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From functional units to multi-level ordered structure for enhanced interfacial solar steam generation
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Enhanced interfacial solar steam generation by multi-level ordered structures. Schematic diagram illustrating the cross-scale

correlation of enhanced energy conversion and mass transfer, from functional unit to the first ordered structure (sub-nano
atomic domains assembled into nanoparticles) and to the secondary ordered structure (nanoparticles assembled into HoMS)
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Fig. 4 (a) Photon resonance phenomenon of incident light between hollow multishelled structures simulated by FDTD[23];
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Fig. 5 (a) Interface temperature of CuO/Cu20 nanoparticles, hollow and multishelled ordered structures under solar irradiation, and
(b) Interface temperature of different ordered materials during water evaporation at the photothermal interfacel'”); (c—d)
COMSOL simulation reveals the influence of sequence structure on heat and mass transfer?]
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Fig. 6 Molecular dynamics simulation and pore structure analysis. (a) Geometric models of different types of Ta2Os nanopore
evaporation processes constructed in molecular dynamics simulations; (b) The relationship between nanopore size and water
evaporation efficiency. Pore structures of different Ta2Os samples: (c) N2 adsorption desorption isotherms; (d) Pore size
distribution and cumulative pore volume calculated based on DFT Monte Carlo method; (e) Aperture distribution curve

calculated based on BJH method!
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Table 1 Comparison of materials with different multi-level ordered structures and their performance

The Ordered Materials Architectural Optical Evaporation En‘ergy Stability Applicable water bodies Refs.
Structures feature absorbance rate efficiency/%
First TiN/semi-rGO 1.760 99.10 10h  Seawater and organic dye-containing [12]
ordered waste water
structures  MoS,-CNT@C-2 Hierarchically 95.50 2.530 60h  Seawater [14]
porous structure
A-Ti30s Flatband 96.40 6.090 95.92 100h  Seawater [13]
electronic
structure
induced by
Ti—Ti dimers
NKU-123([Co(CA) 2D 1.442 97.80 24h  Seawater and organic dye-containing [18]
(bpy)l») Metal-Organic wastewater
Assembly
Second Amorphous Ta,0s/C  HoMS 4.020 30d  Seawater, water polluted by organic [20]
ordered matter, heavy metal ions, bacteria, and
structures even extremely acidic/alkaline or

radioactive water.

35-Cu0O/Cu,0-HoMSs HoMS 82.17 3.200 80h  Seawater and water polluted by organic ~ [17]
matter, heavy metal ions, and bacteria
TiO0,-Cu,O. HoMS 96 h [7]
Ce0,-CeFeOs
LM/PAN,, Hierarchically 90.90 2.660 96.50 60d  Seawater and organic dye-containing [28]
porous structure wastewater
AuNP-loaded 95.50 2.360 119.00 40h  Seawater [29]
ZIF-8-derived
carbon/nanocellulose
aerogel
CB/Cement-based Hierarchically 96.90 5.470 93.30 30d  Seawater and heavy metal-containing [30]
foam porous structure wastewater
Reduced graphene Multi-level 98.00 2.040 100 h  Seawater and organic dye-containing [31]
oxide/MXene foam  layered wastewater
structure
g-C3Ny/MXene Hetero-embedded 98.00 2.980 97.40 15d  Seawater and water polluted by organic  [33]
hydrogel structure matter, heavy metal ions, and bacteria
Alginate fiber 95.00 4.270 99.00 240 h  Seawater, water polluted by organic [35]
aerogel/Polypyrrole matter, heavy metal ions, bacteria, and

acidic/alkaline water.

Third RGO-coated bamboo ~ Three-dimensional ~ 97.15 2.940 >100.00 Seawater [36]
ordered paper fin structure
structures  Carbon Three-dimensional 97.20 3.820 95.50 30h  Seawater, oil-water emulsion, [37]
nanofiber-reinforced  columnar acidic/alkaline water
carbon aerogel structure
Carbonized balsa Three-dimensional 97.00 0.800 57.00 60d  Seawater [38]
wood interconnected

bimodal porous

structure
Surface carbonized  Three-dimensional 75.00 60d  High concentrated salt solution, fatty [39]
basswood hierarchical acid polluted solution

oriented pore

structure
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Extended Abstract

The global shortage of freshwater has evolved into a fundamental bottleneck restricting sustainable socioeconomic development.
Conventional desalination and wastewater remediation technologies are constrained by high energy consumption, costly infrastructure
construction, and limited adaptability to scattered and remote water-deficient regions. As an emerging low-carbon water purification
technology, interfacial solar steam generation (ISSG) features passive solar utilization, modular structural flexibility, and broad
environmental applicability, offering a viable solution for seawater desalination, saline wastewater treatment, and complex polluted
water remediation. Unlike conventional evaporation processes, ISSG involves a coupled multi-physical process encompassing solar
harvesting, photothermal conversion, interfacial thermal localization, multiscale water transport, and vapor migration. Its overall
efficiency fundamentally relies on the synergistic optimization of energy conversion and mass transfer. However, most existing
material design strategies merely focus on single-scale structural modification or simple compositional tuning, lacking cross-scale
systematic design logic, and thus struggle to achieve coordinated regulation of light absorption, heat management and water transport.
In this context, the material research paradigm centered on “functional unit-ordered structure” has emerged as an innovative
theoretical framework. It transcends traditional reductionism, highlighting that material macroscopic properties originate from the
controllable ordered assembly of basic functional units across multiple scales, rather than the simple superposition of individual
component performances.

Based on this paradigm, this review systematically establishes the conceptual connotation and theoretical system of multi-level
ordered materials, and clearly distinguishes them from conventional hierarchical materials. Different from hierarchical structures that
only emphasize geometric nesting at various scales, multi-level ordered materials take “order” as the core design principle, focusing
on the cross-scale ordered arrangement from sub-nano meter atomic domains to nano- and microscale dimensions, as well as the
functional synergy generated by inter-scale correlation. Taking hollow multishelled structures (HoMS) as the typical model system,
this review comprehensively elaborates the research progress and internal regulation mechanisms of multi-level ordered materials in
the field of ISSG. This paper clarifies the progressive construction logic of two ordered systems: the first level refers to nanoparticles
assembled from sub-nano atomic domain functional units, while the second level corresponds to HoMS self-assembled from such
nanoparticles. We systematically summarize multiple photothermal conversion mechanisms of primary functional units, including
localized surface plasmon resonance of metallic motifs, bandgap modulation and nonradiative relaxation in semiconductor systems, as
well as defect and amorphouse-assisted photothermal regulation. Representative material systems are analyzed in depth, revealing the
inherent correlation between atomic arrangement, electronic structure and photothermal behavior.

On this basis, this review further clarifies the inherent advantages of HoOMS as secondary ordered structures in optical regulation,
thermal management and mass transfer. Benefiting from unique temporal-spatial ordering characteristics, HOMS enables stepwise
light absorption and intershell resonant scattering, effectively broadening spectral response and extending optical propagation paths.
The multilayered cavity and interfacial thermal resistance network can confine heat at the evaporation interface and suppress heat
dissipation into bulk water. In terms of mass transfer, cross-scale pore channels formed by nanoparticle stacking optimize capillary
water supply; nanoconfinement modulates water molecular aggregation and reduces actual evaporation enthalpy; interconnected pore
pathways also provide low-resistance channels for rapid vapor escape, achieving integrated optimization of water replenishment,
phase transition and vapor diffusion. Beyond HoMS, this review further extends the multi-level ordered design philosophy to a wide
range of photothermal materials, including biomimetic channel arrays, gradient porous aerogels, asymmetric interface evaporators and
carbon-based composite frameworks, verifying the universal applicability of this design paradigm in optimizing energy conversion
and mass transport. Meanwhile, the development potential of third-level macroscopic ordered structures is further explored, and the
structural superiority of micro-nano units assembled into three-dimensional architectures in ambient energy capture, latent heat
recycling and directional salt migration regulation is analyzed.

Summary and Prospects At present, large-scale homogeneous fabrication of multi-level ordered structures remains challenging,
and it is difficult to maintain structural integrity and ordering consistency during mass production. Long-term service performance in
high-salinity, oily and complex actual water environments lacks systematic verification, and problems such as salt deposition, pore
blockage and interfacial fouling easily cause performance degradation. In addition, most porous ordered materials exhibit insufficient
mechanical toughness against water scouring and dry-wet cyclic aging, while the mismatch between high evaporation capacity and
limited condensation efficiency has become a prominent system-level constraint. Corresponding future research directions are
proposed as, advancing the diversification of functional units to construct multi-mechanism photothermal libraries; innovating
diversified ordered configurations by learning from natural bionic structures; realizing controllable assembly of third-level
macroscopic ordered architectures. At the same time, future studies should address engineering bottlenecks such as scalable
preparation, long-term stability and mechanical durability, and fully exploit photothermally induced kinetic enhancement effects to
expand application scenarios in high-salinity wastewater, oily sewage, sludge dehydration and radioactive water purification. This
review systematically clarifies the regulation mechanism of multi-level ordered structures in energy conversion and mass transport,
summarizes existing challenges and future development paths, and provides solid theoretical support and rational design guidance for
the development of high-efficiency, stable and engineerable photothermal evaporation materials and decentralized water resource
allocation systems.
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