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Abstract

Harnessing solar energy directly through photocatalysis is an effective approach to ad-
dressing the energy crisis and environmental pollution. This green technology enables both
sustainable energy production and the removal of environmental contaminants simultane-
ously. Heterojunction photocatalysts demonstrate superior performance by enhancing light
utilization efficiency and inhibiting the recombination of photogenerated electron-hole
pairs. The reconstruction of active sites in heterojunction photocatalysts, encompass-
ing changes in their valence states and coordination environments, has been extensively
studied. However, the unique structural self-adaptive phenomenon displayed by hetero-
junction photocatalysts that incorporate flexible components during the photocatalysis
process has not been extensively investigated. Indeed, this intriguing self-adaptive behav-
ior may be closely linked to their photocatalytic properties. Extensive studies indicate that
this structural self-adaptation is predominantly driven by flexible materials, with flexible
metal-organic frameworks (MOFs) finding particularly broad application. Based on this
understanding, we briefly summarize and offer insights into the structural design and
fundamental principles of such photocatalytic heterojunction catalysts while also providing
an outlook for future research.

Keywords: heterojunction photocatalysts; structure self-adaptation; active sites; flexibility

1. Introduction
In the 21st century, humanity faces two major challenges: a worsening energy crisis

and increasing environmental pollution. In response, developing green technologies that
can achieve sustainable energy generation while purifying pollutants has become an ur-
gent global priority and a shared goal in scientific research and industry. Photocatalytic
technology, which converts solar energy into chemical energy, is characterized by its low
cost, environmental friendliness, mild reaction conditions, and absence of secondary pollu-
tion [1]. It stands as one of the most promising technologies for producing clean energy
and reducing environmental pollution. Since Honda and Fujishima [2] first demonstrated
photocatalytic water splitting for hydrogen production in 1972, photocatalysis has been
widely applied in various fields, including hydrogen production from water splitting [3],
degradation of pollutants [4], and reduction of carbon dioxide/nitrogen [5,6]. The key ad-
vantage of this approach is its ability to directly convert solar energy into chemical energy or
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utilize it for environmental cleanup. The entire process is eco-friendly, operates under mild
conditions, generates no secondary pollution, and fully adheres to the principles of green
chemistry and sustainable development. Heterojunction photocatalysts feature a hetero-
junction interface formed by staggered conduction and valence band energy levels. When
carriers pass through this heterojunction interface, they achieve separation of photogen-
erated electrons and holes, minimizing undesirable charge recombination and effectively
enhancing photocatalytic efficiency [7]. At present, the precise design of heterojunction has
become the basic consensus and research focus in the field of photocatalysis.

Among the various branches of photocatalysis research, the in situ reconstruction
phenomena of heterojunction photocatalysts during catalysis, including reconstruction of
active sites, surface and interface reconstruction, have attracted widespread attention [8–14].
These phenomena lead to changes in metal site valence states, coordination environments,
and the generation of defects. Xie et al. found that in Cu-CuTCPP/g-C3N4, the initial
paddlewheel CuII

2(COO)4 nodes were reconstructed into partially reduced Cu1+δ
2(COO)3

nodes, thereby promoting efficient photoreduction of carbon dioxide to ethane [11]. Dou
et al. discovered that the formation of hydroxyl groups on ZnO (ZnO/CuOx-C CNFs) under
illumination promoted the kinetics of CO2RR conversion to CH4 and oxygen evolution
while inhibiting the generation of competitive HER and carbon monoxide [9]. It can be
summed up that the reconstruction of heterojunction photocatalysts often has a significant
impact on photocatalytic activity and stability.

However, existing research mostly focuses on fixed active sites with relatively station-
ary spatial positions or ignores the dynamic changes in spatial conformations of active
sites and photosensitive groups. There has been limited research on the impact of spatial
structural changes in heterojunction photocatalysts on the recombination of photogener-
ated electrons and holes, as well as on photocatalytic reaction activity. In fact, Considering
the basic structure-property principles, the changes in spatial conformations of photosen-
sitizers, active sites, and others in heterojunction photocatalysts will inevitably lead to
variations in their photocatalytic performance. For instance, Qin et al. demonstrated that a
benzotrithiophene-based COF (Figure 1a)with thiourethane linkages exhibits reversible
framework contraction/expansion (intralayer microflexibility) upon exposure to tetrahy-
drofuran or water. This adaptive pore hydrophilicity promotes efficient mass transfer and
increases the accessibility of redox-active sites, leading to the nearly complete removal of
micropollutants from wastewater with minimal energy consumption [15]. In a separate
study, Luo et al. developed a biomimetic, water-soluble molecular capsule (Figure 1b) that
undergoes a quantitative capsule-to-bowl transformation upon substrate binding to its
hydrophobic cavity. The anthracene-based components enable visible-light absorption, and
the resulting host-guest complex, stabilized by quintuple π-π stacking, exhibits charge-
transfer absorption that drives the efficient aerobic photooxidation of sulfide guests under
mild, visible-light irradiation [16]. Likewise, the phenomenon of structural self-adaptation
has also attracted research interest in other fields. For instance, Yan et al. designed a
novel water-soluble organic palladium host (Pd2L2), whose adaptive self-assembly and
host–guest catalysis enable the highly efficient and selective photooxidation of toluene
derivatives to aldehydes under mild conditions [17]. In another study, Xu et al. synthesized
a trinuclear copper molecular catalyst (denoted as Cu3-flex) that exhibits dynamic and
adaptive adjustment of copper spacing among adjacent sites within the triangular Cu3

core upon binding of two *CO intermediates and one *NO3
− ion. The Cu3-flex catalyst

demonstrates remarkable performance in the co-reduction of CO and NO3
− for electrocat-

alytic urea synthesis [18]. From this perspective, this paper emphasizes summarizing the
spatial conformational changes (structural self-adaptation phenomena) in heterojunction
photocatalysts and proposes feasible ideas for the design of such photocatalysts.
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Figure 1. (a) Synthesis scheme 1 of Btp-COF [15]. (b) Synthesis scheme 2 of Pd6L2
3 [16].

This review aims to systematically summarize and evaluate recent studies on the
phenomenon of “structural self-adaptation” observed in photocatalytic heterojunction
systems, thereby highlighting the emerging role of structural adaptive dynamics in photo-
catalysis research. Conventional heterojunction models often regard interfacial structures
as static, which fails to adequately account for the dynamic evolution of interfacial behav-
ior under realistic photocatalytic conditions, particularly in liquid or gas-phase reaction
environments. For instance, Wang et al. successfully synthesized Cd-PLA using flexible
dicarboxylic acids and 4,4′-bipyridine as co-ligands with Cd(NO3)2 [19]. While their work
highlighted the remarkable light-harvesting capability and high photocatalytic activity
of the bpy-containing Cd-PLA, the potential role of the flexible dicarboxylic acid ligand
remained underexplored. It is possible that structural self-adaptation involving the flexible
dicarboxylic acid moiety occurs during catalysis, opening a new avenue for investigation.
A review of the literature reveals that this structural self-adaptive phenomenon is primarily
enabled by flexible materials, among which flexible metal-organic frameworks (MOFs) are
the most extensively utilized. The inherent structural features of MOF, including their high
porosity, tunable chemical functionality, and stimuli-responsive flexibility, are highly con-
ducive to structural self-adaptation. Their well-defined porous structures not only provide
a confined environment for hosting and stabilizing active sites but also allow for dynamic
framework adjustments in response to external stimuli such as light, guest molecules, or
temperature [20–23]. This unique combination facilitates the in situ reconstruction of active
centers and optimizes reaction interfaces, thereby significantly enhancing the dynamic
performance and stability of heterojunction photocatalysts. For instance, Halder et al. re-
ported a MOF capable of undergoing reversible crystal-to-crystal transformation triggered
by water, constructed from rigid and flexible dicarboxylates along with various N,N′-donor
ligands [24]. Similarly, Senkovska et al. have summarized the advanced applications
of various flexible MOFs in energy storage and gas separation, leveraging their unique
adsorption characteristics and responsive behavior. Screening these flexible MOFs for
photocatalytic research also appears feasible [25]. Introducing such dynamic structural
changes into photocatalytic systems could lead to unusual chemical effects. Therefore, this
review seeks to clarify the important role of structural self-adaptation in overcoming the
limitations of traditional static heterojunction models, proposing an insightful research
direction and drawing broader attention to adaptive structures. To achieve the above
objectives, we conducted a systematic literature survey and analysis. We screened research
published in the past five years using keywords such as photocatalysis, heterojunction,
structural self-adaptation, dynamic reconstruction, and in situ characterization to ensure



Catalysts 2025, 15, 1116 4 of 12

content timeliness. Studies that solely discussed pre-synthesized static heterojunctions
without addressing structural evolution during reactions, or those focusing predominantly
on material synthesis without mechanistic insights, were excluded. Finally, the central goal
of this review is to elucidate the prevalence, formation mechanisms, and key effects of
the “structural self-adaptation” phenomenon—referring to spatial conformational changes
in heterojunction catalysts—on charge carrier separation and surface reaction pathways.
By integrating existing literature evidence, we ultimately aim to provide a theoretical
foundation and novel design strategies for the rational development of highly efficient and
stable photocatalysts endowed with adaptive and intelligent responsiveness.

2. Structural Self-Adaptation Behavior of Flexible Photocatalysts
2.1. Self-Adaptative Structural Twist of Framework

In plant photosynthesis, photosensitive elements absorb photons to generate excited
electrons, which are then transferred to terminal electron acceptors with the assistance of
cofactors, enabling further photosynthetic processes [26]. During this process, upon light ex-
citation, usually isolated cofactors undergo structural changes to lower their energy, thereby
prolonging the lifetime of excited electrons. In photocatalysis, this process corresponds to
inhibiting the rapid recombination of photogenerated electron-hole pairs and avoiding un-
necessary heat generation, thus allowing for an efficient photocatalytic process. Inspired by
this, researchers [3] have employed (Figure 2a) to obtain a flexible MOF (CFA-Zn) featuring
electronically insulating Zn2+ nodes and two chemically equivalent but crystallographically
distinct linkers (Figure 2b). Density Functional Theory (DFT) calculations reveal that the
conduction band minimum (CBM) and valence band maximum (VBM) of CFA-Zn are
located on separate linkers, exhibiting non-overlapping band edges that behave as an
electron donor-acceptor pair. In the ground state, they do not overlap. Upon excitation,
the CBM linker undergoes significant structural distortion, leading to a rearrangement of
excited state orbitals, which disrupts the relaxation pathway from the excited state to the
ground state and achieves long-lived charge separation (Figure 2c,d). The distinct morphol-
ogy of CFA-Zn suggests that its crystallographically independent linkers may be situated
on different crystal facets. DFT-calculated projections of the VBM and CBM onto these
facets indicate a preferential migration of photoexcited electrons (in the CBM) to the (001)
facet (Figure 2e,f). The self-adaptive structural distortion was revealed by time-resolved
PL spectroscopy (Figure 2g), which displayed a solvent viscosity-dependent fluorescence
lifetime. This correlation stems from a competition between the rate of structural twisting
in CFA-Zn and the charge recombination rate. Following photoexcitation (VB to CB), struc-
tural twisting hinders charge recombination. Fluorescence remains unchanged if charge
recombination is faster than twisting, whereas a faster twisting rate alters the fluorescence
lifetime. The observed viscosity-lifetime correlation confirms that self-adaptive structural
twisting enhances charge separation. By introducing Pt and Co3O4 cocatalysts, remarkable
performance and stability in photocatalytic water splitting were achieved (Figure 2h). This
exceptional photocatalytic efficiency is attributed to the dynamic excited-state structural dis-
tortion of the MOF upon light excitation, which causes orbital rearrangement and inhibits
radiative relaxation, thereby promoting long-lived charge-separated states.
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Figure 2. (a) Synthesis scheme 3 of CFA-Zn. (b) The [Zn5 × 4(L)6] SBU in the CFA-Zn structure viewed
along the c axis with X and hydrogen atoms omitted for clarity. Spatial distribution profiles of the
VBM (c) and CBM (d) in the excited state in the MOF single cell at an isosurface value of 0.003 e Å−3.
Purple bubbles and dark blue bubbles represent the electron clouds. (e) Spatial distribution of the
VBM and (f) CBM on the (001) facet of CFA-Zn. Charge density (in arbitrary units) is represented
by the colour bar. Key: carbon (orange), nitrogen (blue), zinc (green). (g) Fluorescence lifetime
decay curves for CFA-Zn in various solvents, monitored at an emission wavelength of 430 nm
under excitation at 373 nm. (h) Photocatalytic OWS activity over Pt/CFA-Zn/Co3O4 under visible-
light irradiation. Inset: enlargement of the induction period. Reprinted from [3], reproduced with
permission from Springer Nature.

Beyond structural distortion, adaptive framework flexibility can also manifest through
pore aperture modulation. In a representative study, researchers employed MIL-53(Cr)
as a photocatalyst, where the pore structure was tuned by varying reaction solvents for
dehalogenation of aryl halides [27]. Researchers have employed (Figure 3a) to obtain a
met-al-organic frameworks MIL-53(Cr). PXRD analysis elucidated the solvent-dependent
pore aperture evolution of the MIL-53(Cr) catalyst (Figure 3b–d). Compared with the
simulated pattern from the structural model (Figure 3e), the pore dimensions of MIL-
53(Cr) in different solvents were determined as follows: CH3CN (R = 7.61 Å), DCM
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(7.50 Å), CHCl3 (7.50/4.70 Å), DMSO (6.10 Å), and DMF (6.40/5.40 Å). CH3CN and DCM
maintained an open-pore structure, whereas CHCl3, DMSO, and DMF induced slight pore
contraction. The modulation of pore geometry significantly affected the reaction outcomes.
Using 4′-bromoacetophenone as a model substrate and triethylamine as a sacrificial agent,
solvent effects were systematically investigated in single or mixed organic systems. As
shown in Figure 3f, Yield trends followed the order: CH3CN (88%) > DMF (63%) > DMSO
(59%) > DCM (9%), no conversion occurred in CH3Cl. These results suggest a clear positive
correlation between pore sizes and catalytic efficiency, with the largest pore in CH3CN
affording the highest product yield. Notably, the photocatalytic activity could be finely
regulated via solvent mixtures (Figure 3g). The decline in yield correlated with reduced
pore aperture, confirming that catalytic efficiency can be modulated by solvent composition.
In contrast to other adaptive structural changes, this work demonstrates autonomous
control over pore structure via solvent tuning, enabling precise regulation of MIL-53(Cr)
photocatalytic activity and highlighting the diversity of adaptive structural transformations.

 
Figure 3. (a) Synthesis scheme 4 of MIL-53(Cr). (b,d) PXRD patterns of the large-pore form MIL-
53(Cr)-lp under various environments: (b) in DMF and DMSO; (c) in DCM and CHCl3, including
conditions with solvent only, with added substrate (s), and with both substrate and product (s/p,
1:1 ratio); (d) in CH3CN with solvent only and with varying substrate-to-product ratios (5:0, 4:1, 1:1,
1:4, 0:5). (e) Simulated structural evolution of MIL-53(Cr): PXRD patterns corresponding to pore
aperture diameters (R) ranging from 3.6 Å to 7.8 Å. (f) Photocatalytic performance of MIL-53(Cr)-lp
in the dehalogenation of 4′-bromoacetophenone across different organic solvents. (g) Catalytic yields
obtained in mixed solvent systems: 1:1 blends of DMSO/CH3CN, DMF/CH3CN, and DMSO/DMF;
CH3CN/H2O mixtures at 1:1 and 19:1 ratios; and in pure CH3CN using the narrow-pore form
MIL-53(Cr)-np (H2O) as a reference. General yields for photocatalytic dehalogenation of diverse
aryl halides over MIL-53(Cr) are summarized. Reprinted from [27], reproduced with permission
from Wiley.
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2.2. Self-Adaptative Twist of Flexible Ligands

The photoreduction of CO2 to CH4 involves multiple proton-coupled electron transfer
processes, accompanied by various electron transfer steps involving different reaction
intermediates [28–31]. Therefore, providing appropriate interactions (suitable binding
energies) for different intermediates at the active sites is crucial for enhancing selectivity.
The dual metal site pair (DMSP) strategy has been proven to be an effective approach to
improve selectivity [32–34]. However, DMSPs in solid catalysts, due to their fixed positions,
struggle to provide suitable adsorption energies for different intermediates [32–34]. The
three-dimensional active sites in biological enzymes can dynamically match with different
intermediates directly. Inspired by this, researchers [5] have employed (Figure 4a) to obtain
an MOF photocatalyst embedded with Cu/Ni dual metal single-atom sites (abbreviated
as Cu/Ni DMSP MOF, Figure 4b,c). Ab initio molecular dynamics (AIMD) reveals the
dynamic nature of copper/nickel DMSP catalysis, where its spatial configuration can
self-adjust to accommodate different intermediates (Figure 4d). During the photoreduc-
tion of CO2, this catalyst demonstrates an enzyme-like ability to dynamically stabilize
C1 intermediates, significantly enhancing the activity and selectivity for methane (CH4)
production (Figure 4e). Further density functional theory (DFT) calculations proposed a
synergistic mechanism: during the multi-step photoreduction of CO2, the spatial structure
of Cu/Ni DMSP can adaptively adjust according to the needs of different C1 intermediates
(Figure 4f,g).

Figure 4. (a) Synthesis scheme 5 of MOF-808-CuNi. (b) The flexible DMSPs for self-adaptive CO2-to-
CH4 photoreduction. (c) Schematic diagram of bioinspired CO2 photoreduction in MOF-808-CuNi.
(d) Snapshot images of a flexible Cu/Ni DMSP recorded at 1.5, 5.0 and 8.5 ps (the Zr-oxo clusters
and ligands in MOF-808-CuNi have been removed for clarity). Carbon, oxygen, nitrogen, copper,
nickel, and hydrogen atoms are depicted in grey, red, blue, orange, caeseous, and white, respectively.
(e) Photocatalytic CO2 reduction performance. Configuration evolution with varying values of
(f) dCu-Ni and (g) θ2N-2N. The * refers to a substance as a reaction intermediate. Reprinted from [5],
reproduced with permission from Springer Nature.
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Figure 5. (a) ESR spectra of Zr nodes in MOF-808 EDTA mixed with [Ru(bpy)3]Cl2·6H2O under
different conditions. (b) ESR spectra of Cu species in MOF-808-CuNi under different conditions.
(c) ESR spectra of Ni species in MOF-808-Ni under different conditions. (d) Cu LMM Auger spectra for
MOF-808-CuNi with high Cu concentration (>2 wt%) before and after photocatalysis. (e) Proposed
mechanism of self-adaptive flexible Cu and Ni sites in MOF-808-CuNi for CO2 photoreduction,
including Gibbs free energy diagram and optimized structures of reaction intermediates. The
(1–24) structural diagrams refer to the dynamic evolution of the reaction intermediate configurations
during the optimized adaptive process. Atom color code: carbon (grey), oxygen (red), nitrogen
(blue), copper (orange), nickel (caeseous), hydrogen (white). The * refers to a substance as a reaction
intermediate. Reprinted from [5], reproduced with permission from Springer Nature.

The charge transfer mechanism in MOF-808-CuNi during CO2 photoreduction was
investigated by ESR (Figure 5a). The signal, attributed to oxygen-centered sites in Zr-oxo
clusters formed by electron transfer from [Ru(bpy)3]Cl2, weakens under a CO2 atmosphere
due to electron donation from Zr-oxo centers to CO2. Under irradiation, the Cu(II) signal
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diminishes with the concurrent appearance of a Cu(I) Auger peak, while the Ni(I) signal
gains intensity (Figure 5b–d), confirming both metal sites act as electron acceptors from the
Zr-oxo clusters. The partial recovery of these ESR signals upon CO2 introduction signifies
electron transfer from the metal sites to CO2, triggering its reduction. Collectively, these
results outline a charge transfer pathway: electrons move from Zr-oxo clusters to Cu/Ni
DMSPs and subsequently couple with CO2 molecules. Furthermore, DFT calculations ex-
amined the concomitant bonding changes, underscoring the key role of the flexible Cu/Ni
DMSPs in enabling the high CH4 selectivity. As shown in Figure 5e, the primary pathway
for CO2 photoreduction on MOF-808-CuNi is as follows: CO2*—COOH*—CO*—HCO*—
H2CO*—H3CO*—CH3OH*—CH3*—CH4 and demonstrating the dynamic changes in
reaction intermediate configuration during the self-adaptive process. Throughout the reac-
tion, the self-adaptive evolution of the Cu/Ni DMSPs enables synergistic thermodynamic
and kinetic driving forces, resulting in outstanding activity and selectivity. The experimen-
tal results show that this MOF catalyst modified with flexible ligands (MOF-808-CuNi)
exhibits exceptional activity and selectivity in the photoreduction of CO2 to CH4. Under
light excitation, the self-adaptive twist of the flexible ligand (EDTA) enables adaptive
binding of metal sites to different intermediates, thereby enhancing catalytic selectivity.

2.3. The Design Principles of Self-Adaptive Heterojunction Photocatalysts

A summary of key activity parameters/performance for a series of self-adaptive pho-
tocatalysts is provided in Table 1, demonstrating the feasibility of designing catalysts based
on the structural self-adaptive phenomenon. The structural self-adaptation phenomenon
in photocatalytic heterojunction catalysts arises from spatial structural changes that occur
during the photocatalytic process in flexible materials or flexible ligands within rigid mate-
rials. Compared to commonly seen rigid heterojunction photocatalysts, flexible materials,
such as flexible MOFs, flexible covalent organic frameworks (COFs, such as COF-300),
and flexible covalent porphyrin frameworks (CPFs), exhibit potential spatial structural
self-regulation under light excitation [35–37]. They can stabilize charge-separated states
through chemical separation, thus potentially achieving high photocatalytic activity. Het-
erojunction photocatalysts with rigid structures, like MOF-808, often have fixed active sites,
and the reconstruction of these active sites typically occurs at these fixed locations, making
it difficult for structural dynamic changes to occur. The adoption of flexible organic ligands
for substitution, such as EDTA, long-chain alkanes, CF3COO−, etc., can be applied to this
strategy. The active sites in heterojunction photocatalysts may interact simultaneously
with substrate molecules through adaptive behavior, potentially leading to asymmetric
adsorption of linear molecules (such as CO2, N2), which may facilitate molecular activation.
During the reaction process, the adaptive behavior towards intermediates can effectively
enhance the selectivity towards the target product.

Table 1. Relevant information of a series of self-adaptive photocatalysts.

Photocatalysts Preparation Method Catalyst Morphology
Characteristics Application Catalyst Dosage Refs.

Pt/CFA-Zn solvothermal method connected by six skewed
bibta2− linkers

Photocatalytic hydrogen
evolution 30.0 mg [3]

MOF-808-CuNi solvothermal method +
Dipping method flexible dual-metal-site pairs Photocatalytic carbon

dioxide reduction 25 mg [5]

Bpt-COF solvothermal method flexible 2D organic network Photocatalytic degradation
of NOR organic pollutants 0.1 mg/L [15]

Pd6L2
3 solvothermal method conjoined cage structure Photooxidation of Sulfides 1 equiv [16]



Catalysts 2025, 15, 1116 10 of 12

Table 1. Cont.

MIL-53(Cr) solvothermal method large pore (lp)
phase structure

Photocatalytic
dehalogenation reaction 9 mol%, 0.01 g [27]

TFBP-APDS COFs solvothermal method porous structure Photoreduction of
low-concentration CO2

8 mg [38]

Photocatalysts Production Substrate/Initial
Pollutant Concentration Photocatalyst efficiency Advantages Refs.

Pt/CFA-Zn H2 / 102.8/µmol g−1 h−1 High productivity and high
stability (100 h) [3]

MOF-808-CuNi CH4 1 atm CO2 158.7/µmol g−1 h−1 High selectivity (Selelectron =
99.4%) and (SelCH4 = 97.5%) [5]

Bpt-COF / 5 mg/L Removal efficiency is close
to 100%

Universally applicable
and stable [15]

Pd6L2
3 Sulfoxide 0.02 mmol sulfides (20 equiv) Conversion: 96%,

selectivity: 99%
High conversion
and selectivity [16]

MIL-53(Cr) Aromatic compounds 0.50 mmol aromatic halides Conversion: 100%
Adaptive structural flexibility

and dynamic
pore architecture

[27]

TFBP-APDS COFs CO 1.0 atm CO2 10.6/mmol g−1 h−1 High activities and long
operational stabilities [38]

3. Summary and Perspective
In summary, this review systematically summarizes and evaluates recent research on

the “structural self-adaptation” phenomenon observed in photocatalytic heterojunction
systems, highlighting the emerging significance of such structural dynamics in photo-
catalysis. The structural self-adaptation phenomenon observed in this heterojunction
photocatalyst exhibits exceptional performance in inhibiting the rapid recombination of
photogenerated electron-hole pairs and dynamically regulating the binding energy between
active sites and reaction intermediates. This is crucial for enhancing the efficiency and
selectivity of heterojunction photocatalysts. Consequently, the integration of structural
self-adaptation phenomena into photocatalytic research merits increased attention from
the scientific community. Although existing research has demonstrated the existence of
the structural self-adaptation phenomenon in catalysts during photocatalysis, there is still
a need for further exploration. (1) It is necessary to design catalysts in conjunction with
specific reactions, potentially leveraging machine learning and other advanced techniques
for catalyst screening. (2) Besides photo response catalysis, such self-adaptation phenomena
may also exist in thermally driven, magnetically driven, and other processes, which merits
further investigation. (3) Since the structural adaptive changes of catalysts occur at the
microscopic level, current characterization methods face challenges in direct observation,
relying instead on theoretical simulations for verification. Therefore, the development of in
situ characterization techniques to further substantiate this in situ process is crucial.
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