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a b s t r a c t

Photocatalytic CO2 reduction is a cutting-edge technology with significant strategic importance for miti-

gating climate change and advancing energy transitions. In this study, we developed a high-performance

photocatalyst by constructing a tightly interfaced S-scheme heterojunction from Prussian blue analogs

(PBAs). Using [Co2+(CN)6]4− as the base, we selected two PBAs with high energy-level matching and con-

nected them via M-NC-Co-CN-M bonds. Experimental results showed that the optimized Ni/Zn-Co PBAs

S-scheme photocatalyst achieved a CO2 conversion rate of ∼38μmol g-1 h-1 (94.13% CO and 5.87% CH4).

This design effectively improved the utilization efficiency of photogenerated charges and enhanced redox

capabilities, while the Ni site further boosted CO2 activation. This study not only offers new insights into

designing efficient PBA-based photocatalysts but also demonstrates the promise of S-scheme mechanism

in improving photocatalytic CO2 reduction activity.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Research into photocatalytic CO2 reduction holds significant

strategic importance for addressing global climate change, reshap-

ing energy structures, and driving technological innovation [1,2].

As atmospheric CO2 concentrations surpass 420ppm, this tech-

nology mimics natural photosynthesis to efficiently convert CO2

into valuable fuels (CO and CH4). Beyond directly reducing green-

house gas levels, it establishes a new paradigm for artificial car-

bon cycling. Studies suggest that converting just 10% of global CO2

emissions through photocatalysis could offset three months of hu-

man carbon emissions, making it a critical pathway toward achiev-

ing carbon neutrality [3,4]. Additionally, advancements in this field

have spurred interdisciplinary research in materials science, cat-

alytic chemistry, and energy science, providing theoretical founda-

tions for designing efficient photocatalysts and optimizing reaction

mechanisms [5,6]. By enabling carbon resource recycling and pro-

moting low-carbon energy transitions, photocatalytic CO2 reduc-

tion furnishes an encouraging solution for building a sustainable

and carbon-neutral future.
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quyang@hlju.edu.cn (Y. Qu).
1 These authors contributed equally to this work.

To address the extremely short lifetime of photoexcited car-

riers in single semiconductor, a common strategy is to combine

two schemes of photocatalysts. Experimental results have shown

that this approach can enhance photocatalytic activity. While type-

II and Z-scheme mechanisms have been submitted to explain the

thorny issue, neither the thermodynamic energy loss nor the ki-

netic charge repulsion in these models adequately accounts for the

observed enhancements [7,8]. To resolve these limitations, scien-

tists introduced a novel concept: S-scheme heterojunction [9,10].

This concept provides a clear description of electron transfer from

lower-energy states to higher-energy states. When a reductive pho-

tocatalyst with a higher Fermi level and bandgap structure is

brought into contact with an oxidative photocatalyst, the photoex-

cited electrons in the conduction band (CB) of the oxidative phase

are selectively injected into the valence band (VB) of the reductive

partner, thereby suppressing bulk recombination, under the com-

bined effects of this built-in electric field [11–13]. Meanwhile, the

remaining photoexcited carriers are retained in the reductive part-

ner CB and the oxidative phase VB. This S-scheme heterojunction

achieves highly efficient charge separation and exhibits robust pho-

toredox capabilities, thereby significantly enhancing photocatalytic

performance.

Prussian blue analogs (PBAs) are stable coordination polymers

that fall under the broader category of MOFs [14,15]. Their struc-
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Fig. 1. (a) Synthetic pathway of the Ni/Zn dual-PBAs. (b-i) Transmission electron microscope (TEM) image and energy dispersive X-ray spectroscopy (EDX) mapping of

Ni/Zn-Co PBAs.

tural tunability enhances carrier charge separation and transport

rates, while their high porosity provides ample active sites and

adsorption channels [16]. These advantages make PBAs superior to

many MOFs (e.g., ZIFs, UiO-66) in terms of light absorption range,

charge transport rates, and CO2 adsorption capacity. Compared

with traditional photocatalysts, PBAs exhibit unique ligand field

effects and diverse metal centers [17,18]. Due to these properties,

PBAs have been widely applied in photocatalysis.

The bandgap structure of PBAs is closely related to their struc-

ture and electronic properties [19,20]. By modulating the elec-

tronic structure, the band positions and bandgap width of PBAs

can be effectively tuned. For PBAs with the general formula

M1[M2(CN)6]x·yH2O, regulating the M1 site and its coordination

environment is the most effective strategy for controlling their

band structure [21,22]. Additionally, PBAs exhibit strong visible-

light absorption, which is primarily influenced by the D-electron

count of the metal centers, especially at the M1 site [23]. So, when

tuning the metal centers, both their redox capabilities and visible-

light absorption range should be considered to identify PBAs with

broad spectral responses, paving the way for the creation of excep-

tionally efficient photocatalytic systems.

Based on the above analysis, we used [Co2+(CN)6]4- as the foun-

dation and selected various M1 metal sites to screen the band

structure of PBA-based photocatalysts. On this basis, we chose two

PBAs with high energy-level matching and connected them via M-

NC-Co-CN-M bonds. By modulating the interfacial electronic struc-

ture with these chemical bonds, we constructed a closely contacted

PBAs-based S-scheme photocatalyst, enabling stepwise transfer of

photogenerated charges between the two PBAs. Among them, the

optimal Ni/Zn-Co PBAs S-scheme photocatalyst exhibited a CO2

conversion performance of ∼38μmol g-1 h-1 (94.13% CO and 5.87%

CH4). This design effectively improved the utilization efficiency of

photogenerated charges and enhanced redox capabilities, while the

Ni site further boosted CO2 activation. This work opens up an in-

novative avenue toward designing high-performance PBAs-based S-

scheme system but also paves the way for sustainable carbon uti-

lization technologies.

The synthesis process of the Ni/Zn-Co PBAs cubic S-scheme

photocatalyst is shown in Fig. 1a. The Zn-Co PBAs cubic photo-

catalyst is prepared by controlling the pH value using a structure-

directing agent. To obtain Zn-Co PBAs cubes with a regular struc-

ture and uniform size, sodium citrate is selected as the structure-

directing agent. The charge diffusion distance between heterojunc-

tion interfaces typically ranges from a few nanometers to tens

of nanometers, and the regulation of the interface structure de-

termines the charge transfer capability and photocatalytic perfor-

mance of the S-scheme heterostructure. To achieve a closely inte-

grated interface for rapid and smooth spatial charge transfer, the

Zn-Co PBAs cubic photocatalyst is used as the core, and an in-

situ growth technique is employed to uniformly coat Ni-Co PBAs

on the surface of Zn-Co PBAs cubic photocatalysts (Ni/Zn-Co PBAs)

through a Ni-N-C-Co-C-N-Zn structure [19,21,23]. It is observed

that the edge length of the Ni/Zn-Co PBAs cubic S-scheme pho-

tocatalyst increases from ∼160nm to ∼200nm (Fig. 1b and Fig.

S1 in Supporting information). Additionally, Ni/Zn-Co PBAs cubic

S-scheme photocatalyst was further determined by elemental dis-

tribution (Figs. 1c-i). It can be seen that Zn, the main element of

the Zn-Co PBAs core, is concentrated in the central area of the

composite sample. In contrast, the corresponding Ni element is

sparsely distributed in the edge and peripheral positions. Further-

more, since both Zn-Co PBAs and Ni-Co PBAs belong to Co-based

PBAs and share the same crystalline structure, their XRD charac-

teristic peaks are identical (Fig. S2a in Supporting information).

However, compared with Zn-Co PBAs, Ni-Co PBAs exhibits signif-

icant light absorption in the near-infrared region, resulting in visi-

ble light response in Ni/Zn-Co PBAs due to the Ni-Co PBAs coating,

thereby extending the near-infrared light absorption capability of

Zn-Co PBAs (Fig. S2b in Supporting information).

Orthogonal experiments, an efficient multi-factor experimental

design method, allow for a comprehensive investigation of the ef-

fects of multiple factors and their interactions on experimental

outcomes with minimal experimental runs through orthogonal ar-

rays. Using orthogonal experiments, the most significant reaction

conditions affecting the photocatalytic performance of 4Ni/Zn-Co

PBAs were rapidly and systematically identified (Figs. 2a-c). Based

on these optimized conditions, the CO2 reduction performance

of five Co-based PBAs monomers (Fig. S3a and Table S1 in Sup-

porting information), Co-based PBAs composite photocatalysts con-

forming to the S-scheme mechanism (Fig. S3b and Table S2 in Sup-

porting information), and xNi/Zn-Co PBAs composite photocatalysts
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Fig. 2. (a-c) The effects of reaction conditions on the performance of 4Ni/Zn-Co PBAs. (d) The photocatalytic performance of various photocatalysts. (e) Comparative experi-

ments, (f) isotopic data, and (g) stability tests over 4Ni/Zn-Co PBAs.

(Fig. 2d and Table S3 in Supporting information) was tested. The

results showed that Co-based PBAs composite photocatalysts con-

forming with the S-scheme mechanism significantly improved CO2

reduction performance. Among them, 4Ni/Zn-Co PBAs, based on

the best-performing monomer Zn-Co PBAs, exhibited the highest

CO generation rate, achieving a CO2 conversion yield of ∼38μmol

g-1 h-1 (94.13% CO and 5.87% CH4). Compared with other sys-

tems near years, the Ni/Zn-Co PBAs cubic S-scheme photocata-

lyst demonstrated advantages in both selectivity and conversion

rate (Table S4 in Supporting information). Notably, in all samples,

the molar ratio of O2 to carbon-containing products was nearly

1:2, indicating strict stoichiometric reactions during CO2 conver-

sion without accompanying side reactions.

To verify the roles of each component in the reaction system

and the origin of the products, blank control experiments (Fig. 2e)

and isotope labeling experiments (Fig. 2f) were conducted using

4Ni/Zn-Co PBAs as the target. The results showed that the effec-

tive conversion of CO2 could not be achieved if any component,

photocatalyst, H2O, CO2, or light source, was missing. Similarly,

when substituting with 13CO2 and D2O, the corresponding prod-

ucts changed, confirming that the CO2 conversion products were

exclusively derived from the reactants, with no contamination from

external sources. Furthermore, 4Ni/Zn-Co PBAs underwent four cy-

cles of durability testing (Fig. 2g, Fig. S4 and Table S5 in Support-

ing information) and structural stability testing (Fig. S5 in Support-

ing information). The results demonstrated that the CO2 reduction

process on 4Ni/Zn-Co PBAs strictly followed a first-order reaction

kinetics model, with product yields increasing proportionally over

equal time intervals. Additionally, both the crystalline structure

and light absorption capacity remained unchanged. These findings

highlight the excellent performance stability and structural sus-

tainability of the Ni/Zn-Co PBAs cubic S-scheme photocatalyst, pro-

viding a foundation for potential industrial applications.

Outstanding photocatalytic performance requires excellent

charge separation. So, we examined the optical properties and

band positions of five Co-based PBAs photocatalysts (Figs. S6 and

S7 in Supporting information). The results showed that the band

positions of Zn-Co PBAs and Ni-Co PBAs perfectly match the

S-scheme charge transport mechanism requirements. Hence, we

speculate that Ni/Zn-Co PBAs photocatalysts have an S-scheme

charge transport path. To ascertain the S-scheme oriented migra-

tion pathway in Ni/Zn-Co PBAs photocatalysts, in-situ XPS charac-

terization was performed on Zn-Co PBAs, Ni-Co PBAs, and Ni/Zn-

Co PBAs (Figs. 3a-c and Fig. S8 in Supporting information). Af-

ter constructing Ni/Zn-Co PBAs on a Zn-Co PBAs base, the Zn 2p

binding energy shifted slightly in the direction negative, but this

was offset by a larger positive change upon light-exposure, with

Ni 2p showing the opposite trend. Before illumination, the binding

energy changes were due to band bending from the Fermi-level

equalization when Zn-Co PBAs and Ni-Co PBAs made contact [24–

27]. This caused electrons and holes to gather on the surfaces of

Zn-Co PBAs and Ni-Co PBAs respectively [28]. Upon light exposure,

the bent bands formed a stable interfacial electric field at the Zn-

Co PBAs and Ni-Co PBAs interface. This directed electrons to trans-

fer from the oxidative photocatalyst to the reductive photocatalyst.

The post-illumination binding energy changes of Zn 2p and Ni 2p

fully confirmed the S-scheme charge transport mechanism hypoth-

esis in Ni/Zn-Co PBAs photocatalysts. The S-scheme heterojunction

formation and charge transport process are illustrated in Fig. S9

(Supporting information).

In the field of photocatalytic materials, the separation efficiency

of photogenerated charges is one of the key factors determining

the photocatalytic performance of materials. As a powerful charac-

terization method, transient photovoltage spectroscopy can capture

the dynamic behavior of photogenerated charge in materials in a

time resolved manner, which provides an intuitive and accurate
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Fig. 3. The XPS spectra of (a) Zn, (b) Ni and (c) Co of 4Ni/Zn-Co PBAs. TPV spectra of (d) Zn-Co PBAs, (e) Ni-Co PBAs, and (f) 4Ni/Zn-Co PBAs. (g) The oriented migration

pathway of photoexcited charges and (h) scanning Kelvin probe maps of PBAs photocatalysts.

experimental basis for further exploring the separation process of

photogenerated charge. Exponential fitting of transient photovolt-

age spectrum is an important method to analyze the lifetime char-

acteristics of photogenerated charge. In this analytical framework,

different time constants (τ ) correspond to the lifetime of photo-

generated charges in different physical processes. τ 1 reflects the

initial separation process of photogenerated charge at the moment

of light excitation, which involves the generation of electron hole

pairs excited by photon energy and their preliminary separation in

a very short time. For a single photocatalyst, τ 2 describes the diffu-

sion process of the separated photogenerated charge on the surface

of the material, which directly affects whether the photogenerated

charge can effectively participate in the surface catalytic reaction.

For composite photocatalysts, τ 2 characterizes the directional mi-

gration behavior of photogenerated charges between the interfaces

of different materials, which is very important for the efficient

separation and utilization of charges. τ 3 is specific to compos-

ite photocatalysts, representing the effective life of photogenerated

charges on the surface of materials, which determines the time

window for photogenerated charges to participate in catalytic re-

actions on the surface. We also verified the electron transport path

under the S-scheme mechanism by examining the electron lifetime

(Figs. 3d-g). Single component samples fit a bi-exponential model,

indicating two electron transfer routes. The first transfer phase (τ 1)

resulted from intrinsic excitation of the single component photo-

catalyst upon light exposure, where induced electrons from the VB

to CB, forming a Coulombic field. The second phase (τ 2) was due

to some CB electrons migrating from the bulk to the surface, creat-

ing a local field. In contrast, the composite sample (Ni/Zn-Co PBAs)

required tri-exponential fitting. Here, τ 2 represented the interfa-

cial charge-transfer duration, and τ 3 represented the electrons dif-

fusion duration. The significantly prolonged electron diffusion life-

time in Ni/Zn-Co PBAs suggests that the built-in electric field en-

abled effective electron-hole separation, thus markedly extending

the photogenerated electrons effective duration. The work func-

tions of Zn-Co PBAs and Ni-Co PBAs (Fig. 3h) also supported the

directed electron transport.

To more intuitively see the electron transport results, EPR tests

with DMPO as a molecular probe were carried out on Zn-Co PBAs,

Ni-Co PBAs, and Ni/Zn-Co PBAs (Fig. S10 in Supporting informa-

tion). As the CBs of Zn-Co PBAs and Ni-Co PBAs meet the O2 acti-

vation condition, the enhanced •O2
- signal is attributed to effective

charge separation allowing more electrons for O2 activation [29].

Importantly, the •OH signal changed significantly. Since the VB of

Ni-Co PBAs cannot effectively activate OH groups, the increased
•OH signal in Ni/Zn-Co PBAs entirely depends on Zn-Co PBAs [30].

If the charge transport mode in Ni/Zn-Co PBAs didnot follow the

S-scheme mechanism, charges would gather on the VB of Ni-Co

PBAs, contradicting the experimental results. Thus, Ni/Zn-Co PBAs

photocatalysts are confirmed to follow the S-scheme charge trans-

port mechanism, a detailed schematic is in Fig. S11 (Supporting in-

formation). Single-wavelength laser excitation of Zn-Co PBAs, Ni-

Co PBAs, and Ni/Zn-Co PBAs again showed that only simultaneous

excitation of Zn-Co PBAs and Ni-Co PBAs enhances photoinduced

charge separation efficiency, consistent with all previous S-scheme

mechanism characterization results (Fig. S12 in Supporting infor-

mation) [31]. Fig. S13 (Supporting information) verifies from pho-

tophysical, photochemical, and photoelectrochemical perspectives

that the S-scheme system improve the charge separation efficiency

of Ni/Zn-Co PBAs photocatalysts.

According to the S-scheme mechanism, the electrons of the

Ni/Zn-Co PBAs photocatalyst should eventually be enriched on the

CB of the Ni-Co PBAs. Therefore, the Ni/Zn-Co PBAs photocata-

lyst is expected to exhibit a stronger CO2 activation ability. As
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Fig. 4. (a, b) Electrochemical reduction curves and (c) SS-SPS response intensities under different atmospheres of PBAs photocatalysts. (d) Optimized CO2 adsorption struc-

tures and (e) CO2 adsorption free energy diagram of different sites. (f) CO2-TPD profiles of PBAs photocatalysts.

depicted in Figs. 4a and b, compared with Ar atmosphere, both

single-component photocatalysts and the composite photocatalyst

demonstrate enhanced redox capabilities under CO2 atmosphere,

with the Ni/Zn-Co PBAs showing the most remarkable performance

[32]. This observation effectively underscores the advantageous ef-

fect of the S-scheme mechanism in elevating the redox capabili-

ties of the photocatalytic system. Analogous outcomes are also dis-

cernible in the atmosphere-regulated SS-SPS measurements (Fig.

4c and Fig. S14 in Supporting information). Specifically, under a N2

atmosphere, the single-component photocatalysts exhibit no pho-

tocurrent signals. This stems from the absence of charge separation

in the absence of electron and hole scavengers. In stark contrast,

the Ni/Zn-Co PBAs photocatalyst is not constrained by this limita-

tion. This is because the photoinduced charges can migrate across

the interface between Zn-Co PBAs and Ni-Co PBAs, thereby gener-

ating measurable photocurrent signals. Most revealingly, upon the

incremental introduction of CO2 into the detection setup, the pho-

tocurrent signals for all materials undergo a notable enhancement,

and this enhancement is positively correlated with the concentra-

tion of CO2. This serves as compelling evidence that CO2 functions

as an electron scavenger, effectively facilitating electron transfer,

and by extension, underscoring the electrons’ pronounced capac-

ity to activate CO2 [33,34].

In order to conduct a more rational investigation into the CO2

activation capabilities of different materials, particularly attention

was devoted to the metal sites involved in the activation pro-

cess. To this end, DFT calculations were employed to determine

the Gibbs free energy associated with the CO2 molecules adsorbed

onto various metal sites (Figs. 4d and e). The simulation results

reveal that when CO2 molecules are adsorbed onto metal sites,

the adjacent N atoms form new N-O bonds with the O atoms in

CO2. Consequently, the linear configuration of the CO2 molecule is

distorted into a triangular geometry. The CO2 adsorption free en-

ergy values onto Zn2+ or Co3+ sites are positive, signifying that

CO2 can readily desorb from these sites. In marked contrast, the

CO2 adsorption free energy onto Ni2+ sites are negative. Hence,

CO2 capture at Ni2+ centers proceed with notable spontaneity, al-

lowing gas molecules to readily anchor onto the Ni-Co PBA sur-

face directly from the reaction medium [35,36]. Furthermore, CO2-

TPD (CO2-temperature programmed desorption) experiments (Fig.

4f) were conducted to evaluate the CO2 adsorption capacity. The

results demonstrate that Ni2+ sites exhibit the most significant en-

hancement in CO2 adsorption capability, irrespective of whether it

is physical adsorption in the low-temperature region or chemical

adsorption in the medium- and high-temperature regions [37]. This

conclusion is further corroborated by in-situ diffuse reflectance in-

frared Fourier transform spectroscopy (DRIFTS) spectra (Fig. S15 in

Supporting information).

The reaction mechanism of CO2 photoreduction was explored

using both in-situ DRIFTS spectra (Figs. 5a and b), NAP-XPS (near-

ambient pressure X-ray photoelectron spectroscopy) spectra (Fig.

5c) and DFT calculations (Fig. 5d). In the in-situ DRIFTS spectra,

by comparing with other materials and literature, the generation

of carbonates and bicarbonate: Fig. 5a shows the infrared char-

acteristic peaks dominated by CO2 and CO3
2- stretching vibration

mode in the ranges of 1420, 1647, 1538 and 1556 cm-1 [38,39].

The infrared characteristic peaks within this range are mainly at-

tributed to four different stretching vibration modes: adsorbed

bidentate carbonate, multidentate carbonate or hydrogen carbon-

ate adsorbed on Ni2+ sites, multidentate carbonate adsorbed on

Ni2+ sites, and δ(COH) band of hydrogen carbonate. The genera-

tion of formic acid: There are many infrared characteristic peaks

of formic acid, but most of the stretching vibration mode infrared

peaks of C=O bands coincide with the infrared characteristic peaks

of carbonates or hydrogen carbonates. Therefore, the independent

2δ(OCH) band stretching vibration mode in the range of 1587, 1620

and 1702 cm-1 was selected as the basis for judging the genera-

tion of formic acid [40,41]. The center position of the character-

istic peak of 2δ(OCH) band stretching vibration gradually shifts

towards higher wave numbers, indicating the emergence of new

bands with vibration peaks at larger wave numbers during formic

acid generation. It is generally believed that there are three types

of 2δ(OCH) bands. The vibration peaks of type I and II appear at

lower wave numbers, corresponding to some formic acid bound

to non-metallic vacancies, while the type III formic acid with the

highest wave number is bound to Ni2+. Due to the formation of

formic acid being the main rate limiting step of CO2 reduction re-

action, formic acid should mainly form in an atmosphere with a

more active chemical environment. Therefore, it has been demon-

strated that the Ni/Zn-Co PBAs system with Ni2+ as the adsorption

and activation center has significant reaction advantages. The gen-

eration of CO: The infrared characteristic peaks observed in Fig. 5b

5
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Fig. 5. (a, b) In-situ DRIFTS spectra of CO2 reduction. (c) NAP-XPS spectra over Ni/Zn-Co PBAs. (d) Calculated Gibbs free energy diagrams for photocatalytic CO2 reduction

reaction. (e) Schematic diagram of oriented charge transfer and reaction in the Ni/Zn-Co PBAs S-scheme system.

(2000–2125 cm-1) correspond to the vibrational stretching mode of

CO adsorbed at the top of the metal site [42].

Fig. 5c depicts the NAP-XPS C 1s spectra of CO2 conversion

over Ni/Zn-Co PBAs at different illumination times. After Ar pre-

treatment during CO2 adsorption, the C 1s spectrum primarily ex-

hibits peaks from adsorbed CO2 species like CO2 gas, CO2
-, CO3

2-,

and HCO3
-. As illumination progresses, the binding energy peaks

of these species weaken, while features assignable to HCOO• and

CH3O
• intermediates emerge and strengthen [43]. This suggests

that CO2 is photoreduced to HCOO• intermediates on the catalyst

surface, echoing DRIFTS results. The formation and transformation

of these intermediates offer key insights into the CO2 reduction

mechanism.

The Gibbs free energy profiles of key photocatalytic CO2 re-

duction intermediates, calculated via DFT, are displayed in Fig. 5d.

The reaction pathway commences with CO2 adsorption, traversing

multiple intermediates and transition states route to CO genera-

tion. Notable energy fluctuations across the pathway reveal several

energy barriers. For example, the energy change transitions from

Ni(H2O)
2+ to Ni(H2O)(CO2)

2+ at −19.19 kcal/mol, then via transi-

tion state 1TS2/3 and intermediate 1MS3, followed by intermediate
1TS3/4 and 1MS4, culminating in CO formation at -29.24 kcal/mol.

These energy barriers pinpoint potential rate-determining steps in

the reaction. Fig. 5e schematically illustrates the mechanism of CO2

photocatalytic reduction to CO on designed Ni/Zn-Co PBAs. Under

illumination, charges are generated and separated in the semicon-

ductor. Electrons transfer from the VB to the CB, then migrate be-

tween Ni-Co PBAs and Zn-Co PBAs via an S-scheme mechanism.

The transferred electrons, under the action of Ni2+ sites, drive CO2

reduction to CO. Meanwhile, holes trigger water oxidation to O2.

In this study, we successfully developed a Ni/Zn-Co PBAs S-

scheme heterojunction photocatalyst for efficient CO2 reduction.

The Ni/Zn-Co PBAs prepared by in-situ growth method with Zn-

Co PBAs as the core and Ni-Co PBAs as the shell, effectively pro-

moted charge transfer and separation. This photocatalyst achieved

a CO2 conversion yield of ∼38μmol g-1 h-1, outperforming many

recently reported systems. Our experimental results confirmed that

the Ni/Zn-Co PBAs followed an S-scheme charge transfer mecha-

nism and demonstrated strong CO2 adsorption and activation abil-

ities. In-situ methods further revealed the dynamic process of CO2

reduction, including the formation of intermediates such as HCOO-

and HCO3
2- and their final conversion to CO. Overall, this work of-

fers new insights into designing high-performance PBAs-based S-

scheme heterojunctions to enhance CO2 reduction efficiency, pro-

viding an important reference for advancing sustainable carbon

utilization technologies and achieving carbon neutrality.
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