
effective combination of PBOB with PML-Cu was verified 
through Fourier transform infrared (FTIR) spectrum (Fig. 
S2). The vibrational peaks at 1406  cm−1 are correlated with 
δ(C–CN) of the porphyrin ring, and the peaks at 1003, 841 
and 771  cm−1 corresponds to the vibrations of  Cα −  Cm, 
ν(Cβ − N), and Πp of the porphyrin backbone, respectively 
[30, 31]. The characteristic PML-Cu peaks at 1348 and 
1003  cm−1 are similarly observed in PBOB, demonstrating 
the effective composite state form of the material.

The morphology of the catalysts was observed through 
high resolution transmission electron microscope (HRTEM). 
As shown in Figs. S3 and S4, PML-Cu exhibits an almost 
transparent flexible layered structure, while BOB shows a 
separate ultrafine tubular morphology and the diameter of 
the tubes is below 10 nm. The surface lattice of BOB was 
further measured (Fig. 1b and b(i)), which exhibits mutu-
ally perpendicular atomic arrangements. The narrower 
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Fig. 1  a Illustration for the formation of PBOB. HR-TEM of b BOB and c PBOB (i is the regional pseudo-color map, ii is the fast Fourier trans-
formed pattern of lattice, iii is the intensity profile corresponding to the yellow arrow). d–g Atomic resolution HAADF-STEM images and h 
STEM-EDS mapping images of PBOB
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atomic spacing of 0.274 nm corresponds to the (2 0 0) or (0 
2 0) crystal faces of  Bi12O17Br2 crystals, whereas the wider 
atomic spacing stretches to 0.289 nm, correlating with an 
anisotropic lattice tensile strain parallel to the tube wall 
[32]. In Fig. 1c and c(i), the PBOB surface is in a disor-
dered structural state, and the diffraction structure of mate-
rial also changes from spots to rings (Fig. 1b(ii) and c(ii)), 
confirming the encapsulation of BOB by PML-Cu. The suc-
cessive atomic structures of the BOB and PBOB surfaces 
were measured to obtain information about their intensities 
(Fig. 1b(iii) and c(iii)). The BOB surface is an arrangement 
of Bi atoms with the same liner, while the atomic liner of Cu 
in PBOB is higher than that of its neighboring coordinating 
C, N and O atoms and thus exhibits the higher atomic scale.

Aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) 
was applied to further resolve the state of Cu sites on the 
PBOB surface. From the HAADF-STEM images (Fig. 1d–f), 
PML-Cu with sub-nanometer thickness is encapsulated on 
the surface of BOB nanotubes. Many bright spots outside 
the BOB ordered lattice are observed at the edges of the 
PBOB nanotubes (voltage 80 kV), corresponding to Cu 
atoms in PML-Cu (marked by red circles) [33]. The high 
density of scattered Cu atoms with the distance of about 
2 nm can be clearly observed on the surface of PBOB nano-
tubes (Fig. 1g), which is consistent with the TEM results. 
In Fig. 1h, energy-dispersive X-ray spectroscopy (EDS) ele-
mental mapping analysis exhibits the uniform distribution of 
Bi, O, Br and Cu elements in PBOB. The above results indi-
cate the effective establishment of high-density dispersed Cu 
atomic sites on the BOB surface.

3.2  Surface Interface Dual Polarization Function

The structural variation of the surface interface of the 
material was further investigated. Raman analysis revealed 
the structural strain changes in materials. From Fig. S5, 
the Raman peak located at 141.3  cm−1 (Bi–O vibrational 
mode) is associated with magneto-electric coupling  (A1g-3 
mode) [34]. Upon constructing the PBOB, the peaks 
splitt toward high and low wave numbers, respectively, 
indicating the strong interaction between PML-Cu and 
the  [Bi12O17] layer of the BOB. The surface structure of 
the material was explored through X-ray photoelectron 
spectroscopy (XPS) and electron paramagnetic resonance 

(EPR). As shown in Fig. 2a, b, Bi signature peaks located 
at 158.4 and 163.6 eV are shifted toward the high bind-
ing energy direction to 158.6 and 163.9 eV after the for-
mation of PBOB [35]. Peaks attributed to lattice oxygen 
shifts from 529.2 to 529.4 eV [36], and the oxygen signal 
peaks associated with oxygen vacancies in BOB and the 
end-group oxygen signals in PML-Cu both shifts toward 
lower binding energies. Moreover, the oxygen vacancy 
concentration of PBOB in the EPR results (Fig. 2c) is sig-
nificantly reduced compared to BOB and PML-Cu, reveal-
ing the effective occupation of BOB surface vacancies by 
PML-Cu [37]. However, such changes do not appear in 
the XPS spectra of Br (Fig. S6), suggesting that PML-Cu 
undergoes interfacial remodeling with the  [Bi12O17] layer 
of BOB without affecting the halogen layer. In Fig. S7, 
the strong peak at 935.0 eV and the broad signal peak at 
942.5 eV are the characteristic peak of  Cu2+ and its com-
panion peaks, respectively [38]. Although the  Cu2+ sig-
nal is reduced due to the low introduction of PML-Cu in 
PBOB, the shift of the Rusche peak toward the low binding 
energy can still be observed. This indicats the interfacial 
reconstruction of BOB with PML-Cu can effectively regu-
late the chemical state of the surface metal sites and make 
the Cu sites to gain more electrons [39]. The work function 
(Φ) of the material was calculated by ultraviolet photo-
electron spectroscopy (UPS) so as to study the interfacial 
charge migration. Here the energy of UV photon (hν) is 
21.22 eV. Based on the formula: Φ = hν + ECut off − EF, 
the Φ of BOB is calculated as 14.92 eV, which is lower 
than that of PML-Cu (14.97 eV). The electrons in BOB 
are more likely to flow to PML-Cu, forming the inter-
nal electric field (IEF) in PBOB [40]. This IEF formed 
between the interface of BOB and PML-Cu can promote 
the interfacial polarization in PBOB and enhance the elec-
tron transfer between the inner layer and the surface layer. 
In the electrochemical impedance spectroscopy (EIS) (Fig. 
S8), the smaller Nyquist circle radius of PBOB reflects 
the enhancement of the charge mobility of the material 
and the electron transfer between interfaces becomes more 
efficient [41].

The surface electronic structure of the material was then 
explored. EPR tests were utilized to reveal information about 
the coordination of Cu atoms on the surface of the materi-
als. With the exception of BOB, both PML-Cu and PBOB 
show significant  Cu2+ signals. The PBOB signal intensity 
is higher than PML-Cu, indicating that it can accommodate 
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more spin electrons. In addition, the weakening of the 
hyperfine splitting of PBOB verifies the enhanced dipole 
interactions of individual Cu porphyrin units on the surface 
of PBOB [42, 43]. The electron distribution on the PBOB 
surface was analyzed from the atomic level by theoretical 
calculations. PML-Cu was placed on a carrier consisting 
of multiple crystalline BOB crystals, then the charge dif-
ference density distribution of PML-Cu can be obtained. 
In Fig. 2g, h, the electrons are enriched in the Cu atomic 
sites (yellow portions) and form depletion regions in the 

porphyrin backbone (blue portions). The localized enhance-
ment of the electron density of the Cu atomic sites in PBOB 
demonstrates that the surface polarization occurs over PBOB 
and induces electron transfer on PML-Cu to the active site 
Cu atoms. Based on the above result, the construction of 
PBOBs through strain-induced strategy promotes the surface 
interface dual polarization and achieves the modulation of 
surface Cu active sites (Fig. 2i). Specifically, this is a multi-
step polarization process that the interfacial polarization 
between BOB and PML transfers electrons to the surface 

Fig. 2  a Bi 4f, b O 1s XPS and c EPR spectra of the materials, UPS spectra of d BOB and e PML-Cu, f EPR spectra of the materials, g DFT 
calculation: Charge difference density image of PBOB and h ELF, i Schematic of surface interface dual polarization in PBOB
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of PBOB. Meanwhile, the second-stage polarization of the 
surface PML urges electrons transfers to the Cu sites.

3.3  Charge Migration and Energy Band Structure

The light absorption ability of the material has an impor-
tant effect on its photogenerated electronic excitation. From 
the UV–Vis diffuse reflectance spectra of the materials 
(Fig. 3a), PML-Cu exhibits soret absorption at 420 nm and 
an α-band at 540 nm, indicating a highly out-of-domain 

state of the π-electrons in PML-Cu [44]. The absorption 
edge of BOB is located at 400 nm, and its structural defects 
induce the relevant in-band changes, causing a pronounced 
tail absorption in the range of 400–800 nm. After the con-
stitution of PBOB, the in-band effect owing to defects 
decreases and the soret peak shifts to 435 nm, indicating 
that the interfacial remodeling of BOB with PML-Cu in 
PBOB further leads to the charge redistribution of porphy-
rin moieties. After conversion by Kubelka–Munk function 
(Fig. S9), the intrinsic band gaps of BOB and PBOB are 
2.23 and 2.12 eV, respectively. In the XPS valence band 
spectra (Fig. S10), the VB of BOB is 1.21 eV and that of 

Fig. 3  a UV–Vis diffuse reflection spectra, b PL spectra, and c time-resolved PL decay curves of the materials; ESR spectra for d  e−, e ·O2
− and 

f ·OH of the materials; g Inferred electronic structure model of PBOB
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PBOB is 1.18 eV. Then, the values of the conduction bands 
of the material as well as the energy band structure dia-
grams are obtained in Fig. S11, demonstrating that the con-
struction of the surface interface dual polarization in PBOB 
can still satisfy the  CO2/CO reduction potential. Transient 
photocurrent test (Fig. S12) shows the photoresponsiveness 
of PBOB is highly improved.

Subsequently, the migration behavior of photogenerated 
electrons in the materials was investigated. From photolu-
minescence (PL) spectra of Fig. 3b, the strong fluorescence 
signal located at 420–540 nm is mainly generated by BOB. 
The significant quenching of the PBOB fluorescence sig-
nal indicates that the excited state electrons of BOB are 
effectively extracted [45]. This implies that the electrons 
can be rapidly transferred from BOB to PML-Cu under the 
dual surface interface polarization. Carrier lifetime curves 
in the time-resolved PL decay spectrum were fitted by a 
three-exponential function model. In Fig. 3c and Table S1, 
τ1, τ2, and τ3 represent the nonradiative process of transi-
tion of excited state electrons to lower energy states, the 
radiative process associated with electron–hole recombina-
tion, and the energy transfer process, respectively [35]. The 
decrease in the ratio of τ1 in PBOB verifies that the BOB 
photogenerated electrons in the polarized interface can be 
extracted rapidly before the energy state become lower. The 
increase in the ratio of τ2 and τ3 indicates that the interface 
polarization realizes an effective spatial transfer of charge 
in PBOB, which allows the photogenerated electrons to 
maintain the relaxation. In addition, the average carrier 
lifetimes of BOB and PBOB are 1.3426 and 1.5423 ns, and 
the longer lifetime of PBOB will promote efficient catalytic 
reactions.

The effect of surface interface dual polarization on the 
electron–hole separation ability of materials was ana-
lyzed through ESR tests (Figs. 3d and S13). Among them, 
TEMPO bursts both the more electron and hole signals 
of PBOB, demonstrating its enhanced surface effective 
charge concentration. Free radical test results similarly 
validate this observation. In Fig. 3e, f, the six DMPO-
O2

− and four DMPO-·OH signals of PBOB are significantly 
enhanced, showing the stronger free radical generating 
capacity of PBOB. Notably, the energy band structure of 
PBOB satisfies the reduction potential for ·O2

− (− 0.33 eV) 
but not the oxidation production path for ·OH (2.29 eV). 
In this case, ·OH originates from the further conver-
sion of ·O2

− (2·O2
− +  2H+  → 2·OH +  O2), indicating the 

improvement in overall reduction capacity of PBOB [46]. 
This, the schematic diagram of possible electronic struc-
tures is given in Fig. 3g. The chemical bonding interface 
in PBOB realizes the compact interfacial contact between 
BOB and PML-Cu, which enables efficient electron transfer. 
After the contact, the electrons in conduction band (CB) of 
BOB spontaneously diffuse into PML-Cu and form elec-
tron depletion and accumulation layers on two sides of the 
interface. Influenced by the built-in electric field between 
the interfaces, a structure similar to the mutant inverse 
heterojunction is formed. Under light irradiation, the high 
concentration of electrons in CB of the host material BOB 
migrates toward PML-Cu and the potential barriers present 
in the interface can inhibit the reverse electron migration, 
resulting in the enrichment of photogenerated electrons in 
PML-Cu [47]. Usually, Br and O atoms have higher con-
tribution to valence band (VB) of BOB. The halogen layer 
is relatively spatially independent from PML-Cu, leading 
most of the holes still remain in the VB of BOB. As a result, 
PBOB can provide more photogenerated electrons for  CO2 
reduction.

3.4  CO2 Photoreduction Performance Evaluation

The  CO2 photoreduction performance of the photocatalyst 
was evaluated under pure water conditions without any sac-
rificial agent or co-catalyst (Labsolar-6A, Beijing Perfect-
light). As shown in Fig. 4a, CO is the only C-containing 
product detected, and the  CO2 photoreduction to CO of 
PBOB material is 584.3 μmol  g−1 after 5 h, which is 7.83 
times higher than that of BOB (74.6 μmol  g−1) and 21.01 
times of PML-Cu (27.8 μmol  g−1). An experimental condi-
tion (Fig. 4b) was utilized to investigate the factors influenc-
ing  CO2 photoreduction. Under Ar atmosphere, the CO yield 
of PBOB is 0.83 μmol  g−1  h−1, which could be attributed to 
the conversion of  CO2 adsorbed on the surface. Moreover, 
no CO production is observed in the system under conditions 
with either no light or no catalyst. These findings confirm 
the efficiency of the photocatalyst and establish that  CO2 
as a feedstock and light as an energy source are essential 
conditions for the reaction. Besides, the photocatalytic per-
formance of mechanically mixed samples was also exam-
ined (Fig. S14). The CO yield of PML-Cu/BOB is only 
62.57 μmol  g−1 after 5 h, which is smaller than that of BOB 
and PBOB, verifying the necessity of bonding interface 
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for surface interface dual polarization. After cycle tests for 
5 times, the catalytic activity of PBOB can still maintain 
90.60% (Fig. 4c), indicating PBOB can provide stable reduc-
tion capacity under the surface interface dual polarization 
strategy. Meanwhile, PBOB remains competitive compared 
to other advanced catalysts (Fig. 4d) [28, 35, 40, 48–57]. 
The photocatalytic half-reaction was also examined and a 
non-linear growth of  O2 was detected in the TCD detector of 
the GC after a long reaction time, which may have produced 
other oxidation products. The solution after 5 h of reaction 
was further analyzed (Fig. S15), in which the generation 
of photocatalytic oxidation end products was detected [58]. 
Among them, the  H2O2 production was 63.80, 4.26 and 
0.10 μmol  g−1 for PBOB, BOB and PML-Cu, respectively. 
The carbon source of the CO was analyzed by 13C isotope 
tracing experiments (Fig. 4e). The reaction was carried out 
using 13CO2 with 12CO2 as raw gas and GC–MS for reaction 
products. In the total ion flow diagram, the peaks at 2.1 and 
2.5 min represent  O2 (m/z = 32) and  N2 (m/z = 28), respec-
tively. The signals at m/z = 28 and 29 in the mass spectra 
corresponding to the peaks present at 4.94 min in the total 
ion flow diagram, which confirmed the production of 12CO 

and 13CO, indicating that  CO2 can be effectively converted 
to CO through the photoreduction of PBOB.

3.5  CO2 Photoreduction Mechanism Analysis

The reactivity of the catalysts and the adsorption-activation-
mass transfer process of  CO2 molecules over the catalytic 
site are important factors affecting  CO2 photoreduction. 
Linear sweep voltammetry (LSV) tests were respectively 
performed in Ar and  CO2 gases to evaluate the priority of 
 CO2 reduction and competitive hydrogen reaction (Figs. 5a 
and S16) [59]. The cathodic current generated under Ar 
atmosphere mainly originated from the hydrogen evolution 
reaction. Compared with BOB, PBOB has larger cathodic 
current. When  CO2 was drummed into the reaction solution, 
the current density of PBOB was significantly enhanced, 
verifying that PBOB favor to perform the  CO2 reduction 
reaction. During illumination, the further enhanced current 
intensity of PBOB indicates that light can effectively drive 
the reaction to proceed.

Fig. 4  a Time courses of photocatalytic CO evolutions; b CO yield of the materials at different conditions; c Cycling stability test for PBOB; d 
Comparison of  CO2 photoreduction evolution with other advanced materials; e Total ion chromatography in GC–MS measurement in  CO2 pho-
toreduction with 12CO2 and 13CO2 over PBOB, the inside is the corresponding mass spectra
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The  CO2 photoreduction over PBOB surface was moni-
tored by in situ Fourier transform infrared spectroscopy 
(Fig. 5b, c). The IR absorption peaks located at 2320 to 
2370  cm−1 (asymmetric stretching of  CO2) are significantly 
enhanced after the  CO2 injection under dark, confirming the 
effective adsorption of  CO2 on PBOB surface. The intensity 
of this double peak gradually decreases under continuous 
irradiation, indicating that  CO2 is rapidly reduced as raw 
gas. During the photoreaction, the peak at 1340  cm−1 repre-
sents m-CO3

2−, the fast-growing multiple IR peaks appear-
ing at 1200, 1250, and 1560  cm−1 correspond to *COOH, 
which is the key intermediate in photocatalytic  CO2 reduc-
tion [60–62]. Meanwhile, the characteristic peak for C = O 
at 1705  cm−1 is associated with the product CO. At the early 
stage of the photoreaction, the peak at 1705  cm−1 is signifi-
cantly lower than that at 1560  cm−1. Then, the ratio of the 
two peaks gradually approach 1:1 and further increases after 

30 min, indicating that the PBOB with rich surface-active 
Cu sites contribute to the rapid generation of *COOH and 
its gradual conversion into CO [48, 63]. Afterward, the cata-
lyst surface was continuously scanned with time-resolved 
in situ MCT-SEIRAS FTIR (Fig. 5d, e). After passing  CO2 
in darkness, the appearance of a continuously increasing 
signal in the range of 1300–1660  cm−1 demonstrates the 
establishment of effective  CO2 chemisorption on PBOB sur-
face. During illumination, the formation of dark blue region 
indicates the rapid depletion of adsorbed  CO2, while the 
continuous surge of red signal shows that light triggeres the 
efficient reduction of  CO2 to CO, and thus verifies the rapid 
adsorption-diffusion-mass transfer process of  CO2 on the 
PBOB surface. Based on the above results, the possible path 
of  CO2 photoreduction on PBOB is proposed in Fig. S17.

Gibbs free energy calculations were employed to obtain 
in-depth mechanistic understanding of this process. As 

Fig. 5  a LSV curves of PBOB under Ar and  CO2; b, c In situ FTIR spectra for the  CO2 reduction process; d 3D Time-resolved in situ MCT-
SEIRAS FTIR spectra and e 2D contour color map of PBOB
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shown in Fig. 6a, models for  CO2 adsorption, adsorbed state 
intermediate COOH and CO desorption were constructed to 
investigate the ease with the typical process reaction occur-
ring during  CO2 reduction. Although the formation of both 
 CO2 and CO in the adsorbed state on the BOB is sponta-
neous, it is very difficult to realize CO desorption, which 
needs up to 7.88 eV in energy. CO that fails to desorb in 
time will continue to occupy the active sites and inhibit the 
reaction. In addition to achieving the high density of active 
sites, the construction of PBOBs via the surface interface 
dual polarization strategy significantly reduces the activa-
tion energy barriers required for most of the reaction steps. 
The introduced PML-Cu greatly facilitate  CO2 adsorption 
(from − 0.42 to − 3.19 eV) and reduce the activation ener-
gies for *COOH formation and the key steps CO desorption 
by 1.27 and 3.69 eV, respectively. As a result, due to the 
small difference of activation energy barrier between each 
individual reaction steps, the  CO2 reduction for PBOB can 
proceed more smoothly. The electron transfer of  CO2 and 
CO over the surface of the material during the critical step 

was probed by charge density difference (Fig. 6b, c), respec-
tively. For the  CO2 adsorption model, the electrons trans-
ferred to  CO2 from Cu sites in PBOB are mainly enriched in 
C atoms. However, the electrons transferred from Bi atoms 
to C atoms in BOB are further dispersed toward O atoms 
via C=O bonds. This intramolecular charge transfer leads 
to a stronger bond energy of the C=O bond and a higher 
potential barrier required for bond breakage, which is not 
favorable for the conversion to *COOH. In the CO desorp-
tion model, O atom in CO molecule shows stronger affinity 
to the Bi site on BOB surface, while CO interact with PBOB 
through Cu and C atom. Due to the weaker electronegativ-
ity of C than O, the energy required for CO dissociation on 
PBOB surface is lower.

Fig. 6  a Calculated Gibbs free-energy diagram for  CO2 reduction to CO over BOB and PBOB; Electron density differences of  CO2 and CO over 
b BOB and c PBOB
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4  Conclusions

Strain-induced surface interface dual polarization is devel-
oped to address the difficulties of insufficient active sites 
and slow interfacial charge transfer in photocatalysts. PML-
Cu was constructed using Cu-TCPP as a substrate, and the 
PBOB catalyst was constructed by assembling PML-Cu with 
BOB through a strain engineering strategy. The Bi-O bond-
ing interface formed built-in electric field between BOB and 
PML-Cu, triggering the electron transfer from CB of BOB 
to CB of PML-Cu and suppresses its reverse migration. The 
surface polarization of PML-Cu further promotes the elec-
tron converge in Cu atoms. The introduction of PML-Cu 
endows a high density of dispersed Cu active sites on the 
surface of PBOB, significantly promoting the adsorption and 
activation of  CO2 and CO desorption. The resulting photo-
catalytic  CO2 reduction to CO production rate of PBOB for 
5 h reaches 584.3 μmol  g−1, which is 7.83 times higher than 
that of BOB and 20.01 times of PML-Cu respectively. This 
work demonstrates the great potential of multistep polariza-
tion and active sites concentration construction for hybrid 
materials.

Acknowledgements This work was supported by the National 
Natural Science Foundation of China (Nos. 22138011, 
22205108, 22378206) and Open Research Fund of Key Lab-
oratory of the Ministry of Education for Advanced Catalysis 
Materials and Zhejiang Key Laboratory for Reactive Chemis-
try on Solid Surfaces (KLMEACM 202201), Zhejiang Normal 
University.

Declarations 

Conflict of Interest The authors declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Com-
mons 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 
licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit 
line to the material. If material is not included in the article’s 
Creative Commons licence and your intended use is not permit-
ted 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 licence, visit http:// creat iveco mmons. org/ 
licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 023- 01309-w.

References

 1. Z. Jiang, X. Xu, Y. Ma, H.S. Cho, D. Ding et al., Filling metal–
organic framework mesopores with  TiO2 for  CO2 photoreduc-
tion. Nature 586, 549–554 (2020). https:// doi. org/ 10. 1038/ 
s41586- 020- 2738-2

 2. Y. Zhao, G. Chen, T. Bian, C. Zhou, G.I.N. Waterhouse 
et al., Defect-rich ultrathin ZnAl-layered double hydroxide 
nanosheets for efficient photoreduction of  CO2 to CO with 
water. Adv. Mater. 27, 7824–7831 (2015). https:// doi. org/ 10. 
1002/ adma. 20150 3730

 3. P. Madhusudan, R. Shi, S. Xiang, M. Jin, B.N. Chandrashekar 
et al., Construction of highly efficient Z-scheme  ZnxCd1-xS/
Au@g-C3N4 ternary heterojunction composite for visible-
light-driven photocatalytic reduction of  CO2 to solar fuel. 
Appl. Catal. B Environ. 282, 119600 (2021). https:// doi. org/ 
10. 1016/j. apcatb. 2020. 119600

 4. V.-H. Nguyen, B.-S. Nguyen, Z. Jin, M. Shokouhimehr, 
H.W. Jang et al., Towards artificial photosynthesis: sustain-
able hydrogen utilization for photocatalytic reduction of  CO2 
to high-value renewable fuels. Chem. Eng. J. 402, 126184 
(2020). https:// doi. org/ 10. 1016/j. cej. 2020. 126184

 5. C. Ban, Y. Duan, Y. Wang, J. Ma, K. Wang et  al., Iso-
type heterojunction-boosted  CO2 photoreduction to CO. 
Nano-Micro Lett. 14, 74 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00821-9

 6. F. Zhang, Y.-H. Li, M.-Y. Qi, Y.M.A. Yamada, M. Anpo 
et al., Photothermal catalytic  CO2 reduction over nanoma-
terials. Chem Catal. 1, 272–297 (2021). https:// doi. org/ 10. 
1016/j. checat. 2021. 01. 003

 7. A. Kumar, P. Singh, A.A.P. Khan, Q. Van Le, V.-H. Nguyen 
et al.,  CO2 photoreduction into solar fuels via vacancy engi-
neered bismuth-based photocatalysts: Selectivity and mech-
anistic insights. Chem. Eng. J. 439, 135563 (2022). https:// 
doi. org/ 10. 1016/j. cej. 2022. 135563

 8. Y. Luo, H. Lee, Present and future of phase-selectively 
disordered blue  TiO2 for energy and society sustainability. 
Nano-Micro Lett. 13, 45 (2021). https:// doi. org/ 10. 1007/ 
s40820- 020- 00569-0

 9. H. Piao, G. Choi, X. Jin, S.J. Hwang, Y.J. Song et al., Mon-
olayer graphitic carbon nitride as metal-free catalyst with 
enhanced performance in photo- and electro-catalysis. 
Nano-Micro Lett. 14, 55 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00794-9

 10. V. Hasija, V.H. Nguyen, A. Kumar, P. Raizada, V. Krishnan 
et  al., Advanced activation of persulfate by polymeric 
g-C3N4 based photocatalysts for environmental remediation: 
a review. J. Hazard. Mater. 413, 125324 (2021). https:// doi. 
org/ 10. 1016/j. jhazm at. 2021. 125324

 11. S. Yue, L. Chen, M. Zhang, Z. Liu, T. Chen et al., Elec-
trostatic field enhanced photocatalytic  CO2 conversion on 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01309-w
https://doi.org/10.1007/s40820-023-01309-w
https://doi.org/10.1038/s41586-020-2738-2
https://doi.org/10.1038/s41586-020-2738-2
https://doi.org/10.1002/adma.201503730
https://doi.org/10.1002/adma.201503730
https://doi.org/10.1016/j.apcatb.2020.119600
https://doi.org/10.1016/j.apcatb.2020.119600
https://doi.org/10.1016/j.cej.2020.126184
https://doi.org/10.1007/s40820-022-00821-9
https://doi.org/10.1007/s40820-022-00821-9
https://doi.org/10.1016/j.checat.2021.01.003
https://doi.org/10.1016/j.checat.2021.01.003
https://doi.org/10.1016/j.cej.2022.135563
https://doi.org/10.1016/j.cej.2022.135563
https://doi.org/10.1007/s40820-020-00569-0
https://doi.org/10.1007/s40820-020-00569-0
https://doi.org/10.1007/s40820-022-00794-9
https://doi.org/10.1007/s40820-022-00794-9
https://doi.org/10.1016/j.jhazmat.2021.125324
https://doi.org/10.1016/j.jhazmat.2021.125324


Nano-Micro Lett.           (2024) 16:90  Page 13 of 15    90 

1 3

 BiVO4 nanowires. Nano-Micro Lett. 14, 15 (2021). https:// 
doi. org/ 10. 1007/ s40820- 021- 00749-6

 12. M.G. Lee, J.W. Yang, H. Park, C.W. Moon, D.M. Andoshe 
et al., Crystal facet engineering of  TiO2 nanostructures for 
enhancing photoelectrochemical water splitting with  BiVO4 
nanodots. Nano-Micro Lett. 14, 48 (2022). https:// doi. org/ 
10. 1007/ s40820- 022- 00795-8

 13. J. Wu, B.-Y. Deng, J. Liu, S.-R. Yang, M.-D. Li et  al., 
Assembling CdSe quantum dots into polymeric micelles 
formed by a polyethylenimine-based amphiphilic polymer 
to enhance efficiency and selectivity of  CO2-to-CO photore-
duction in water. ACS Appl. Mater. Interfaces 14, 29945–
29955 (2022). https:// doi. org/ 10. 1021/ acsami. 2c076 56

 14. W. Xia, J. Wu, J.-C. Hu, S. Sun, M.-D. Li et al., Highly 
efficient photocatalytic conversion of  CO2 to CO catalyzed 
by surface-ligand-removed and Cd-rich CdSe quantum dots. 
Chemsuschem 12, 4617–4622 (2019). https:// doi. org/ 10. 
1002/ cssc. 20190 1633

 15. J. Wu, J. Liu, W. Xia, Y.-Y. Ren, F. Wang, Advances on 
photocatalytic  CO2 reduction based on CdS and CdSe nano-
semiconductors. Acta Phys. Chim. Sin. (2020). https:// doi. 
org/ 10. 3866/ pku. whxb2 02008 043

 16. K. Wang, Z. Hu, P. Yu, A.M. Balu, K. Li et al., Under-
standing bridging sites and accelerating quantum efficiency 
for photocatalytic  CO2 reduction. Nano-Micro Lett. 16, 5 
(2023). https:// doi. org/ 10. 1007/ s40820- 023- 01221-3

 17. W. Zhan, L. Sun, X. Han, Recent progress on engineering 
highly efficient porous semiconductor photocatalysts derived 
from metal-organic frameworks. Nano-Micro Lett. 11, 1 
(2019). https:// doi. org/ 10. 1007/ s40820- 018- 0235-z

 18. Y. Sun, X. Meng, Y. Dall’Agnese, C. Dall’Aagnese, S. Duan 
et al., 2D MXenes as co-catalysts in photocatalysis: syn-
thetic methods. Nano-Micro Lett. 11, 79 (2019). https:// doi. 
org/ 10. 1007/ s40820- 019- 0309-6

 19. G. Yan, X. Sun, Y. Zhang, H. Li, H. Huang et al., Metal-
free 2D/2D van der waals heterojunction based on covalent 
organic frameworks for highly efficient solar energy cataly-
sis. Nano-Micro Lett. 15, 132 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01100-x

 20. Y. Zhang, G. Zhang, J. Di, J. Xia, Bismuth-based materials for 
 CO2 photoreduction. Curr. Opin. Green Sustain. Chem. 39, 
100718 (2023). https:// doi. org/ 10. 1016/j. cogsc. 2022. 100718

 21. L. Zhang, W. Wang, D. Jiang, E. Gao, S. Sun, Photoreduc-
tion of  CO2 on BiOCl nanoplates with the assistance of pho-
toinduced oxygen vacancies. Nano Res. 8, 821–831 (2015). 
https:// doi. org/ 10. 1007/ s12274- 014- 0564-2

 22. N. Han, W. Zhang, W. Guo, H. Pan, B. Jiang et al., Design-
ing oxide catalysts for oxygen electrocatalysis: insights from 
mechanism to application. Nano-Micro Lett. 15, 185 (2023). 
https:// doi. org/ 10. 1007/ s40820- 023- 01152-z

 23. D. Yang, S. Zuo, H. Yang, Y. Zhou, Q. Lu et al., Tailoring 
layer number of 2D porphyrin-based MOFs towards photo-
coupled electroreduction of  CO2. Adv. Mater. 34, e2107293 
(2022). https:// doi. org/ 10. 1002/ adma. 20210 7293

 24. D. Yang, S. Zuo, H. Yang, Y. Zhou, X. Wang, Freestanding 
millimeter-scale porphyrin-based monoatomic layers with 

0.28 nm thickness for  CO2 electrocatalysis. Angew. Chem. 
Int. Ed. 59, 18954–18959 (2020). https:// doi. org/ 10. 1002/ anie. 
20200 6899

 25. F. Chen, H. Huang, L. Guo, Y. Zhang, T. Ma, The role of 
polarization in photocatalysis. Angew. Chem. Int. Ed. 58, 
10061–10073 (2019). https:// doi. org/ 10. 1002/ anie. 20190 1361

 26. J. Di, W. Jiang, Z. Liu, Symmetry breaking for semiconductor 
photocatalysis. Trends Chem. 4, 1045–1055 (2022). https:// 
doi. org/ 10. 1016/j. trechm. 2022. 08. 010

 27. R. Zeng, C. Cheng, F. Xing, Y. Zou, K. Ding et al., Dual 
vacancies induced local polarization electric field for high-
performance photocatalytic  H2 production. Appl. Catal. B 
Environ. 316, 121680 (2022). https:// doi. org/ 10. 1016/j. apcatb. 
2022. 121680

 28. J. Di, X. Zhu, G. Hao, C. Zhu, H. Chen et al., Vacancy pair-
induced charge rebalancing with surface and interfacial dual 
polarization for  CO2 photoreduction. ACS Catal. 12, 15728–
15736 (2022). https:// doi. org/ 10. 1021/ acsca tal. 2c046 75

 29. J. Di, C. Zhu, M. Ji, M. Duan, R. Long et al., Defect-rich 
 Bi12  O17  Cl2 nanotubes self-accelerating charge separation for 
boosting photocatalytic  CO2 reduction. Angew. Chem. Int. Ed. 
57, 14847–14851 (2018). https:// doi. org/ 10. 1002/ anie. 20180 
9492

 30. F. Zhao, G. Zhan, S.-F. Zhou, Intercalation of laminar Cu–Al 
LDHs with molecular TCPP(M) (M = Zn Co, Ni, and Fe) 
towards high-performance  CO2 hydrogenation catalysts. 
Nanoscale 12, 13145–13156 (2020). https:// doi. org/ 10. 1039/ 
D0NR0 1916J

 31. M. Zhou, D.-P. Xu, T.-C. Liu, P. Zhang, S.-Q. Gao et al., 
Molecular spring washers: Raman scattering studies on Tpp 
J-aggregates under high pressure. J. Phys. Chem. B 112, 
15562–15568 (2008). https:// doi. org/ 10. 1021/ jp807 1537

 32. J. Meng, Y. Duan, S. Jing, J. Ma, K. Wang et al., Facet junction 
of BiOBr nanosheets boosting spatial charge separation for 
 CO2 photoreduction. Nano Energy 92, 106671 (2022). https:// 
doi. org/ 10. 1016/j. nanoen. 2021. 106671

 33. X. Zhang, Y. Wang, M. Gu, M. Wang, Z. Zhang et al., Molecu-
lar engineering of dispersed nickel phthalocyanines on carbon 
nanotubes for selective  CO2 reduction. Nat. Energy 5, 684–692 
(2020). https:// doi. org/ 10. 1038/ s41560- 020- 0667-9

 34. H. Wang, S. Chen, D. Yong, X. Zhang, S. Li et al., Giant 
electron-hole interactions in confined layered structures for 
molecular oxygen activation. J. Am. Chem. Soc. 139, 4737–
4742 (2017). https:// doi. org/ 10. 1021/ jacs. 6b122 73

 35. Y. Zhang, F. Guo, K. Wang, J. Di, B. Min et al., Precisely 
modulate interfacial Bi-O bridge bond in Co-TCPP/Bi3O4Br 
to trigger long-lasting charge separation for boosting  CO2 pho-
toreduction. Chem. Eng. J. 465, 142663 (2023). https:// doi. 
org/ 10. 1016/j. cej. 2023. 142663

 36. L. Wang, S. Duan, P. Jin, H. She, J. Huang et al., Anchored 
Cu(II) tetra(4-carboxylphenyl)porphyrin to P25  (TiO2) for 
efficient photocatalytic ability in  CO2 reduction. Appl. Catal. 
B Environ. 239, 599–608 (2018). https:// doi. org/ 10. 1016/j. 
apcatb. 2018. 08. 007

 37. J. Li, X. Wu, W. Pan, G. Zhang, H. Chen, Vacancy-rich 
monolayer  BiO2-x as a highly efficient UV, visible, and 

https://doi.org/10.1007/s40820-021-00749-6
https://doi.org/10.1007/s40820-021-00749-6
https://doi.org/10.1007/s40820-022-00795-8
https://doi.org/10.1007/s40820-022-00795-8
https://doi.org/10.1021/acsami.2c07656
https://doi.org/10.1002/cssc.201901633
https://doi.org/10.1002/cssc.201901633
https://doi.org/10.3866/pku.whxb202008043
https://doi.org/10.3866/pku.whxb202008043
https://doi.org/10.1007/s40820-023-01221-3
https://doi.org/10.1007/s40820-018-0235-z
https://doi.org/10.1007/s40820-019-0309-6
https://doi.org/10.1007/s40820-019-0309-6
https://doi.org/10.1007/s40820-023-01100-x
https://doi.org/10.1007/s40820-023-01100-x
https://doi.org/10.1016/j.cogsc.2022.100718
https://doi.org/10.1007/s12274-014-0564-2
https://doi.org/10.1007/s40820-023-01152-z
https://doi.org/10.1002/adma.202107293
https://doi.org/10.1002/anie.202006899
https://doi.org/10.1002/anie.202006899
https://doi.org/10.1002/anie.201901361
https://doi.org/10.1016/j.trechm.2022.08.010
https://doi.org/10.1016/j.trechm.2022.08.010
https://doi.org/10.1016/j.apcatb.2022.121680
https://doi.org/10.1016/j.apcatb.2022.121680
https://doi.org/10.1021/acscatal.2c04675
https://doi.org/10.1002/anie.201809492
https://doi.org/10.1002/anie.201809492
https://doi.org/10.1039/D0NR01916J
https://doi.org/10.1039/D0NR01916J
https://doi.org/10.1021/jp8071537
https://doi.org/10.1016/j.nanoen.2021.106671
https://doi.org/10.1016/j.nanoen.2021.106671
https://doi.org/10.1038/s41560-020-0667-9
https://doi.org/10.1021/jacs.6b12273
https://doi.org/10.1016/j.cej.2023.142663
https://doi.org/10.1016/j.cej.2023.142663
https://doi.org/10.1016/j.apcatb.2018.08.007
https://doi.org/10.1016/j.apcatb.2018.08.007


 Nano-Micro Lett.           (2024) 16:90    90  Page 14 of 15

https://doi.org/10.1007/s40820-023-01309-w© The authors

near-infrared responsive photocatalyst. Angew. Chem. Int. 
Ed. 57, 491–495 (2018). https:// doi. org/ 10. 1002/ anie. 20170 
8709

 38. B.R. Chen, V.H. Nguyen, J.C.S. Wu, R. Martin, K. Kočí, 
Renewable fuel by photohydrogenation of  CO2: impact of the 
nature of Cu species loaded  TiO2. Phys. Chem. Chem. Phys. 
18, 4942–4951 (2016). https:// doi. org/ 10. 1039/ C5CP0 6999H

 39. T.M. Ivanova, K.I. Maslakov, A.A. Sidorov, M.A. Kiskin, R.V. 
Linko et al., XPS detection of unusual Cu(II) to Cu(I) transi-
tion on the surface of complexes with redox-active ligands. 
J. Electron Spectrosc. Relat. Phenom. 238, 146878 (2020). 
https:// doi. org/ 10. 1016/j. elspec. 2019. 06. 010

 40. F. Xu, K. Meng, B. Cheng, S. Wang, J. Xu et al., Unique 
S-scheme heterojunctions in self-assembled  TiO2/CsPbBr3 
hybrids for  CO2 photoreduction. Nat. Commun. 11, 4613 
(2020). https:// doi. org/ 10. 1038/ s41467- 020- 18350-7

 41. X. Sun, L. Li, S. Jin, W. Shao, H. Wang et  al., Interface 
boosted highly efficient selective photooxidation in  Bi3O4Br/
Bi2O3 heterojunctions. eScience 3, 100095 (2023). https:// doi. 
org/ 10. 1016/j. esci. 2023. 100095

 42. F. Gao, E.D. Walter, E.M. Karp, J. Luo, R.G. Tonkyn et al., 
Structure–activity relationships in  NH3-SCR over Cu-SSZ-13 
as probed by reaction kinetics and EPR studies. J. Catal. 300, 
20–29 (2013). https:// doi. org/ 10. 1016/j. jcat. 2012. 12. 020

 43. Y.A. Wu, I. McNulty, C. Liu, K.C. Lau, Q. Liu et al., Facet-
dependent active sites of a single  Cu2O particle photocata-
lyst for  CO2 reduction to methanol. Nat. Energy 4, 957–968 
(2019). https:// doi. org/ 10. 1038/ s41560- 019- 0490-3

 44. H. Gao, J. Wang, M. Jia, F. Yang, R.S. Andriamitantsoa et al., 
Construction of  TiO2 nanosheets/tetra (4-carboxyphenyl) 
porphyrin hybrids for efficient visible-light photoreduction of 
 CO2. Chem. Eng. J. 374, 684–693 (2019). https:// doi. org/ 10. 
1016/j. cej. 2019. 06. 002

 45. H. Lin, Y. Liu, Z. Wang, L. Ling, H. Huang et al., Enhanced 
 CO2 photoreduction through spontaneous charge separation 
in end-capping assembly of heterostructured covalent-organic 
frameworks. Angew. Chem. Int. Ed. 61, e202214142 (2022). 
https:// doi. org/ 10. 1002/ anie. 20221 4142

 46. Y. Zhang, J. Di, X. Zhu, M. Ji, C. Chen et al., Chemical bond-
ing interface in  Bi2Sn2O7/BiOBr S-scheme heterojunction trig-
gering efficient  N2 photofixation. Appl. Catal. B Environ. 323, 
122148 (2023). https:// doi. org/ 10. 1016/j. apcatb. 2022. 122148

 47. Y. Wang, F. Xie, R. Li, Z. Yu, X. Jian et al.,  Bi3O4Br/Ti3C2 
Schottky junction with enhanced active species generation for 
boosting visible-light photodegradation bisphenol A activity. 
Sep. Purif. Technol. 318, 124001 (2023). https:// doi. org/ 10. 
1016/j. seppur. 2023. 124001

 48. S. Xie, C. Deng, Q. Huang, C. Zhang, C. Chen et al., Facili-
tated photocatalytic  CO2 reduction in aerobic environment on 
a copper-porphyrin metal-organic framework. Angew. Chem. 
Int. Ed. 62, e202216717 (2023). https:// doi. org/ 10. 1002/ anie. 
20221 6717

 49. Y. Shi, G. Zhan, H. Li, X. Wang, X. Liu et al., Simultane-
ous manipulation of bulk excitons and surface defects for 

ultrastable and highly selective  CO2 photoreduction. Adv. 
Mater. 33, e2100143 (2021). https:// doi. org/ 10. 1002/ adma. 
20210 0143

 50. Y. Wang, K. Wang, J. Meng, C. Ban, Y. Duan et al., Construct-
ing atomic surface concaves on  Bi5O7Br nanotube for effi-
cient photocatalytic  CO2 reduction. Nano Energy 109, 108305 
(2023). https:// doi. org/ 10. 1016/j. nanoen. 2023. 108305

 51. Y. Wang, J. Hu, T. Ge, F. Chen, Y. Lu et al., Gradient cati-
onic vacancies enabling inner-to-outer tandem homojunc-
tions: strong local internal electric field and reformed basic 
sites boosting  CO2 photoreduction. Adv. Mater. 35, e2302538 
(2023). https:// doi. org/ 10. 1002/ adma. 20230 2538

 52. L. Wang, X. Zhao, D. Lv, C. Liu, W. Lai et al., Promoted 
photocharge separation in 2D lateral epitaxial heterostruc-
ture for visible-light-driven  CO2 photoreduction. Adv. 
Mater. 32, e2004311 (2020). https:// doi. org/ 10. 1002/ adma. 
20200 4311

 53. J. Di, C. Chen, C. Zhu, R. Long, H. Chen et al., Surface local 
polarization induced by bismuth-oxygen vacancy pairs tun-
ing non-covalent interaction for  CO2 photoreduction. Adv. 
Energy Mater. 11, 2102389 (2021). https:// doi. org/ 10. 1002/ 
aenm. 20210 2389

 54. Y. Wang, Y. Qu, B. Qu, L. Bai, Y. Liu et al., Construction of 
six-oxygen-coordinated single Ni sites on g-C3  N4 with boron-
oxo species for photocatalytic water-activation-induced  CO2 
reduction. Adv. Mater. 33, e2105482 (2021). https:// doi. org/ 
10. 1002/ adma. 20210 5482

 55. H. Yu, F. Chen, X. Li, H. Huang, Q. Zhang et al., Synergy of 
ferroelectric polarization and oxygen vacancy to promote  CO2 
photoreduction. Nat. Commun. 12, 4594 (2021). https:// doi. 
org/ 10. 1038/ s41467- 021- 24882-3

 56. G. Liu, B. Wang, X. Zhu, P. Ding, J. Zhao et al., Edge-site-rich 
ordered macroporous BiOCl triggers C=O activation for effi-
cient  CO2 photoreduction. Small 18, e2105228 (2022). https:// 
doi. org/ 10. 1002/ smll. 20210 5228

 57. B. Wang, W. Zhang, G. Liu, H. Chen, Y.-X. Weng et al., 
Excited electron-rich  Bi(3–x)+ sites: a quantum well-like struc-
ture for highly promoted selective photocatalytic  CO2 reduc-
tion performance. Adv. Funct. Mater. 32, 2202885 (2022). 
https:// doi. org/ 10. 1002/ adfm. 20220 2885

 58. F. Wang, S.X. Zhang, F.B. Yu, Y. Liu, L.J. Guo, Optimization 
strategy for producing carbon based fuels by photocatalytic 
 CO2 reduction. CIESC J. 74, 29–44 (2023). https:// doi. org/ 
10. 11949/ 0438- 1157. 20221 120

 59. M. Liu, M. Peng, B. Dong, Y. Teng, L. Feng et al., Explicating 
the role of metal centers in porphyrin-based MOFs of PCN-
222(M) for electrochemical reduction of  CO2. Chin. J. Struct. 
Chem. 41(7), 2207046–2207052 (2022). https:// doi. org/ 10. 
14102/j. cnki. 0254- 5861. 2022- 0057

 60. Z. Xing, X. Hu, X. Feng, Tuning the microenvironment in 
gas-diffusion electrodes enables high-rate  CO2 electrolysis to 
formate. ACS Energy Lett. 6, 1694–1702 (2021). https:// doi. 
org/ 10. 1021/ acsen ergyl ett. 1c006 12

 61. J. Di, W. Jiang, Recent progress of low-dimensional metal 
sulfides photocatalysts for energy and environmental 

https://doi.org/10.1002/anie.201708709
https://doi.org/10.1002/anie.201708709
https://doi.org/10.1039/C5CP06999H
https://doi.org/10.1016/j.elspec.2019.06.010
https://doi.org/10.1038/s41467-020-18350-7
https://doi.org/10.1016/j.esci.2023.100095
https://doi.org/10.1016/j.esci.2023.100095
https://doi.org/10.1016/j.jcat.2012.12.020
https://doi.org/10.1038/s41560-019-0490-3
https://doi.org/10.1016/j.cej.2019.06.002
https://doi.org/10.1016/j.cej.2019.06.002
https://doi.org/10.1002/anie.202214142
https://doi.org/10.1016/j.apcatb.2022.122148
https://doi.org/10.1016/j.seppur.2023.124001
https://doi.org/10.1016/j.seppur.2023.124001
https://doi.org/10.1002/anie.202216717
https://doi.org/10.1002/anie.202216717
https://doi.org/10.1002/adma.202100143
https://doi.org/10.1002/adma.202100143
https://doi.org/10.1016/j.nanoen.2023.108305
https://doi.org/10.1002/adma.202302538
https://doi.org/10.1002/adma.202004311
https://doi.org/10.1002/adma.202004311
https://doi.org/10.1002/aenm.202102389
https://doi.org/10.1002/aenm.202102389
https://doi.org/10.1002/adma.202105482
https://doi.org/10.1002/adma.202105482
https://doi.org/10.1038/s41467-021-24882-3
https://doi.org/10.1038/s41467-021-24882-3
https://doi.org/10.1002/smll.202105228
https://doi.org/10.1002/smll.202105228
https://doi.org/10.1002/adfm.202202885
https://doi.org/10.11949/0438-1157.20221120
https://doi.org/10.11949/0438-1157.20221120
https://doi.org/10.14102/j.cnki.0254-5861.2022-0057
https://doi.org/10.14102/j.cnki.0254-5861.2022-0057
https://doi.org/10.1021/acsenergylett.1c00612
https://doi.org/10.1021/acsenergylett.1c00612


Nano-Micro Lett.           (2024) 16:90  Page 15 of 15    90 

1 3

applications. Mater. Today Catal. 1, 100001 (2023). https:// 
doi. org/ 10. 1016/j. mtcata. 2023. 100001

 62. S. Bai, H. Qiu, M. Song, G. He, F. Wang et al., Porous fixed-
bed photoreactor for boosting C–C coupling in photocatalytic 
 CO2 reduction. eScience 2, 428–437 (2022). https:// doi. org/ 
10. 1016/j. esci. 2022. 06. 006

 63. Y. Yu, X.-A. Dong, P. Chen, Q. Geng, H. Wang et al., Synergistic 
effect of Cu single atoms and Au–Cu alloy nanoparticles on  TiO2 
for efficient  CO2 photoreduction. ACS Nano 15, 14453–14464 
(2021). https:// doi. org/ 10. 1021/ acsna no. 1c039 61

https://doi.org/10.1016/j.mtcata.2023.100001
https://doi.org/10.1016/j.mtcata.2023.100001
https://doi.org/10.1016/j.esci.2022.06.006
https://doi.org/10.1016/j.esci.2022.06.006
https://doi.org/10.1021/acsnano.1c03961

	Strain-Induced Surface Interface Dual Polarization Constructs PML-CuBi12O17Br2 High-Density Active Sites for CO2 Photoreduction
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of PML-Cu, BOB and PBOB Materials
	2.2.1 Preparations of PML-Cu
	2.2.2 Preparations of BOB
	2.2.3 Preparations of PBOB


	3 Results and Discussion
	3.1 Design Principle and Structural Characterizations
	3.2 Surface Interface Dual Polarization Function
	3.3 Charge Migration and Energy Band Structure
	3.4 CO2 Photoreduction Performance Evaluation
	3.5 CO2 Photoreduction Mechanism Analysis

	4 Conclusions
	Acknowledgements 
	References


