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Session 1. XYY IR IE

sciforum-154815: Topology-optimized
reinforcement of Terracotta Warriors validated by
shaking-table testing and finite-element analysis

Lei ZHU, Xinggi LIU

' Beijing University of Civil Engineering and Architecture

The Terracotta Warriors, hailed as the ‘Eighth Wonder of the World’, suffer from material
degradation and structural instability, raising concerns about secondary damage. Conventional
reinforcement brackets are limited in addressing the diverse forms and uneven stress distributions of
restored figures, making individualized protection essential. This study proposes a reinforcement
method based on topology optimization. A customized bracket for a standing Terracotta Warrior
replica was designed and validated through shaking table tests, confirming its effectiveness.
Furthermore, the study further introduces aerospace-grade materials into the design of reinforcement
brackets for the Terracotta Warriors, selecting polycarbonate (PC) as a representative material. Using
finite-element simulations under the same geometry and boundary conditions as the steel bracket,
we comparatively evaluated its dynamic response. The results show that the PC bracket, while
maintaining 90% light transmittance and appropriate material hardness, achieves an average
reinforcement efficiency of 39%, balancing exhibition aesthetics and structural safety. The proposed
method is broadly applicable to individualized support and reinforcement for large, brittle heritage
objects, including standing terracotta figures, ceramic sculptures, stone/wood statues, and thin-walled
hollow artifacts in in-situ displays and museum exhibitions.

® © 2025 by the author(s). Licensee MDPI, Basel, Switzerland. This article is an open access
e article distributed under the terms and conditions of the Creative Commons Attribution (CC

BY) license (https://creativecommons.org/licenses/by/4.0/).
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@ © 2025 by the author(s). Licensee MDPI, Basel, Switzerland. This article is an open access
e article distributed under the terms and conditions of the Creative Commons Attribution (CC

BY) license (https://creativecommons.org/licenses/by/4.0/).
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Huang Qijun

" University of Science and Technology Beijing
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@ © 2025 by the author(s). Licensee MDPI, Basel, Switzerland. This article is an open access
e article distributed under the terms and conditions of the Creative Commons Attribution (CC

BY) license (https://creativecommons.org/licenses/by/4.0/).
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With the escalating requirements for high-end equipment manufacturing, high-performance
coating technology has emerged as a key research orientation. This study conducted innovative
exploration in response to the limitations of traditional thermal spraying techniques, such as high
porosity and low bonding strength of coatings, and proposed the ultrasonic-assisted supersonic
plasma spraying technology. The results show that the porosity of the Ni60 coating after ultrasonic
treatment decreased from 2.60% to 0.87%. The average hardness increased from 557.51 to
610.02MPa. the average bonding strength rose from 33.23 to 44.88 MPa. The average friction
coefficient decreased from 0.4728 to 0.4444. The main mechanism of action is as follows: the acoustic
streaming effect and micro-jet of ultrasonic waves effectively promote the aggregation and expulsion
of pores in the molten pool, reducing porosity. The strong shock wave produced when cavitation
bubbles collapse will act on the grains, resulting in the refinement of grains and thereby increasing
the hardness and bonding strength. Meanwhile, ultrasonic treatment triggers a phase transformation
from an amorphous or disordered state to an ordered crystalline state, further improving the
mechanical properties of the coating.
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FESHUAERE. SR, MERRIASEIAM) (CaO-MgO-Al,05-Si0,, fiFR CMAS) i 5| K it i i
, PEHEBUE T RPN G . IR IRL S 8 wit% Y,0s%85E ZrO, (8YSZ) IRJZ1EHT CMAS
PERETTIHIIAN , ARTFUREH T — IR E R LA seng, BDE5 658 M E G St S Mk E S R ot 77
e REKAEE TRHRE AN & T LaPO,-YSZ ZERIZ LUK Y,0:85 3 Bt % 56%[1) 56YSZ i
B, ARG T EAHEA R T R AT R A RS BT Feas AR, 28 —AHRIRIAE YSZ dh
TR E ETE R T 59 S IS5, ATTHETH AR BIPE . RN, 55 —AH 5 CMAS T S B A p s
SRS B AR R, AAETH T CMAS (03235, 15 56YSZ RIEH, TLM Y B T3 5 KM
, TERREE AR JZ, SEIL T R o BRI E A 5T CMAS Y RE FRH2 T 32 B85 0 511 S S #g A 1
AR, A PO T ) 25 SR VERR S E AT A B A SR RN . BRI U T — AR IR R
B B SRR Rt 1 B B BRI EOR$E 3

Thermal barrier coatings (TBCs), as ceramic coatings deposited on metallic hot-section
components of aeroengines, significantly enhance the operational temperature capability and
oxidation resistance. However, corrosion induced by molten environmental deposits (CaO-MgO-
Al,05-SiO,, CMAS) poses a severe threat to the service life of aeroengines. To address the
insufficient CMAS resistance of conventional 8 wt% Y,03-stabilized ZrO, (8YSZ) coatings, this study
proposes an innovative optimization strategy that combines second-phase composite modification
with high-concentration doping modification. LaPO,-YSZ composite coatings and 56YSZ coatings
with elevated Y,03; doping were fabricated via atmospheric plasma spraying. Subsequently, their
corrosion behaviors and mechanisms at different temperatures were systematically investigated. The
results show that the aggregation of second-phase particles at YSZ grain boundaries forms weak
interfaces, thereby improving fracture toughness. Concurrently, the second phase reacts rapidly with
CMAS to generate a continuous, dense apatite-based barrier layer, which effectively inhibiting CMAS
infiltration. In 56YSZ coatings, sufficient Y3* ions react with CMAS to form an apatite layer, achieving
self-inhibition of corrosion. This work reveals that the enhancement of CMAS resistance originates
from the regulation of interfacial reaction pathways, where rapid crystallization of barrier layers blocks
the penetration of molten salt. These findings provide critical insights for the composition design and
performance optimization of next-generation TBCs.
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PR FTHVRY P RE X VA R TR 2 S AT N BIsema L], A BHR T2 R A EEE L. &
WA T 6063 A & RR AT R 5 BHRIRZE S AT NI R, WL RGHE T
ANEV S SR A B BT U BB R 2 R THI 45 G s FE R U . SR FH 3 B T S e W =4 Ky
RIS 8 5 RERIEh AU I3 2 P 0 45 &0 R s R SA0 B8 I 2240 5k 2 I D TR
FE. g5RE, BHS HiMRIEDEIE, BN AIEW, ASERGZY gk L, A S ER e
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Thermal barrier coatings (TBCs) inevitably face failure during practical service, and predicting
their failure modes and service lifespan remains a common challenge in the scientific community. To
address this, we have developed an Al-driven, dual-modal ("ear-listening" and "eye-seeing")
visualization framework for the full-process monitoring of TBCs’ service-induced damage. By
dynamically analyzing in-situ acoustic emission (AE) signals from TBCs under mechanical loading
and actual service conditions—including filtering, fast Fourier transform (FFT), wavelet (packet)
analysis, K-Means unsupervised machine learning clustering, wavelet energy coefficient calculation,
and neural network analysis (BP and RBF neural networks)—we designed a software system that
establishes real-time correlations between internal crack propagation modes and AE signal features,
enabling rapid "ear-listening" identification of coating failure modes. Additionally, leveraging batch and
automated labeling of microstructural features in cross-sectional images of as-prepared and early-
service TBCs, combined with deep learning and long short-term memory (LSTM) neural networks,
we achieved dynamic prediction of microstructural evolution, particularly tracking the crack
propagation patterns over extended service durations. This integrated approach realizes Al-powered
dual-modal (auditory and visual) visualization of TBCs’ failure behavior, bridging the gap between
real-time damage monitoring and predictive lifespan assessment.
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Plasma spray-physical vapor deposition (PS-PVD) is a unique processing method that enables
highly tailorable coatings composed of a variety of materials in thin, dense layers or columnar
microstructures with modification of the processing conditions. At present, the main approach to
investigate PS-PVD technology is to design process - observe structure - examine performance, and
this leads to lack of comprehensive investigation on the material transport and deposition process.
As a result, a large number of experimental data can not be integrated and form a unified theory,
meanwhile the design and development of advanced coatings is limited. In this study, the numerical
simulation method and experimental are used to systematically examine the ceramic material
transport behavior. Firstly, the internal/external double energy compensation mechanism and
synergistic effect are studied to clear how to achieve the materials evaporation completely. Then, the
thermodynamic gaseous material capacity of plasma jet is studied to grasp the the mechanism of
material state control. Furthermore, the thermodynamic gaseous material capacity of supersaturation
boundary layer is studied to clarify the status of deposition unit. This study can provides a scientific
support for the formation of PS-PVD preparation theory.

@ © 2025 by the author(s). Licensee MDPI, Basel, Switzerland. This article is an open access
5 article distributed under the terms and conditions of the Creative Commons Attribution (CC

BY) license (https://creativecommons.org/licenses/by/4.0/).

2025 1 EREFIFESEA T S(MCST'2025) 28



Session 2. BH&HIA

sciforum-154471: Pr 2% Hf EZH#Shr i EEKN A&
EEAIAEE BT ph i R

Chong Chen, Heping Li

" Huazhong University of Science and Technology
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PR T e b I i 3% 2 F) oo S R A LAOR S, 4SR5 A8 e T IS RE A g R 7 A DA S A0 T U S 4
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C/C composites exhibit excellent mechanical properties at high temperatures, however in high-
temperature oxidative environments it face severe oxidation damage. To enhance the anti-ablation
performance of C/C composites, a method combining chemical vapor infiltration of silicon with solid
solution reaction was used to prepare Pr-doped Hf-based thermal protection coating. The anti-
ablation performance of the coating was tested: after long-time ablation at temperatures above
1900K, the surface coating remained intact, with a mass loss rate of 5.93x10% g/s, demonstrating
excellent anti-ablation properties and stability, and the ablation time significantly exceeded that of
previous anti-ablation coatings. Additionally, during the test, it was found that the coating also had
good thermal insulation properties, with a temperature difference of about 800K between the surface
and back, which is mainly attributed to the maintenance of high emissivity of the coating before and
after ablation, allowing the coating to dissipate most of the heat in the form of thermal radiation into
the atmosphere at high temperatures. After characterizing a series of samples post-test, it was found
that the changes in composition and structure of the coating during ultra-long-term ablation were
reversible. Further analysis suggested that this might be due to the incomplete oxidation of the coating
after Pr element doping, leading to reduction under conditions of insufficient oxygen molecules. The
research results have significant reference value and guiding significance for thermal protection of
equipment operating at high temperatures for extended periods.
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Although magneto-optical phenomena have been studied for decades in low dimensional
materials, studying the impact of quantum confinement effects on magneto-optical properties remains
a significant challenge. Here, the surface-induced quantum confinement effect in a Sn doped CdS
microcone was demonstrated through photoluminescence spectroscopy and angle-resolved
photoluminescence spectroscopy. In this structure, the quantum confinement effect has been proven
to greatly enhance the tuning range of magneto-optics polarization, and its tuning range nearly
100%.Through magneto-optical measurement characterization, we attribute ultrabroadband
polarization control to the Faraday magneto-optical rotation. Additional first-principles calculations
have suggested that the enhancement of the magneto-optical effect is related to isotropic exchange
interaction from the hybridization of Sn atoms d-orbitals. Our results highlight the importance of
quantum confinement effects in magneto-optical polarizations and motivate novel directions for the
manipulation of material properties
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Hydrogen isotopes are ideally clean and renewable energy sources in the future. However,
hydrogen embrittlement is a serious issue faced by the structural metal materials in hydrogen
infrastructures. Developing protective coatings as efficient hydrogen permeation barriers is a
challenge but an urgent need. Herein, a new nanocrystalline CeO: coating with its thickness of ~40
nm was successfully fabricated via the coordination-assisted deposition method. By optimizing the
annealing condition, the resultant CeO2 coating has a uniform and dense structure, with a high density
of atomic-scale dislocations inside. Its hydrogen permeation barrier performance was evaluated by
gas-driven deuterium permeation test, achieving an ultra-low permeability of 1.64x10"® mol-m"-s-
".Pa'2 at 500°C, three orders of magnitude lower than the stainless steel. The corresponding
hydrogen permeation reduction factor (PRF) reaches an ultrahigh value of 2355, which is 4 ~ 75 times
that of the other oxide materials such as ZrO2, Al20s, Cr20s, and Er20s. The dense dislocation-
contained nanocrystalline structure not only provides abundant hydrogen-traps but also prolongs the
diffusion pathway to effectively impede hydrogen permeation. The hydrogen diffusion mechanism is
further revealed by first-principles calculations. This study indicates the great potential of CeO:zas a
new type of hydrogen resistant material and also offer a guideline for the design of nanometer-thick
hydrogen permeation barriers with high performance.
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Hydrogen embrittlement in metals seriously threatens the safe and durable operation of
hydrogen energy. Developing efficient and robust hydrogen barriers is a viable solution to solve this
issue but remains a significant challenge. An amorphous (ErAICrZrTi)O high-entropy nanofilm was
successfully fabricated via sol-gel on steel and identified as highly efficient and robust hydrogen
barrier. At 270 nm thickness, the nanofilm achieves ultra-low hydrogen permeability of 1.35x10'® mol
m™ s Pa%® enhancing hydrogen resistance by 2738 times at 500 °C compared with that of bare
steel. Compared to Er203, Al2O3, Cr203, and ZrOz, it improves hydrogen resistance by 5, 11, 26, and
90 times, respectively. Moreover, such a high hydrogen resistance can be satisfyingly retained even
after the (ErAICrZrTi)O nanofilm suffering 10 dpa irradiation. The nanofilm exhibits 37 MPa bonding
strength and exceptional thermal shock resistance, attributed to the formation of Cr,O; transition layer
via precipitation and oxidation of Cr from the substrate during annealing. It strengthens adhesion and
alleviates thermal expansion mismatch with the substrate. The mechanism for the high barrier
efficiency is further revealed by our theoretical calculations. These results provide tremendous
insights on the understanding and future design of high-performance hydrogen barriers for hydrogen
embrittlement prevention.
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Microwave sintering technology is regarded as one of the most promising surface construction
techniques for in-situ resource utilization in lunar bases due to its high energy efficiency and unique
heating mechanism. However, the extreme cryogenic environment on the lunar surface creates a
transient temperature gradient of over a thousand degrees Celsius between the sintered body's
surface and its interior. During the cooling process, significant thermal stress develops on the sintered
surface, leading to macroscopic surface cracks and even structural failure, which severely constrains
the engineering feasibility of this technology. To evaluate the surface integrity of lunar regolith sintered
bodies and determine the safe processing window for microwave sintering, this study establishes a
multiphysics computational model coupling electromagnetic, thermal, and stress fields. We
systematically simulate the temperature field evolution and surface thermal stress development
during cooling, investigating the critical cooling rate range that ensures surface integrity. Ground-
based physical experiments involving compaction, sintering, and controlled cooling of lunar regolith
simulants further validate the simulation results. The surface morphology of sintered specimens is
characterized using scanning electron microscopy, while phase composition and chemical states are
analyzed through X-ray diffraction and X-ray photoelectron spectroscopy. The critical cooling rates,
microstructural characteristics, compositional data, and thermal stress evolution patterns obtained in
this research will provide fundamental data support for lunar in-situ resource utilization.
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WEBAREIAASHET ZHIRA, AT T S22 i D Be A F S PR Be A0 B 5 DG
PIVER . Adi il EZAN et iR ZHRAE s AR R S LB R, teln, BRapKE 2
gefas s, BRMERR IR BUROG. BEBUER G, BEBURG LR S A AN R AT ) %
5N %%, 5 TA/EAR4E K % 7E Nature Sustainability. Nature Communications. Science Advances
. Advanced Materials. ACS Nano. Nano Letters. Advanced Optical Materials %3] I,
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VITINREE, MRS A RRR A S b

P E R I X M AR S R RS X, FAE R mIR. =3RS, P AR R
80%, hFUIMFEIE 0.3-1.5 mg/(dm?-d), &R e B h, SR ar 4 205
W 30%-50%. IRIEET &R T AR KR A ER, BTOKENFEERS SRS B S
BEAT R, SlEMEENE. SREPUE R R AT LR S A8, T R i S DR L & S R TR
B, e AR S, R E T TN AR S S A a7 I, H T RS IR 1A A R
K. RGP BHERINRESM NS, EHirsmESERG e mnmE R 55—, RES
HAZRE R B, B MR S ISR E RO AR AN N 8. RBE S TR R IIE 2
REAR 22, AU IERFE R L, B2 51 R IEARPRHH B4 0] A, FE P 5 S 0 2 O
MG, HATWB R R EEA S E IR EEERE, HWmIAs TRE S ZWME, B4R AR R
s MPLEIREREAES R BB R E &Y, W HEE RIS B EE. RIsIREHE. Bty
%, WERME @B, TERIUNAR, M EEREA L, REMBILHE TREMAFTR. M
TR ER TR %, BA M., mHEtEsn. Sesthm. aE . BRI RSrs s, £
B AR I IR 2 R R TT 1) . DRI i 5 A Je T DL TR S FH 6 B A BEL 0 3 S A B O T 5 Aot i %
PEREIEE T2 IR RA 2 R & IR )2

A LA R TS B - el -2 5 1 P R AR AR ST, i ) 4 HE R el i B8 R 0 K B B 1 2 A 5
R H AR AR == IR AR E T2 AR A EE A T, e E . KRGt E S &
WEMAEE; JREMERETEER: B, 30-50 Bk CAMEREREN 22— ; milihiE, 5%HKE,
35°C £h % JEh 1000h ToHifs; R E-FREPE, nande, sHFL8<1/m? 5, SHEEE ~580Hy, FHYN
KA E~TGPa; 5 11, 260MPa (Fi#iEillik, AMERZELE AT 3465 5 250 N (RYRVENR) ;i
BEERE, RSN R, BB RE~316L AN EHHNT 90%, BEEEEE RN 316L AFEMN 120%; BH
AMAE: 1TMPa, =& T PRF >104650°C>10% & T CA MREBEAR T . wEEHT&ESWME
B A%AE%E B A A E LA TR .
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AHGLRHE K 1R B TR R B B2 o B B2 10 BT MLGYRE R 7K ¥ — Fh 2
M7, ABHRCRBEAE A VLGRHR B AN . PR/K % W2 1 BT s . MU HE AL R D AN 32 I
AGEHIE R, W T iR A HUIRBOK BR LR A BB . AR SR AT RIL VX T
IR A LGERL K BEEE A IR BRI FO 45 R JERDR AR AE . S MR ZARE, RATSEEL T
TE/ND R (ARG AR B 5 AF 0 T ik A HLGEL (RhB:50 mg/L,MO: 30 mg/L) P g . EE#
s TR B AAT BRI R HT 5t
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ZEEK, BEFCN A IR (SBF) 12 VRS AWt AE it . 1207k N 1SO
23317 H777, ZEE TR TEAMEYIE g, i VPSR R T B KA T g . SR
, EURERL, el SRR T A R, CRER N FIIG IR BRI B R AE /1, {BYE SBF il
AP R Rk, EARMEFH, FAVPEAE T HEARIEA G, B Hank P L7 (HBSS). 4iius;
FEEE (MEM) FIRATIFR N T RS (SHARP) 123 & AEYnE E 35 (4585, 0. 1.9, 3.8
7.7 vol%) HIRIAE 3. 7 F1 14 K. H ICP-OES #l pH 73 #1% 7%, F§ SEM. XRD #1 FTIR 4r#r# .
HBSS 1 MEM w]7E 14 K EiEwERR /5 (OCP) MITEE, 1 SHARP ¥ fefRFrfa 2 i pH 18,
AL 3 R OCP 43 AlfE 7 KF 14 K5 HAHBE S IREZEEB KA (CHA) w2, PR
MC3T3 i 8H 40 Mo AT AE Wi T 3 A iR b A A T B BR 1 AE M AT Al I S ST 78, 45 SRR, X
FhE 2H%E CHA JREXT T A AE K APUEDIRE R B 2. Kk, SHARP EE —Fh o REHIR 3%
T, R AR DA B A AR AR I
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HPEHAE (White spot lesions, WSLs) F1 5 il i S0 IE B A 7 I R i WP R . X
PR AR 0 Tl DR 20 A AR AR S B I R TR, A TR A R, J5 22 BR TR AR R 42 751 B X6 28 il o
R . 2 AR R B2 R IRF ORI EE 4 (amelogenin nanoribbons) JE &, BATFR T
— R e HAREDUEK (AMP) D-GL13K M RURRE, #ebs R b B 55 aop 8. XM A
AP SRR BB IR S 7RIS TR K E, IR TR 2 R AR BB e . 8
R E AL (CFUD THEUERNE /B S kPP X AR TR 858K (Streptococcus mutans) Kt
FEE . PR BCR NE e A T W Z 6 (OCT) 28T B BB I B Ik /I DA K 4 BRI R (
Vickers hardness) &3 AIER] . 7EFRRE BRI F, %R 2R B VI kL4558 % (SBS)
{HR PR 7RG B 485 CARD V4o 3X PP 05 A 28 il ot i )20 S N IEWHYE 97 5 TlBi 1 B 73 A
T Fh ot 2SR A — o 1) SR o
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Enhancing the flame retardancy of wood materials is crucial for ensuring safety while maintaining
their advantages as green and renewable resources in widespread daily applications. The
development of bio-based flame-retardant coatings presents an eco-friendly alternative to
conventional petroleum-derived counterparts, effectively reducing reliance on fossil-based resources
while significantly improving fire resistance, thermal stability, and smoke suppression properties in
wood products. This comprehensive review systematically summarizes recent advances in bio-
derived flame retardant coatings utilizing various natural components, including phytic acid, chitosan,
tannins, lignin, vanillin, and others. We provide an in-depth analysis of the underlying flame-retardant
mechanisms and structure-property relationships. Furthermore, the opportunities and challenges in
optimizing bio-based flame-retardant coatings for practical applications are also prospected. We hope
the review can provide insight related to green and eco-friendly materials to environmental
sustainability, which could promote the development of a circular green economy.
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' Center for Modern Physical Technology, School of Mathematics and Physics, University of Science and Technology Beijing,
Beijing, 100083, China
2 Fundation Science Education Center, Hangzhou City University, Hangzhou, 310015, China

Hydrogel coated nanomedicine capsule (HCNMCs) using a dynamic multi-crosslinking strategy
was developed by synergistically integrating covalent bonding, hydrogen bonding, and ionic
crosslinking to achieve hierarchical release programming using Au@CoFeB-Rg3 as model
nanomedicines for oral adminstration. The hydrogel encapsulated Au@CoFeB-Rg3 enables
spatiotemporally controlled gastric protection-intestinal activation release via pH-responsive hydrogel
contraction/switching. For this goal, a single-step capsule formation process was invented here to
encapsulate the model nanomedicine, which can reduce production costs, establishing a translatable
platform that overcomes multi-layered gastrointestinal barriers for precision hepatocellular carcinoma
therapy. Results of in vitro and in vivo evaluations against hepatocellular carcinoma using this oral
type nanodrugs revealed dose-dependent antitumor efficacy and medium oral doses (60 mg/kg) that
outperformed low-dose intravenous administration in tumor suppression while minimizing hepatic
accumulation. Dual-mode imaging elucidated spatiotemporal nanoparticle internalization dynamics
during cellular uptake, providing unprecedented mechanistic insights. Orthotopic HCC models
confirmed reduced hepatic accumulation and absent hepatotoxicity via serum histopathological
analyses. Biosafety assessments also affirmed the systemic biocompatibility of this kind of oral
administrated nanodrugs. This new platform developed here simultaneously resolves gastric stability,
intestinal release precision, and scalable manufacturing challenges, advancing clinical oral
nanomedicine delivery.
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Plant diseases cause 10-23% of global crop losses annually, while conventional fungicides face
increasing resistance development and environmental concerns. This study demonstrates the
development of size-controlled Fe;O, nanoparticle coatings (5 nm and 10 nm) that provide dual
protection against fungal pathogens through novel coating mechanisms. The nanoparticles form
crystalline iron plaque coatings on plant root surfaces, with 5 nm particles creating more uniform and
dense coatings containing 15.7% iron content compared to 5.9% from ionic iron treatments. Size-
dependent antifungal efficacy was observed, with 5 nm coatings achieving superior performance (EC
s0 = 6.3-8.84 mg/L) compared to 10 nm coatings (ECso = 13.8 mg/L) due to enhanced surface
reactivity and dissolution kinetics. The coating technology operates through dual mechanisms: direct
pathogen suppression via reactive oxygen species generation and membrane disruption, and indirect
plantimmunity enhancement through activation of salicylic acid and jasmonic acid defense pathways.
Agricultural validation on tomato against Fusarium oxysporum f. sp. lycopersici and rice against
Fusarium graminearum demonstrated 62.9-82.7% disease control at environmentally relevant
concentrations (0.5-1.0 mg/L), significantly outperforming conventional fungicides (typically 50-70%
efficacy). The functional coatings simultaneously promoted plant growth while providing pathogen
protection, with hormone modulation studies revealing 3.5-fold increases in salicylic acid and 8.9-fold
increases in ethylene levels. This coating technology represents a breakthrough in sustainable
agriculture, offering environmentally compatible disease management with reduced chemical inputs
and enhanced crop productivity through precisely engineered nanoscale surface interactions.
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W HbR: ORI YIS AR R 2 8] ) S TH AE M A B 7 %% % (Extracellular Electron
Transfer, EET) i fE e R IFEZOAER, A 52 ST A IS P 40 R AR UG B R S Rl . ASHE 9T B AR R R IR
F s A0 R AR AR AR B AR IR R, 5 FARA AR LA PR B AR S AL SR, B AR %
AR Z T EET Rkl 28 ¥ . B SN REHE 76255 (Candida albicans) £ # 57
# EKE (Staphylococcus aureus) . % [CHEBKE (Streptococcus sobrinus) FlZ /& # # B E
Staphylococcus epidermidis) [JAEYEERIE . @IS FX A BEAER, B w0, 0t
WAL S AE DR U R O8E,  DLERTHM A= Pk k) B it (Microbial Fuel Cell, MFC) [T RE,  [RIE i
JER B A BTL ] 18 B SR 5% AR A s (R T B 7 BRI Al

Wi RABE R (K 20 22K, 78 20 2K, J& 5 2K) {ENERMEL, @ADL
W (OD = 0.1 #1 0.5, 3K 660 49°K) MR VIR ZH 8 B . FHR AL (Open
Circuit Voltage, OCV) K fE¥F k4% (Cyclic Voltammetry, CV) 7£ H BLE MFC &4 T 37°C %
PERESEIEM 24 /N, ALK, B35 OCV, CV, fEiEZEJG 0 /M. 4 /N K 24 /PRI =H
WRGHAT, DSV ED LS AR A EAE A . S0 BB AR Tl kB 41 4 B4
VIR = TR .

WL R ARMEFEEIHEAE R OCV K-, St 7 AEYIERE A EANE ) EET 2%
AE IR AR 222 A D B AT 305 S5 AL S S B, H s FL -3 7% T Rl ELRE A A B J2 S5 R AR 4 ST (]
) BT R S

WL e BB BRI Z AT AR — R R EhRid i)t B, it EET @&
S8 1993 S B ARG PR o IR NER XSS A BAE A A Bh T BT AR VIS . $2 7 MFC BRE %,
FEAE 7R 0 IR B AR IR JOE PIRAS . ARRIF AT/ — W] EET 057, RGN ER:
PEAHES) H S AR
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VORARGEE S A E e, R D EE ()

15 AR S AR E R KFEE ke TR G ar . BRim-r ekl R Gunfk DA
T GERIREZ, XSGR R MRS EN R H R[] ik, BREE U ERR
P A SR A B2 K SR DB, N R BRI APE R B SR . F A I SR b DR A5 A 4B R I B
BERREARFW)ZRKE, S RE R I REAE S O IR T POl (SR

MRS A B RHEBREE N ERRILE (PAA-ACF) T AL ETARE: RAA IS S
TR . TEM. SEM Z:0%¢ PAA-ACF FIAFIT 1h 1 2050, 10 0B 4L | BUR R S5 il F AR ;
FIHRF A EME (AFM) . XRD. FTIR. XPS Z5RME B LA AR EAL RS SR A Sbr (il
v YERBIRINR . RIS VS . AFM SR POEY 0 AR RS RE T AE . IR EEEE M. REE
FURIHLARERE; R CCK-8 il &. A 4egett . LN Jete . MTT MHKZEHE PAA-ACF (1)
AR AR AT B T A

R 51118 PAA-ACF AFE | BURJE 1 708, IIETESIA P& 2 &K AR 8AE, 10 28iEs 2]
SEALFUENT L PAA-ACF ACHLIA FARR 1 20800 10 404 )a, HIESIET 1o, #HiLMERERIE
TR BURAAS SR DUBRIE RSP SRS, o 10 BT IR S E B s A R it
AR, BEEMIEERIC, AFM BoRER T HiES e, MERE RS Z; PAA-ACF A
B RIS R Z P E MR .

g ARSI, BATHE K PAA-ACF N B A TR HE AT IRPGER 1k, SE30 T I PRAG AR 18]
PRGBS G SR AR, SR T RS AT R AT 4R AL . PAA-ACF PSR LG 7 F AR R 4%
REE, TERR T IESSEREMNREA R, N AR TR APER B St T A I R S B SR T
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low-k 48} (r B E<3.9) el KB (VLSD HIEGWM ML LEZMEL, 1E¥ 7
s AT, low-k AMPEHEMEIRBURE . mZa S RIS, WA RPRICE A A& RS 5
FIGEMIELR, 2 14nm S UUT et GIRE eIl “pAe . g i RICBEATRE, )2 B T e o
Fiv SEPRES AT R e A . R PR ZRARIAE] 14nm LA, low-k FPRHERRIBERN T, (645 1% 44
BHOIN THEAR T RE NS, TR R RE ™8 BT, 2SRz e RO T s B
24 10 24, S RESNAEFSGE, BRI EAs MR, 2ERE, SEhRiuE
AT, eashiEl, Ezh TR H AT 32 .

1) MR GHUMGEREAR. SIER, HUMEAIN T 5% SEEER D E . W52,

2) PFaEttEz, FE AN EIEAESIIK low-k MEM EBIERE (BHE>10%) , #
PR LA, PO AL & T ECE A BRI R

3) e VR B R s (R 2ZE 7 < tpm. R H <tpm, JKOLH&E<3pm,
MFRERSc<2um) , ARGHURAL A0 T 200k BL 2 LB T 55K

4) THRELER low-k J&, WOGASATEE G R 7 E 00 T RIEARE, KB A9 BN THE AR K
» ARGHOETT SANHO N TICVA B G R 2 F FE

PRIE, i — ARl RS0 RO RN R low-k FPEHOT R, 225 fuAk s )
WOLIMTIT %, fRpP BRI REL. 70255815 % 1)

AN BRI, 3R R ANRD B AD | TR Bk OGN ORI, FIRT v n T AL
(kP FEE 107"2-107"s) SKBUM EDCE MR RR, S vl m B i, MRS B b #sidi; Ao
Jeik AN BUBOE (355nm/266nm) , IS low-k A4 RH mllic, $2THREEAI XRS5 T
FEUERL . LR AR, R MEIUE LML TT R (B RAAME) , WL RAPRHEAT B 2 A
TS, 2 RECHONRIYERTIUES, B8 MIER, UTES, B0RIFE)E )7 5 B R mR 1T
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TEM i IR TR AR (R TGN S5 0 BRSO UR B, i Ae e b 2Rz e e . i KR
PETHAN BRI BRAC TS, A FCRIE T — Al FT BN B & ar oAk, T4 SIBCN fahgitl . 1%
T BRAA I TR M R i 22 P e R R R e o 88 R RIS IIRIR 2-57 72 £ B85 FZ 1SR
MSEEL , BERE T BRI BUE M E R AR, AL TR R (76 wt%).
SN 1] B T B AR S AT AR P R R C R AR S SE G T T RARAE, FARERKRELRIRE T
PIRDN SRR, R T REY-Fa B AL R A2 iR B ) i oz AR Kb . 25 B X0 e Z 5 3k
FET 2, e IR R T B e 45 B 5 24 TR SR R AR AE (285549 700 nm) 1] SIBCN #5445 1)
o WFFERIL: TERMREET, A FE IR T N RIS ) S B SR TAAR O Pl % (1) SIBCN
AR 3.59 + 0.08 GPa il = Hi R E . JET UL ERAE, 3t P4RZE T HI SiBCN a5 1
TETEN L, AHE F T 038 e B 41 A gh i il 2% 1) el R B L
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RGPS LI SR BORE VAR K o RGO VR K A5 T 2R v 5 L ) g 52 R4S FH 75 i
EEA HARAFARE AR oA AN 2) . BRI 75 A IS5 DR, SR AL [ ooy 242
X RIS 5 (AL A AN F G a7 oK. Ditt, TR T R A A MR B RO S Vi K A
TEWTE, FAF T BOOEBE RS —In AL EE— I #A s 18] 55 22 BRI ZGVR JOR I BB RE S LB S0 1k s
AL, WA T BOLICBETE FE G M BEROR . WO I IXCELEE PATRA i S AR MR O i K Lz
LRREBOR SRR, W 1R s AR oL KR BE e & R AT TR VE R
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IEAERAFFE R I, BT LL AN G IR IR S ()8 55 5 S S0 (1 2 — Mo G ESe i R B R . H R
FEMH TG 2 AR, AT LU M T B 78 Se R AN IR A AN B RSt k. R
HIR EA BEMA: LR, TRMEEERSEEE; AN E&mRE S RiffRett, T
SRR G T AW, RTIESEFOCHR T A=A HILE, B arE R A RS AN
s FLPERHLERAAE G R, RGUHINTIES: FOBRIRIENLE], KBNS TR e B ot &, IR
NIZIRIETE RN 5, AR 08 71y 1 40 1 678 SEBR AT N & FE R N B . TR A SCH FRATT i 2%
7 LnyHf,O7 (Ln = Er**. Nd®*. Sm*") %k, fEIRZIAN (Aex = 980 nm) ELHOLH A T, 1Al
X 6 R SEEE  Th R AR B HEAT TIRABE T, IR EA F R R B LT, AT v
6 SR B A B E O, X IR e i T IR R LA B R R B
M. [EI, MR IIFRHEEIZED LT, ANEZEEA R R R AR, WEARHMER L
B (UC) K SHIEIZHHEAR Ne I iE s o ioeit . (B2, R 5iREE AR 24X M K% R
o XL IO £E VST LR B, e AP R RS TE R SRR i S A . A AT R AT TR R
EHF N RN E SR R A EENR SR, AN B ARG 5 R ER it
B
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B ORI TR, A T AEMIEE S OBIEAE KoK E IR A U A BN
TFR B e KR AN AL T 2 0 G 2 HD A T QU B T . 2 T A [E
SRR, I ESEOCOROE A A BOF A DI, AT Se L o w] -2 4k BL (400-
4000 nm) HGEGEESGHER S, RO T EGUESLE GRS, F& U5 fRe e AN 3
FATHHLEL AT SCRE R AN I A =7 W LT T R Seit e LB s, Se/asl N Ertdt
JEALIREREE, T AR LB R IOUM AR, I T 58 AOUKI I R AR LA R UAOURHIE,
V) B 9 e RO B RIURN RO LR s DR DT, Bt TR 2 ALK AT R AL,
T RO RE R AR AR Iz, AL T 98 AOEERE, )RSl 1oL 25 {5 A1 100 {5 (K13 35
o BFIJFAR DT, SRATCLGEE B8 AOCMON AR LB SO0, 56 )5 8B 1 AV S i i 2041 1
B AR > AR R, FRIY T AR AR AU N AT T . BT S
ROGHETFR  KEFCEE . KFIDERHN R BT BUGR E SURIR L 7 HOEIRTT %
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i A S RE DI e B e T YT el A R AT 8 S KB ) R G R L B, (H A e A
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ke s, HHSRMA AL, HrbetihaeZ . ASCIR HEHE & 5 00 V2 ik 2 3R i i S 4
AR [FPTIRUR A BOR — Dy HEC-HO2 St I3 B &2, RS- THE & & i iR bt
AL Brberh AR S AR . A IRZE T E H~120pm JE ) NbSiz2 iR )Z K& ~50um JE ) HFC-HfO2 ki
TFURIRGE R XU T 2 AR ZE A — NbSi2 iR JZAE 1200°CH il F AT AR5 B 1 e AT
No HREY], BEIRZEMAANL 100h 5 A DY 6.38 mg/em?, {4 #.— NbSiz ik JZ [1)~46%:;
(£S5 BT e 60s Ja ik ZRIEOUCH H AAZRIVE, 18— NbSi2 i%/Z LS 2 RSB MIE T . B
EERIE T OREGUR I ERRL, w7 BAREY AR EN HISIOW-SIO2 B4, i 1 Hesi L
WA, B T EME SRR ENE. WAL, RERZEARR T BRBCOF AN Rm T 0.90, 2l
JEFHZE 1200°C I, FEiBOF R RANRFE~0.7 Ziti: 2SR SR AN A mR %,
AP T8 75 2 MM BE AR SR IR SRR . 25 b, FEHR & 3R Il Ol 5 HC-HfO2 Ry JiRGE 4h
JE T 2 1 PR i A AT e T A AR AR N AT I 2 TIRERT IR R RO T e B e e T UK
BAREA L iR PUR A E BE B S ]
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GO/SiO2 MEMEAM AR GiR/Z. Wi SEM S AR MERT 5 FIA M ETR =, i AL 2
ST IR TUCVE R Ja P S R R R BRAN AR kB 4 e . A5 IREE W 2 GO/SIO2 5 7 BN
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BRI PR 15 5 e e
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PESRNG . B 5N RERI A B SRR, M3 1 BA IR E AR & S 5 e
NI REER R 2R PTERABIVIRAT TR SRR R, 35 RS B S iR B )
s SEHLE T TR B S R AR YR RE . BT — DR R T R sh AR 510 8 Z R0+
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PRAEE F R RE S R R R B R R RROE SOV AT LM SR E . SouRi
B I BEAR A, 7T SR — B A Wycekoff 7. SEiia &R0, mii b B B = i ROnL iy 2
B — ARV E BT, A0 A 78 Bt v g SR BT [ L T [ A W A8 e G A8 I B 0 2247 N
R E AR R T R R R K PURERE,  JFAE A I RE T AR HU AR R AN B 25 0 PR K RN
o SEASFPRIEONBUR . JUR AT E NS SR, Hef R T MOCE R S R R A, XL )
FLEFNRE R RE,  HATUY R AZ U AT FAME AL A ST S8 i i 2 1 T 42 ) 4% 55 S T4 FE L
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RIEAAK S BIVEMBEEBANEF S0, 80 N TR, sd@iahn. V02555 5 2405
o BN ZALE RN OEIER I, AR R BRI . WO R, S LR ImARSE EE AR . AR
» HNERROEIEA DN PR, TR =GR R AR T R R AR, R P SRR 2 5w
PR . AR R IR NS 18 AL 2 B SEAL JRL ], FF A TS & B SR AE 2 ALER N B (FLARTE
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KAZEEFHR (APS) AlCoCrFeNi w4 &ir)2 B AR EREE N, RE 53R [0 2B
MU A, B R T HE S LB R AR B . N T R mmiiR s AICoCrFeNi ¥ JZ IR 5 P R o e
KHBOCEBEA, WABOLIIZN AICoCrFeNi HEA 14 2 BE I A 5 rh i s . S5 5% 0. FE
FEOCTIR R, RENERE BCCHZBHIR, 300W HiFRZE S5HHRRE BAMFE AL,
R BCC M, HAffEm, A3 576 HV. MEWOCIIRNEMN, WEFIMAOITT (BCC) &
EIE, BT LU0 (FCC) MNEMSE .. BOtEMATL G, #ZFLEREE, i BEEiR
{1, TE 300 W IO EIS KT, HEIFRENER KRB B R &, 570 0.654 F1 0.881 x 10+
mm¥N-m. [F, 300 LR T EIGHRZERA RAAEME R, LERMAES (Ecorr) & M-
0.2263 V, @RS E (corr) HAKN 1.216%108 Alcm?, &2 Mtk it 2 AR TR 28
AR T A O IR 204k . IO A G AL EE, AT ESE TR AICoCrFeNi B &4k )E
P EREE S S A Ay ¥ 204k, B IA 2 T R R i IS b
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AHF TSR 20% 40%H1 60%i 1 FE VU S LM 7K 28 70 BORCR I AL I N 2 i, TR 17— ol
HBEKIRZ . N7 EIRIEGKERE, KA T 2% MR B 7 BB R RO 45
Hey, M A L AR LT AT i R AR AL A Ry, I I A e A AR R B, I
it R 2 AR st AT T JER P 3K

IR SERRY], B PTFE WREZRIMEMN, WRRMMESEAMMA 2 IHES . 2 PTFE RN
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VT, SARABEABANAR L, IREIRZ AR T e A R R RIS, B R AL R IR R A, R
PRETY 98.6% . (1l HLH AR IR AL 2 e AT IESE, IRZ AL PTRE $RIE B REMR], TR T
AREITRZ -
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Mz SR, FER AR A BN S BOL 5 R AR BEE RS, I HIBE 5 — RO a2 A LA 2 B 4%
THHIVEREER . PItt, AR 2 DIREDIK & iR E A L BUR E PR 5T N 1A R i A R L. o)
KAPEHA HR RN« /N RSFRO8E BL R By R D REAL AL s, TN DI RE SRR T A iR R Er S B
PERE . 05 A FH B B /K R T AN OK 25 2 S B g b r P A L T R B T A, SIEBLR T 4 R 422 4T VR A
BN N R R TR > Fa A e RS o FOBUR B SR S EUPE IR 6 SR AT HLAEZE (MOFs) 45K Fr#l SiO2
GORBRLE S EM G, #% 7 — AR G s R g B E A e MOFs 3= 3l i THig 1 R 7K 2
ReiRz: dt—L it 7 REHE VI-TEHUR T RE 22 i) MOFs B RERT IR IR 2, ST S 1 22 1k 711
R TR < 2 A (RS P 7 97
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it (XRD) A%l 7 B5EE (SEM-EDS) MJE7 74 d s (AFM) 1Al i 2 R T 3R fOR
SERIRRAE, S ARSI R T VE R TR R B AT R AL IREECE S, JBJEAE 35.5um fb .
RLAL ARG R, fENE PTFE J5, 3RIH B B iR s EEAECR g PTFE 28— M EH, H
JEE AL T2 4%, FRILHBLF Hm v . 38T o IR AR R DA, T UOR S B R ) B ) Ak e
ZERUESE, IIAGUKPA RIS, SR MEEEIURIERE T 7 B 3. I FEARRL 1 R\ B
B2 RO G5 AL R JES R R, SR PTRE SEAMEZBREE, $2m 7 8% 2 I e g
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BB TR = RS AT R0sl b R B P s R 8%, e @B i BRI . A se b
TWEBABERMY, RETAFRRMABCENHERZEMNEENI, F 7 ARREBBRME Tk
Ro HHE, NETREEMREENEBGRELE TSP EENE. RE, ST SIS
FARICAC R Gl A 261, BREAA . BT AUKA A SETTH, AR BB E R iz
SR TR B, DOARMA MK, b TAMEE BB BB IEGRIE &7
IRAERINLEL . BEAh, TR MB RN R BB, A OLRR T 2 AR ERZENEEN
fillo fJm, Xt HATIWETCBUIREEAT 1845, -1 T BREHREARRL LI TN KA T .
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