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Abstract: Photocatalytic carbon dioxide reduction reaction (CO.RR) O
represents a promising route for sustainable energy conversion. However, in ‘\
conventional solid-liquid-gas reaction systems, inefficient CO, diffusion to

the catalyst surface often leads to dominant hydrogen evolution reaction
(HER), limiting CO; conversion efficiency and product selectivity. Herein,
we propose a catalyst encapsulation strategy using porous silicon dioxide
(Si0O») to spatially control molecular transport toward the active sites. By
encapsulating Ag-modified titanium dioxide within a porous SiO; layer, we
effectively restrict water access to the catalytic interface while facilitating
CO; permeation. As a result, the parasitic HER is significantly suppressed,
enabling an exceptional 100% selectivity for CO production from
photocatalytic CO, reduction in pure water, which is a dramatic
improvement from the mere 5.9% CO selectivity of the unencapsulated Ag-TiO catalyst. This design achieves near-
complete suppression of HER and 100% selectivity toward CO production under photocatalytic conditions. Our work
provides a versatile interfacial engineering approach to overcome mass transfer limitations in three-phase
photocatalytic systems, opening avenues for efficient gas-involving photoreactions.

Keywords: CO,RR; SiO; shell; core-shell; HER suppression; interface engineering

1. Introduction

With the rapid development of industry and economy globally, the massive consumption of finite fossil fuels
has led to severe environmental issues, notably the greenhouse effect driven by rising atmospheric CO, levels [1-4].
In this context, photocatalytic CO, reduction reaction (CO,RR) stands out as a promising strategy for converting
solar energy into sustainable fuels, often regarded as the “holy grail” of energy conversion [5-8]. From the
perspectives of sustainability and environmental friendliness, using water as the hydrogen source for CO,RR is
highly desirable [9,10]. However, a significant challenge persists in aqueous-phase photocatalytic CO,RR, which
is the severe competition from the hydrogen evolution reaction (HER) [11,12]. In typical aqueous reaction systems,
HER tends to dominate over CO,RR, primarily due to the kinetically more favorable proton reduction pathway.
This fierce competition results in unsatisfactory selectivity for carbon-based products and low CO,RR efficiency
in most cases [13,14].

Although substantial efforts have been devoted to enhancing CO,RR performance through catalyst design, such
as developing novel semiconductors, morphology control, doping, and constructing heterojunctions [5,15-19], these
strategies often focus on modifying the intrinsic electronic structure of the catalysts. For instance, Sun et al. designed
an N, S-codoped Fe-based MIL-88B catalyst with a well-defined bipyramidal hexagonal prism morphology,
achieving a high C;H, yield of 17.7 pmol g ! h™! [20]. Meanwhile, Wang et al. anchored Ag single atoms on hollow
porous polygonal C3;N4 nanotubes to form a photocatalyst, showing up to 94% CO selectivity [21]. Despite these
advances, effectively suppressing the competing HER to achieve near-unity product selectivity remains a critical and
unresolved issue.
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Recent studies have highlighted that the interfacial microenvironment of the catalyst plays a decisive role in
governing the reaction pathway [22]. The simultaneous presence of water molecules and CO, reactants at the
catalyst surface creates a direct competition between HER and CO,RR [23]. Therefore, precisely controlling the
transport of key molecules (H,O and CO») to the active sites is crucial for steering the selectivity. Conventional
approaches, such as employing organic hole scavengers, can alter the reaction microenvironment but introduce
problems like high cost, toxicity, and compromised sustainability [24,25].

To address the fundamental challenge of HER dominance, we propose an interfacial engineering strategy
centered on selectively inhibiting the access of water to the catalytic active sites. Herein, we demonstrate a porous
silicon dioxide (SiO-) encapsulation layer coated on Ag-loaded TiO, photocatalysts (Ag-TiO>@Si0O,). This design
does not aim to enhance CO, diffusion but rather to create a localized hydrophobic microenvironment that
preferentially restricts the migration of water molecules to the reaction interface while allowing CO, permeation.
As a result, the parasitic HER is significantly suppressed, enabling an exceptional 100% selectivity for CO
production from photocatalytic CO» reduction in pure water, which is a dramatic improvement from the mere 5.9%
CO selectivity of the unencapsulated Ag-TiO, catalyst. This work provides a distinct and effective solution to the
selectivity challenge by managing the interfacial reactant supply, opening new avenues for optimizing various
multiphase photocatalytic processes.

2. Experimental Section
2.1. Materials and Methods

All chemicals were of analytical grade and used without further. TiO, nanoparticles (P25, Degussa, Germany)
were used as the photocatalyst. AgNO3 (99.8%), acetone (99.9%), ethanol (95%), tetracthyl orthosilicate (TEOS)
and ammonia aqueous solution (28%) were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).
Hexadecyl trimethyl ammonium Bromide (CTAB) was purchased from Shanghai Aladdin Biochemical
Technology Co. (Shanghai, China). Deionized water (H,O, 18.25 MQ-cm) supplied by an UP-Water Purification
System was used in the whole experimental process.

2.1.1. Synthesis of Ag-TiO,

Ag nanoparticles were loaded onto the surface of TiO» to form Ag-TiO, nanoparticles using a photo-loading
method. Water, methanol, and AgNO; were used as solvent, holes sacrificial agent, and Ag source, respectively.
For the preparation of Ag-TiO», 0.2 g TiO, was dispersed in an aqueous solution containing 40 mL H,O and 10
mL ethanol under sonication. Then, 0.5 mL AgNO; aqueous solution (50 mM) was added with vigorous stirring
and continuously bubbled using high purity Ar gas for 30 min. Subsequently, the mixture was moved to a sealed
transparent container and irradiated under a 300 W xenon lamp (Beijing China Education Au-light Co., Ltd. CEL-
HXF300-T3) for 60 min. The as-prepared Ag-TiO> nanoparticles were separated by centrifugation and washed
three times with water, and dried at 60 °C overnight.

2.1.2. Synthesis of Ag-TiO,@SiO»

The Ag-TiO,@SiO; particles were prepared according to Stober method. In a typical procedure, 100 mg Ag-
Ti0; and 300 mg CTAB were dispersed in the mixture of ethanol (80 mL) and water (20 mL) and 1 mL of ammonia
aqueous solution (28 wt%) under stirring for 30 min, then 200 pL of TEOS was added slowly with continuous
stirring for 2 h. The particles were collected by centrifugation and washed with ethanol and water, respectively.
The CTAB surfactant was removed by solvent extraction method using 120 mL of acetone solution and refluxed
at 80 °C for 48 h. This extraction process was repeated three times. After centrifugating and washing with ethanol
and water, the Ag-TiO>@Si0,-2 core-shell nanocarriers were obtained. By altering the amount of TEOS to 50 puL
or 400 puL, Ag-TiO,@Si0»-1 and Ag-TiO,@Si0»-3 were obtained. Ag-TiO>@Si0»-2 is commonly abbreviated as
Ag-TiO@SiOs.

2.1.3. Synthesis of Ag-TiO,@D-SiO,

In a typical procedure, 100 mg Ag-TiO, were dispersed in the mixture of ethanol (80 mL) and water (20 mL)
and 1 mL of ammonia aqueous solution (28 wt%) under stirring for 30 min, then 200 pL. of TEOS was added
slowly with continuous stirring for 2 h. The particles were collected by centrifugation and washed with ethanol
and water, the Ag-TiO>@D-SiO; core-shell nanocarriers were obtained.
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2.1.4. Synthesis of SiO»

In a typical procedure, 300 mg CTAB were dispersed in the mixture of ethanol (80 mL) and water (20 mL)
and 1 mL of ammonia aqueous solution (28 wt%) under stirring for 30 min, then 200 pL. of TEOS was added
slowly with continuous stirring for 2 h. The particles were collected by centrifugation and washed with ethanol
and water, respectively.

2.1.5. Synthesis of Ag-TiO,-CTAB

In a typical procedure, 100 mg Ag-TiO, and 300 mg CTAB were dispersed in the mixture of ethanol (80 mL)
and water (20 mL) and 1 mL of ammonia aqueous solution (28 wt%) under stirring for 2 h, The particles were
collected by centrifugation and washed with ethanol and water, respectively.

2.1.6. Synthesis of Ag-TiO,@Si0,-NaOH

Ag-TiO,@Si0,-NaOH were prepared by etching Ag-TiO»@SiO; in 10 mL of 2 M NaOH solution at 80 °C
for 1 h.

2.2. Characterization

High-resolution TEM (HRTEM) images, high-angle annular dark-field scanning transmission microscopy
(HAADF-STEM) images, and energy-dispersive X-ray spectroscopy (EDS) elemental mappings and line scans
were performed on a JEM-F200 microscope equipped with a built-in EDS operated at 200 kV. The powder X-ray
diffraction (PXRD) patterns were obtained on a Rigaku SmartLab, using Cu Ko (A = 0.15406 nm) radiation.
Textural properties of the catalysts were measured by N, physisorption at -196 °C on Micromeritics ASAP 2460
instrument. X-ray photoelectron spectroscopy (XPS) was conducted using a Thermo Fisher ESCALAB Xi+
spectrometer equipped with monochromatic Al Ka radiations. The Ag 3d, Ti 2p, O s and Si 2p peaks, as well as
the valence bands, were corrected using the C 1s contamination peak (284.8 eV) as a reference. The content of Ag
of the samples were determined by inductively coupled plasma mass spectrometry (ICP-MS), using a PerkinElmer
NexION 350D (Waltham, MA, USA). Water-droplet contact angle tests were performed on the JY-82B contact
angle goniometer. An Intrinsic DVS instrument from Surface Measurement Systems was used to perform the water
vapor adsorption and desorption experiments over a humidity range of 0 ~ 95%. Each humidity step was made if
less than a 0.002% weight change occurred over 10 min, with a maximum hold time of 240 min.

2.3. Photocatalytic CO:RR Measurements

The photocatalytic CO, reduction measurements were carried out in a sealed reaction system. A 300 W Xe
lamp (Beijing China Education Au-light Co., Ltd. CEL-HXF300-T3) was used as the light source providing a full
spectrum illumination. In the photocatalytic process, 5 mg catalyst powder and 20 mL water were placed in a
quartz reactor with a window area of 16 cm? and a volume of 130 mL. Before reaction, the reactor was purged
with high purity CO; (99.999%) for 30 min. During the reaction, the reactor was placed on a magnetic stirrer, and
the stirring speed was set at 800 rpm. The reaction temperature is controlled at 25 °C with a water circulator.
Reaction was stopped after 4 h. The gas products were quantitatively analyzed by a gas chromatograph
(SHIMANZU GC-2014) equipped with flame ionization detector (FID) and thermal conductivity detector (TCD).

The isotope-labeling experiments were carried out under the same experimental conditions, except that >CO,
was replaced with 3CO,. The *C-labeled products were analyzed using a gas chromatograph-mass spectrometer
(GC-MS, Agilent 5977B GC/MSD). In cycling measurements, the catalyst was washed with ultrapure water to
remove surface adsorbates before each reaction cycle. In this work the selectivity of catalyst for CO, reduction to
acetate was calculated by following equation:

Selectivity (%) = n(CO)/[n(Hz) + n(CO) + n(CHy) + n(C,H4)] x100%
where, n(H,), n(CO), n(CHs) and n(C,H4) are the mole amounts of produced H,, CO, CH4 and C,Hj, respectively.

3. Results and Discussion

The core-shell structured Ag-TiO,@SiO, photocatalyst was synthesized via a two-step procedure, as
illustrated in Figure la. Initially, Ag nanoparticles were deposited on the surface of TiO through a photo-
deposition process to form Ag-TiO, nanoparticles (Figure S1) [26]. Subsequently, a porous SiO; shell was
encapsulated onto the Ag-TiO; nanoparticles using the Stober method [27]. This rational design aims to selectively
control the transport of reactant molecules (H,O and CO,) to the active sites by creating a physical barrier, thereby
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addressing the critical issue of HER competing with CO,RR in the three-phase photocatalytic system. The X-ray
diffraction (XRD) patterns (Figure 1b) of both Ag-TiO, and Ag-TiO>@SiO, are identical to that of the pristine
Ti0,, showing a mixed phase of anatase and rutile. The absence of distinct Ag diffraction peaks is attributed to its
low loading and high dispersion [28]. Transmission electron microscopy (TEM) images (Figure 1c) confirmed the
successful encapsulation of Ag-TiO, nanoparticles by a uniform SiO, shell, typically 5-15 nm thick. High-
resolution TEM (HRTEM) analysis (Figures 1d and S2) reveals lattice fringes of 0.352 nm and 0.236 nm,
corresponding to the (101) plane of anatase TiO, and (111) plane of metallic Ag, respectively. Energy-dispersive
X-ray spectroscopy (EDS) mapping (Figure le) further verifies the core-shell structure, showing a homogeneous
distribution of Ag, Ti, and O elements in the core, while the Si signal forms a distinct shell surrounding the core.
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Figure 1. (a) Schematic illustration of the formation of Ag-TiO2@SiOa. (b) XRD patterns of TiO2, Ag-TiO2 and
Ag-TiO2@SiOz. (¢)TEM image of Ag-TiO2@SiOz, scale bars: 50 nm. (d) HRTEM image of Ag-TiO>@SiOz, scale
bars: 5 nm. (¢) STEM image of Ag-TiO2@SiOz and corresponding element mapping (Ag, Si, O, and Ti), scale bars:
100 nm.

The chemical structures of the Ag-TiO and Ag-TiO,@SiO; nanoparticles were further examined by Fourier
transform infrared (FTIR) spectroscopy. As shown in Figure 2a, the FTIR spectra offer clear evidence of functional
groups and chemical bonds present in both samples. In each spectrum, the peak at 409 cm™! is associated with the
Ti-O-Ti vibration of the TiO, crystal framework, confirming its presence as the primary component [29].
Additional peaks at 3445 cm™' and 1632 cm™!' correspond to the O-H stretching and bending vibrations,
respectively, indicating the presence of adsorbed water molecules on the nanoparticle surfaces. Notably, the Ag-
TiO.@Si0, sample exhibits a distinct peak at 1072 cm™', which is characteristic of the asymmetric stretching
vibration of Si-O-Si bonds, confirming the successful formation of a SiO, shell. Also observable in the Ag-
TiO,@Si0, spectrum are several peaks associated with the structure-directing agent CTAB, including the C-N
stretching vibration at 1481 cm™! and the -CH»- rocking vibrations at 2922 cm™! and 2852 cm ™! [27]. The presence
of these organic residues suggests that CTAB is incorporated into the SiO, shell, which likely influences the
material’s final porosity and surface properties, which is crucial for forming the porous and hydrophobic shell.

X-ray photoelectron spectroscopy (XPS) was further conducted to probe the surface chemical states and elemental
composition of Ag-TiO, and Ag-TiO>@SiO; nanoparticles. As illustrated in Figure 2b, the XPS survey spectrum of Ag-
Ti0O, exhibits distinct photoelectron peaks corresponding to Ag and Ti, indicating the presence of both metallic Ag and
TiO» on the surface. In contrast, the survey spectrum of Ag-TiO,@SiO, shows a substantial attenuation of the Ag and
Ti signals, while new and prominent peaks corresponding to Si are observed (Figure S3). This marked decrease in signal
intensity from the underlying Ag-TiO, core, coupled with the emergence of Si-related peaks, provides strong evidence
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for the formation of a continuous and conformal SiO, shell layer coating the surface, which effectively shields the

photoelectrons emitted from the core material, which is consistent with the TEM observations.
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Figure 2. (a) FTIR spectra of Ag-TiO2 and Ag-TiO2@SiOz, (b) XPS spectra of Ag-TiO2 and Ag-TiO@SiO2. (¢) Water-
droplet contact angle tests. (d) The water vapor adsorption and desorption tests of Ag-TiOz and Ag-TiO2@SiOx.

To validate the role of the SiO; shell in modulating the interfacial microenvironment, we systematically
characterized the surface physicochemical properties. Water contact angle measurements (Figure 2¢) revealed that
the pristine Ag-TiO; surface is hydrophilic (contact angle of 20.9°). In stark contrast, the Ag-TiO,@SiO; surface
exhibited a significantly increased contact angle of 96.8°, demonstrating that the SiO, coating effectively enhanced
surface hydrophobicity. This property is pivotal for inhibiting the migration of water molecules to the active
interface. Specific surface area and pore size distribution analyses (Figure S4) indicated that Ag-TiO, and Ag-
Ti0,@Si0, possess comparable specific surface areas. However, notable differences were observed in their pore
size distributions. Ag-TiO, exhibited a broad distribution of micropores, mesopores, and macropores. In contrast,
Ag-TiO,@Si0; showed a relatively narrower distribution, primarily centered on micropores and small mesopores
with a pronounced peak at 3.6 nm, which is characteristic of the mesopores within the SiO, shell. This tailored
porosity is expected to facilitate the diffusion of CO, gas while imposing mass transfer resistance for water
molecules. The isothermal water adsorption curves (Figure 2d) strongly support this inference that Ag-TiO,@SiO-
exhibited inferior water adsorption capacity, especially in the high relative pressure region, compared to Ag-TiO».
This can be directly attributed to its hydrophobic surface and mesoporous-dominated structure, which collectively
suppress water accumulation on the catalyst surface.

Based on the structural characterization, the photocatalytic CO, reduction performance of the as-prepared
samples was systematically evaluated in aqueous medium without any sacrificial agent. The reactions were carried
out under irradiation from a 300 W xenon lamp, and the gas products were quantified using gas chromatography
(GC). As shown in Figure 3a, no reaction products were detected for the exposed SiO, nanoparticles (Figure S5),
owing to their inherent insulating properties, the unmodified Ag-TiO, exhibited strong hydrogen evolution activity
with only 5.9% selectivity toward CO, while producing minor amounts of CH4 and C;Ha, consistent with its
hydrophilic surface property that favors water adsorption and proton reduction. In contrast, after encapsulation
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with a porous SiO; shell, Ag-TiO>@SiO; achieved 100% selectivity for CO, with H, evolution being completely
suppressed. The hydrophobic micropores within the CTAB-templated SiO, shell create a locally hydrogen-
deficient environment, which significantly lowers the surface concentration of reactive H species. As a result, the
CO* intermediate formed on the Ag-TiO, surface is also prevented from undergoing further hydrogenation to CH,4
or C-C coupling to C,Ha, and instead desorbs as CO. Although the CO evolution rate over Ag-TiO,@SiO; (6.20
umol-g '*h™!) did not increase significantly compared to that of Ag-TiO,. To decouple the mechanistic
contributions of the SiO, shell from residual CTAB, we synthesized two reference materials: Ag-TiO,@D-SiO;
(CTAB-free with a dense SiO, shell) and Ag-TiO,-CTAB (SiO»-free with only surface-adsorbed CTAB).
Performance testing revealed that while Ag-TiO,-CTAB, lacking the SiO, shell, achieved 53.6% CO selectivity,
this remained substantially lower than Ag-Ti0,@SiO,. Conversely, Ag-TiO,@D-SiO, without CTAB exhibited
100% CO selectivity but demonstrated a markedly reduced CO desorption rate (3.00 pmol-g~'-h™), primarily due
to a significant decrease in specific surface area. To further confirm the origin of hydrophobicity, we removed the
Si0; shell by NaOH etching. After etching, the CO selectivity of the catalyst dropped to 23% (Figure S6),
providing additional evidence that the SiO, shell is crucial for inhibiting HER. These findings confirm that the
Si0; shell serves as the primary barrier against HER, the core function of the porous SiO, shell is not to enhance
intrinsic activity, but rather to precisely inhibit the hydrocracking pathway by constructing a hydrophobic
interfacial microenvironment. This strategic regulation directs the reaction towards near-perfect carbon dioxide
reduction selectivity. On the other hand, the SiO; shell thickness is another critical parameter influencing catalytic
performance. By varying the amount of TEOS added during synthesis, we prepared Ag-TiO,@SiO, samples with
different shell thicknesses. Performance evaluation revealed that an excessively thin shell still allows water
molecules to reach the reaction interface, resulting in lower CO selectivity. Conversely, an overly thick SiO» shell
reduces the proportion of active catalytic components in the material, thereby diminishing overall photocatalytic
activity. Therefore, rational control of the SiO, shell thickness is essential (Figure S7). Inductively coupled plasma
(ICP) analysis conducted before and after the 4-h photocatalytic reaction revealed negligible Ag leaching, with a
quantified Ag loss of only ~0.16 wt%, thereby confirming the excellent structural stability and retention capability
of Ag species in the catalyst under operational conditions (Table S3). The cycling test (Figure 3c) further
demonstrated the excellent photocatalytic stability of Ag-TiO.@SiO; over five consecutive runs, confirming the
robustness of the core-shell structure [30]. Control experiments (Figure 3d) verified that no CO was detected in
the absence of CO,, light irradiation, or photocatalyst, indicating that the reaction is truly photocatalytic and
dependent on all three components. Moreover, isotope labeling experiments using *CO, (Figure 3e) clearly
demonstrated that the produced CO originated from the supplied CO, ruling out contributions from carbonaceous
impurities [31].
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Figure 3. (a) The photocatalytic activity of CO2 reduction. (b) CO selectivity. (¢) Stability tests of CO2 reduction
of Ag-TiO@SiOs2. (d) Photocatalytic CO2 reduction performance under different conditions. (e) CO evolution of
the 13COz isotope-labeled experiment.
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To gain insight into the reaction pathway, in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was employed to monitor the intermediate species formed during the CO, reduction process [32]. As
depicted in Figure 4a, upon irradiation, characteristic peaks emerged at 1706 cm™' (carbonyl stretch v(C=0) in
carboxylic acids), 1550 cm™ (v,(OCO), the antisymmetric telescopic vibration of OCO), 1409 cm™! (vs(COO"),
the symmetrical stretching vibration of COO"), and 1253 cm™! (v(C-OH), the stretching vibration of carboxylic
acid hydroxyl group) [22,33]. The presence of these signals confirms that *COOH is a key intermediate in the CO,
reduction pathway. Additionally, a weak peak at 2160 cm™! was identified as adsorbed *CO [34]. Coupled with
the fact that CO is the major gas product, a plausible reaction pathway can be inferred that CO; is activated and
hydrogenated to form the *COOH intermediate, which then undergoes dehydration to yield *CO, followed by
rapid desorption as gaseous CO. Based on the above results and discussions, a mechanism for the photocatalytic
CO; reduction over the porous SiO;-coated Ag-TiO, is proposed schematically in Figure 4b. Under light
irradiation, TiO, generates electron-hole pairs. Given that the work function of Ag (4.26 eV) is higher than that of
TiO, (4.20 eV), photogenerated electrons in TiO, spontaneously transfer to the Ag nanoparticles upon light
irradiation, where they participate in reduction reactions. Concurrently, the photogenerated holes remain on TiO»
and are involved in oxidation reactions, which predominantly occur at oxygen sites [26,35]. The key innovation
lies in the porous SiO; shell, which constructs a localized hydrophobic microenvironment. The pore channels
preferentially allow the diffusion of gaseous CO, molecules to the Ag active sites while effectively hindering the
access of water molecules. This selective regulation of reactant supply enriches the local concentration of CO,
around the active sites, thereby drastically suppressing the competition from the HER and ultimately leading to
the high selectivity for CO production.

a ‘ ‘ . : b
Dark | | 1 1
| ' i ' by
Light 10min | - (nr
S5 B 20min 3 ; NN 1 i 1.0 e
T [V ‘ LN -~ 7 X e (Y
- 30min d a2 —========
'E 1 — Q 0’\, 0 e&=C
o H 11 (&3]
£ ; AeTIONESI0
- ' S Restrict water access to the interface
60min ; Do @ n @ sio:
| i |
___________ peleooood
CO COOH

2200 2000 1800 1600 1400 1200 1000

Wavenumber (cm™")

Figure 4. (a) In situ IR spectra of Ag-TiO2@SiOz. (b) The mechanism of COz reduction on Ag-TiO2@SiOx.

4. Conclusions

In summary, we have developed a porous SiO-encapsulated Ag-TiO, photocatalyst that achieves 100%
selectivity toward CO in the photocatalytic CO, reduction reaction without the use of any sacrificial agent. The
remarkable enhancement in selectivity is attributed to the core-shell structure, in which the SiO, shell acts as a
molecular sieve that preferentially permits the diffusion of CO; to the active sites while effectively restricting the
access of water molecules to the catalytic interface. This work underscores the critical role of interfacial
microenvironment engineering in regulating mass transport and suppressing competing reactions in three-phase
photocatalytic systems. We believe this SiO, encapsulation strategy offers a versatile and scalable pathway for
designing highly selective photocatalysts, and it may inspire further exploration of core-shell architectures for
efficient solar fuel production and other gas-involved photocatalytic processes.
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Abstract: Effective methods for the covalent
functionalization of pristine graphene are limited
due to its low chemical reactivity. We developed
a covalent chemistry to functionalize graphene
using perfluorophenyl azide (PFPA) and
demonstrated that the reactivity of graphene can
be enhanced by metal substrates. In this work, we ®
investigated the impact of crystalline lattice and  Gra/Cu(111) Gra/pCu |
morphology of Cu on the reactivity of graphene = Strong strain = Low strain

with PFPA. Graphene grown on single crystalline " Enhanced = Weak charge
charge transfer transfer

Cu(111) (Gra/Cu(111)) exhibited the highest * High reactivity = Low reactivity o eoeee
degree of functionalization, as evidenced by the 1000 1500 2000 2500 3000 3500

largest increase in the D-band intensity obtained Reman shif (e
from Raman spectroscopy and Raman mapping, along with a low crystallite domain size Lp and a high defect
density np. In contrast, graphene grown on electropolished polycrystalline Cu (Gra/pCu) showed minimal
reactivity toward PFPA reaction. Further Raman analyses demonstrate that Cu(111) induces stronger charge
transfer and higher strain in graphene compared to pCu, primarily due to superior lattice matching between
graphene and Cu(111), leading to higher reactivity of Gra/Cu(111) toward electron-deficient perfluorophenyl
nitrene. Upon transfer of graphene grown on Cu(111) to other substrates, including Cu(111), electropolished pCu,
and silicon wafer, the reactivity decreased, and the reactivity of transferred graphene correlates mainly with surface
roughness. The decreased reactivity is attributed to weakened graphene—substrate charge interactions after transfer.
These findings establish substrate engineering as an effective and non-invasive method for tuning the chemical
reactivity of graphene without the need for harsh activation conditions.

Intensity (a.u.)

Keywords: graphene; covalent functionalization; perfluorophenyl azide; substrate effect; Cu(111); polycrystalline Cu

1. Introduction

Functionalization of graphene is an important strategy to expand its applications in electronics, sensing,
energy storage and biotechnology [1-3]. Various covalent functionalization approaches have been reported,
including radical reactions with diazonium salts and peroxides, oxidation, (2+1) cycloadditions with nitrenes,
carbenes or malonate derivatives, (2+2) cycloadditions with arynes, (3+2) cycloadditions with azomethine ylides,
and (4+2) cycloadditions with dienes or dienophiles [3,4]. Among these, the (2+1) cycloaddition with aryl nitrene
is unique in that the reaction can be initiated with UV, heat, or microwave irradiation. Upon the release of N», the
generated nitrene reacts with graphene to produce covalent adduct. For the reaction of azides with graphene, the
(2+1) cycloaddition product aziridine has generally been proposed to be the product structure, analogous to the
reaction of azide with other carbon materials such as fullerene [5—7]. However, the exact product structure has not
been explicitly confirmed experimentally.

Various azides, including alkyl, silyl, and aryl azides have been used for the covalent functionalization of
graphene and highly oriented pyrolytic graphite [8—12]. Literature examples on using azides to functionalize
graphene is summarized in Table S1. Compared with perfluorophenyl azides (PFPAs), alkyl, phenyl, and silyl
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azides exhibit much lower efficiency. This limitation arises from several intrinsic factors. The short lifetime of
singlet nitrenes derived from these azides restricts their ability to engage in productive C-H insertion and
cycloaddition reactions [13,14]. Upon photolysis or thermolysis, alkyl and phenyl azides rapidly undergo
intersystem crossing (ISC) to the more stable triplet state that is significantly less reactive towards insertion and
cycloaddition reactions. In contrast, the strongly electron-withdrawing fluorine atoms of fluorinated aryl azides
such as PFPAs suppress ring expansion and ISC, thereby prolonging the singlet nitrene lifetime and enhancing
their selectivity toward addition reactions. In the case of silyl azides, steric hindrance plays an important role as
silyl azides generate bulky nitrenes in which substituents around the reaction center hinder orbital overlap with
graphene’s delocalized m network [10,15]. This steric hindrance increases the activation barrier for forming the
aziridine ring in the (2+1) cycloaddition, resulting in reduced grafting yields and poor uniformity of
functionalization. Safety and stability concerns further limit their practical use [16]. Many alkyl azides are
thermally unstable and sensitive to shock or light, posing explosion hazards during synthesis and handling. Silyl
azides, while somewhat more stable, are moisture-sensitive and decompose to release toxic gases under ambient
conditions. These factors limit reactions with alkyl and silyl azides.

Aryl azides have been increasingly applied in the functionalization of surfaces and nanomaterials,
demonstrating remarkable versatility in the covalent functionalization of small organic molecules, polymers,
proteins, and carbon materials including fullerenes, carbon tubes, and graphene under ambient, solid state, as well
as biological conditions [17,18]. Perfluorophenyl azides (PFPAs) are particularly attractive due to the ease of
synthesis from commercially available precursors and the excellent stability under dark conditions. In addition,
PFPAs can be readily functionalized with a wide range of reactive groups such as carboxylic acid and its activated
esters, e.g., N-hydroxysuccinimidyl ester, silanes, phosphates, thiols and disulfide, enabling ready conjugation to
both organic and inorganic substrates. Building on these, we and others have employed PFPA chemistry to
functionalize graphene to introduce well-defined functional groups, to pattern graphene, and to fabricate graphene-
based nanocomposite materials [19-28]. However, the PFPA reaction on graphene typically results in a relatively
low degree of functionalization under standard reaction conditions.

Substrate engineering has emerged as a promising strategy in increasing the reactivity of graphene by
inducing strain and/or charge doping in the carbon lattice [29,30]. Tensile or compressive strain alters the m-orbital
alignment, while charge transfer between graphene and the substrate shifts the Fermi level to favor either
electrophilic or nucleophilic reaction. These substrate-induced perturbations directly influence the extent and
selectivity of covalent functionalization on graphene. In the reaction with PFPA, computational study revealed
that metal-assisted charge transfer lowers the singlet—triplet energy gap, thereby stabilizing the reactive singlet
nitrene and enhancing the efficiency of the cycloaddition reaction [21]. Consistent with this prediction, graphene
supported on Ni and Cu exhibited higher PFPA reactivity than that on silicon wafer (SiO./Si). In this case, the
samples were prepared by transferring graphene grown by chemical vapor deposition (CVD) onto polycrystalline
Ni and Cu films [21,31].

It has also been reported that the crystal orientation of the metal substrates can influence the reactivity of
graphene. For example, graphene grown on single crystalline Cu(111) exhibits higher reactivity than that on
polycrystalline Cu (pCu), an effect attributed to substrate-induced strain and charge transfer interactions [32-35].
This substrate-dependent behavior suggests that the crystallographic orientation and morphology of the underlying
substrate can be exploited to control the extent of nitrene reaction and thereby fine-tune the degree of covalent
functionalization of graphene.

In this work, we investigated how the crystallographic orientation and morphology of the Cu substrate affect
the reactivity of graphene toward PFPA functionalization. Graphene was grown via CVD on Cu(111) and pCu.
Graphene grown on Cu(l11) was also transferred onto Cu(111), electropolished pCu (epCu) and SiO/Si
(Scheme 1). Using Raman spectroscopy and Raman mapping, we quantified the extent of functionalization and
correlated it with substrate-induced strain and charge doping effects. Our results reveal that graphene grown on
Cu(111) undergoes the highest degree of functionalization, consistent with its strong substrate coupling with
Cu(111). These findings establish substrate crystallography and morphology as an important parameter for tuning
the reactivity of graphene towards PFPA reaction.
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Scheme 1. (A) Synthesis of CVD graphene on pCu (Gra/pCu) and on Cu(111) (Gra/Cu(111)), and transfer of
graphene grown on Cu(111) to silicon wafer (Grar/SiO2/Si), electropolished polycrystalline Cu (Grar/epCu), and
Cu(111) (Grat/Cu(111)). (B) Photochemical reaction of graphene with PFPA 1.

2. Experimental Section
2.1. Materials and Instruments

Copper foils (25 pm thick, annealed, uncoated, 99.8%) and Cu plate (0.675 mm thick, annealed, 99.9%) were
purchased from Alfa Aesar (Ward Hill, MA, USA). Silicon wafers with 280 nm thermally grown SiO, (single-
side polished) were purchased from Fuleda Technology (Wan Chai, China). Ethanol (200 proof) was purchased
from Decon Labs, Inc (King of Prussia, PA, USA). Acetone (certified ACS), methanol (certified ACS),
isopropanol (>99.5%), and hydrochloric acid (certified ACS Plus) were purchased from Fisher Chemical
(Bridgewater, NJ, USA). Urea (99.63%, certified ACS) were purchased from Fisher Chemical (Fair Lawn, NJ,
USA) All aqueous solutions were prepared from Milli-Q water (18.2 MQ-cm). Hydrogen, argon, and methane
gases (ultrahigh purity grade) were purchased from Airgas (Billerica, MA, USA). Poly(methyl methacrylate)
(PMMA, average molecular weight: 996,000) was purchased from Aldrich Chemical (Milwaukee, WI, USA).
Phosphoric acid (>85 wt%) was purchased from Honeywell (USA). Methyl 4-azido-2,3,5,6-tetrafluorobenzoate
(PFPA 1) was synthesized according to a previous procedure [36]. N-Methyl-2-pyrrolidone (NMP, anhydrous,
99.5%) and iron(IIT) chloride (97%) were purchased from Sigma-Aldrich (Milwaukee, WI, USA).

The photochemical reaction was carried out in a UV box equipped with a 450 M medium-pressure mercury
lamp. The intensity of the UV lamp was measured to be 36 mW/cm? at 280 nm at the location of the reaction using
a Coherent FieldMate power meter fitted with a PowerMax PM30 sensor having an active area diameter of 19 mm
(Coherent, Inc., Santa Clara, CA, USA). Raman spectra were collected on a Bruker Senterra I spectrometer
equipped with a 532 nm laser at the incident power of 1 mW and irradiation time of 10 s. Raman mapping was
performed using a HORIBA Scientific Raman microscope equipped with a 532 nm excitation laser. Spectra were
acquired with an integration time of 1 s over the range of 1000-3000 cm™'. Each mapping spot covered an area of
2 x 2 ym?, and a 7 x 7 mapping image (49 spots) was collected for each sample. Atomic force microscopy (AFM)
images were obtained using a Bruker Multimode AFM in the tapping mode. Optical images were recorded on a
Nikon ECLIPSE L200 microscope using a Moticam 2500 camera. X-ray diffraction (XRD) analysis was carried
out on a Rigaku MiniFlex 600 diffractometer equipped with Cu Ko radiation (A = 1.5418 A).
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2.2. Fabrication of Graphene on pCu and Cu(111)

Monolayer graphene was synthesized by CVD on both pCu and Cu(111) following a previous procedure [37].
The substrates were prepared from commercial Cu foils that were electropolished to remove surface oxides and
reduce surface roughness. Electropolishing was carried out by using commercial Cu foils as the anode and a copper
plate as the cathode at a constant current of 2.8 A for 180 s. The electropolishing solution was prepared from a
stock solution containing 1000 mL of Milli-Q water, 500 mL of phosphoric acid, 500 mL of ethanol, 100 mL of
isopropyl alcohol, and 10.0 g of urea. After electropolishing, the Cu foils were thoroughly rinsed with water,
ethanol, and acetone, and then dried under an argon stream to give epCu.

To synthesize Gra/pCu, the electropolished Cu foil was first annealed at 1000 °C in a homebuilt CVD furnace [37]
under a flow of H, (10 scem) and Ar (~15 sccm) for 1 h to give pCu (Scheme 1). After annealing, the argon valve was
closed, and CH4 (3—6 sccm) was introduced while maintaining the H flow at 10 sccm. Graphene was grown at 1000 °C
for 30 min. The furnace was then rapidly cooled to ~50 °C under a continuous flow of H, and CHy, after which the gases
were turned off and the chamber was open to ambient environment.

To synthesize Gra/Cu(111), the electropolished Cu foil was annealed at 1060 °C for 3 h under a flow of H»
(10 sccm) and argon (~15 scem) to produce Cu(111) (Scheme 1). Graphene growth on Cu(111) was carried out in
the same manner as for pCu except at the growth temperature of 1060 °C.

2.3. Transfer of Graphene onto SiO2/Si, epCu, and Cu(111)

Graphene grown on Cu(111) was transferred to silicon wafer (SiO/Si), epCu, and Cu(111) using the PMMA-
assisted wet-transfer method [38]. Briefly, a solution of PMMA in acetone (40 mg/mL) was spin-coated on the
side of graphene at 1000 rpm for 1 min. The Cu foil was then etched away in a FeCl;/HCI (1 M FeCl; in 3 M HCI)
for 3 h. The PMMA-supported graphene film was rinsed thoroughly in 1 M HCI solution followed by Milli-Q
water several times. PMMA-supported graphene was then scooped from Milli-Q water onto the target substrate.
After drying at room temperature, the sample was immersed in acetone for 3 h, repeated once more to obtain a
clean graphene film on the target substrate, yielding Grar/SiO,/Si, Grar/epCu, and Grar/Cu(111) (Scheme 1).

2.4. Reaction of Graphene with PFPA

Graphene supported on different substrates was immersed in an anhydrous NMP solution of PFPA 1 (0.1 M).
The sample was then irradiated with a 450 M medium-pressure mercury lamp through a 280-nm long-pass optical
filter at room temperature for 40 min. After irradiation, the sample was rinsed with acetone three times. Except for
Gra1/Si0,/Si which was used directly for Raman characterization, other samples were transferred onto silicon
wafer prior to Raman characterization.

2.5. Characterization by Raman Spectroscopy and Mapping

For each sample, Raman spectra were collected from randomly selected 76—246 points across the graphene
surface to account for spatial inhomogeneity. The peak height of D (~1350 cm ™) and G (~1590 cm™") bands was
used to calculate peak intensity and Ip//. Crystallite domain size (Lp) and defect density (np) were calculated
using the Tuinstra—Koenig relation [21]. The relative change in Ip/lg (Alp/lg) before and after reaction was
quantified as

Ip/1 —(p/1
AID/IG _ ( D/ G)after (D/ G)before % 100

(ID /IG)before

3. Results
3.1. Preparation of Monolayer Graphene on Various Substrates

Monolayer graphene on Cu(111) (Gra/Cu(111)) or pCu (Gra/pCu) was prepared in a home-build CVD setup
following the protocol developed previously [37]. In the process, commercial polycrystalline copper foils were
first subjected to electropolishing to remove surface contaminants and reduce surface roughness, yielding epCu.
The foils were then annealed in the furnace at 1000 °C for 1 h or at 1060 °C for 3 h to give pCu or single crystal
Cu(111), respectively (Scheme 1). The XRD pattern of commercial pCu, electropolished pCu and annealed pCu
all shows multiple prominent diffraction peaks corresponding to (331), (111), (220), and (200) facets, with the
(331) being the most intense (Figure 1). On the other hand, as-prepared Cu(111) foil contains a single sharp
diffraction peak corresponding to the (111) facet. To grow graphene, annealed pCu and Cu(111) foils were exposed
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to 10 sccm H; and 3—6 sccm CH4 at 1000 °C or 1060 °C for 30 min to give Gra/pCu or Gra/Cu(111), respectively.
Graphene transferred to other substrates was prepared by transferring Gra/Cu(111) to silicon wafer, epCu, or
Cu(111) by PMMA-assisted wet transfer to give Grar/SiO,/Si, Grar/epCu, and Grar/Cu(111) (Scheme 1).
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Figure 1. XRD patterns of (A) as-received polycrystalline copper foil, (B) electropolished polycrystalline copper
foil (epCu) (C) electropolished polycrystalline copper foil annealed in H2/Ar at 1000 °C for 1 h (pCu), and

(D) Cu(111) foil.

3.2. Functionalization of Graphene on Different Substrates

Reactions were carried out by immersing graphene samples in 0.1 M solution of PFPA in anhydrous NMP,
covered the vial with a 280-nm long-pass filter, and then irradiated with a medium-pressure Hg lamp at room
temperature for 40 min. The irradiation time was selected based on our previous systematic investigation of PFPA
reactions with graphene [21]. We have also demonstrated that without PFPA, irradiating graphene in NMP under
identical conditions showed no increase in the Raman D band intensity, indicating that neither NMP nor UV
irradiation introduces detectable defects in graphene under the reaction conditions [21]. After extensive rinsing with
acetone and drying, graphene supported on Cu was transferred onto silicon wafer, and Raman spectra were collected.
The as-grown Gra/pCu (Figure S1A) and Gra/Cu(111) (Figure S2A) showed the characteristic single layer graphene
features of symmetric 2D peak and lop/Is > 2, as well as minimal D band, indicative of minimal structural defects in
the as-prepared unfunctionalized graphene. After reaction with PFPA, all functionalized graphene samples
(Figure 2A) exhibit defect-related D bands at ~1350 cm ™! with varying intensities reflecting different extents of defect
incorporation [29,39]. After functionalization, Gra/Cu(111) shows the most pronounced D peak together with a D’
band at ~1625 cm™! (Figures 2A and S2B). The D band arises from defect-activated intervalley scattering, whereas
D’ band originates from intravalley scattering and is particularly sensitive to localized point-like sp® defects [40,41].
The simultaneous presence of D and D’ bands indicate localized symmetry-breaking defects introduced by PFFA
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functionalization of graphene. In contrast, Gra/pCu shows the weakest D-band intensity (Figures 2A and S1B). The
transferred samples (Grat/SiO-/Si, Grat/epCu, and Grar/Cu(111)) exhibit intermediate D-band intensities, following
the trend Grar/Cu(111) > Grar/epCu > Gra1/SiO/Si (Figures 2A and S2C-E).
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Figure 2. Raman analysis of graphene supported on different substrates after reaction with PFPA. (A) Typical
Raman spectra of PFPA-functionalized Gra/Cu(111), Grar/epCu, Grar/Cu(111), Grar/SiO2/Si, and Gra/pCu.
Additional Raman spectra can be found in Figures S1B and S2B-E. (B) Box-violin plots showing the distribution
of In/lc for PFPA-functionalized graphene samples. The boxes represent the interquartile range (25th—75th
percentile), with whiskers indicating the data spread. The surrounding violin plots show the full probability
distribution of the data, obtained from 82 (Gra/pCuinitial), 210 (Gra/pCu), 112 (Gra/Cu(111)initial), 76 (Grar/SiO2/Si),
145 (Gra/Cu(111)), 130 (Grat/epCu), and 246 (Gra/Cu(111)) Raman spectra, respectively. (C) Raman-derived
parameters, In/lc, %Alp/lG, Lp, and np, of graphene samples before and after reaction with PFPA. The Lp, and np
calculations can be found in Supplementary Materials. Data are presented as mean + standard deviation.

Further Raman analyses (Figure 2C) show that after reaction with PFPA, the relative change in Ip/ls,
%Alp/Ig, was 7.7% for Gra/pCu. On the other hand, In/Ig of Gra/Cu(111) increased substantially to Alp/Ig of 56%
after reaction with PFPA. The transferred graphene samples show intermediate increase in Alp/Ig, at 5.6%, 22%,
and 50% for Grar/SiO,/Si, Gra/Cu(111), and Grar/epCu, respectively. Overall, the extent of defect incorporation
follows the trend of Gra/Cu(111) > Grar/epCu > Grar/Cu(111) > Gra/pCu = Grar/SiO»/Si, with Gra/Cu(111)
having the highest degree of defect incorporation.

Raman mapping of In/lg was performed to visualize the spatial distribution of PFPA functionalization of
graphene across graphene supported on different substrates (Figure 3). Consistent with the Raman spectroscopy
data in Figure 2, as-prepared Gra/pCu (Gra/pCuinitia) exhibits a low and spatially uniform In/lg of 0.13 £ 0.03,
which increases only marginally to 0.14 + 0.02 after PFPA functionalization, indicating minimal structural
modification. Similarly, as-prepared Gra/Cu(111) (Gra/Cu(111)inita) shows a low average Ip/lg of 0.16 = 0.03.
After PFPA functionalization, a high Ip/lg of 0.34 + 0.13 is observed for Gra/Cu(111), together with localized
regions of significantly increased Ip/Ig, indicating that graphene directly grown on Cu(111) undergoes the most
extensive functionalization. Grar/SiO»/Si displays a small increase in Ip/Ig to 0.19 + 0.05, whereas Grar/Cu(111)
shows a modest increase in Ip/Ig to 0.24 £ 0.10. More pronounced increase in Ip/Ic was observed for Grat/epCu,
which exhibits an elevated /p/l of 0.29 £ 0.17.
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Figure 3. Raman /n/Ic mapping of graphene on different substrates before (initial) and after PFPA functionalization.
Each Raman mapping spot corresponds to an area of 2 x 2 um?.

3.3. Extent of Functionalization

To quantify the extent of functionalization, statistical analyses of crystallite domain size (Lp) and defect
density (np) [40,41] were performed and results are shown in Figure 3C. Here, Lp represents the average distance
between neighboring point defects, while np denotes the number of defects per area and is inversely proportional
to Lp’. Figure 4A shows box violin plots of Lp for all samples, showing the data as well as statistical distribution.
The as-prepared Gra/pCu and Gra/Cu(111) exhibit relatively large Lp values (41 + 16 nm and 33 + 13 nm,
respectively), indicating large crystallite domain size. After PFPA functionalization, Lp decreases slightly for
Gra/pCu (38 + 16 nm) but more significantly for Gra/Cu(111) (27 + 10 nm), indicating enhanced defect
incorporation on Gra/Cu(111). Transferred samples also show reduced domain sizes, with Grar/epCu and
Grat/Cu(111) yielding Lp values of 26 + 8.6 nm and 29 + 9.1 nm, respectively. In contrast, Gra/SiO,/Si shows
only a minimal change (33 £ 14 nm), consistent with its relatively low reactivity. These results clearly demonstrate
that smaller domain sizes correlate with higher extent of functionalization. Particularly, Gra/Cu(111) with the
smallest Lp reflects its strong substrate—graphene interaction that facilitates reaction with PFPA.

(A1 (B),5 ©
‘ [ Initial 304 [ initial
100 [ Gra/pCu [ Gra,/siO,/Si
szo- 1 =251 [ Gra,/Cu(111) ]
s s [ GraepCu
80 315_ 8’20- [ Gra,/Cu(111) 4
f o0 B - Z
~ 604 |3 = €15
8101 3
40 Ed = = 104
) )
a 5l o
20- 51
———— 04— 0
PCUuy PCU Cu(111)544,SIO/Siy, Gu(111)1,,pCur,, Cu(111) 0 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90
L, (nm) Lp (nm)

Figure 4. Statistical analysis of crystallite domain size (Lp) in graphene on different substrates before and after
PFPA functionalization. (A) Box—violin plots of Lp distribution. (B) Histograms of Lp values for Gra/pCu before
(grey), and after PFPA functionalization (red). (C) Histograms of Lp values for Gra/Cu(111) before (blue), and
after PFPA functionalization (turquois), and after PFPA functionalization for Grar/SiO2/Si (green), Grat/Cu(111)
(purple), and Grar/epCu (gold).

The defect density (np) was also analyzed, and the results are shown in Figure 5. The as-prepared Gra/pCu
shows the lowest defect density ((28.1 + 18.5) x 10° cm™2), while as-prepared Gra/Cu(111) exhibits a slightly

higher np ((41.5 +24.5) x 10° cm™2). Following functionalization, the defect density increases across all substrates,
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with the most pronounced increase observed for Gra/Cu(111), reaching (62.7 £ 42.9) x 10° cm 2), followed closely
by Grar/epCu ((58.7 + 32.1) x 10° cm2). Grar/Cu(111) and Grar/SiO2/Si exhibit more modest increases at (49.0
£30.3) x 10° cm 2 and (43.1 £ 29.5) x 10? cm 2, respectively. Gra/pCu shows a slight increase to (31.5 £ 19.9) x
10° cm™. Overall, the combined Lp and np analyses reinforce the conclusion that graphene grown on Cu(111) is
the most reactive toward PFPA functionalization, while graphene grown on pCu is the least reactive. Transferred
samples exhibit intermediate reactivities, indicating partial retention of substrate-induced effects after transfer.
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Figure 5. Statistical analysis of defect density (np) in graphene on different substrates before and after PFPA
functionalization. (A) Box violin plots of np distribution. (B) Histograms of np values for Gra/pCu before (grey),
and after PFPA functionalization (red). (C) Histograms of Lp values for Gra/Cu(111) before (blue), and after PFPA

functionalization (turquois), and after PFPA functionalization for Grar/SiO2/Si (green), Grat/Cu(111) (purple), and
Grat/epCu (gold).

4. Discussions

Collectively, the results reveal a clear substrate-dependent reactivity of graphene toward PFPA
functionalization. Graphene grown on pCu and Cu(111) exhibits markedly different reactivity toward PFPA
functionalization. Gra/Cu(111) showed the highest reactivity, whereas Gra/pCu showed minimal reactivity.
Transfer partially diminished or redistributed this reactivity, with transferred graphene on epCu displaying the
most significant reactivity among the transferred samples. Below, we discuss the possible reasons for the overall
reactivity trend: Gra/pCu < Grar/SiO/Si < Grat/Cu(111) < Grar/epCu < Gra/Cu(111).

4.1. Substrate-Induced Strain and Doping Effects

The Raman features of graphene grown on polycrystalline Cu and monocrystalline Cu(111) were compared.
The correlation of G- and 2D-band positions (Figure 6A) reveals upshift for Gra/Cu(111) relative to Gra/pCu. The
centroids for both bands also shift toward higher wavenumbers. These shifts are shown in the representative spectra
in Figure 6B,C), where both the G and 2D bands for Gra/Cu(111) appear at higher wavenumbers than for Gra/pCu.
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Figure 6. Raman spectral analysis of graphene grown on polycrystalline Cu and monocrystalline Cu(111). (A) Correlation
plot of G- and 2D-band positions, with the centroid indicated as a red and a blue cross for Gra/pCu and Gra/Cu(111),
respectively. Representative (B) G-band, and (C) 2D-band spectra highlighting the distinct peak positions.

Such wavenumber upshifts in the G and 2D modes are characteristic signatures of substrate-induced
effects [33,35,42,43]. The upshifted G band indicates enhanced n-type doping due to stronger charge transfer from
Cu(111) to graphene, while the upshifted 2D band suggests compressive strain arising from the epitaxial
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relationship and better lattice matching between graphene and the Cu(111) substrate. In contrast, graphene on pCu
exhibits comparatively lower band positions, consistent with weaker substrate coupling and less pronounced
electronic or strain modulation. These results demonstrate that Cu(111) induces stronger substrate interactions,
leading to greater charge transfer and strain effects compared to polycrystalline Cu, thereby contributing to the
enhanced reactivity of Gra/Cu(111) observed during PFPA functionalization [33,35].

4.2. Morphology of Graphene on Various Substrates

Optical microscopy and AFM imaging both reveal distinct surface characteristics of graphene grown on pCu
and Cu(111). As shown in Figure 7A, Gra/pCu exhibits rough and nonuniform morphology with an average AFM
root mean square (RMS) roughness of 8.23 £0.92 nm. In contrast, Gra/Cu(111) displays smooth, relatively ordered
surface morphology with RMS roughness of 1.87 + 0.29 nm. From the larger area optical microscopy images,
Gra/pCu surface shows interconnected network of grain boundaries (Figure 7A), whereas Gra/Cu(111) appears
continuous and shows more homogeneous surface (Figure 7B). As the surface curvature could also lead to
enhanced reactivity, the higher reactivity of Gra/Cu(111) than that of Gra/pCu toward PFPA reaction is therefore
attributed to charge doping and strain [21,29,44-49].
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Figure 7. Optical microscopy (top) and AFM (bottom) images of (A) Gra/pCu, (B) Gra/Cu(111), and (C) Grat/SiO/Si.
Additional images can be found in Figures S3 and S4.

For the transferred samples, the graphene morphology is governed by the surface morphology of the supporting
substrates through conformal adhesion [44,50-53]. The RMS roughness values of Gra/epCu and Gra/Cu(111) were
measured previously as 38.8 + 12 nm and 21.0 + 4.2 nm, respectively [37], and Grar/SiO»/Si shows a uniform,
continuous graphene film with a significantly lower RMS roughness of 3.43 + 0.65 nm (Figure 7C). These results
indicate a correlation between the reactivity of transferred graphene and the roughness of the supporting substrates.
Specifically, the higher surface roughness of Gra/epCu induces greater graphene corrugation, leading to enhanced
reactivity of GraT/epCu among the transferred samples. As the substrate roughness decreases, the reactivity
decreases, as observed for Grap/Cu(111) and Grar/SiO»/Si. Despite retaining the Cu(111) crystallographic
orientation, Grar/Cu(111) exhibits lower reactivity than Grar/epCu, which can be attributed to weaker graphene—
substrate charge interaction in Grar/Cu(111) after transfer, leading to reduced strain and charge-doping effects. In
contrast, Gra/SiO,/Si shows the lowest reactivity, attributed to reduced surface roughness and/or distribution of
charge puddles that passivates graphene reactivity [21,29,43]. Thus, for transferred substrates, graphene reactivity
toward PFPA correlates with graphene roughness.

5. Conclusions

In this work, we carried out the photochemical reaction of PFPA with graphene on different substrates and
investigated the role of supporting substrates in modulating graphene reactivity. Graphene grown on Cu(111)
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exhibited the highest degree of functionalization, as evidenced by the largest increase in Alp/lg obtained from
Raman spectroscopy and Raman mapping, along with decrease in Lp and increase in np. In contrast, graphene
grown on polycrystalline Cu showed minimal reactivity toward PFPA reaction. Raman analyses further
demonstrate that Cu(111) induces stronger charge transfer and higher strain in graphene compared to pCu,
primarily due to superior lattice matching between graphene and the Cu(111) surface. These substrate-induced
electronic and structural effects enhance graphene’s reactivity toward the electron-deficient perfluorophenyl
nitrene, leading to higher reactivity.

Upon transfer of graphene grown on Cu(111) to other substrates, including Cu(111), electropolished pCu,
and SiO/Si, the reactivity decreased. The decreased reactivity is attributed to weakened graphene—substrate charge
interactions after transfer, and the reactivity of transferred graphene correlates mainly with the surface roughness.

Overall, these findings establish substrate engineering as an effective and non-invasive method for tuning the
chemical reactivity of graphene without the need for harsh activation conditions. By leveraging the intrinsic
interaction between graphene and the substrate, this approach enables controlled covalent functionalization of
graphene, offering a versatile approach for chemical modification of graphene.
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Abstract: In many cases, the presence of a shell of surface  ag nanocrystals Ag oxidation process
oxide detrimentally alters the properties of nanomaterials,
rendering them ineffective for the targeted applications.
This issue is yet to be addressed because the growth and
removal of oxide(s) from the surface of nanomaterials is
still poorly understood. In this article, we used vapor-
phase-derived Ag nanocrystals with controlled sizes to
elucidate the mechanisms of surface oxidation by exposing 300 a0 550 500
them to ambient atmosphere, aqueous environments, and Wavelength (nm)
ethylene glycol. Our experimental data suggested that the thickness of an oxide shell directly correlated with the
extent of plasmon damping, and the optical properties of nanocrystals below 8 nm in size were more drastically
affected by the presence of an oxide shell relative to larger counterparts. In addition, we found that aqueous
environments with a relatively high pH gave rise to higher rates of oxidation. The time-dependent changes in
optical properties were also validated using theoretical simulations based on the discrete dipole approximation.
We concluded this article by discussing three different strategies for effectively removing the surface oxide,
including decomposition through thermal annealing, wet-chemical reduction through the addition of a reducing
agent, and decomposition and/or reduction by electron irradiation.

Extinction

Keywords: oxidation; silver; nanocrystal; plasmon; discrete dipole approximation

1. Introduction

Oxidation is a redox reaction that involves the transfer of electrons from one chemical species to another.
This fundamental process can be manipulated strategically to carry out vital electrochemical catalytic reactions,
or to engineer the shape and structure of colloidal nanocrystals [1,2]. In other contexts, oxidation can also be
considered a barrier, especially when structural materials such as steel are exposed to an oxidative environment,
to suppress the continued formation of new materials (e.g., iron oxides in the case of steel) with unfavorable
properties. Analogous issues arise in nanotechnology, where materials with nanoscale dimensions have an even
higher susceptibility to oxidative environments such as air filled with oxygen or sulfur-containing compounds.
Nanomaterials comprised of metals such as Fe, Ni, and Co can react with oxygen to generate metal oxides [3—5],
while other metals such as Al, Cu, and Ag often form ultrathin, self-terminating oxide layers on the surface that
can, in turn, protect the interior of the structure from further oxidation but at the same time hinder their performance
in applications that demand pure metal interfaces [6—8]. Despite the rich history and great amount of work
dedicated to the study of surface oxidation, very little is known about the kinetics, mechanisms, dependence on
size down to the nanoscale regime, and strategies for preventing or removing the surface oxides.

In this study, we focused on the use of Ag nanocrystals supported on solid substrates as a model system to
elucidate the nanoscale size effects and mechanisms that govern surface oxidation. It is worth pointing out that
investigations into the oxidation of Ag date as far back as 1887, when Le Chatelier demonstrated the reversible
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conversion between Ag and its oxidized form Ag,O [9]. It was later discovered by Lewis in 1905 that the
decomposition of Ag,O was autocatalytic in nature [10]. In 2002, our group utilized the sensitive localized surface
plasmon resonance (LSPR) of colloidal Ag nanocrystals (spectrally located in the visible region) as a direct means
to monitor the surface oxidation process [8]. It is generally accepted that the oxidation involves the reaction
between surface Ag atoms and gaseous O,, which can be represented as 4 Ag + O, — 2 Ag,O [10-12]. However,
limited work has been conducted to elucidate the mechanisms of oxide formation on Ag nanocrystals, and
subsequently, how the oxides degrade the unique optical and chemical properties of nanomaterials. This gap in
research likely stems from the fact that nanocrystals generated via wet-chemical methods as colloids are less than
ideal for confidently quantifying the surface oxidation process, as they are commonly covered by a multitude of
ions, organic capping agents and/or stabilizers, impurities from the solvent, and pre-adsorbed gas molecules. These
adsorbates not only redefine the surface energy landscape of the nanocrystals and act as physical barriers to surface
reactions, but also, more significantly, influence the optical and chemical properties [13].

To circumvent some of these drawbacks, a number of groups have shifted their focus to Ag nanocrystals
supported on solid substrates. In these cases, the Ag nanocrystals can be fabricated in vacuo in the absence of the
aforementioned chemical species that can obfuscate the oxidation mechanism. Furthermore, like a colloidal
system, the ultrasensitive nature of LSPR (in terms of peak position and intensity) can still be used to track and
quantify oxide formation [14]. In one study, Kalyanaraman and co-workers examined the oxidation of Ag
nanocrystals (supported on SiO») formed through pulsed laser deposition (PLD). They found that indoor ambient
air conditions led to a drastic change in both the composition and morphology, and subsequently, pronounced
LSPR damping [15]. Sukhishvili and co-workers obtained a similar result for colloidal Ag nanocrystals deposited
on a glass support and showed that the oxidation process led to deleterious effects in terms of surface-enhanced
Raman spectroscopy (SERS), where the enhancement factor dropped by three orders of magnitude after the
formation of a sub-monolayer of Ag,O [11]. In this study, we investigate the oxidation process by subjecting size-
controlled Ag nanocrystals on amorphous SiO; (a-SiO,) supports to a variety of media to elucidate the nano-size
effects and chemical mechanisms that govern Ag surface oxidation. We also demonstrate effective means for
removing the oxide layer without compromising the optical properties of the nanocrystals.

2. Experimental Section
2.1. Chemicals and Materials

Silver (Ag, 99.99%), nitric acid (HNOs3), sodium hydroxide (NaOH), ethylene glycol (EG), amorphous SiO;
(a-Si0,) were all obtained from Sigma-Aldrich (St. Louis, MO, USA) and used as received. The SiO, TEM grids
were purchased from TEMwindows.com (West Henrietta, NY, USA) with catalog number SO100-A40Q33. The
deionized (DI) water used in the experiments was obtained from a Millipore ultrapure water system (Billerica,
MA, USA) with a resistivity of 18.2 MQ-cm at room temperature.

2.2. Synthesis of Ag Nanocrystals Supported on a-SiO>

The Ag nanocrystals were prepared via thermal evaporation of Ag onto amorphous SiO; substrates following
a previously reported procedure [16], in which the deposition conditions and thickness calibration were both
described. Briefly, Ag was thermally evaporated from a tungsten boat to form Ag films with effective thicknesses
of approximately 1.7, 0.5, 0.1, and 0.05 nm. The films were subsequently annealed at 600 °C for 2 min under
vacuum and then cooled to room temperature over 2 h without breaking vacuum. During annealing, the continuous
Ag films dewetted and evolved into discrete nanocrystals.

2.3. Characterizations

Transmission electron microscopy (TEM) was carried out with a Hitachi HT7700 microscope (Tokyo,
Japan). For TEM analysis, the same deposition and annealing procedure described above were carried out on Si
grids coated with a 40 nm a-SiO; layer. Optical extinction spectra were measured using a Cary 60 ultraviolet—
visible (UV—vis) spectrometer. Samples were mounted inside the spectrometer so that the incident light beam was
normal to the substrate surface. X-ray photoelectron spectroscopy (XPS) analyses were conducted using a Thermo
K-Alpha system (Waltham, MA, USA). High-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) images were acquired using a spherical aberration-corrected Hitachi HD2700 STEM
microscope operated at 200 keV.
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2.4. pH-Dependent Oxidation Studies

The pH of water derived from a Millipore system was controlled by adding HNO; or NaOH to decrease or
increase the pH, respectively. After pH adjustment, the pH was measured using a standard electrode-based pH
meter. To measure the pH-dependent rate of oxidation for the 4-nm Ag nanocrystals, the samples were placed in
cuvettes filled with water with different pH values. It is found that samples derived from different batches would
give inconsistent rates of oxidation because there always exists some degree of variation among different batches.
To mitigate this issue, we deposited Ag on a relatively large piece of glass (~2.5 cm % 1 cm), annealed the sample,
and then used a diamond scribe to cut the substrate into three similar-sized samples. Then, each sample was placed
in a cuvette containing 1 mL of water with a pre-measured pH, and optical absorbance spectra were measured
periodically at intervals of 3 min. It is assumed that each of the three pieces derived from the same batch had the
same initial LSPR spectrum, and thus, this initial spectrum was used to represent the first data point for each of
the three samples reported.

2.5. Formation of Thick Oxide Shells

To grow a thick oxide shell, Ag nanocrystals were first prepared and deposited on SiO, TEM grids, which
were then mounted on a standard TEM holder. Then, the holder was inserted into a ZONE Desktop Sample Cleaner
and Desiccator for SEM/TEM for roughly 5 min. The sample was then transferred to an aberration-corrected
Hitachi HD-2700 TEM to monitor changes under the 200 keV electron beam.

3. Results and Discussion

3.1. Synthesis and Characterization of Ag Nanocrystals

We prepared the Ag nanocrystals by thermally evaporating Ag onto the surface of a-SiO; to form Ag films
(Figure 1, top) following a reported procedure [16]. Specifically, we prepared Ag films of ca. 1.7, 0.5, 0.1, and
0.05 nm in effective thicknesses, annealed the samples at 600 °C for 2 min and then cooled to room temperature
under vacuum. In each case, heating caused the film to evolve into discrete nanocrystals, changing the sample
color from purple to vibrant yellow (Figure 1, bottom).

A) Evaporated Ag film B) Ag nanocrystals

Figure 1. (A) Schematic illustration of a 1.7-nm Ag film deposited on an a-SiOz substrate by thermal evaporation

with a corresponding photograph showing that the film appeared purple. (B) Upon annealing in vacuo at 600 °C
and then cooling to room temperature, the Ag film dewetted and broke into discrete Ag nanocrystals, causing the
sample to turn yellow.
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Transmission electron microscopy (TEM) images revealed that the Ag nanocrystals derived from Ag films
with effective thicknesses of ca. 1.7, 0.5, and 0.1 nm, respectively, had average diameters of 16, 8, and 4 nm
(Figure 2A—C). Their size distributions were shown in Figure 2D. Note that the error in deposition thickness can
be up to £0.2 nm, and because the average diameter of the resultant particles trended logarithmically with
deposition thickness [16], the average size can have an error of roughly £2 nm. As another note, our group
previously established that the internal defect structure (i.e., number and orientation of twin defects) trended with
particle size post equilibration [16]. Under these conditions, Ag nanocrystals with icosahedral, decahedral, and
single-crystal structures were found to be favored at sizes below 7 nm, between 7-11 nm, and greater than 11 nm,
respectively. The optical properties of the Ag nanocrystals were further examined using UV—vis spectroscopy.
Figure S1 shows the extinction spectra of Ag nanocrystals prior to oxidation. The LSPR peaks of all samples
investigated in this work were positioned between 430—450 nm, and the LSPR peak intensity increased in
proportion to the thickness of the Ag film.

o)
@
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5 10 15 20 25
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Figure 2. TEM images of Ag nanocrystals obtained by annealing Ag films of (A) 1.7; (B) 0.5; and (C) 0.1 nm,
respectively, in thickness. (D) Histograms overlaid to show the size distributions of the Ag nanocrystals resulting
from the films of 1.7, 0.5, and 0.1 nm in thickness, as represented by orange, blue, and green colors. All scale bars
are 50 nm.

3.2. Oxidation Behaviors of Ag Nanocrystals under Diverse Conditions

We first examined the oxidation behavior of the Ag nanocrystals under ambient air conditions (23 °C, 50—
60% humidity) by monitoring changes to their optical spectra in real time. Remarkably, for Ag nanocrystals of 4 nm
or 8 nm in size, the changes could even be observed with the naked eye, with the sample changing from yellow to
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transparent. For all three samples, the changes in spectral profile appeared to reach a steady state after 14 h,
suggesting that (i) smaller particles generated thicker oxide layers and thereby underwent a greater degree of LSPR
damping or (ii) the thickness of the oxide layer was size-independent, but the LSPR intensity of smaller particles
was more heavily impacted by oxidation. For the LSPR peak position and intensity of the 16-nm Ag nanocrystals,
only a slight red-shift and minor decrease in intensity were observed (Figure 3A). In the case of 8-nm Ag
nanocrystals, optical changes consisted of a LSPR peak intensity drop of ca. 30% and a spectral red-shift of ca. 3 nm
(Figure 3B). The greatest changes in optical signal corresponded to a ca. 85% drop in LSPR peak intensity along
with a red-shift of ca. 40 nm, which were observed for Ag nanocrystals with an average diameter of 4 nm or below
(Figure 3C).
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Figure 3. Spectral evolution of Ag nanocrystals with average diameters of (A) 16; (B) 8; and (C) 4 nm; respectively,
upon exposure to the ambient air for up to 18 h. (D) Plots comparing the normalized extinction at the LSPR peak position
as a function of the exposure time, revealing that atmospheric oxidation impacts the smaller particles more significantly.

To elucidate the role played by surface oxidation in determining the optical properties of Ag nanocrystals,
we carried out simulations using the discrete dipole approximation (DDA) method [17]. To simulate the changes
in LSPR upon oxidation, we designed a continuum model, as illustrated in Figure 4A, which consisted of an
individual Ag,O-coated Ag nanocrystal supported on a SiO; slab. At all sizes investigated, the calculated results
indicated that increasing the thickness of the oxide shell led to peak damping and a slight red-shift, as shown for a
4-nm particle in Figure 4B. A red-shift in the LSPR band was generally attributable to an increase in the refractive
index of the surrounding medium, which is consistent with the change from air to Ag,O. In addition to this
refractive index effect, the damping of the LSPR can be attributed to interband transitions in Ag>O. Specifically,
the band gap of Ag,O falls within the visible region, enabling optical excitation of interband transitions that overlap
with the plasmon resonance. These transitions introduce a significant imaginary component (&) to the dielectric

function, leading to additional absorption and energy dissipation, and thus damping the LSPR. The ga¢(A) and
€ag,0(A) can be found in Figure S2. The degree of peak damping was found to trend exponentially with AgO
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thickness, while the LSPR peak intensities of smaller particles were more affected by oxide formation (Figure 4C).
The inset in Figure 4C shows the changes in LSPR peak intensity as the thickness of the Ag,O shell was increased
up to 0.5 nm, with the experimentally measured LSPR damping, which was used to estimate an effective oxide
thickness based on the DDA simulations, shown as squares. The peak intensity of the 4-nm Ag nanocrystals
showed a drop of ca. 80% when the thickness of Ag,O reached 0.25 nm (roughly one monolayer). However, for
the same thickness of Ag,O, the LSPR peak intensities of the 8- and 16-nm nanocrystals were only damped by ca.
70% and 30%, respectively; both values were significantly greater than what was observed experimentally (30%
and 3%, respectively). These discrepancies suggested that only sub-monolayers of oxide were formed on the larger
nanocrystals, as reported previously [11,18]. Since the surface free energy (and thus reactivity) of nanoparticles
trended exponentially with size [19], it was feasible that the smaller nanocrystals were more prone to oxidation
due to their higher reactivity.
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Figure 4. (A) Schematic illustration showing the continuum model on which all DDA simulations are based. The
model consists of a AgO-coated Ag hemisphere supported on a SiO; substrate. (B) Calculated extinction spectra
of'a 4-nm Ag hemisphere undergoing oxidation, where the increase in Ag>O thickness leads to increased damping.
(C) Theoretical trends showing the fractional change in LSPR peak intensity as a function of increasing Ag>O
thickness for Ag nanocrystals of 4, 8, and 16 nm in diameter. The experimentally measured LSPR damping, which
was used to estimate an effective oxide thickness based on the DDA simulations, is represented by squares. The
inset in (C) shows a zoomed-in view of the fractional change in peak intensity as the thickness of the Ag>O shell is
increased up to 0.5 nm.

LSPR damping upon the formation of an ultrathin oxide layer was similar to what has been observed when the
surface of a metal nanocrystal with LSPR in the visible regime (e.g., Au, Ag, and Cu) is conformally coated with a
platinum-group metal such as Pt, Pd, or Ir [20,21]. In essence, when the overlayer is sufficiently thick, it shields the
inner core and severely damps the LSPR. In a similar fashion, formation of an ultrathin Ag,O shell substantially
damped the LSPR. It is important to note that the damping effect (due to oxide shell formation) is not unique to
supported nanocrystals as our simulations also showed that 4-nm spherical Ag nanocrystals (i.e., reminiscent of Ag
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colloids) also underwent substantial damping after the formation of a 0.25-nm complete Ag,O shell (Figure S3).
However, while the LSPR peak position and shift matched the experimental data, the calculated linewidth, and thus
theoretical damping constant (I') was underestimated (I'exp~4Itcory), as expected from the dielectric constants
provided by Johnson and Christy [22]. In addition, further peak broadening is expected from enhanced electron-
surface scattering for nanoparticles smaller than the electron mean-free path of bulk Ag (/ag” = 52 nm) [23,24]. This
effect was evident when the full width at half maximum (FWHM) of the LSPR peaks measured from the 4- and
16-nm Ag nanocrystals were compared, where the FWHM of the 4 nm nanocrystals was broader by 14 nm when
compared to those of 16 nm in size (Figure S4).

To further evaluate the role of the surrounding medium, we next examined the oxidation behavior of the Ag
nanocrystals in liquid environments. In practical applications, plasmonic nanocrystals are often used in solvents
such as water or polyols [13,19]. To this end, it is critical to know how Ag nanocrystals respond to these
environments as well. As another advantage of our system, the relatively strong interaction between the Ag
nanocrystals and the substrate allowed us to immerse the sample in a solution prepared with a specific pH, ionic
strength, and/or dielectric constant and then monitored the changes caused by the liquid environment [25]. Similar
to the air-exposure experiments, we related the changes in optical properties to the thickness of the oxide grown
at the surface of the Ag nanocrystals. All experiments involved submerging the samples in the liquid and placing
them against the inside wall of a cuvette with the nanocrystal side of the sample facing the bulk of the solution. It
should be noted that removing samples from water and allowing them to dry would cause some of the particles to
lift off the surface. However, when the samples were submerged in water and then subjected to ultrasonication,
the sample color remained bright yellow for hours (in the case of the 16-nm structures), suggesting that particles
left the surface at a negligible rate during the oxidation experiments.

Realizing these aforementioned advantages, we investigated the oxidation of the 4-nm Ag nanocrystals in
water and ethylene glycol (EG) and compared the results with what was obtained in the case of air (Figure 5A).
To make a quantitative comparison among the three media in terms of oxidation rate, we derived rate constants
based on the time-dependent change in LSPR peak intensity. Specifically, the time-dependent LSPR peak intensity
changes were fitted using a first-order exponential decay function. The rate constant can then be extracted from
the slope of the linear plot of —In(I/I) versus time (Figure S5). The obtained rate constants ares primarily used for
comparative analysis among different chemical conditions. The Ag nanocrystals exposed to EG showed the
slowest oxidation rate, likely due to a number of effects but primarily from the formation of EG multilayers that
could prevent the surface atoms from interacting with the oxygen dissolved in EG [26]. These adsorbed EG
multilayers, with 7 and k of 1.4 and 4.3 x 10°® at 450 nm [27], respectively, were not expected to induce a time-
dependent change in optical properties. Furthermore, EG is a well-known reducing agent [28], which provides an
additional measure against oxidation. In contrast, nanocrystals exposed to water showed the fastest rate of oxidation,
where a steady state was reached within 1 h (pH = 6.8) with respect to the change in LSPR peak intensity.
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Figure 5. (A) Bar graph comparing the oxidation rate constant of 4-nm Ag nanocrystals in ethylene glycol (EG),
air, and water (pH = 8.5). (B) Scatter plot showing the decrease in extinction intensity at the normalized LSPR peak
for 4-nm Ag nanocrystals when subjected to aqueous environments at three different pH values (5.6, 8.5, and 9.6).

To further investigate the chemical mechanism, we measured the oxidation rate of the Ag nanocrystals
derived from samples of the same batch in aqueous systems with different pH values. Our experimental results
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clearly demonstrated that the oxidation rates correlated positively with increasing pH (Figure 5B). However, it
should be noted that the rate of oxidation varied greatly between different batches, illustrating the high sensitivity
of this process. Based on our results, we believed that the enhanced oxidation rate in water, relative to air and EG,
was likely due to the high concentration of hydroxide ions (OH"). This suggested that the oxidation process was
accelerated in alkaline solutions due to the presence of OH™ species as depicted in Equations (1) and (2), in which
the hydroxyl species are consumed in (1) and regenerated in (2). This led to the formation of AgOH that could
easily decompose into Ag,O and H,O according to Equation (3). Taken together, these steps constitute the overall
reaction scheme shown in Equation (4). For the same reason, oxidation under the ambient air conditions could also
be driven by the presence of water molecules, which is supported by the work of Jiu and co-workers who showed
that electrical contacts comprised of Ag-nanowire films oxidized more rapidly when exposed to atmospheric
conditions at relatively high humidity [29].

4Ag+40H — 4AgOH + 4e” (1)
2H,0 + 05 + 4~ — 40H™ ©)
4AgOH — 2Ag,0 + 2H,0 3)

4Ag+ 0, — 2Ag,0 )

To ensure that the observed oxidation behavior was intrinsic rather than arising from extrinsic factors, we also
investigated the possible involvement of chemical contaminants. One common mode of Ag corrosion is sulfidation,
where sulfur-containing compounds (e.g., H»S) react with the Ag surface to form Ag,S [30], a semiconducting
material with drastically different optical properties. To rule out this possibility, X-ray photoelectron spectroscopy
(XPS) was carried out, and no signals from sulfur-containing species were detected (Figure S6A). As another
possibility, tungsten from the evaporation boat could also contaminate the Ag during the deposition process.
However, the XPS measurements showed no evidence of tungsten-containing species (Figure S6B).

A contaminant that was naturally found within the sample was carbon, which could arise at any stage of
sample preparation, including substrate cleaning and loading, during the deposition process, or even after the
annealing through interactions with atmospheric hydrocarbons or gaseous CO,. We carried out a series of XPS
measurements before and after exposure to atmospheric conditions which revealed two distinct and universal
spectral changes: (i) an increase in binding energy for the peak positions of both Ag 3ds» and Ag 3ds, and (ii) the
disappearance of the energy loss feature. The XPS spectra in Figures 6A—C suggested the presence of carbonates
(i.e., CO3%") even prior to the long exposure to atmospheric conditions. Specifically, the initial Ag 3d peak
position was located at 367.9 eV, which lies between the binding energies for Ag® (368.2 €V) and Ag,CO;
(367.7 V). It is well-known that CO, strongly interacts with Ag,O to produce Ag>COj; through the following
reaction: Ag,O + CO, — Ag,COs [30]. In fact, bulk Ag>O has been actively explored as a thermally regenerable
sorbent of CO; for purifying breathing air within space suits worn by astronauts during extravehicular activities [31].
We were able to rule out significant carbonation after the annealing step since Ag,COs readily decomposes at
temperatures >200 °C. Interestingly, this carbonate layer has been attributed to the unique corrosion resistance
properties of Ag [32]. Furthermore, previous XPS studies based on AgO and Ag,O powders had shown that the
CO; present in the air was responsible for generating Ag>COs on their surface [33,34]. In another study, by using
XPS and SERS, it was found that exposing Ag nanocrystals to atmospheric conditions resulted in an exponential
increase in the percentage of oxygen and carbon contamination after only 48 h, with the elemental percentages of
Ag, O, and C reaching steady-state values of 66, 10, and 24%, respectively [35]. Despite the potential presence of
Ag>COs at the surface, the optical characterization and simulation results suggested that it played a minor role in
LSPR damping. Unfortunately, since the optical constants of Ag,COj are currently unavailable, we were unable
to simulate its effect with our continuum model.

Our results also indicated that as the oxidation process proceeded, the Ag 3ds/, peak increased in energy until
it centered at 368 eV (the peak center for Ag,O was located at 367.9 eV). As the Ag 3ds), peak shifted to a higher
energy, the loss features in all the XPS spectra decreased in intensity (Figure 6D—F). This trend was consistent
with optical measurements that showed substantial LSPR damping following surface oxidation. In essence, the
loss features could serve as a qualitative indicator of plasmon-related energy loss, since this signal was comprised
of electrons that were extrinsic in nature, emanating from the released Ag 3d;, electrons that lost energy by
stimulating the LSPR of the Ag nanocrystals before making it to the detector [36]. By subtracting the energy of
the loss peak from that of the Ag 3ds» peak, it was found that these electrons lost 2.7 eV, a value almost equal to
the energy of the LSPR located at ca. 450 nm (E, = 2.76 eV) (see Figure S7 for clarification). It should be noted
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that the changes in loss features may also be influenced by the sensitivity of XPS and the formation of Ag,O layer,
which can reduce the contribution from the underlying metallic Ag. Therefore, the decrease in the loss features is
interpreted as being consistent with, rather than a direct measure of, the plasmon damping observed in the optical
spectra. This conclusion was supported by Figures 3 and 4, which showed that Ag,O-shell formation damped the
LSPR peak, especially for the particles smaller than 4 nm.
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Figure 6. XPS spectra measured over the Ag 3d32 and Ag 3ds.2 spectral regions for (A) 4-nm nanocrystals; (B) 16-nm
nanocrystals; and (C) a 1.5-nm Ag thin film before and after oxidation under ambient conditions; (D-F) XPS
spectra showing the loss features associated with the corresponding spectra in (A—C) (highlighted by a rectangular
box) before and after the oxidation.

Taken together, our data suggest a multi-step oxidation process that begins with the formation of surface
carbonates, followed by subsurface oxidation events leading to the formation of an ultrathin Ag,O shell, a process
that correlated positively with pH. This scenario fits well within the framework of the known literature, where the
synthesis of Ag,O nanocrystals was often found to be most effective when performed at elevated pH [37-39]. This
was roughly consistent with what was expected from the Pourbaix diagram, which provides potential-pH
boundaries for the most thermodynamically favorable oxidation processes of Ag metal (e.g., Ag, Ag', and Ag,0),
but with differences expected for the surface of Ag nanocrystals as compared to bulk Ag [40]. In essence, under
wet conditions, the surface-based Ag,O phase was likely to be the most stable in systems that had high pH values.
As a final note, those who have investigated oxidation of Ag bulk electrodes in alkaline media have found the
surface oxidation process to be highly complex, involving a series of steps, including the adsorption of OH™ ions,
solid-state diffusion, Ag or Ag oxide dissolution, and a change in surface roughness [41].

3.3. Removal of Surface Oxides from Ag Nanocrystals

The surface oxidation of Ag nanocrystals is detrimental to many applications that rely on either the strong
LSPR or the unique electronic structure of surface Ag atoms. Therefore, it is essential to develop methods capable
of removing the surface oxide layer without compromising the underlying Ag atoms. Here we focused on three
methods, including thermal decomposition, chemical reduction, and electron beam irradiation.

The most straightforward way to remove surface oxide and carbonaceous species is through thermal
annealing. Heating to temperatures within the interval of 167—194 °C has been shown previously to decompose
AgrCOs3 [42]. In terms of silver oxide removal, previous studies have shown that heating Ag,O powders to
temperatures upwards of 490 °C effectively removes both oxides and carbonaceous contaminants through
decomposition, leaving behind pure Ag [33]. This same strategy was adopted for nanocrystals, as evidenced by
the complete recovery of the LSPR after annealing for 2 min at 600 °C, as shown in Figure 7A. The slight decrease
in intensity post annealing was likely due to the loss of Ag atoms or some small amount of residual oxide.
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Another effective strategy involved the addition of a reducing agent. Since Ag,O has a standard reduction
potential (E°) of 0.34 V vs. standard hydrogen electrode (SHE), the formation of Ag® via reduction of Ag" is
thermodynamically favored when a reducing agent with E°rea < E°ag 0 is used [43]. To illustrate this concept, we
simply subjected a partially oxidized sample to a 1 mL solution of ethanol (E° = 0.20 V vs. SHE), which
immediately led to recovery of the LSPR signal, as shown in Figure 7B.

As the least convenient oxide removal strategy, we found that electron irradiation was also viable. To
illustrate this concept, we first synthesized Ag@Ag,O core-shell nanocrystals with thick shells by exposing the
16-nm Ag nanocrystals to O3 for ~5 min (by placing the sample in an ozone cleaner). This led to the formation of
a thick Ag>O oxide shell that encapsulated a Ag core (see Figure 7C). Notably, the oxide shells derived from
atmospheric oxidation were undetectable by scanning transmission electron microscopy (STEM), likely due to the
fact that ultrathin oxide shells rapidly decomposed upon exposure to the electron beam. When irradiating an
individual Ag@Ag,0 particle with 200 keV electrons for 30 min, the core-shell particle transformed into a pure
Ag nanocrystal, as demonstrated by the high-angle annular dark-field (HAADF) images in Figure 7C. In terms of
mechanism, removal of the oxide shell could be driven by thermal decomposition or by reduction of Ag” by the
high-energy electrons. Taken together, either chemically reducing Ag™ or decomposing the Ag* compounds could
be used to generate Ag nanocrystals with clean, oxide-free surfaces.
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Figure 7. Summary of three effective strategies for removing the oxide layer from the surface of Ag nanocrystals.
(A) Thermal decomposition, in which the sample was annealed at 600 °C post-oxidation from air, resulted in
recovery of the LSPR to its initial spectral profile. (B) Chemical reduction, in which the structures were exposed
to pure ethanol at room temperature after partial oxidation, also resulted in recovery of the LSPR signal. (C)
Decomposition and/or reduction, in which an individual Ag@Ag2O core-shell structure was monitored using
HAADF-STEM, showing the growth of the Ag core (brighter region) at the expense of the Ag>O shell (dimmer
region) under 200 keV electron irradiation. The scale bars in (C) are all 5 nm.

4. Conclusions

In summary, surface-based Ag nanocrystals were synthesized with sizes ranging from 4-16 nm and then
exposed to a variety of conditions while their LSPR spectra were monitored. It was found that the smaller particles
underwent a much greater degree of plasmonic damping over the same period of time. All changes in the LSPR
peak position and intensity were in agreement with theoretical modeling based on the DDA method, which showed
that the degree of damping was commensurate with the thickening of a surface layer of Ag,O. We also found that
the rate of oxidation was greatest in aqueous environments relative to air and ethylene glycol, which we attributed
to the presence of hydroxide ions that promoted the oxidation process. We measured the oxidation rate of the 4-
nm Ag nanocrystals in a series of aqueous solutions with increasing pH, which revealed that the increased
concentration of hydroxide ions accelerated the oxidation process. Analysis of the surface chemistry by XPS
suggested that the oxidation process occurred in a series of steps, including a rapid two-step oxidation/carbonation
process that was followed by subsurface oxidation events leading to Ag,O formation. In addition to XPS
measurements, these conclusions were supported by the time-dependent LSPR damping as well as the decrease in
intensity of the XPS loss peak. Ultimately, after oxidation, the steady-state configuration was an Ag nanocrystal
encapsulated by a self-terminating ultrathin Ag,O shell, together with Ag>COs3 on the outermost surface.
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In addition to understanding the size effect on the oxidation of Ag nanocrystals, we also demonstrated a
variety of methods for removing the oxide and carbonate layers, including thermal decomposition through
annealing, chemical reduction through the addition of a reducing agent, and electron irradiation during STEM. In
the first two cases, recovery of the LSPR to its initial state provided direct evidence of oxide removal. In the latter
case, we directly observed a decrease in the Ag,O shell thickness as the Ag core increased in size. While all
methods were effective in removing the oxide layer, these results also raise a number of additional perspectives.
For example, those working with colloidal nanomaterials in aqueous systems likely have ultrathin oxide layers
encapsulating their particles. However, if these particles are maintained in the presence of a reducing agent or at
relatively low pH values, formation of the oxide layer can be minimized. These results are also important to those
employing Ag nanocrystals as heterogeneous catalysts, since their performance is directly linked to the chemical
state of the outermost atoms. To develop a more meaningful correlation between the substantial literature on
colloidal Ag nanocrystals and the results discussed herein, future investigations must include systematic studies
involving chemical adsorbates typical of colloidal systems (e.g., stabilizers, ligands, and reducing agents).

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2603231122380529/M1-26030014-SM.pdf. Figure S1: Extinction spectra of Ag nanocrystals derived from Ag films
with effective thicknesses of <1, 1, 5, and 15 A. The inset shows the LSPR peak intensity as a function of Ag film thickness,
revealing a linear relationship; Figure S2: The dielectric constants of (A) Ag and (B) Ag20 used for the DDA simulation. The
dielectric functions (&1 and €2) of Ag and Ag>O were obtained from literature reports [1,2] and used to generate the plots; Figure S3:
DDA simulation of the extinction spectra of a 4-nm Ag nanocrystal before oxidation (blue) and after formation of a 0.25-nm
shell of AgxO (green). These results suggest that the high sensitivity of LSPR to surface oxidation is not unique to the
hemispherical nanoparticles supported on a substrate. The simulation was carried out with a surrounding dielectric constant
equal to that of water (em = 1.78); Figure S4: Normalized extinction spectra of the 4- and 16-nm Ag nanocrystals, showing that
the FWHM of the LSPR was broader for the 4-nm sample; Figure S5: Plot of the LSPR peak intensity as a function of time
(blue line), which is fitted with an exponential decay function with a rate constant of k. The rate constant can also be obtained
from the slope of the linear plot of —In(y) versus time (orange line); Figure S6: XPS spectra of the (A) sulfur 2p region and (B)
tungsten 4f region measured from a typical Ag sample (derived from the 0.4-nm film), confirming the absence of sulfur- and
tungsten-based contaminants; Figure S7: XPS spectrum of the Ag 3ds» region and associated loss feature, showing an energy
separation of 2.7 eV. References [44,45] are cited in supplementary materials.
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Abstract: Interface passivation is central to efficiency
improvement in inverted perovskite solar cells, yet its deal static interface Realistic dynamic interface
effectiveness is fundamentally limited by the Electron Transport Layer : Electron Transport Layer

assumption of a static picture. Herein, we argue that the 'f\/OW\/:c\
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reactions. These coupled processes progressively reconstruct interfacial energetics and defect landscapes, leading
to voltage loss, fill-factor decay, hysteresis re-emergence, and irreversible performance degradation even in
devices with high initial efficiencies. By reframing the interface as a time-dependent system rather than a fixed
structure, this perspective highlights dynamic interfacial evolution as the origin of long-term instability and calls
for interface regulation strategies that prioritize sustained functional stability under realistic operating conditions.

Keywords: dynamic interface; interface passivation; ion migration; operational stability; interfacial evolution

1. Introduction

Over the past decade, organic-inorganic halide perovskite solar cells (PSCs) have demonstrated an
unprecedented increase in power conversion efficiency (PCE). This progress has emerged from coordinated
advances in materials composition regulation, thin-film fabrication processing, and increasingly refined interface
engineering [1]. Among these efforts, passivation of the contact interface between the perovskite absorber and the
electron transport layer (ETL) has attracted particular attention [2]. By implementing a variety of interface
passivation approaches, non-radiative recombination at the perovskite/ETL interface can be substantially
suppressed, leading to measurable improvements in both the open-circuit voltage (Voc) and fill factor (FF) [3].
These passivation approaches have contributed decisively to the rapid efficiency improvements achieved in
laboratory-scale devices, underscoring the increasingly prominent role of interface engineering in advancing the
performance of PSCs [4].

However, the achievement of high efficiency does not inherently ensure stable performance under prolonged
operational conditions, a phenomenon that has been consistently observed across a wide range of device
architectures and material systems. Even devices featuring rigorously engineered and well-passivated interfaces often
exhibit gradual performance degradation during continuous illumination, thermal stress, or electrical bias [S]. This
discrepancy between efficiency and stability indicates that prevailing interface engineering strategies, while highly
effective at improving static performance indicators, remain insufficient in sustaining device functionality over
extended timescales. Implicitly, the most existing approaches are founded on the assumption that an interface
optimized at fabrication remains structurally and electronically static throughout device operation.

Copyright: © 2026 by the authors. This is an open access article under the terms and conditions of the Creative Commons
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Such a static interface assumption, however, is fundamentally incompatible with the intrinsic physical
characteristics of halide perovskites. Owing to their soft lattices and pronounced ion mobility, the distribution of
ions, defect configurations, and local electrostatic modulations at perovskite surfaces and near-interface regions
are inherently susceptible to gradual reorganization under external stimuli, including illumination, electric fields,
and thermal stress [6]. In contrast, ETLs are predominantly composed of organic semiconductors with constrained
ion migration and comparatively rigid structures, whose electronic structure and chemical composition change
much more slowly during device operation [7]. This asymmetry in structural flexibility and kinetic responsiveness
between the two contacting materials renders the perovskite/ETL interface a natural locus for the redistribution of
charge carriers, mobile ions, and localized electric potentials.

Under sustained operating conditions, the combined effects of photoexcitation, electrical bias, and thermal
stress progressively reshape the interfacial electronic landscape, driving the interface to progressively deviate from
the initial configuration. As the interfacial state evolves over time, passivation strategies designed to address a
specific, static interface condition may no longer remain chemically or electronically effective. Consequently,
interfacial defects can re-emerge or transform, undermining charge extraction and accelerating performance
degradation during long-term operation.

This perspective highlights a conceptual gap in prevailing interface engineering: the long-term performance
of perovskite solar cells is constrained not merely by incomplete passivation, but by a predominantly static view
of an interface that is intrinsically dynamic in nature. Bridging this gap requires a fundamental shift in how to
understand and engineer the perovskite/ETL interface, moving beyond its treatment as a static structural entity
towards recognizing it as a time-dependent, operating-state-coupled system.

Within this framework, interface passivation should not be regarded solely as a one-time structural
modification, but rather as an adaptive process capable of accommodating interfacial evolution under realistic
operating conditions. Incorporating this dynamic perspective may provide critical insights into the origins of
operational instability, help alleviate existing stability bottlenecks, and ultimately guide perovskite photovoltaics
toward practical and commercially viable deployment.

2. Current Interface Passivation Strategy: Achievements and Limitations

Before considering how interface strategies might evolve to accommodate time-dependent interfacial
processes, it is instructive to examine the conceptual foundations, achievements, and underlying assumptions of
the classical passivation approaches that have dominated the field to date. Such an analysis not only highlights the
origins of the remarkable efficiency gains achieved thus far, but also reveals the structural limitations that emerge
when these strategies are confronted with realistic operational stress.

Non-radiative recombination and charge-transport losses originating from the perovskite/ETL interface have
long been recognized as critical limitations to device performance [8]. As the mechanistic understanding of this
interface has deepened, passivation strategies have progressively evolved from isolated defect-repair efforts
towards more systematic regulation of interfacial chemical states, electrostatic environments, and structural
configurations. Among these, chemical defect passivation represents the most direct and widely adopted approach.

2.1. Chemical Defect Passivation: Local Bonding Optimization

Chemical defect passivation primarily targets the intrinsic atomic-scale imperfections of perovskite surfaces.
Extensive theoretical calculations and experimental characterizations consistently indicate that incomplete lattice
termination and compositional volatility at perovskite surfaces lead to the accumulation of halide vacancies, under-
coordinated Pb* species, and their associated shallow and deep electronic states, which act as high-density non-
radiative recombination centers when located at the perovskite/ETL interface [9]. The introduction of molecules
possessing Lewis acid, Lewis base or hydrogen-bonding functionalities enables coordination or electrostatic
interactions with these under-coordinated species, effectively saturating dangling bonds and compensating local
charge imbalance (Figure 1a). At its core, this strategy seeks to establish a chemically well-terminated perovskite
surface at the final stage of device fabrication, characterized by reduced defect density and more idealized
stoichiometry and bonding configurations.

2.2. Field-Effect Passivation: Electrostatic Regulation without Direct Defect Elimination

Building upon this understanding, it has become increasingly clear that interfacial recombination losses are
not solely governed by point defects that can be eliminated through specific chemical bonding. Long-range
electrostatic effects arising from subtle energy-level mismatches, interfacial dipole disorder and inhomogeneous
charge distributions can also exert a decisive influence on carrier-transport dynamics in the interfacial region [10].
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This recognition has motivated the development of field-effect passivation strategies, which aim to regulate the
interfacial electrostatic environment rather than directly modifying atomic-scale defect structures.

By inserting interlayers with tailored electronic structures between the perovskite and the ETL, a predefined
local electrostatic potential profile can be established. Whether achieved through interfacial band bending, dipole-
induced vacuum-level shifts, or electric double-layer formation, the unifying objective is to reshape carrier-
transport pathways such that photogenerated electrons are steered away from recombination-prone regions and
efficiently extracted towards the collecting electrode (Figure 1b). Within this framework, defects are not
necessarily removed but rendered less active as recombination centers through physical modulation of the carrier-
transport environment.

2.3. Structurally Engineered Interfacial Layers: Transitional Architectures

More recently, interface engineering has further progressed from defect- and field-centric strategies toward
the deliberate construction of structurally defined interfacial regions. By introducing low-dimensional perovskite
layers, molecular cation reconstruction layers, or composite interfacial architectures between the perovskite
absorber and the ETL, researchers seek to construct a structurally defined transition region that alleviates abrupt
discontinuities in crystal structure, dielectric response, and polarization behavior [11,12].

These engineered interlayers often exhibit ionic distributions and dielectric properties distinct from those of
bulk perovskites, enabling partial screening of Coulomb interactions, redistribution of local electric fields, and
suppression of interfacial ionic disorder [13]. Through the synergistic integration of defect passivation, energy-
level alignment, and electrostatic field remodeling (Figure 1c), such approaches have delivered notable
improvements in device efficiency and short-term operational stability.

a Imperfections Passivation & Electron b il - - —A— - —‘— _—— - - - —_—— g N
= Y N

tlons | MA  1i0nS yngercoordinated Po4  Metallic onaSaration st / { )
. Vacancies vacancies Poions  Antisite P Cluster Grain Boundary / (o) () \
i i H Lewis | Lewss | Lewis ! Lews {Fullerene as’, Conversion to Wide 7
i Cations. { Anions {AmmoOnWM. iy | ge | Acd | Base  LowisAcid . Bandgap Materials. s N s

= VaXa\ ® Varal ® V2

3
[c e+ ) e 0o (o

i Surface Recombination { Interface Recombination :

—~————— - CGoordinate Bonding o Mieation

lonic Bonding

Hydrophobicity
MA or FA O penetration lons penetration
Vacancies H Ly ' pel

| lons migration Regulating

i : i
{j iGrainBoundary i energy level

|
Vacancies

8080008

QMifMQ/\L ‘MQ/\}‘M

Undercoordinated |
ions H

2D

3D E’Chemical Passivation ;"‘ i Field-effect Passivation |

Figure 1. Schematic Diagram of the Current Interface Passivation Strategy Mechanism. (a) Imperfections in
organic-inorganic halide perovskite film and their passivation by ionic bonding, coordinate bonding, and
conversion to wide bandgap materials, and suppression of ion migration at extended defects. Reprinted with
permission from Ref. [14]. (b) Schematic of the perovskite surface without passivation (up) and with diammonium-
methylthio dual passivation (DMDP) composed by chemical and field-effect passivation (down). Reprinted with
permission from Ref. [15]. (¢) Schematic illustration of the surface passivation using 2D perovskites, in which
vacancy/excess defects are well repaired, and the formation of a 2D capping layer with outstanding robustness
effectively blocks the penetration of oxygen/moisture. Moreover, the modified energy level facilitates charge
transfer and collection. Reprinted with permission from Ref. [16].

2.4. A Shared Paradigm: Static Optimization of a Dynamic Interface

Despite their diverse material implementations and microscopic mechanisms, these classical interface passivation
strategies share a common conceptual foundation. They are predominantly implemented during device fabrication or
post-treatment stages, with the central objective of maximizing photovoltaic performance by establishing an interfacial
configuration that minimizes initial defect density, optimizes energy-level alignment, and suppresses non-radiative
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recombination. Consequently, performance assessments typically emphasize post-fabrication gains in Voc, FF and
PCE, alongside stability tests conducted under relatively mild and controlled conditions.

Implicit in this framework is the assumption that interface passivation constitutes a largely “one-off”
structural optimization, namely that an optimally configured interface established at the outset can be preserved
throughout subsequent device operation. This paradigm has been instrumental in enabling the rapid efficiency
advances achieved over the past decade and has underpinned sustained progress in interface engineering [17,18].

However, an increasing number of experimental evidence suggests that its implicit premise does not
universally hold under realistic operating conditions [19]. Even in devices employing multiple passivation
strategies and exhibiting high initial efficiencies, pronounced performance degradation is frequently observed
under prolonged illumination, thermal stress, applied electric fields, or their combined influence. Typical
manifestations include gradual Voc loss, Jsc decay, etc.

3. The Origin and Concrete Manifestations of Dynamic Evolution

From a dynamic viewpoint, the perovskite/ETL interface cannot be regarded as a static entity fixed at the
fabrication stage, but rather as an evolving system that continuously responds to external operating environments.
Metal halide perovskites possess a soft and adaptive lattice, low activation barriers for ion migration, and metastable
surface coordination, making their interfacial structure highly sensitive to temperature, mechanical stress, illumination,
and moisture. These external stimuli drive persistent reorganization of lattice geometry, defect populations, and ionic
distributions at the interface, progressively shifting it away from its initial equilibrium configuration.

Thermal stimuli induce pronounced lattice expansion, phase transitions, and strain accumulation within the
perovskite layer (Figure 2a). Temperature cycling not only alters octahedral tilting and crystal symmetry, but also
accelerates ion diffusion and defect activation near the perovskite/ETL interface, leading to dynamically evolving
band alignment and interfacial recombination pathways [20].

Similarly, mechanical and lattice mismatch-induced strain further modulates the interfacial energy landscape
(Figure 2b). Local strain fields alter Pb-X bond lengths and angles, thereby shifting band edges and lowering the
formation energy of defects. This strain-defect coupling creates spatially heterogeneous electronic properties at the
interface, enhancing non-radiative recombination and amplifying degradation under prolonged operation [21,22].
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Figure 2. (a) Schematics of the thermal-induced change in the lattice of CsPbl; samples. Reprinted with permission

from Ref. [23]. (b) Implications of strain on perovskite films. Reprinted with permission from Ref. [24]. (¢) Impacts
of visible, blue, and UV light illumination on PSCs. (Ec represents the bandgap of perovskite). Reprinted with
permission from Ref. [25]. (d) Schematic diagram of perovskite films adsorbing water. Reprinted with permission
from Ref. [26].
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Under illumination, photoexcited carriers modify defect charge states and drive light-assisted ionic migration,
while high-energy photons can directly induce bond cleavage and interfacial chemical reactions (Figure2c). These
photoinduced effects are particularly pronounced at the perovskite/ETL interface, where electric fields, carrier
accumulation, and chemical gradients are intrinsically coupled.

In parallel, environmental moisture interacts strongly with the ionic lattice, triggering hydration reactions,
lattice swelling, and preferential degradation at interfacial regions with incomplete coordination or enhanced ion
accessibility (Figure 2d). Such humidity-induced processes promote ion migration and chemical reconstruction at
the interface, rather than uniform bulk degradation.

Collectively, temperature, strain, illumination and humidity do not act as isolated stressors but synergistically
converge at the perovskite/ETL interface, rendering it the most dynamically active and vulnerable region in
inverted perovskite solar cells. This intrinsic dynamic nature fundamentally challenges passivation strategies that
rely on a fixed interfacial configuration, underscoring the need to reconsider interface design from a time-
dependent and adaptive perspective.

3.1. Ion Migration and Photo-Induced Phase Separation

Among various forms of interfacial dynamic evolution, ion migration and photo-induced halide phase
separation represent two closely coupled and mutually reinforcing destabilization mechanisms. Rather than acting
as isolated bulk phenomena, these processes cooperatively drive the continuous reconstruction of interfacial
structure, composition, and electrostatic landscape over operational time.

Under continuous illumination or electrical bias, the activation of halide ionic species, for example iodide in
mixed-halide MAPDb(I,-«Bry)s, is generally enhanced, enabling directional ionic redistribution driven by internal
electric fields and chemical potential gradients (Figure 3a). This ionic motion not only promote photo-induced
halide phase separation but also perturbs local charge density and interfacial band bending, giving rise to iodide-
rich and bromide-rich domains that evolve progressively under high excitation intensity [27]. Such coupled ionic
and compositional rearrangements are now widely recognized as a fundamental source of interfacial instability
rather than isolated bulk effects.

The consequences of this dynamic evolution are consistently reflected across electrical, optical, and structural
characterizations. From an operational perspective, device parameters including PCE, Jsc, Voc, and FF commonly
exhibit pronounced scan-rate dependence after aging, with suppressed performance at slow scan rates and reduced
hysteresis under fast sweeps (Figure 3b—e). This behavior is generally attributed to ion-induced field screening at
functional interfaces, where accumulated mobile ions dynamically modulate the built-in electric field and charge-
extraction barriers [28]. In parallel, time-dependent photoluminescence measurements frequently reveal red-
shifted emission and intensity redistribution during prolonged illumination (Figure 3f), a characteristic optical
signature of halide phase separation and the formation of low-bandgap iodide-rich domains that act as preferential
recombination centers. Complementary PXRD analyses before and after illumination further corroborate this
picture, with the emergence or evolution of diffraction features indicative of halide redistribution and lattice
distortion (Figure 3g). Collectively, these recurring observations point to a continuous, time-dependent
reconstruction of the perovskite interface, manifested through evolving interfacial dipoles, fluctuating electrostatic
landscapes, and progressively enhanced interface-dominated recombination. Such intrinsically dynamic behavior
fundamentally challenges the assumption of a static, permanently passivated interface, underscoring the limitations
of conventional static passivation strategies under realistic operating conditions.
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Figure 3. (a) High excitation intensity light-induced phase separation of MAPb(Ii—Brx); (MA = CH3NH3").
Reprinted with permission from Ref. [29]. The PCE (b), Voc (¢), Jsc (d) and FF (e) obtained from J-V characteristics
measured at different scan speeds in reverse (squares) and forward (circles) scan direction for
Cso0.05(FA0.83MAo.17)0.95Pb(lo.s3Bro.17)3 perovskite solar cells after different ageing times. Reprinted with permission
from Ref. [30]. (f) Time evolution of MAPb(Io.5Bro.s); emission spectra under Aexc = 405 nm CW excitation (Jexc =
20 mW cm2) over the course of 3 s. Times for selected spectra (from red to purple): 0.05, 1.41. 1.64, 1.69, 1.83,
1.93, 2.26, 2.40, 2.58, 2.68, 2.87, and 3.10 s. Inset: Emission spectrum between 475 and 600 nm indicative of Br-
rich emission. Reprinted with permission from Ref. [29]. (g) Summary of MAPb(I11-xBrx)s literature pXRD powder
patterns before (dashed blue) and after (solid red) illumination. Initial halide compositions given by x at the top
right corner of each panel. Red asterisks denote post illumination peak positions for split I-rich and Br-rich domains.
(i) reprinted with permission from Ref. [31]. (ii) reprinted with permission from Ref. [32]. (iii) reprinted with
permission from Ref. [33]. (iv) reprinted with permission from Ref. [34]. (vi) reprinted with permission from Ref. [35].

3.2. Desorption of Passivating Molecules

Beyond ion migration and halide phase separation, the intrinsic instability of interface passivation layers
constitutes another widely observed manifestation of dynamic interface evolution in perovskite solar cells. Under
realistic operating conditions, passivation layers should not be regarded as chemically inert or permanently
anchored components. Instead, they represent reactive and adaptive interfacial species whose molecular
configuration, bonding state, and surface coverage can evolve continuously under illumination, thermal stress, and
electrical bias [36]. In particular, increasing evidence shows that ultraviolet and high-energy visible photons can
directly trigger chemical reactions or electronic excitation within commonly used organic passivators, initiating
their gradual desorption or transformation (Figure 4a).
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a

Figure 4. (a) Diagram of the violet/UV light-triggered photoreaction cycle. Hollow circles denote holes, solid
circles denote electrons, and colored holes/electrons denote the charge carriers participating in the corresponding
kinetics. Reprinted with permission from Ref. [36]. The evolution of the PL profile of as-prepared control (b),
PEA" (¢) perovskite films under continuous 120 °C heating and 1-sun equivalent illumination. (d) "H NMR spectra
of control perovskite film, time-evolved 'H NMR spectra of PEA* perovskite films under 100 °C heating and 1-
sun equivalent illumination. & denotes the chemical shift. (e,f) Evolution of the C 1s (e) and Pb 4f (f) XPS spectra
of PEA" perovskite films under 100 °C heating and 1-sun equivalent illumination. The C-N signal is highlighted
with green shading, and the green dashed lines are used to connect the two green shaded areas of the initial and
enlarged regions. The black dashed lines in the left-hand side shade are guides to the eye, used to distinguish the
changes in the C-N signal. The vertical dashed lines in (f) mark the initial binding energy position of the Pb 4f.
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Reprinted with permission from Ref. [37].

Representative experimental observations consistently reveal that passivators such as phenethylammonium
(PEAY), which are widely employed to suppress surface defects through ionic or coordinative interactions, undergo
progressive desorption or chemical modification under operational conditions [37]. Time-dependent absorption
spectroscopy under 1-sun illumination and elevated temperature shows pronounced spectral evolution for PEA-
modified interfaces, in contrast to relatively stable control systems (Figure 4b,c), while the rapid decay and finally
approaching the intensity close to the control film indicates the failure passivation effects of PEA" under
continuous photothermal stress. Complementary solid-state characterizations further substantiate this dynamic
behavior: 1H NMR spectra reveal a gradual attenuation of characteristic proton signals over extended aging
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periods (Figure 4d). XPS analysis shows that the C—N peak of PEA* at 286.6 eV disappears after 22 h, indicating
complete surface desorption of PEA", while deeper PEA* persists, and the Pb 4f shift confirms that PEA* does not
inhibit perovskite surface chemical changes (Figure 4e,f). Collectively, these signatures point to a progressive loss
or reconfiguration of passivation molecules at the interface rather than abrupt failure. Such desorption processes
inevitably re-expose undercoordinated lead or halide sites, reactivate interfacial non-radiative recombination
pathways, and facilitate subsequent ion accumulation, thereby accelerating device performance degradation. These
observations underscore that interface passivation in perovskite solar cells is intrinsically dynamic, fundamentally
challenging the conventional assumption of static and permanent defect passivation and highlighting the necessity
of passivation strategies that explicitly account for chemical and structural evolution under operating conditions.

3.3. Interfacial Chemical Reactions and Electrode Corrosion

Once interface passivation integrity is progressively compromised, the perovskite/ETL interface can no
longer be regarded as a chemically inert boundary but instead evolves into an increasingly reactive and structurally
unstable region. Under the coupled influence of illumination, thermal stress, and electric-field-driven carrier
injection, halide ions, especially iodide, tend to accumulate preferentially at grain boundaries and functional
interfaces, where defect density and local electric fields are inherently higher. This enrichment leads to a
pronounced increase in Pbl, content at grain boundaries and interfaces, as directly visualized by high-resolution
transmission electron microscopy, which reveals the gradual emergence and expansion of Pbl,-rich regions
during aging (Figure 5a—c). Photoelectron spectroscopy further confirms this trend by showing a progressive
deviation of the Pb/I atomic ratio from stoichiometry at degraded interfaces, indicating sustained halide depletion
and chemical reconstruction rather than reversible ionic redistribution (Figure 5d). Together, these observations
demonstrate that the interface undergoes a transition from defect-mediated electronic degradation to genuine
chemical decomposition.

As halide depletion continues, mobile iodine species generated from perovskite decomposition, which
include 1", HI, and I, can further migrate across the ETL toward the top electrode under thermal stress and
illumination. Upon reaching the Ag electrode, these iodine species readily participate in interfacial redox reactions
with metallic Ag, leading to the formation of insulating Agl and establishing a chemically driven degradation
pathway that couples ionic migration with electrode corrosion (Figure 5f). This process not only accelerates iodine
loss from the perovskite lattice but also introduces a growing interfacial barrier for charge extraction, thereby
amplifying both chemical and electrical instability.

As degradation proceeds, this chemically activated interface no longer evolves uniformly but instead
propagates in a layer-by-layer manner [38]. At later stages, localized chemical reactions preferentially nucleate at
pre-existing defects or weak points, progressively developing into pinholes and discontinuities that are clearly
resolved in cross-sectional STEM images under accelerated thermal conditions (Figure 5g). These morphological
failures permanently disrupt interfacial contact, resulting in abrupt losses in current density and Voc and ultimately
driving the device into an irreversible failure regime [39].

From an interfacial evolution perspective, these phenomena collectively represent the terminal manifestation
of dynamic interface instability in perovskite solar cells. Chemical reactions, electrode corrosion, and
morphological collapse do not occur as isolated degradation events but instead emerge from a self-amplifying
interplay between ion migration, interfacial reactivity, and structural fragility. This final failure pathway
underscores that perovskite interfaces are intrinsically dynamic systems whose chemical and morphological states
continuously evolve under realistic operating conditions. Consequently, passivation strategies based solely on
static defect coverage are fundamentally insufficient to prevent long-term degradation, highlighting the
urgent need for interfacial designs that can suppress or accommodate chemically driven evolution throughout
device operation.
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Figure 5. TEM images and the corresponding enlarged views of the perovskite films under AM 1.5G illumination for
(a) 0h, (b) 100 h, and (¢) 500 h. The regions highlighted in red and blue boxes indicate the non-contacted and contacted
GBs, respectively. (d) EDS profiles of the four different regions before and after light illumination. Bulk grains, non-
contacted GBs, contacted GBs without Pblz, and contacted GBs with Pbl> are represented by 1, 2, 3, and 4,
respectively. (e) Atomic I: Pb ratios in the four regions determined by EDS before and after light illumination.
Reprinted with permission from Ref. [40]. (f) Schematic diagram of the iodine ions migration within the devices with
Ag. Reprinted with permission from Ref. [41]. (g) A high-angle annular dark-field (HAADF) imaging technique to
study the sample at various heating stages. Reprinted with permission from Ref. [42].

4. Dynamic Interface-Oriented Strategies and Outlook

The above analysis indicates that the interface between the perovskite absorber and the ETL undergoes a
series of dynamically coupled transformations during real device operation. These include sustained ion migration,
interfacial structural reconstruction, passivator destabilization, chemically driven interfacial reactions, and
localized micro-fracturing or partial delamination. Rather than occurring independently, these processes interact
and reinforce one another, collectively governing the long-term operational stability of perovskite solar cells.
However, prevailing interface passivation strategies remain predominantly rooted in the assumption that the
interface is static and thus chemically and structurally invariant once initially optimized. Such a framework
struggles to account for the continuous evolution of interfacial states under prolonged exposure to light, heat, and
electrical bias. Consequently, future interface engineering must shift its core objective from maximizing initial
passivation efficacy toward developing interface systems capable of sustaining functional stability under dynamic
photothermal and electrical operating conditions.

At the stage of materials screening, theoretical modelling and data-driven approaches should go beyond
predicting static interfacial configurations and instead prioritize the evolution pathways and stability windows of
interfaces under realistic operating stresses [43]. By integrating high-throughput computation with machine learning
models, it is possible to simultaneously assess the intrinsic stability of interface materials, their chemical compatibility
with perovskite and transport layers, and their ability to maintain dynamically stable interfaces under temperature,
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humidity, and bias perturbations [44]. This shift from evaluating single-point performance to predicting evolutionary
behavior will establish a theoretical foundation for addressing long-term dynamic interface failure.

Beyond predictive screening, interface material design itself must embrace controlled dynamics. Recent
studies on thermally or environmentally activated dynamic passivation systems provide compelling experimental
evidence for the feasibility to develop an adaptive interface. In such a system, reversible chemical bonds or latent
Lewis-base precursor motifs can be activated under illumination, heating, or hydrothermal stress, enabling the
formation of new coordination or bonding sites in response to freshly generated interfacial defects [45]. This
dynamic defect compensation mechanism allows for sustained passivation during ongoing interfacial evolution,
effectively delaying performance degradation under harsh operating conditions. These findings demonstrate that
the interface does not need to be chemically static; instead, deliberately engineered reconfigurability can preserve
low defect densities and stable charge transport over extended operation.

In parallel, the construction of gradient and multilayer interfacial architectures offers an effective strategy to
mitigate interfacial chemical reactions and morphological degradation. Compared with single-layer passivation
schemes, gradient or multilayer interface can spatially decouple ion accumulation zones, charge transport regions,
and reaction-sensitive areas, thereby reducing local chemical potential build-up and suppressing reaction driving
forces. Rationally designed gradients in energy level alignment, composition, or polarity can also modulate the
migration pathways and local accumulation tendencies of halide ions and charge carriers, diminishing the
formation of reactive phases and lowering the risk of electrode corrosion. Moreover, by dispersing localized
stresses associated with ion migration and lattice mismatch, such architectures can suppress pinhole expansion and
interfacial fracture, enhancing both structural and electrical robustness during long-term operation.

Ultimately, a comprehensive understanding and effective regulation of dynamic interfaces rely on in situ and
real-time characterization techniques tailored to realistic working conditions. Conventional pre- and post-ageing
comparisons often obscure the initial triggers and critical transition stages of interfacial evolution. In contrast,
concurrent in situ spectroscopic, microscopic, and compositional analyses performed under illumination, electrical
bias, and thermal stress enable direct observation of ion migration, reactive phase formation, and defect state
evolution [46]. These time-resolved insights are essential not only for elucidating failure mechanisms but also for
establishing quantitative correlations between interfacial dynamics and performance degradation, thereby feeding
back into predictive and data-driven design frameworks (Figure 6).
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Figure 6. Strategies for dynamic perovskite/ETL interface.

In summary, interface engineering between the perovskite layer and the electron transport layer is undergoing
a necessary paradigm shift. Interfaces should no longer be regarded as static structures requiring permanent
chemical stability, but rather as dynamically evolving systems whose functionality can be actively regulated during
operation. Through the coordinated advancement of predictive modelling, adaptive material design, and in situ
characterization, it is increasingly feasible to develop genuinely dynamic passivation and regulation strategies.
Such approaches hold the key to overcoming the fundamental stability constraints imposed by interfaces and to
enabling the long-term operational reliability of perovskite solar cells.
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Abstract: High-entropy alloy nanoparticles have
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Alloying elements has been employed to modify material properties since the Bronze Age, with well-known
examples including the addition of tin into copper and chromium into iron to enhance hardness and corrosion
resistance [1]. At the nanoscale, tuning the composition of nanoparticles (NPs) can similarly optimize their
chemical, physical, and mechanical properties, such as surface reactivity, chemical stability, structural robustness,
and stiffness, enabling superior performance in catalysis, sensing, energy storage, and biomedicine. While earlier
studies mostly focused on bi- or tri-metallic NPs, since first proposed in 2004 [2], the concept of high-entropy
alloys (HEAs) introduced materials composed of five or more elements in near-equiatomic proportions. These
multicomponent NPs offer highly tunable chemical compositions and improved structural stability, as the
increased entropic contribution with increasing number of elements can overcome the enthalpic contribution and
stabilize solid solutions.

The most typical method in synthesizing HEA NPs involves high temperature/energy annealing followed by
rapid cooling, which promotes mixing of elements while skipping their structural aggregation, phase segregation,
and surface reconstruction. Notable examples include carbothermal shock [3], electroshock [4], and laser scanning
ablation [5], techniques that typically require specialized and sometimes complex instrumentation. Alternatively,
wet-chemical strategies such as multi-cation exchange [6] or co-reduction [7,8] have emerged as convenient
approaches, usually operating at relatively low reaction temperatures by carefully controlling metal insertion or
reduction rates. However, these methods are often limited by the miscibility of elements involved, and the products
are majorly governed by thermodynamics.

Aside from co-reduction, galvanic replacement provides another strategy for alloying metals driven by
differences in reduction potentials, in which a sacrificial metal template reacts with ions of more noble metals.
Liquid metal, in particular gallium (Ga), stands out as a unique substrate due to its non-toxicity, low melting point,
high metal solubility, and low reduction potential (Eo[Ga*/Ga] = —0.529 V vs. standard hydrogen electrode),
endowing it with strong reducing capability and an ideal medium for atomic-level metal mixing [9]. Reporting in
Nature, Zheng and co-workers demonstrated an isothermal solidification approach to synthesize HEA NPs
containing up to 20 elements at temperatures below 100 °C by employing Ga as both the reductant and reaction
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medium (Figure 1A) [10]. Beyond simple galvanic replacement [11], this approach can produce Ga-free HEA NPs
with tunable size, structure, and morphology.

Zn-Ka&Re-Lo

Temperature (°C)

Atomic per cent gallium

H, nucleation Metal incorporation Mixing Crystallization

J Liquid metal [_] GaOOH () H, bubble 9000000 Different metal elements | J HEA

Figure 1. (A) Elemental mapping by energy dispersive X-ray spectroscopy (EDS) showing a HEA NP containing
up to 20 metals, which was synthesized using isothermal solidification. (B) Phase diagram of a representative Cu—
Ga binary alloy, demonstrating two solidification routes. The rapid cooling solidification traps the high-temperature
states to form HEAs, as indicated by the red arrow. The isothermal solidification, in contrast, traps high-entropy
state by rapidly changing the composition at low temperatures, as marked by the blue arrow. (C) In-situ TEM
images capture the formation of a HEA NP (GalnSnZnCu) within a liquid environment at 60 °C. Yellow arrows
highlight H> bubble nucleation and growth, whereas the blue arrow indicates the stirring direction of the liquid
metal alloy. (D) Schematic of the formation of HEA NPs, showing the steps of Hz nucleation, metal reduction and
incorporation, metal mixing and crystallization.

Two steps are involved in isothermal solidification: (i) fast reduction of metal salts at the interfaces between
the Ga-based liquid metal and aqueous metal ion solution (Ga + % Me™ = Ga3*t + %M e), and (ii) dissolution
of the reduced metal atoms into Ga, followed by their dynamic mixing. Different from the rapid cooling
solidification which kinetically traps the high-temperature states to form HEAs (indicated by the red arrow in
Figure 1B), isothermal solidification traps the high-entropy state by rapidly changing the composition at low
temperatures (as highlighted by the blue arrow). The abrupt composition change leads to the liquid metal alloy
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entering a supercooled state, triggering elemental oversaturation in the liquid metal and their precipitation as HEA
NPs. Note that Ga can be largely excluded in the final product by controlling its consumption and metal
solidification rates, leaving alloys made of only desired elements. This distinguishes isothermal solidification from
previously reported liquid metal-assisted synthesis of HEA NPs at high temperatures [12], where Ga remains
incorporated in the final product.

The solidification process was further captured by in-situ transmission electron microscopy (TEM) to unveil
the atomistic mechanisms (Figure 1C,D). This state-of-the-art imaging technique allows two interesting
observations: (i) hydrogen bubbles were generated during the reduction process, and their stirring effectively
enhanced the metal element mixing; (ii) oscillatory nucleation and disruption were observed, which supports the
proposed rapid solidification. The disruption to the formation of crystals is likely induced by the stirring of
evolving hydrogen bubbles.

Beyond simply producing HEA NPs, isothermal solidification also has capability in controlling crystal
structure and morphology by tuning reaction temperature and metal salt concentration. With increasing
temperature, mesocrystalline (at 60 °C) and polycrystalline (at 80 °C) NPs were obtained, which can be attributed
to rapid solidification, dynamic heterogeneities, and mobility asymmetry of supercooled liquids. Reacting at a
lower temperature (40 °C) while doubling the concentrations of metal precursors led to the formation of amorphous
spherical NPs, potentially arising from the swift dissolution of metal atoms, deep undercooling of the liquid alloy,
and prompt solidification. In terms of morphology, with increasing reaction temperature, HEA NPs tended to exhibit
more uniform elemental distribution, more porous structures, and more diversified morphologies. A variety of shapes
including solid spheres, porous spheres, flow-like, dendritic, and snowflake-like structures have been observed. The
size of HEA NPs could also be tuned from 140-250 nm by controlling the size of the liquid metal droplets.

Despite its advantages, the isothermal solidification method still requires further development. For instance,
scalable synthesis is necessary to meet the demand of a large quantity for practical applications. Additionally, since
the shape and size of the HEA NPs are also affected by liquid metal droplets, achieving high-purity products
remains a challenge. Nevertheless, this approach based on rapid reduction and mixing of metals in liquid metal
nanoreactors offers an innovative platform for producing NPs that are otherwise difficult or tedious to synthesize,
such as single-atom alloys and multi-layer structures, potentially through careful control of metal salt
concentrations and drop-wise precursor addition. Moreover, its coupling with density functional theory (DFT) and
machine learning (ML) holds great promise for accelerating the identification of elemental compositions for
specific applications [13]. The nanoreactors could also be extended beyond liquid metals to micelles or bioreactors,
enabling selective element incorporation or alternative reduction mechanisms (e.g., photocatalysis). In summary,
isothermal solidification provides a one-step, low-temperature route to HEA NPs with controllable size,
morphology, and crystal structure, offering significant promise for applications in catalysis, batteries, and beyond.
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engineered biomaterials, emphasizing the design principles
and the benefits for soft tissue repair. This review begins
with a discussion on material selection, structural design,
and functionalization aimed at steering the physical,
chemical, and biological interactions at the interfaces.
Then, the basic regulatory strategies are highlighted,
including biophysical modulation, intermolecular interaction regulation, and microenvironment tuning.
Additionally, the applications of the functional interfacial materials in diverse soft tissues are discussed. Finally,
this review presents the current challenges for interface design, and proposes future directions for improving
therapeutic outcomes and translation.
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1. Introduction

Soft tissues refer to the non-mineralized structures within the body that connect, support, or surround other
organs and skeletal frameworks [1]. The repair of damaged or lost soft tissues, such as skin, muscle, tendon, and
nerve, remains a significant clinical challenge. Biomaterials show great potential for repair and regeneration of the
damaged soft tissues [2—4]. However, poor biomaterial-soft tissue interfaces often trigger adverse events, such as
abnormal adhesion, chronic inflammation, and impaired tissue integration. Such interfacial dysfunction compromises
the therapeutic efficacy and may even lead to repair failure. Whereas biomaterials with feasible interfacial properties
are capable of promoting material-tissue integration and improving eventual outcomes [5,6]. Therefore, the interfacial
engineering of functional biomaterials is urgently needed to improve the therapeutic efficacy.

Currently, the common limitations of biomaterials for soft tissue repair include poor adhesion in a wet wound
environment, mechanical mismatch-induced tissue stress or isolation, and inability to modulate the pathological
conditions, such as persistent inflammation or excessive oxidative stress, resulting in treatment failure. Thus, an
ideal interfacial biomaterial should provide adaptive and dynamic physical, chemical, and biological regulation
rather than passive coverage or filling. The emergence of interfacial engineered materials provides promising
platforms for soft tissue repair by enhancing the interactions at the material-tissue interfaces. By leveraging the
interaction mechanisms between materials and tissues, the engineered biomaterials can transmit beneficial
mechanical signals [7], establish strong molecular linkages [8], and regulate local microenvironments [9], thereby
actively promoting soft tissue repair. For example, polymers with thermal-responsive shrinkage behaviors have
been designed into wound dressings to deliver mechanical cues for inducing wound contraction [10]. Similarly,
self-expanding sponges have been engineered to provide continuous compression on surrounding tissues via
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volume expansion, enabling non-compressible hemostasis [11-13]. Another strategy is to regulate the adhesion
state between materials and soft tissues by modulating intermolecular forces [14—-16]. For example, strong
adhesion is required for dressings to ensure excellent fitting with the wounds, while low adhesion is desired during
dressing changing to avoid secondary damage. Furthermore, biomaterials functionalized with therapeutic agents,
such as polyphenols, peptides, drugs, and growth factors, can actively regulate the interfacial microenvironment
to promote tissue regeneration [17—19].

This article provides a comprehensive review of engineered interfacial biomaterials, covering design
principles, regulatory strategies, and applications in soft tissue repair. First, the principles of raw material selection,
structural design, and biofunctionalization of interfacial biomaterials are reviewed. Next, we explore the regulatory
strategies, including biophysical modulation, intermolecular interaction regulation, and microenvironment tuning.
Afterward, the applications in the repair of diverse soft tissues are discussed. Finally, current challenges and future
directions for rational design of next-generation materials are highlighted.

2. Design Principles of Interface-Engineered Biomaterials

The composition of biomaterials lays the foundation for regulating the mechanical property, degradation
behavior, cell response and tissue integration. Meanwhile, the structural design of the materials plays a crucial role
in engineering interfacial interactions. Furthermore, biofunctionalization endows the interfacial materials with
desired bioactivities to improve soft tissue regeneration.

2.1. Material Selection

The chemical composition determines the basic properties of the materials, including physical, chemical, and
biological characteristics, which directly dictate the efficacy of material-tissue interactions [20,21]. The material
hydrophilicity and mechanical compliance directly govern cell adhesion and mechanical matching with the host
tissue. Furthermore, the chemical groups provide active sites for additional functionalities, such as
microenvironmental responsiveness, antibacterial activity, and antioxidant property. The biomaterials are typically
classified into natural and synthetic materials. Natural materials possess superior biocompatibility and biological
properties. In contrast, synthetic polymers provide versatile platforms for programmable engineering of
mechanical property, degradation behavior, and surface modification.

Derived from biological sources, natural materials exhibit excellent biocompatibility and inherent bioactivity,
making them ideal candidates for soft tissue repair. Additionally, natural biomolecules are crucial to build active
interfaces with host tissues [22]. Polysaccharides, including sodium alginate [23], hyaluronic acid (HA) [24],
chitosan (CS) [25], and cellulose acetate [26], possess abundant hydroxyl, carboxyl, and amino groups that can
form physical or chemical crosslinking networks, serving as hydrophilic backbones of the substrates. Additionally,
the abundance of active groups facilitates the formation of hydrogen bonds and other chemical interactions with
tissue surfaces, which is essential for stable wet adhesion [27,28]. Cationic polymers, such as CS, enable
electrostatic interactions with negatively charged cell membranes, and have been widely used as anti-bacterial
wound dressings [29]. Oxidized natural polymers are able to achieve strong interfacial adhesion through dynamic
Schiff base bonds, which are formed by their aldehyde groups and amino groups on tissue proteins [30]. Proteins
such as collagen, gelatin, and silk fibroin play a vital role in mediating specific cellular interactions. Their cell-
adhesive motifs directly engage integrin receptors on cell surfaces to promote focal adhesion, spreading, and
migration. Gelatin, a denatured collagen that retains biologically active sites and exhibits temperature-dependent sol-
gel transition properties, has been widely utilized for injectable delivery and in-situ gelling strategies [31].
Furthermore, methacrylation of proteins such as gelatin methacryloyl (GelMA) enables the construction of photo-
crosslinkable systems, combining the inherent bioactivity with tunable in situ formability [32,33]. However, the
practical applications of natural materials are limited by batch-to-batch variability and mechanical instability.

Synthetic materials offer distinct advantages, including tunable degradation behavior, tailorable
mechanical properties, and versatile functionalization. The degradation behavior is of decisive significance for
the success of tissue repair [34]. It has been well known that tissue repair scaffolds require suitable degradation
behavior that provides structural support yet does not hinder tissue regeneration and growth [35]. In addition,
degradation products interact with the surrounding environment and cells, leading to local pH change and
inflammatory responses. The synthetic polymers can be designed and synthesized to offer exceptional tunability
in chemical, mechanical and degradation behaviors to meet the specific requirements of diverse soft tissues.
Notably, mechanical properties such as elasticity and toughness can be precisely tailored by selection of synthetic
polymers, adjustment of the compositional ratios, and engineering of the crosslinking network, minimizing
mechanical mismatch at the material-tissue interface [36,37]. As an example, polyurethane (PU) has become an ideal
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material for fibrous membranes that endure cyclic deformation owing to its exceptional toughness, elasticity, and
biocompatibility [38]. Poly(L-lactide-co-e-caprolactone) (PLCL) has been readily electrospun into nanofibrous
scaffolds as soft tissue-compatible bioresorbable materials [39]. Similarly, synthetic materials composed of
polyacrylamide (PAAm) or poly(ethylene glycol) (PEG) provide inert networks and tunable mechanical properties.

Stimuli-responsive polymers play an essential role in creating active interfaces. For example, poly(N-
isopropylacrylamide) (PNIPAM) represents a typical thermoresponsive material, with a lower critical solution
temperature (LCST) close to body temperature [40]. Upon warming to 37 °C, PNIPAM chains embedded in the
hydrogels or fibers undergo a hydrophilic-to-hydrophobic transition, generating considerable contractile force [41].
The body temperature-responsive contraction property has been widely used to construct materials that actively
apply mechanical tension to wound edges for promoting wound closure [27]. The responsive mechanisms based
on reactive oxygen species (ROS)- or pH-sensitive dynamic bonds, such as boronate esters and Schiff bases, have
been employed for microenvironment-stimulated drug delivery. In addition, enzyme-responsive materials have
been designed to react with specific enzymes in the microenvironment for on-demand drug delivery [42]. A typical
example is the pH- and enzyme- dual-responsive microgel, which enables on-demand release of antibiotics [43].
Another example involves photo-responsive systems for on-demand drug delivery [32]. Collectively, the stimulus-
responsive platforms enable the construction of programmable interfacial materials for adaptive and dynamic
therapeutic interventions.

In practical applications, natural and synthetic materials are often hybridized to combine their specific advantages,
such as biocompatibility, mechanical properties, biodegradability, etc. By tailoring the key behaviors, the interfacial
interactions between the biomaterials and the surrounding biological environment can be effectively optimized.

2.2. Structural Design

Apart from material selection, the structural design plays a critical role in engineering interfacial interactions.
Biofunctional materials can be rationally engineered by designing the structure to provide interfacial interactions,
such as mechanical signal transmission, exudate management, and biological signal delivery. The structural design
transforms the materials into active platforms, which are beneficial for the construction of a favorable interfacial
microenvironment for soft tissue repair.

As a representative strategy, a “stiff-elastic” binary component fibrous tape with body temperature shrinkage
behavior was developed via electrospinning to provide tensile force for wound closure [44]. In this study, highly
elastic PU and stiff poly(vinyl butyral) (PVB) were used for electrospinning, during which PU chains could be
stretched under the electrostatic field followed by fixation within the rigid PVB network, resulting in considerable
elastic energy storage (Figure 1Ai). A rapid and large isotropic shrinkage of the fibrous membrane was observed
upon exposure to 37 °C, due to the retraction of the PU/PVB molecular chains (Figure 1 Aii). Notably, the shrunk
membrane could be highly stretched, and an almost full recovery could be achieved after exposure to 37 °C
(Figure 1Aiii). The thermal-triggered shape recovery was attributed to the mobility of polymer chains and
exchanges of H-bonds (Figure 1Aiv). The generated contractile force was capable of inducing significant wound
closure and promoting wound healing. In addition, the contraction directionality of dressings can be readily
adjusted by controlling the fiber alignment. As an example, a nanofibrous membrane with biaxial orientation was
fabricated by regulating the collector geometry during electrospinning. Interestingly, a distinct centripetal
contraction was achieved upon thermal stimulation, providing favorable peripheral-to-center mechanical drawing
of wound edges [45]. Alternatively, controlled wound contraction can be achieved by a hydration-based shape-
memory mechanism. Zhao et al. developed a strain-programmed patch, which was pre-stretched and maintained
in a temporary state [46]. Upon water absorption, the adhesive layer of the patch recovered from the glassy to the
rubbery state, releasing the predetermined strain, and thereby providing contraction force.

Alternatively, the rational structural design endows the materials with a liquid-triggered self-expansion
behavior, generating interfacial compression, which facilitates rapid hemorrhage control in irregular and deep
wounds. For instance, Ding et al. developed a highly porous bioactive glass nanofibrous cryogel (BGNC), which
was composed of flexible BG electrospun fibers and citric acid-crosslinked poly(vinyl alcohol) (PVA) via
homogenization of electrospun fibrous membranes and freeze-drying (Figure 1Bi) [47]. The cryogel could be
injected into a deep cavity, followed by a rapid expansion triggered by fluid absorption, resulting in a full filling
of the cavity (Figure 1Bii). The expansion stress was measured during fluid absorption. Upon water absorption,
BGNC exhibited an ultrafast expansion within 3 s and generated a substantial expansion stress of 2.72 kPa, which
was about 4.7 times that of PVA cryogels (Figure 1Biii). Moreover, BGNCs exhibited underwater resilience with
near zero Poisson’s ratios during cyclic compression (Figure 1Biv). These findings indicate that BGNC holds great
potential for treating deep bleeding wounds, even under dynamic conditions such as movement. Alternatively, in
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situ gas foaming provides a robust approach for generating expansive pressure within injectable hydrogels.
Specifically, the hydrogels containing calcium carbonate and acetic acid are able to generate carbon dioxide
bubbles due to the decomposition reaction, resulting in hydrogel expansion and self-propelling (Figure 1Ci) [48].
Figure 1Cii shows the changes in stress during expansion process. The hydrogels with self-expanding and self-
propelling action would access deep perforating and conform to the irregular wound cavities.
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Figure 1. Structural design of interface-engineered biomaterials. (A) The electrospun “stiff-elastic” binary-
component fibrous membrane with thermal-triggered shrinkable capability. (i) Schematic showing the stretching
process of PU/PVB chains followed by fixation induced by phase separation during electrospinning. (ii) Shrinkage
behavior at 37 °C. Scale bar indicates 1 cm. (iii) The stretching-release-thermal recovery behavior and (iv)
mechanism of the shrunk membrane. Reproduced with permission [44]. Copyright 2024, Wiley-VCH. (B) Highly
porous fibrous cryogels with self-expanding behavior. (i) Schematic showing fabrication process by homogenization
of electrospun membranes and freeze-drying. (ii) Injectability and fluid absorption triggered self-expansion
performance. (iii) Expansion stress upon water absorption. (iv) Poisson’s ratio and photographs of the fibrous
cryogel under cyclic compression. Reproduced with permission [47]. Copyright 2023, American Chemical Society.
(C) Carbon dioxide bubble generating hydrogel with self-expanding performance. (i) Schematic showing the
hydrogel expansion mechanism. (ii) Stress during expansion. Reproduced with permission [48]. Copyright 2024,
Wiley-VCH. (D) Janus fibrous dressing with unidirectional fluid transportation capability. Reproduced with
permission [49]. Copyright 2024, Wiley-VCH. (E) Self-pumping organohydrogels with aligned hydrated hydrogel
channels. Reproduced with permission [50]. Copyright 2024, Wiley-VCH.

The material architectures can be engineered to harness fluidic forces, facilitating wound exudate
management. Excessive wound exudate poses risks of delayed healing, wound degeneration, infection, and
persistent inflammation. In clinical practice, it is crucial to remove excessive exudate timely. However, it is
difficult for traditional materials to remove biological fluids with high viscosity from the wound surface. The Janus
dressing with asymmetric wettability represents a typical example of driving fluid transport. As an example, a
bilayered dressing consisting of a hydrophobic poly(e-caprolactone) (PCL) electrospun membrane and a hydrophilic
cellulose nonwoven was prepared, resulting in Laplace pressure difference (Figure 1D) [49]. Therefore, a
unidirectional fluid transport was achieved from the wound-facing hydrophobic layer to the hydrophilic absorbent
layer, effectively draining exudate from the wound beds. A step forward has been made by engineering fluidic
pathways with improved capillary pumping effect. For instance, hydrogel dressings with directional hydration
channels were prepared by 3D-templated wetting-enabled-transfer polymerization, followed by integration with
hydrophobic and hydrophilic gel layers, achieving self-pumping of viscous biofluids (Figure 1E) [50]. The synergistic
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effect of guided channels and Janus wettability gradient led to an exceptionally high unidirectional fluid drainage
capability at a speed up to 41.67 pL-s ', far surpassing that of conventional asymmetric dressings (less than 5.0 pL-s™).

2.3. Functionalization with Bioactive lons or Biomolecules

Biofunctionalization provides a pivotal strategy to endow the interfacial materials with biological
capabilities. The addition of bioadhesive substances such as catechol derivatives is favorable for enhancing
intermolecular bonding forces at the tissue interface [51]. The immobilization of therapeutic agents, such as active
ions, antioxidants, anti-inflammatory drugs, and growth factors, offers rich opportunities to improve the hostile
tissue microenvironment [52-54], including alleviating chronic inflammation [55], suppressing excessive
oxidative stress [56], and promoting angiogenesis.

Bioactive metal ions can be directly integrated into material networks to impart multifunctionality. For
example, zinc ions (Zn?") exhibit broad-spectrum antibacterial property while facilitating human umbilical vein
endothelial cell proliferation and angiogenesis [57]. Iron ions (Fe**) can serve as crosslinking agents to form strong
coordination complexes and participate in the Fenton reaction to clear ROS, thereby improving therapeutic
outcomes [28,58]. Nanocarriers, including metal-organic frameworks (MOFs), nanoparticles, nanofibers and
nanohydrogels, act as versatile reservoirs for controlled drug delivery. Diverse biomolecules and bioagents have
been readily encapsulated into the nanocarriers for controlled release. It can be engineered in response to
microenvironmental stimulus such as pH, ROS, and proteinases. Certain MOFs based on Zn?>*, Mg?*, or Fe*"
possess superoxide dismutase (SOD)-like, or catalase (CAT)-like activities, showing great potential for ROS
scavenging [59,60]. In addition, the released bioactive metal ions contribute to antibacterial and angiogenesis
functions. The MOF hydrogel loaded with functional small molecules is able to regulate local immune response
and accelerate wound healing [61]. Overall, owing to excellent drug delivery efficiency and outstanding
antioxidant capacity, MOFs have shown great potential in soft tissue repair [62].

Polyphenols, such as tannic acid (TA) and its derivatives, serve dual roles as versatile interfacial adhesives
and bioactive modulators [63,64]. The high density of catechol/pyrogallol groups facilitates strong adhesion
through hydrogen bonding, hydrophobic interactions, and coordination bonds. The excellent ROS scavenging
capability makes them effective antioxidants for tissue regeneration [65]. Furthermore, their metal-chelating ability
allows the formation of functional complexes to achieve additional activities [66]. Curcumin, a polyphenolic
compound, was encapsulated into microneedle patches to reshape the microenvironment and improve the repair
of chronic soft tissue defects [67]. As another example, epigallocatechin gallate was introduced to the microneedle
patches, which showed antibacterial and antioxidant capacity in healing process of infected diabetic wounds [68].
Various herbal preparations, including flavonoids and terpenoids, have been proven to reduce oxidative stress,
regulate signaling pathways, and promote angiogenesis [69].

Overall, through diverse functionalization approaches, biomaterials can be endowed with tissue adhesion,
specific bioactivities, and improved tissue-interfacing properties. More recently, the advancement of stimuli-
responsive delivery system can provide more intelligent systems, which are conducive to controlling cell response
and improving tissue regeneration.

3. Regulatory Strategies of Material-Tissue Interfacial Interactions

The material-tissue interface represents a dynamic spatiotemporal system, involving interactions between the
implanted materials and biological components, such as proteins, cells, and tissue fluids [70,71]. It has been widely
recognized that interfacial molecular interactions constitute the basis underlying most biological processes in
nature [72]. The interfacial interactions ultimately drive multi-level physical, chemical, and biological events.
Thus, the material-tissue interfacial interactions are of importance for modulating cell behavior and tissue function.
The basic regulatory strategies include biophysical modulation, intermolecular interaction regulation, and
microenvironment tuning, which collectively influence cell adhesion, migration, and differentiation, and
consequently govern tissue adhesion, integration, and regeneration. Notably, biophysical modulation delivers
physical force cues, including tension and compression, and also mediates capillary action, thereby promoting
wound closure, hemostasis, and exudate drainage. The intermolecular interactions, including hydrogen bonds and
dynamic chemical bonds, can directly mediate the interface between materials and tissues. Specifically, strong
intermolecular interaction leads to robust adhesion ability, whereas the repulsive force results in superior anti-
adhesion performance. Furthermore, increasing evidence suggests that biofunctionalized interfaces capable of
modulating microenvironment exhibit a powerful ability to recapitulate the in vivo conditions through biochemical
cues, such as pH, ROS, growth factor expression, and cell phenotypes.
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3.1. Biophysical Modulation

As a non-invasive strategy, the biophysical modulation harnesses biophysical cues to promote the healing
process. For instance, the interfacial materials can be engineered to generate tensile forces through contraction,
apply compressive pressure via expansion, and drive fluid transport by capillary action. By delivering such active
biophysical cues, these materials guide critical repair outcomes, including wound closure, hemostasis, and exudate
drainage, in a direct and effective way.

Contractile forces can be generated by engineering the materials to undergo programmable dimensional
changes. For instance, a moisture-adaptive fiber composed of sodium alginate, gelatin, and hydroxyl-rich silica
nanoparticles was prepared by Di et al. (Figure 2Ai) [73]. Specifically, upon fluid absorption, the disruption of
intermolecular hydrogen bonds caused molecular chain relaxation and fiber elongation. Subsequent drying process
triggered the reconstruction of hydrogen bonds, forcing the polymer chains into a contracted conformation and
generating substantial uniaxial contractile force, which actively drew wound edges together in a simulated wound
model (Figure 2Aii). Alternatively, thermal activation offers a facile approach for providing contractile forces [74].
Hydrogels formulated with temperature-sensitive polymers exhibited volume shrinkage upon reaching their LCST.
When bridged across a wound, this contraction generated a continuous closing force. The stress-shielding effect
directly relieved mechanical tension at wound edges, effectively promoting healing and mitigating scar formation
(Figure 2B).

In addition to contractile forces, the interfacial materials can be engineered to offer controlled expansion for
providing compression, which is beneficial for hemostasis. To this end, shape memory materials that undergo
liquid-triggered self-expansion have been developed to deliver interfacial compression. For instance, a porous
scaffold composed of carboxymethyl cellulose (CMC) fibers and acetalized PVA expanded to more than 20 times
its original volume within seconds upon blood contact, attributed to the volumetric expansion of the porous
network and the swelling of embedded hydrophilic fibers [75]. The expansion forces exerted mechanical
compression to the bleeding blood vessels at the lesion sites, similar to manual pressure for stopping bleeding. As
another example, Wu et al. developed a self-expanding cuttlefish bone elastomeric sponge (CBES) with ordered
microchannels, which was composed of cuttlefish bone powder, poly (glycerol sebacate) (PGS) and PCL by 3D-
printing (Figure 2Ci) [76]. It was found that the sponges absorbed fluid rapidly upon blood contact, leading to red
blood cell enrichment for blood clotting, along with shape recovery for exerting expansion pressure at the bleeding
sites. Moreover, the ordered microchannel architecture provided guiding cues for blood flow, and the incorporated
bioactive cuttlefish bone powder was capable of enhancing the coagulation cascade (Figure 2Cii).
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Figure 2. Interfacial biomaterials for biophysical modulation. (A) Contractile force provided by the humidity-
responsive fibers. (i) Schematic showing fabrication of the textile knitted by the composite fibers. (ii) The simulated
contraction process by using an agarose model. Reproduced with permission [73]. Copyright 2023, Wiley-VCH.
(B) Schematic illustrating contractile force provided by the stress-shielding hydrogel for reducing scar formation.
Reproduced under the terms of the CC BY 4.0 license [74]. Copyright 2024, the authors, published by Wiley-VCH.
(C) Compressive pressure provided by the self-expanding elastomeric sponge. (i) Schematic showing fabrication
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process of the sponge with ordered channels and porous structures. (ii) Schematic illustrating the hemostatic
mechanism of the sponge, combining mechanical compression by rapid self-expansion, red blood cell aggregation,
and Ca?" triggered coagulation. Reproduced with permission [76]. Copyright 2023, Wiley-VCH. (D) Capillary
force provided by the tri-layered Janus scaffold integrating hydrophobic/hydrophilic asymmetric wettable layers
and aligned hollow microneedle channels. (i) Schematic showing fabrication of the mid-layer featuring aligned
hollow microneedle channels. (ii) Schematic showing transport process when droplet contacts with different layers.
(iii) The schematic showing the self-pumping mechanism of SPFH scaffolds in which the wetting force generated
by the hydrogel layer pulled the droplets from the contacting points. Reproduced with permission [77]. Copyright
2025, Wiley-VCH.

The capillary force of the materials based on the Laplace pressure gradients, offers a simple and versatile
strategy for guiding fluid transport, which is beneficial for wound exudate drainage. The dressings constructed by
depositing a hydrophilic layer on a hydrophobic layer create asymmetric wettability, offering a directional
capillary force [78,79]. The principle was further amplified in an advanced design by integrating aligned hollow
hydrophilic microchannels or microneedle arrays with the hydrophilic/hydrophobic Janus dressing. As shown in
Figure 2Di, Pei et al. fabricated a tri-layer self-pumping Janus fibrous hydrogel scaffold (SPFH) composed of an
inner hydrophobic electrospun drainage layer, an outer hydrophilic storage layer, and a middle supramolecular
hydrogel layer with hollow microneedle channels [77]. The combination of hydrophobic/hydrophilic asymmetric
wettability and microchannels synergistically enhanced the drainage performance (Figure 2(Dii,Diii)). In addition
to highly efficient exudate drainage, the superhydrophobic surface is able to repel the wound fluid and minimize
adhesive contact, facilitating easy and non-traumatic removal [80].

3.2. Intermolecular Interaction Regulation

The dynamic molecularly engineered interfaces have attracted considerable attention. Interfacial
biofunctional materials for soft tissue repair rely on sophisticated intermolecular interactions to modulate the
biological response at different stages. For example, Cao et al. developed a timescale-dependent bioadhesive,
enabling strong wet adhesion, along with fault-tolerant and convenient surgical operations (Figure 3Ai) [81]. In
the initial stage which lasts only seconds, the hydrogel formed instant and reversible physical interactions with
wet tissue surfaces, allowing repositioning or detachment of misplaced adhesives without causing secondary tissue
damage, which was superior to the conventional covalent-based tapes (Figure 3(Aii,Aiii)). Subsequently, a
transition from physical interactions to strong covalent linkages occurred in hours, and an interfacial toughness of
approximately 1268 J m2 was achieved.

The interface water layer, which mediates the material-tissue interactions dramatically, poses a significant
challenge to the adhesion effect [82]. To overcome this challenge, various strategies have been developed,
including disruption of hydration layer, enhancement of intermolecular interactions, introduction of covalent
bonds, and design of water absorption structures [83]. For example, self-gelling coacervate powders were
developed to achieve robust adhesion on wet tissue surface, through a liquid-liquid phase separation process
mediated by intermolecular hydrogen bonds and hydrophobic interactions between TA, CS, and PEG (TCP) [84].
Upon absorption of interfacial water, in situ self-gelling occurred for the powders, leading to a tight adhesion to
various material surfaces, attributed to the formation of hydrogen bonding, cation-m interactions, and coordination
bonding (Figure 3Bi). A higher adhesion strength was achieved for the TCP gel compared with fibrin sealant
(Figure 3Bii). Moreover, loading of bioactive substances such as platelet-rich plasma and deferoxamine was
beneficial for wound healing. Apart from adhesion materials, the anti-adhesive materials play a crucial role in
preventing postoperative adhesions. For example, Wang et al. developed a self-fused, antifouling, and injectable
hydrogel to prevent postoperative peritoneal adhesions [85]. The hydrogel was constructed through reversible
hydrogen-bonding networks between methacrylate hyaluronic acid (HA-GMA) and ultra-hydrophilic N-(2-
hydroxypropyl) methacrylamide (HPMA) side chains (Figure 3Ci). Interestingly, the dense hydrated layer
consisting of ultra-hydrophilic HPMA chains functioned as an antifouling barrier, effectively repelling proteins
and fibroblasts (Figure 3Cii). The hydrogel facilitated peritoneal repair by modulating mesothelial-to-
mesenchymal transition. In another example, a microgel assembly with programmable self-contraction, robust
adhesiveness, and triggerable detachment, was developed to provide a mechanically active interface for wound
healing by activating mechanotransduction [86]. Specifically, the self-contraction N-isopropyl acrylamide
(NIPAM)-co-acrylic acid (AAC) microgel assembly with robust tissue adhesion featured a secondary network of
polyacrylic acid and calcium ions (Figure 3Di). Interestingly, the adhesion decreased dramatically after spraying
of sodium bicarbonate solution, allowing noninvasive removal of the dressings (Figure 3(Dii,Diii)). Importantly,
the microgel was capable of temperature-triggered self-contraction, which enabled mechanical traction directly to
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the wound surface. The mechanical cue activated mechanotransduction pathways, such as Hippo and TGF-/Smad,
to promote cell conversion and collagen synthesis. Simultaneously, the contraction of exosome-laden microgel
assembly (SMART-EXO) facilitated the on-demand release of exosomes to accelerate re-epithelialization through
PI3K/AKT and MAPK/Erk signaling, indicating a transition from passive barriers to active mechanical and
biochemical regulators.
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Figure 3. Interfacial biomaterials for intermolecular interaction regulation. (A) The fault-tolerant hydrogel tape
with reversible adhesion at the initial stage and long-term strong adhesion capability. (i) Schematic showing the
fault-tolerant mechanism due to the formation of non-covalent interactions in seconds. The time-dependent
adhesion strength of (ii) common hydrogel tapes and (iii) fault-tolerant hydrogel tapes. Reproduced under the terms
of the CC BY 4.0 license [81]. Copyright 2021, the authors, published by Springer Nature. (B) Coacervate powder-
derived adhesive hydrogel. (i) Schematic showing adhesion mechanism to different substrates. (ii) Adhesion
strength on porcine skin. Reproduced with permission [84]. Copyright 2025, Wiley-VCH. (C) Hydrogel with anti-
adhesion capability. (i) Schematic showing hydrogel preparation. (ii) Schematic showing its application on a rat
cecum-abdominal wall adhesion model. Reproduced under the terms of the CC BY 4.0 license [85]. Copyright
2022, the authors, published by KeAi Publishing. (D) Microgel assembly with self-contraction, adhesive, and
triggerable detachment capabilities. (i) Schematic showing the fabrication process of the microgel. (ii) Schematic
showing the wet adhesion and triggerable detachment of the microgel. (iii) The interfacial toughness of the microgel
on wet porcine skin decreased significantly upon application of triggering solution for 5 min. Reproduced with
permission [86]. Copyright 2024, Wiley-VCH.

3.3. Microenvironment Tuning

Beyond biophysical modulation and intermolecular interaction regulation, advanced interfacial material
functions as an active platform that dynamically regulates the local biochemical and cellular microenvironment of
the lesion sites. Significant efforts have been devoted to the development of biofunctionalized materials to regulate
hostile microenvironment with excessive ROS, dysregulated inflammation, and aberrant cellular signaling,
creating a conducive niche for promoting efficient regeneration. The active intervention strategy is capable of
addressing the pathological imbalances of chronic or impaired healing, offering a sophisticated approach for
microenvironmental reprogramming.

ROS scavenging and oxidative stress alleviation have been recognized as critical and primary issues for
mitigating the deleterious ROS-inflammation cascade in injured tissues. Thus, the antioxidative materials that can
protect cells from oxidative damage and activate pro-survival and pro-migration pathways have been widely used
as interfacial agents. Nanomaterials engineered with enzyme-mimicking nanozymes can directly scavenge
multiple types of ROS [87]. For instance, metal-polyphenol coordination nanoparticles not only exhibit SOD-like
activity to catalyze the conversion of superoxide anions, but also upregulate endogenous antioxidant enzymes
(e.g., SOD, CAT) in cells. The dual-action, at the material-tissue interface, effectively decreases the local oxidative
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burden, protects mitochondrial integrity from damage, and subsequently downregulates harmful pathways such as
AGE-RAGE, thereby rescuing cellular function and creating a redox-balanced microenvironment conducive to
healing [88].

The sustained inflammation and compromised angiogenesis pose major obstacles for soft tissue regeneration.
It has been reported that the nuclear factor-kB (NF-«kB) signaling pathway is the key mechanistic target of ROS-
inflammatory cascade. Therefore, a tetrahedral framework DNA hydrogel (TDH) was prepared for effective ROS
scavenging (Figure 4Ai1), which could inhibit the activation of NF-«B pathway, leading to downregulated expression
of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-o)) and interleukin-1 (IL-1B) and improved
macrophage switching from a pro-inflammatory (M1) to an anti-inflammatory (M2) state (Figure 4(Aii—Aiv)) [89].
The precise immunomodulation at the tissue interface is capable of eliminating chronic inflammation and fostering a
restorative microenvironment.

Integration of biochemical regulation and biophysical stimulation provides a comprehensive strategy for
promoting wound healing. For example, an antioxidative and thermosensitive active shrinking hydrogel was
constructed to enhance re-epithelization and skin constriction [90]. It was found that the gel activated the
mechanosensitive epidermal growth factor receptor/Akt pathway, thereby promoting cell proliferation.
Furthermore, electrical stimulation offers robust regulatory cues to modulate cell proliferation and migration. A
self-powered thermoelectric hydrogel Ag,Se@GelMA was developed to generate stable electrical stimulation at
the material-tissue interface by taking advantage of the temperature difference between the skin and the
environment (Figure 4Bi) [91]. Electrical stimulation activated voltage-gated calcium channels on adjacent cells,
triggering calcium ion (Ca®") influx (Figure 4Bii). Subsequently, the increase of free Ca*" levels in the cytoplasm
activated Ca®"/calmodulin-dependent protein kinase B (CaMKK}), which phosphorylated AMP-activated protein
kinase (AMPK) at the threonine 172 (Thr172). Modulation of AMPK activity through Ca?" signaling enhanced
mitochondrial function and dynamics, significantly promoting key cellular activities including proliferation,
migration, and angiogenesis. Therefore, interfacial materials can transmit biochemical and biophysical signals that
directly regulate the cellular activities necessary for tissue repair. The active regulation of cell behavior through
favorable interfacial interactions provides essential support for guiding soft tissue repair.
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Figure 4. Interfacial biomaterials for microenvironment tuning. (A) DNA hydrogel with inflammation regulation
capability. (i) Schematic showing hydrogel formation via cross-linking of tetrahedral DNA nanostructures based
on complementary base pairing. Representative immunofluorescence images and heatmaps of (ii) iNOS and (iii)
CD206 staining. (iv) Schematic showing that the hydrogel disrupted the ROS-inflammatory cascade in macrophages
via downregulation of NF-kB pathway. Reproduced with permission [89]. Copyright 2025, Wiley-VCH. (B) The
thermoelectric hydrogels with cell behavior regulation capability. (i) Schematic showing the fabrication of
hydrogel-based electrical stimulation device. (ii) Schematic showing the mechanism and pathway of hydrogels for
promoting wound healing. Reproduced with permission [91]. Copyright 2025, American Chemical Society.

4. Applications in Soft Tissue Repair

The repair of severe soft tissue defects remains a huge challenge. Interfacial biomaterials are designed to
serve as temporary yet instructive matrices for actively guiding tissue regeneration. The ultimate goal is long-term
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integration followed by functional restoration. Thus, these constructs are engineered to not only fill the defect but
also interact dynamically with the host tissues, directing key processes such as stem cell fate, tissue-specific
regeneration, or the prevention of pathological adhesions. To date, the biomaterials have been constructed in the
forms of injectable hydrogels, electrospun patches, decellularized matrix composites, etc., for the applications in
repair of various soft tissues including skin, tendon, nerve, muscle, fascia, etc.

4.1. Skin Repair

As a critical component of soft tissue, the skin repair faces several challenges of rapid hemostasis, accelerated
wound closure and complete restoration of skin function. Biofunctional interfacial materials have emerged as a
versatile platform to manage bleeding or modulate wound microenvironment. Consequently, these materials
demonstrate enormous potential beyond traditional wound dressings.

As the first stage of wound healing, uncontrollable bleeding remains the main cause of preventable death.
Additionally, hemostasis establishes a provisional matrix enriched with activated platelets, which subsequently
play a critical role in tissue repair and regeneration [92,93]. Therefore, hemostasis represents a crucial step that
lays the foundation for subsequent soft tissue regeneration. Rapid and effective hemostatic materials should be
capable of minimizing blood loss, preventing rebleeding, and facilitating wound healing.

The asymmetric dressing features a self-pumping action that unidirectionally transports excessive serum from
the hydrophobic layer to the hydrophilic layer, concentrating coagulation factors and promoting hemostasis. As an
example, a Janus amphipathic Fiber@Gel/Ca?"/KL dressing was developed by combining multiple hemostatic
mechanisms to enhance the efficiency [94]. Upon application to the bleeding wounds, the dressing enabled
unidirectional self-pumping of serum, which effectively concentrated red blood cells and platelets, while
simultaneously releasing calcium ions to activate the coagulation cascade (Figure 5Ai). The multifunctional
interfacial action promoted a rapid formation of stable clots in the rabbit ear artery bleeding models, resulting in
reduced blood loss and hemostatic time (Figure 5(Aii,Aiii)). Notably, the anti-adhesive property of its hydrophobic
surface allowed for easy and safe removal of the dressing without causing secondary hemorrhage.

Non-compressible hemorrhage control in deep wounds represents a significant challenge. The self-expanding
porous materials have been extensively studied to provide interfacial compression for physical tamponade, and
absorb liquid for concentrating coagulation factors, resulting in improved blood clotting [95]. Freeze-drying offers
a straightforward approach to develop interconnected porous sponges. The porous sponges, fabricated via freeze-
drying, could rapidly absorb blood and expand within seconds to exert mechanical pressure on damaged vessels
(Figure 5Bi) [96]. The hemostasis time of the hemostatic sponges in the mouse liver injury model was 41 s, which
was much shorter than that of the commercial chitosan sponge group (77 s) (Figure 5Bii). Furthermore, on-demand
removal was achieved via a simple rinsing that disrupted the ionic crosslinks, enabling safe debridement without
disrupting the fresh clot. Moving forward, an approach combining cryogelation, solvent exchange and ambient-
temperature drying has been developed to offer a potential strategy for reducing production costs (Figure 5Ci) [97].
By using this approach, a chitosan fiber (CSF)-based cryogel with fast expanding capability has been fabricated.
When applied in the rabbit axillary artery and vein complete transection model, the compressed CSF sponge
rapidly absorbed blood, expanded, and sealed the cross-section of the artery, leading to reduced blood loss and
hemostatic time (Figure 5Cii).

In addition to hemorrhage control, the main challenges facing skin wound healing include exudate
management, persistent inflammation, and tissue regeneration disorders. Through precise engineering of
interfacial interactions, including rapid exudate drainage, delivery of mechanical forces, and spatiotemporal
modulation of the biochemical signals, the advanced wound dressings enable transformation of the hostile wound
bed into a regenerative microenvironment. The dressings have been designed in various forms, including film,
hydrogel, sponge, and nanofibrous scaffold, demonstrating superior efficacy in accelerating wound closure,
enhancing tissue regeneration, and restoring function across diverse wound models.

Management of hostile wound microenvironments combines multiple interfacial functions to address co-
existing challenges such as heavy exudation and persistent inflammation. For treatment of burn wounds with
massive exudates, Wang et al. developed a self-pumping organohydrogel dressing with hydrophilic fractal
microchannels [98]. By utilizing creaming-assistant emulsion interfacial polymerization, the dressing was
constructed with gradient-distributed poly-lauryl methacrylate (PLMA) organogel particles embedded within
PAAm hydrogel networks (Figure 6Ai). Owing to the multilevel capillary effects, the organohydrogel dressing
enabled ~30 times enhancement in fluid drainage compared to the pure hydrogel. In a murine burn model, a ~42.5%
reduction in dermal cavity was achieved compared to that of commercial Tegaderm dressings (Figure 6Aii).
Moreover, microenvironment regulation via bioactive agent delivery focuses on governing pathological
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imbalances and directing cellular behavior. For treatment of diabetic wounds, a double-layered dressing composed
of a ROS-degradable conjugated polymer poly(deca-4,6-diynedioic acid) (PDDA) and CS was employed for
microenvironment modulation [99]. The dressing continuously scavenged ROS to alleviate inflammation, in
parallel with sustained succinic acid delivery to promote angiogenesis and tissue regeneration. The double-layered
dressing significantly promoted wound healing in both diabetic mouse and porcine models. In another example, a
wound dressing composed of radially aligned nanofibers and near-infrared responsive microparticles was
developed for spatiotemporal release of growth factors [100]. The nanofiber scaffolds facilitated wound healing
by activating PI3K-Akt, MAPK, and immune pathways in a porcine model.
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Figure 5. Applications of interfacial biomaterials for hemostatic management. (A) Janus self-pumping dressing for
hemostasis. (i) Schematic showing the hemostasis mechanism. (ii) Blood loss and (iii) hemostatic time in the rabbit
ear artery bleeding model. Reproduced with permission [94]. Copyright 2024, Wiley-VCH. (B) Self-expanding
sponge prepared by freeze-drying method for non-compressible hemorrhage. (i) Schematic showing the self-
expansion, blood cell adhesion, and aggregation processes. (ii) Hemostatic time of the sponges in the mouse liver
injury model. Reproduced with permission [96]. Copyright 2025, Wiley-VCH. (C) Self-expanding fibrous cryogels
prepared via a non-freeze-drying strategy for non-compressible hemorrhage. (i) Schematic showing the fabrication
of cryogels by assembling micro-hydrogels. (ii) Hemostatic capability of the self-expanding fibrous cryogels.
Reproduced with permission [97]. Copyright 2023, Wiley-VCH.

To meet the demands of strong adhesion and painless removal for wound dressing, a multifunctional
thermoresponsive hydrogel dressing (DA-Hyd-Doxy) was developed by copolymerization of N-isopropylacrylamide
and dopamine-modified zwitterionic poly(amidoamine)s as the matrix, loaded with doxycycline [101]. The hydrogel
exhibited smart interfacial adhesion, providing strong attachment to the dynamic wound site at body temperature,
while allowing painless removal upon cooling (Figure 6Bi). In addition, antibacterial activity was mediated by
doxycycline delivery, and antioxidant and anti-inflammatory effects were provided by the dopamine moiety directly.
In the infected skin wound model established on the nape and dorsum of diabetic rats, this multifunctional interfacial
strategy significantly promoted wound healing with a near-complete closure (wound area of 1.1 = 0.4%) at day 15,
which markedly outperformed conventional gauze (Figure 6Bii).

Active mechanical intervention for wound closure involves materials that provide physical forces directly to
the wound edges, counteracting skin tension and promoting contraction. For example, a core-ring structured
hydrogel (CR-gel) was fabricated via two-step photopolymerization, in which the C-gel was composed of
methacrylate hyaluronic acid (HAMA) and N-isopropylacrylamide (NIPAAm) and the R-gel consisted of N, N’-
methylene bisacrylamide (MBA), acrylic acid (AA) and TA (Figure 6Ci) [102]. The CR-gel exerted localized
functions, with a temperature-responsive core generating a contractile force (~3.4 kPa), and an adhesive ring
transferring the stress to the wound periphery. The dressing provided effective mechanical force while resisting
exudate-mediated swelling, leading to an accelerated epidermal closure of 85% on day 8 in miniature swine skin
(Figure 6(Cii,Ciii)). The gel group exhibited a shorter epidermal gap and denser collagen fibers, indicating better
healing quality (Figure 6(Civ,Cv)). Furthermore, a mechanically active adhesive and immune regulative dressing
was fabricated, to provide strong adhesion, temperature-triggered contraction, and immune regulation [103]. The
mouse and porcine wound models validated the synergistic effect of contractile and immunomodulatory functions
for promoting wound healing.
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Figure 6. Applications of interfacial biomaterials for wound healing. (A) Dressing with self-pumping capability
for burn wound healing. (i) Schematic showing the design of dressing with hydrophilic fractal microchannels. (ii)
H&E staining images of burn wounds showing dermal cavities marked by black asterisks. Reproduced with
permission [98]. Copyright 2023, Wiley-VCH. (B) Reversible adhesive hydrogel for infected diabetic joint wound
healing. (i) The schematic showing reversible adhesion based on a thermo-stimulated autoshrinkage mechanism
and the multiple therapeutic effects of hydrogel for wound healing. (ii) Photographs of the infected diabetic joint
wounds on the nape area of rats. Scale bar indicates 5 mm. Reproduced with permission [101]. Copyright 2025,
American Chemical Society. (C) Core-ring structured hydrogel with mechanical regulation capability to promote
skin wound repair. (i) Schematic showing the hydrogel fabrication. (ii) Hydrogel treatment of full-thickness skin
wounds in miniature swine: experimental protocol and representative wound photographs. (iii) Quantified
remaining wound area. (iv) Epidermis gap on day 8. (v) H&E and Masson staining images of wound tissues on day
8. Reproduced with permission [102]. Copyright 2024, Wiley-VCH.

4.2. Tendon Repair

As a typical soft tissue, tendons including rotator cuff and Achilles tendon, play an important role in force
transmission and joint movement. Given the limited regenerative ability, effective tendon repair remains a
significant challenge. Since the sliding behavior of tendon relies on low friction, the engineered interfacial
materials are highly desirable for tendon repair. Moreover, it is crucial to modulate the microenvironment by
scavenging ROS, mitigating inflammatory response, and promoting tenogenic differentiation, to facilitate
functional regeneration.

The substantial presence of ROS causes acute oxidative stress, collagen degradation, and M1 macrophage
polarization. With the aim of improving tendon repair, the scaffolds with ROS scavenging capability have been
developed. As shown in Figure 7Ai, Li et al. developed a decellularized tendon (DT) fibrous membrane decorated
with MnO, using TA as the cross-linking and reducing agent [104]. MnO,@DT efficiently scavenged excessive
ROS, significantly accelerating the proliferation and remodeling stages during repair of injured tendon. In the rat
model of patellar tendon defect, the arrangement of collagen fibers was enhanced under treatment of MnO,@DT,
showing a significant promoting effect on tendon tissue repair (Figure 7Aii).

A motion lubrication layer can be formed by the hydrogel, which is able to form abundant hydrogen bonds
with water molecules, to enable interfacial lubrication during tendon movement. Thus, the hydrogel patches
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with lubrication and drug delivery properties have been developed to provide anti-adhesion and regenerative
capability [105]. Mooney et al. developed a tough hydrogel with a tissue adhesion side, a sliding surface and high
drug-loading performance [106]. The tough hydrogel, comprising calcium ion crosslinked alginate along with
covalently crosslinked PAAM, functioned as the high-capacity depot for local drug release. And CS adhesive on
one side generated strong adhesion to the tissue, while the other non-adhesive side supported tendon sliding. In a
rat model of Achilles-tendon rupture, the hydrogel promoted healing along with reduced scar formation, while in
a rat model of patellar tendon injury, it inhibited inflammation, improved chemokine secretion, and promoted
tendon stem and progenitor cell recruitment.

Electrical stimulation has emerged as a promising approach for tissue repair. A piezoelectric injectable anti-
adhesive hydrogel (PE-IAH) composed of cross-linked carboxymethyl chitosan (cCMCS) and HA, incorporating
piezoelectric poly-L-lactic acid (PLLA) electrospun short fibers, was developed (Figure 7Bi) [107]. This implant
acted as a physical barrier against peritendinous adhesion while providing piezoelectric stimulation that facilitated
proliferation and differentiation of tendon stem/progenitor cells (TSPCs), as well as the expression of tenascin C
(TNC) and secretion of collagen I under ultrasound (US) excitation. A clear boundary with the surrounding tissues, and
dense collagen fibers were found in the PE-IAH group on day 8 in a rat ruptured Achilles tendon model (Figure 7Bii).
Moreover, a significant improvement in tendon functional recovery was achieved with enhanced Achilles
Functional Index (Figure 7Biii).
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Figure 7. Applications of interfacial biomaterials for tendon repair. (A) MnOz-modified decellularized tendon
membrane with ROS scavenging ability to promote tissue regeneration. (i) Schematic showing the preparation
process. (ii) H&E staining and immunohistochemical staining images of patellar tendon at 8 weeks post-surgery.
Reproduced with permission [104]. Copyright 2024, Wiley-VCH. (B) Injectable piezoelectric anti-adhesive
hydrogel to improve tendon functional recovery. (i) Schematic showing the preparation of hydrogels. (ii)
Photographs and Masson staining images of hydrogel treated Achilles tendon on day 8. (iii) Paw prints and Achilles
Functional Index of rats. Reproduced with permission [107]. Copyright 2025, Wiley-VCH.

4.3. Nerve Repair

Nerve represents one of the most challenging soft tissues to repair. Natural nerves feature a hierarchical
structure composed of parallel myelinated axon bundles and multi-layered sheaths, offering electrical conduction.
The repair of nerve injury has evolved from suturing of nerve stumps to microenvironment reconstruction. Thus,
the biomaterial interfaces can be engineered with topographical guidance for axonal extension, electrical signals
for stimulating Schwann cell migration and myelination, and biomolecules for regenerative niche modulation.

In recent years, stem cell therapy has opened up emerging avenues for nerve repair. Aimed to modulate
endogenous neural stem cells for facilitating nerve repair, Dai et al. developed an aligned collagen-fibrin fibrous
hydrogel (Col-FB), consisting of collagen and fibrin, with superior adhesive, stretchable, and spatiotemporal
delivery abilities for spinal cord injury repair (Figure 8Ai) [108]. The fibrous hydrogels with stromal cell-derived
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factor-1a (SDF1a) gradient release and sequential delivery of SDF 1a/paclitaxel (PTX) directed endogenous neural
stem/progenitor cells (NSPCs) toward the lesion site at an early stage (Figure 8Aii) followed by neuronal
differentiation, resulting in restoration of hindlimb locomotion. In addition, nerve guidance conduit (NGC)
engineered with US-triggered electrical stimulation and controlled drug delivery has been developed for peripheral
nerve repair. For example, Chai et al. constructed an aligned piezoelectric nanofiber-derived hydrogel NGC, which
was composed of barium titanate piezoelectric nanoparticle (BTNP)-doped polyvinylidene fluoride-
trifluoroethylene [BTNPs/P(VDF-TrFE)] electrospun nanofibers loading with nerve growth factor (NGF)
(Figure 8Bi) [109]. The NGC utilized US-triggered electrical stimulation to facilitate directional neurite
outgrowth, while enabling controllable release of NGF through hydrogel shrinkage upon heating, thereby actively
accelerating nerve repair. The in vivo results of rat sciatic nerve defect repair model showed that the NGCs combined
with US treatment exhibited significant nerve regeneration (Figure 8Bii). In another study, a self-healing
electroconductive hydrogel composed of HA, cystamine, and pyrrole-1-propionic acid (HASPy) was developed [110].
HASPy promoted the expression of genes and proteins associated with Schwann cell myelination primarily by
activating the interleukin 17 (IL-17) signaling pathway, thus facilitating nerve regeneration. Apart from axonal
regeneration, supportive angiogenesis is another key challenge for nerve repair. To address this issue, an NGC
consisting of polydopamine (PDA) modified GeIMA hydrogel nanofibers with sustained drug release was developed
to synergistically promote nerve regeneration and angiogenesis (Figure 8Ci) [111]. The interfacial platform enabled
the loading of Secreted Frizzled-Related Protein-2 (SFRP2) via m-r stacking and hydrogen bonding for sustained
release. The in vivo findings demonstrated that the NGCs significantly enhanced angiogenesis and promoted peripheral
nerve repair. A significant increase in myelin sheath thickness was achieved (Figure 8Cii), leading to functional
recovery. Despite the considerable advances, the long-gap nerve regeneration, including bridging of nerve stumps,
effective electrophysiological signal transmission, and full restoration of motor function remains a critical challenge.
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Figure 8. Applications of interfacial biomaterials for nerve repair. (A) Adhesive fibrous hydrogel with
spatiotemporal delivery capability for spinal cord injury repair. (i) Schematic showing the fabrication process. (ii)
The aligned fibrous hydrogels with gradient SDF1a induced endogenous NSPC migration after implantation in the
transected site of the rats with spinal cord injury. Reproduced with permission [108]. Copyright 2021, American
Chemical Society. (B) US-responsive piezoelectric NGC for peripheral nerve repair. (i) Schematic showing the
preparation process. (ii) Photographs of implantation after surgery (scale bar indicates 2 mm), and
immunofluorescence staining images at 8 weeks post-surgery (scale bar indicates 20 pm). Reproduced with
permission [109]. Copyright 2024, Wiley-VCH. (C) Hydrogel nanofiber-based NGC with sustained release of
SFRP2 for angiogenesis and nerve regeneration in peripheral nerve injury repair. (i) Schematic showing the
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preparation process. (ii) TEM images of sciatic nerves and quantitative analysis of myelin sheath thickness in
different groups. Reproduced under the terms of the CC BY 4.0 license [111]. Copyright 2025, the authors,
published by Springer Nature.

4.4. Other Soft Tissue Repair

Given the highly heterogeneous microenvironments of diverse soft tissue types, interfacial design employs
spatiotemporally dynamic physical and biological signals to orchestrate complex tissue regeneration. Deep soft
tissue injury refers to acute trauma involving all tissue layers from the skin to the bone, including muscles,
ligaments, fascia, etc. Aiming to utilize traditional Chinese medicine external prescriptions for deep soft tissue
injury, Mu et al. fabricated a hydrogel adjuvant composed of gallic acid-coupled e-poly-L-lysine (EPL-GA) and
partially oxidized hyaluronic acid (OHA) for loading Chinese medicine ultramicro-powder (WCMP) (EG-
OHA@uCMP) (Figure 9Ai) [112]. A deep soft tissue injury model was established by striking the thigh muscles
of rats with a heavy hammer. It was found that EG-OHA@uCMP group exhibited almost complete dissipation of
blood stasis, and dense and continuous muscle fibers (Figure 9(Aii,Aiii)).
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Figure 9. Applications of interfacial biomaterials for other soft tissue repair. (A) A hydrogel adjuvant combined
with Chinese medicine external prescriptions for the repair of deep soft tissue injury. (i) Schematic showing the
preparation of the hydrogel. (ii) Representative photographs of the muscle tissue in the damaged area. (iii) H&E
staining images of the muscle tissue. Reproduced with permission [112]. Copyright 2024, American Chemical
Society. (B) Injectable zwitterionic hydrogel for preventing abdominal adhesions. (i) Schematic showing the
multiple intermolecular interactions of the hydrogel and its application for abdominal adhesion prevention. (ii)
Photographs and scores of abdominal adhesions in different groups. (iii) H&E and Masson staining images on day 14.
Reproduced under the terms of the CC BY 4.0 license [113]. Copyright 2025, the authors, published by Wiley-VCH.

Volumetric muscle loss (VML) refers to extensive and irreversible loss of skeletal muscle tissue caused by
trauma or disease, resulting in permanent tissue deformity, and motor function impairment. Although stem cell
therapy shows great potential for VML repair, its therapeutic efficacy is limited by inadequate control over stem
cell fate. To address this issue, Rando et al. developed a decellularized extracellular matrix loaded with polymeric
nanocapsules for sequential release of growth factors [114]. The transplanted muscle stem cells were stimulated
to proliferate and differentiate by basic fibroblast growth factor and insulin-like growth factor 1, which were
sequentially delivered by the bioinstructive scaffolds. In the murine VML defect model, the transplanted scaffolds
restored muscle structure and function.
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The peritoneum, a type of delicate soft tissue, is highly susceptible to damage during abdominal surgery,
leading to postoperative adhesions. Various types of anti-adhesion barriers have been developed to prevent
postoperative adhesions and promote peritoneal repair. For example, a sprayable body temperature-activated in
situ gel barrier was prepared using sulfated hyaluronic acid, CS and thermal responsive polymer [115]. A wide
spread to the damaged peritoneal wall was formed, followed by a significant reduction in adhesion and anti-
inflammatory effect in the rat ischemic button model. Similarly, Huang et al. developed an injectable hydrogel
(PSA-ZnO) containing sulfobetaine, modified aminocaproic acid (A6ACA) and ZnO nanoparticles to prevent
adhesion and inhibit inflammation (Figure 9Bi) [113]. Importantly, PSA-ZnO prevented foreign body reaction
through the inhibition of blood clot formation and pathological fibrin accumulation. In the side wall defect cecum
abrasion model of rats, a hydration layer was established at the hydrogel surface for antifouling, while the released
Zn*" showed antibacterial and anti-inflammatory performance, cooperatively inhibiting peritoneal adhesion and
promoting peritoneal repair (Figure 9Bii). The H&E and Masson staining images validated the inhibited peritoneal
adhesion and promoted repair (Figure 9Biii). Moreover, a microneedle array with a double-layer structure was
constructed to provide physical barriers and immune regulation [116]. Since calcium signaling plays a role in
adhesion formation, poly(lactic-co-glycolic acid) (PLGA) nanoparticles containing calcium channel blockers were
loaded in the microneedle arrays to regulate the calcium concentration in cells and enhance anti-adhesion effects. The
microneedle patch provided a promising strategy to prevent adhesion by destroying the fibrotic process of adhesion.

5. Conclusions and Outlook

To improve the material-tissue integration and therapeutic efficacy, a variety of interfacial engineered
biomaterials have been developed. In this article, we have discussed the optimization of material selection,
structural design, and biofunctionalization to enhance the interfacial performance. Various regulatory strategies
have been developed, such as biophysical modulation, intermolecular interaction regulation, and
microenvironment tuning. As a result, functional interfacial materials have been explored to promote diverse soft
tissue repair.

With the deepening understanding of interfacial interactions and the advancement in fabrication techniques, an
increasing number of products based on interfacial engineering have been approved for clinical use. These products
cover a range of soft tissue repair scenarios, including wound healing (Kerecis® Omega3 wound patch [117]), rotator
cuffrepair (Rotium® nanofiber scaffold [118]), nerve repair (NeuraGen® nerve conduit [119]), adhesion prevention
(Seprafilm® adhesion barrier [120]), and soft tissue repair (NovoSorb® biodegradable temporizing matrix [121]).
Despite significant progress in engineering biomaterial interfaces, the clinical applicability of these materials
remains limited. Several critical challenges, especially concerning biosafety, in vivo stability, and scale-up
production, are yet to be addressed, which hinder their translation.

The biosafety concern of the interfacial materials is the primary issue. The toxic risks originate from not only
the main materials and residual solvents, but also their degradation products. Therefore, the eco-friendly, non-
/low-toxic, sustainable materials and solvents should be selected, along with complete removal of monomers and
residual solvents after material fabrication. Future work may consider development of fabrication methods with
biocompatible solvents, such as water, ethanol, and ionic liquids, or solvent-free techniques such as melt-
processing to reduce the toxicity.

The in vivo stability of interfacial materials poses a critical challenge, largely arising from the complexity of
sophisticated engineering and advanced functionalization. For example, although mechanical actuation such as
compression and tension, shows great potential in hemostasis and wound closure, its long-term effectiveness is
significantly determined by their in vivo expansion, shrinkage, and degradation features. In the complex pathological
microenvironment, the engineered interfaces are susceptible to structural compromise and uncontrollable degradation
due to body fluids, blood, enzymes and other biological factors. Thus, future research may consider designing
interfaces with superior biochemical resistance and tuning the in vivo biodegradation profiles.

Another translational challenge is the scalable and reproducible manufacturing of complex interfacial materials.
As an example, the intricate structural features, such as hierarchical porosity, Janus wettability gradients, and aligned
multichannels, provide essential support for therapeutic outcomes. However, the advanced and complex designs pose
huge challenges for large-scale production. Future progress should be achieved by integrating artificial intelligence
(AI) for process parameter screening and real-time quality monitoring. The breakthrough in design of functionally
active interfaces and the advancement of mass production systems will drive the development of next-generation
interfacial biomaterials for soft tissue repair.
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Abstract: Sodium metal batteries have

shown considerable potential when operated  Solvation of Na* by DME and DOL N , L A
at ambient temperatures. However, their e o -
performance in cold environments is
constrained by increased electrolyte resistance
with decreasing temperature and dendritic
sodium plating associated with unstable
solid electrolyte interphase (SEI), which
are primarily influenced by the electrolyte
composition. In this study, we present an electrolyte formulation that remains thermally stable down to —150 °C,
which not only facilitates low internal resistance but also contributes to the formation of a protective SEI under
cryogenic conditions. When cycled at —40 °C at 1 mA cm™2, the sodium metal electrode exhibits a low
overpotential of only 16 mV over 750 h; even at an ultra-low temperature of —80 °C, the electrode demonstrates
remarkable long-term stability with a low overpotential of 54 mV sustained over 1500 h at 0.5 mA cm2
Furthermore, full cell evaluations when paring with Na;V,(PO,); cathode reveal a high average Coulombic
efficiency exceeding 99.1% and a capacity retention over 83% after 100 cycles at both —40 °C and —80 °C.
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1. Introduction

Lithium-ion batteries (LIBs) are widely employed in portable electronics and electric vehicles owing to their
high energy and power densities, as well as their prolonged cycle life [1-3]. However, LIBs suffer considerable
energy and power losses at low operating temperatures, particularly below —20 °C [4,5]. This significantly restricts
their applications under cold conditions [5,6], including military and aerospace, polar exploration, cold-chain
logistics, and renewable energy storage in cold climates. To overcome the low-temperature operational hurdles,
beyond LIB technologies, specifically those utilizing lithium metal anodes are being investigated with promising
results [7-16]. Meanwhile, the escalating cost of lithium has compelled the research community to explore
alternative energy storage technologies. Sodium (Na) metal emerges as a particularly attractive anode candidate
for Na battery chemistry because of its high theoretical specific capacity (1166 mAh g™'), low electrode potential
(—2.714 V versus the standard hydrogen electrode), and much lower cost and high abundancy of Na resources
compared to the lithium counterparts [17-22]. Yet, comprehensive understanding of the electrochemical behavior
of Na metal anodes under low-temperature conditions remain elusive.

Formulating the appropriate electrolyte composition is critical for enabling the Na metal anode to work under
cold conditions [23—30]. With decreasing temperature, the electrolyte resistance increases markedly, primarily due
to elevated viscosity and decreased salt solubility. Moreover, the structure and composition of the solid electrolyte
interphase (SEI) depend heavily on the electrolyte formulation and exhibit high sensitive to temperature
fluctuations. It is well recognized that an electrolyte composed of sodium hexafluorophosphate (NaPFs) salt
dissolved in diethylene glycol dimethyl ether (DEGDME) in a standard salt concentration of 1 M exhibited high
compatibility with Na metal anodes, rendering it a superior choice for stable cycling at room temperature [31].
Our previous research showed that NaPFs and sodium trifluoromethanesulfonate (NaOTY) exhibited intermediate
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reduction potentials vs Na'/Na with a moderate driving force to decompose before the decomposition of
DEGDME, which may contribute to the formation of a smooth and inorganic-species-rich SEI film on the Na
metal electrode at room temperature [23]. Nevertheless, NaPFg faces solubility challenges at low temperatures;
salt precipitation was observed in the 1 M NaPF-DEGDME electrolyte system at —35 °C, leading to suboptimal
electrochemical performance. Even at a reduced concentration of 0.5 M NaPFs-DEGDME, a temperature
limitation of —40 °C was still evident (Supplementary Figure S1), and similar temperature threshold was also
observed with the NaOT{f-DEGDME electrolyte system [23]. This phenomenon could be explained by the intrinsic
molecular architecture of DEGDME. The presence of multiple oxygen atoms in DEGDME induces strong
intermolecular interactions, causing sluggish diffusion of the solvated Na* ions, especially at low temperature [29].
Moreover, the multiple oxygen coordination sites facilitate a strong chelating affinity with Na* ions, which increases
the number of solvent molecules within the solvation shell [29]. This feature is particularly detrimental for the SEI
formation at low temperature, in which the salt solubility decreases and thus the decomposition of the salt is
suppressed, leading to an unfavorable SEI dominated by organic species originated from the solvent molecules.

Herein we present an electrolyte formulation that replaces the widely employed DEGDME solvent for Na
metal anode with monoglyme—1,2-dimethoxyethane (DME)—which enables superior performance for metallic
Na anode at low temperatures down to —80 °C. X-ray photoelectron spectroscopy (XPS) characterization on the
SEI layer reveals that DME facilitates the formation of an SEI that is more enriched with inorganic species
compared to that formed in DEGDME counterpart at —80 °C. Symmetric cell testing shows that when cycled at
—40 °C at 1 mA cm2, the Na metal electrode exhibits a low overpotential of only 16 mV over 750 h. Even at a
high current of 3 mA cm 2, the overpotential is only 82 mV at —40 °C. In addition, when cycled at an extremely
cold temperature of —80 °C, the Na metal electrode displays impressive long-term stability with a low overpotential
of 54 mV sustained over 1500 h at 0.5 mA cm 2. Moreover, high Coulombic efficiency of 99.8% is achieved at
—60 °C for Na asymmetric cell at 0.5 mA cm 2. This performance is comparable to, and in many cases surpasses
the reported state-of-the-art results for Na metal anodes cycling at current densities of >0.5 mA c¢cm 2 at ultra-low
temperatures (<—40 °C), as summarized in Supplementary Table S1. Moreover, full cell evaluations when paring
with Na3V,(POs)3 cathode reveal a high average Coulombic efficiency exceeding 99.1% and a capacity retention
over 83% after 100 cycles at both —40 °C and —80 °C.

2. Experimental Sections
2.1. Chemicals and Materials

Metallic Na chips were produced from Na metal cubes obtained from Sigma—Aldrich (Sigma-Aldrich, Inc.,
St. Louis, US). Prior to use, sodium hexafluorophosphate (NaPFs, Sigma—Aldrich) was dried in an argon (Ar)-
filled glove box, maintaining conditions of O, < 0.6 PPM and H>O < 0.1 PPM (Mbraun). The solvents used for
electrolyte preparation—diethylene glycol dimethyl ether (anhydrous, Sigma—Aldrich), 1,2-dimethoxyethane
(anhydrous, Sigma-Aldrich), 1,3-dioxolane (anhydrous, Sigma—Aldrich), and tetrahydrofuran (anhydrous,
Sigma—Aldrich)—were used directly without further purification.

2.2. Characterizations

A temperature chamber (MC-812 ESPEC Corp., Osaka, Japan) was utilized to maintain stable temperature
conditions ranging from —80 °C to 20 °C. Coin cells were equilibrated at a specified temperature for a minimum
of one hour to ensure thermal stability. X-ray photoelectron spectroscopy (XPS) analysis was conducted using a
PHI Versaprobe II scanning XPS microprobe (ULVAC-PHI, Inc., Kanagawa, Japan), which has a system
resolution of 0.47 eV and employs a monochromatic 1486.7 eV X-ray source. Samples were transferred into the
XPS chamber using a sealed Ar-filled vessel to prevent exposure to air. Differential scanning calorimetry (DSC)
was performed with a Netzsch DSC 204 F1 Phoenix (NETZSCH-Gerédtebau GmbH, Selb, Germany), measuring
both samples and a reference between —150 °C and 20 °C at a controlled heating rate of 10 °C min™'. Additionally,
2Na Nuclear Magnetic Resonance (NMR) was executed on a Bruker 600 MHz Advance III HD spectrometer
(Bruker Corporation, Billerica, MA, USA) equipped with a 5 mm probe (Bruker BBFO). Scanning electron
microscope (SEM) imaging was carried out using a field emission gun environmental SEM (XL 300 ESEM-FEG,
FEI Company, Hillsboro, OR, USA).

2.3. Electrochemical Measurements

All electrolytes were prepared in an argon-filled glove box. Na || Na symmetric cycling was performed in
2032-type coin cells, which consisted of two identical Na chips and a separator (Celgard 2400) saturated with 40 pL
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of the testing electrolyte. Asymmetric cells were assembled with stainless steel foil as the working electrode and
freshly cut Na as the counter electrode, also using 40 pL of the electrolyte. Na metal full cells were constructed
with Na3;V,(PO4); cathodes and bare Na anodes utilizing the tested electrolytes. Details regarding the synthesis
and processing of Na3V,(POs)s, as well as cathode preparation, can be found in a prior study [18]. The active
material loading for the cathodes is 2 mg cm 2. Electrochemical evaluations of symmetric and asymmetric cells,
along with Na metal full cells, were conducted using a standard battery tester (CT2001A, Wuhan LANHE
Electronics Co., Ltd., Wuhan, China). Electrochemical impedance spectroscopy (EIS) measurements were carried
out using an electrochemical workstation (VMP3, Bio-Logic Science Instruments, Seyssinet-Pariset, France) over
a frequency range of 1 MHz to 0.1 Hz, with an AC amplitude of 5 mV. The total resistance of the electrolyte
solution was measured through EIS in stainless steel (SS) || stainless steel (SS) cells [23]. A polymer membrane
was sandwiched between two pieces of stainless steel in the coin cell with 40 puL electrolyte added. The ionic
conductivity of the electrolyte solution was calculated based on the method detailed in our previous paper [23].

3. Results and Discussion

3.1. Screening and Electrochemical Evaluation of Different Electrolytes at Low Temperatures

We first investigated a series of electrolyte solutions composed of NaPF; salt with different solvents at —35 °C.
Ethers including DEGDME, DME, 1,3-dioxolane (DOL), and tetrahydrofuran (THF) were chosen as candidate
solvents due to their low melting points (Supplementary Table S2). Out of the twelve formulations tested, nine
exhibited good solubility with 0.5 M NaPF¢ at =35 °C without obvious salt precipitation (Supplementary Table S3).
Based upon our previous finding that a 2:8 volume ratio of DEGDME to DOL optimized the Na metal electrode
performance at —80 °C [23], here we selected six representative systems (marked in Supplementary Table S3) for
further systematic evaluation. To isolate the structural effects of linear ethers (DEGDME vs. DME) and cyclic
ethers (DOL vs. THF), we primarily focused on the 2:8 ratio as a comparative benchmark to explore how molecular
substitution—rather than concentration variance—governs low-temperature electrochemical behavior.

Repeated Na stripping and plating were performed in symmetric cells with two identical electrodes using
0.5 M NaPF; electrolytes at a current density of 0.2 mA c¢cm 2 and a capacity of 0.1 mAh cm™2 across a temperature
range from 0 °C to —80 °C (Figure 1a—c). As shown in Figure 1a, the electrolyte systems employing 0.5 M NaPF-
DME/DOL (2:8 in volume fraction; all ratios hereafter refer to volume ratios) and 0.5 M NaPFs-DEGDME/DOL
(2:8) exhibit low overpotentials (less than 25 mV) and stable voltage profiles down to —80 °C. It is noted that the
cell with 0.5 M NaPFs-DME/DOL exhibits a stabler voltage profile, especially at —80 °C, compared to the one with
DEGDME. A high percentage of DOL is necessary for maintaining stable voltage profiles, as the performance of the
DME/DOL (5:5 and 8:2) electrolytes with higher volume ratio of DME was unsatisfactory (Figure 1b). The critical
role of cyclic ether, DOL, can be mainly ascribed to the following reasons based on our prior study and previous
reports [23,29,32]: (i) DOL has a much lower melting point (—95 °C) compared to DME (—58 °C), preventing the
electrolyte from freezing at cold conditions and improving the ionic conductivity of the electrolyte; (ii) DOL is known
as a weakly solvating solvent for Na" and Li*ions, which participates in the solvation shell and weakens the chelation
of Na* ions with glyme-based electrolytes; (iii) DOL may contribute to a concentrated electron cloud around PFs~
and result in the preferential salt decomposition rather than the solvent molecules. Additionally, replacing DOL with
THF in the DGEDME/THF (2:8) and DME/THF (2:8) systems resulted in asymmetric voltage profiles and high
overpotentials at low temperatures, especially at ultra-low temperature of —60 °C and —80 °C (Figure 1c).

In addition to symmetric cells, Na || stainless steel (SS) asymmetric cells were fabricated and tested at
0.5 mA ¢cm? and 0.5 mAh cm ™2, with a cut-off voltage of 0.3 V (Figure 1d-f) at low temperatures ranging from
=10 °C to =60 °C. While both the DEGDME/DOL (2:8) and DME/DOL (2:8) systems exhibit comparable
performance in Na || Na symmetric configurations, the 0.5 M NaPFs-DME/DOL (2:8) system displays smoother
stripping and plating curves, featuring a lower nucleation overpotential of 47 mV and a high Coulombic efficiency
(CE) of 99.84% at —60 °C (Figure 1d). In contrast, the 0.5 M NaPFs-DEGDME/DOL (2:8) system has a higher
nucleation overpotential of 60 mV and a much lower CE of 88.06% at —60 °C (Figure le). In addition, the CE of
the 0.5 M NaPFs-DME/DOL (2:8) at —10 °C, —20 °C and —40 °C is 99.84%, 99.93% and 99.60%, respectively;
these numbers are slightly higher those of the 0.5 M NaPFs- DEGDME/DOL (2:8), which gives a CE of 99.68%
at —10 °C, 99.38% at —20 °C, and 99.28% at —40 °C. Meanwhile, the 0.5 M NaPFs-DME/THF (2:8) system shows
voltage profiles characterized by a stepwise stripping curve, with a distinct turning point at 0.15 V at —60 °C
(Figure 1f). This phenomenon may suggest that Na dendrite fragments, formed due to sluggish kinetics at —60 °C,
become partially isolated. The observed voltage step represents the stripping of this ‘inactive’ Na, which could
only be recovered under increased overpotential. The CE values of the 0.5 M NaPFs-DME/THF (2:8) at different
temperatures are as follows: 99.92% at —10 °C, 99.83% at —20 °C, 99.84% at —40 °C and 92.93% at —60 °C.
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Figure 1. Temperature-dependent electrochemical screening of electrolyte formulations at low temperatures.
Galvanostatic cycling of Na || Na symmetric cells at 0.2 mA cm ™2 and 0.1 mAh cm™2 in 0.5 M electrolytes of (a)
NaPFs-DEGDME/DOL (2:8) and NaPFs-DME/DOL (2:8); (b) NaPFs-DME/DOL (8:2) and NaPFs-DME/DOL
(5:5); and (¢) NaPFe-DME/THF (2:8) and NaPFe-DEGDME/THF (2:8); (d—f) Na plating/stripping profiles of Na ||
stainless steel (SS) asymmetric cells at 0.5 mA ¢cm ™2 and 0.5 mAh cm2 with a cut-off voltage of 0.3 V in 0.5 M

clectrolytes of NaPFs-DME/DOL (2:8), NaPFs-DEGDME/DOL (2:8) and NaPFs-DME/THF (2:8).

The 0.5 M NaPFs-DME/DOL (2:8) electrolyte was then selected for further electrochemical evaluation due
to its superior performance observed during the initial screening process. This assessment focused on rate
capability and long-term cycling stability in symmetric cells at =40 °C (Figure 2). In the rate capacity measurement
(Figure 2a), the cell exhibits stable performance with a low overpotential of less than 20 mV with a capacity
increasing from 1 mAh cm™ to 3 mAh cm 2 at a current density of 1 mA ¢cm 2. Meanwhile, as current density was
increased from 1 to 2 mA cm 2 while maintaining a constant capacity of 1 mAh cm™2 (Figure 2b), the overpotential
of the cell rises from about 16 mV to 48 mV; even at a high current density of 3 mA ¢cm™2, the cell only shows an
overpotential of 82 mV, indicating fast kinetics at such low temperature. In addition, the 0.5 M NaPFs-DME/DOL
(2:8) electrolyte system demonstrates stable long-term cycling at —40 °C, maintaining an overpotential of
approximately 15-16 mV for over 750 h at 1 mA ¢m 2 and 1 mAh cm 2, without any discernible trend of increase

(Figure 2¢).
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Figure 2. Galvanostatic cycling of Na || Na symmetric cells in 0.5 M NaPFs-DME/DOL (2:8) electrolyte at —40 °C.

(a) Rate capacity performance at various capacities up to 3 mAh cm™2 at 1

mA cm2; (b) Rate current performance

at various current densities up to 3 mA cm2 at I mAh cm?; (¢) Long-term stability at 1 mA cm2and 1 mAh cm™

(Insets: enlarged voltage profiles after 300 h and after 600 h).
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3.2. Physicochemical Characterization of the Designed Electrolyte

To investigate the interaction between Na* ions and solvent molecules, we conducted 2*Na nuclear magnetic
resonance (NMR) spectroscopy (Figure 3a). The relative peak intensities varied with different solvent species,
providing insights for the solubility characteristics of the Na species (i.e., NaPF) in the medium [33]. Notably,
NaPFs demonstrates higher solubility in DME and THF compared to DOL. The incorporation of a small fraction
(20% in volume) of DME significantly enhanced salt solubility in the DME/DOL (2:8) mixture relative to pure
DOL. This improved solubility was maintained even at temperatures as low as —80 °C (Figure 3b). No precipitation
of salt was observed for the 0.5 M NaPFs-DME/DOL (2:8) after storing at —80 °C for 24 h. Nevertheless, salt
precipitation occurred in the 0.5 M NaPFs-DME/THF (2:8) solution at —80 °C (Supplementary Figure S2), despite
THF having a lower melting point and a higher dielectric constant at room temperature compared to DOL
(Supplementary Table S2). Additionally, the chemical shifts reveals that DME caused a more pronounced downfield
shift of 2Na compared to DOL and THF, indicating a stronger deshielding effect on the 2*Na nucleus [34]. Consistent

with the Gutmann donor theory, this shift suggests that DME possesses a higher coordination affinity for Na®,
effectively reducing the electron density surrounding the Na* through strong chelation.
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Figure 3. Physicochemical characterizations of NaPFe-based electrolyte solutions. (a) 2Na-NMR spectroscopy on
the electrolyte solutions. Notably, the concentration of the NaPF¢-DOL system is below 0.5 M due to solubility
limitation, whereas the other four systems were successfully prepared at 0.5 M; (b) Photo of 0.5 M NaPFe-
DME/DOL (2:8) after storing at 20 °C and —80 °C for 24 h. No precipitation of salts is observed at —80 °C; (c¢)
Change in the resistance of the electrolyte solutions in the temperature range from 0 °C to —80 °C. The resistance
values at different temperatures are normalized to those at 0 °C (the value of each electrolyte at 0 °C is treated as

1). Notably, the value for the 0.5 M NaPFs-DME/THF (2:8) at —80 °C exceeds the plotted scale, shown as ‘out of
the range’ in the figure; (d) DSC thermograms of 0.5 M NaPFe-DME/DOL (2:8) electrolyte from 0 °C to —150 °C.

To elucidate the underlying mechanism for the enhanced performance, we examined the electrolyte resistance

at various temperatures (Figure 3c). Electrochemical impedance spectroscopy (EIS) was used to measure the
resistance of the electrolyte solution in SS || SS cells (see Experimental Sections for details). The resistance of 0.5 M
NaPF¢-DME/DOL (2:8) was approximately 6.3 Ohms at 0 °C, which increased by a factor of 2.76 when the
temperature decreased to —80 °C. This increase is half that observed for 0.5 M NaPFs-DEGDME/DOL (2:8), which
showed a 4.64-fold increase from 0 °C to —80 °C. In contrast, the resistance of the DME/THF (2:8) system
increased by a factor of 2.15 when the temperature decreased to —60 °C and exceeded 30 times at —80 °C due to
salt precipitation. Furthermore, the observed changes in electrolyte resistance correlate well with the trends in ionic
conductivity (Supplementary Figure S3), where the 0.5 M NaPFs-DME/DOL (2:8) system exhibits the slowest
decline in conductivity with decreasing temperature. Differential scanning calorimetry (DSC) further confirmed

the thermal stability of the 0.5 M NaPFs-DME/DOL (2:8) system, indicating no phase transitions even down to
—150 °C (Figure 3d).
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3.3. Electrochemical Behavior at—80 °C and Post-Mortem Analysis

Extended cycling of Na || Na symmetric cells was performed utilizing 0.5 M NaPFs-DME/DOL (2:8) at
—80 °C at different current densities and capacities. At a current density of 0.2 mA cm™2 with a cycling capacity of
0.1 mAh cm™, the cell exhibits a low overpotential of approximately 20 mV, remaining stable for over 2000 h
(Supplementary Figure S4). Furthermore, at a higher current density of 0.5 mA ¢cm 2 with a capacity of 0.25 mAh cm 2,
stable performance was maintained for more than 1500 h (Figure 4a). The expanded voltage profiles (insets in
Figure 4a) after 750 and 1500 h show smooth voltage responses without spikes with an overpotential of 53 mV
and 54 mV, respectively. Scanning electron microscopy (SEM) imaging of the Na metal electrode after 50 cycles
at —80 °C reveals a uniform morphology in the NaPFs-DME/DOL (2:8) system, with no obvious porous structures
on the surface or within the cross-section (Figure 4b). In contrast, the Na metal surface cycled with NaPFs-
DEGDME/DOL (2:8) exhibits rough and heterogeneous textures (Supplementary Figure S5).
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Figure 4. Electrochemical and physicochemical characterizations of Na metal electrodes cycled in 0.5 M NaPFe-
DME/DOL (2:8) electrolyte at —80 °C. (a) Galvanostatic cycling of Na || Na symmetric cells at 0.5 mA cm 2 and
0.25 mAh cm2 (pink zone). Note that an initial stepwise temperature drop (gray zone) was applied to stabilize the
cells (Insets: enlarged voltage profiles after 750 h and after 1500 h); (b) Ex situ postmortem SEM imaging of the
surface of the Na metal electrode after cycling at —80 °C (Inset: corresponding cross-sectional SEM image); (c¢)
XPS profiles of the C 1s and F 1s spectra recorded at various sputtering depths.

The chemical composition of the Na metal electrode surface using 0.5 M NaPFs-DME/DOL (2:8) was
characterized using X-ray photoelectron spectroscopy (XPS), as illustrated in Supplementary Figure S6. Binding
energies for all elements were calibrated relative to the C 1s signal at 284.8 eV. In the C 1s spectrum, the peak at
293 eV corresponds to polycarbonate, and the peaks at 289.5 eV and 286.8 eV can be attributed to O-C=0/ CO;*
and C-O, respectively [19,31,33,35,36]. For the O 1s spectrum, the peaks at 532.5 eV and 526 eV can be assigned
to O—P=0 and Na,O [19], respectively, while the peak at 537 eV is associated with Na KLL [19,35]. With respect
to the F Ls spectrum, the peaks at 687.6 eV and 684.2 eV correspond to PFs- and NaF species, respectively [19,35].
The P 2p spectrum shows doublets at 137.4 eV and 133.7 eV (for 2p;,2), which are assigned to PF¢ and O-P=O0.
The signal of O-P=0 is potentially originated from NaxPF,0O,, a major decomposition product of NaPF¢ [19]. The
XPS results indicate a major composition of organic and inorganic species (mainly including NaF and Na;O) on
the Na metal electrode surface. Detailed identification of the XPS peaks is provided in Supplementary Table S4.

To further investigate the distribution of chemical species within the SEI formed with NaPFs-DME/DOL
(2:8), XPS depth profiling was conducted (Figure 4c and Supplementary Figures S6 and S7). The signal for the
carbon content decreases with increasing depth and completely vanishes at around 95 nm beneath the surface,
revealing that the organic debris predominantly resides in the upper layer of the SEI. This also indicates that the
thickness of the SEI is approximately 95 nm. Moreover, the NaF content increases with depth till reaching around
15 nm, suggesting a higher percentage of NaF existing in the inner region of the SEI (Figure 4c). The NaF signal
was still detectable while the signal of the carbon content disappeared, suggesting that the NaPFs salt decomposed
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before the decomposition of the solvent molecules. For comparison, XPS characterization was also performed on
the surface of the Na metal electrode using 0.5 M NaPFs-DEGDME/DOL (2:8) at —80 °C (Supplementary Figure S8).
It shows that the surface of the SEI contains much fewer inorganic species, especially NaF, in contrast to the SEI
formed in the 0.5 M NaPFs-DME/DOL (2:8), indicating that NaF is critical in maintaining the integrity of the SEI
over cycling. Meanwhile, the signal of the O-P=0, which is associated with the NaPFs decomposition, is weaker
in the SEI formed in the DEGDME system compared with that formed in the DME system. The XPS analyses
revealed that the DME/DOL electrolyte system, in contrast to the commonly utilized DEGDME/DOL system, can
facilitate the decomposition of the NaPFg salt at low operating temperatures. This could be attributed to the weaker
binding affinity of the DME molecule for Na* ions, resulting from its fewer oxygen coordination sites than
DEGDME; this reduces the number of solvent molecules within the solvation shell and subsequently promotes the
salt decomposition [29].

3.4. Electrochemical Performance of Full Na Metal Cells at Low Temperatures

To evaluate the full cell performance of the formulated electrolyte of 0.5 M NaPFs-DME/DOL (2:8), Na
metal batteries utilizing NasV»(POs); as the cathode and Na metal as the anode were assembled and tested under
a series of low temperatures ranging from —10 °C down to —80 °C (Figure 5). The charge—discharge voltage
profiles at 0.2C (1C = 110 mA g™") (Figure 5a) reveal that both voltage hysteresis and capacity utilization are
highly sensitive to the operating temperature. At a relatively mild low temperature of —10 °C, the cell delivers a
specific capacity of ~100 mA g !, representing 91% of its theoretical capacity. As the temperature decreases, the
discharge voltage plateaus become progressively shorter and shift to lower potentials due to increased internal
resistance and sluggish diffusion kinetics. Notably, the cell still maintains great capacity retention at —40 °C and
—60 °C, delivering 72% and 45% of its theoretical capacity, respectively. The detectable performance even at —80 °C
highlights the exceptional low-temperature resilience of this system. The rate performance of the cells at —40 °C
is illustrated in Figure 5b, demonstrating the viability of Na metal cycling in a full cell configuration using the
formulated electrolyte under cold conditions. As the discharge current increases up to 1C, the specific discharge
capacity decreases, with approximately 79% of the capacity achieved at 0.2C retained at 1C. It is noted that this
capacity loss is reversible, with full recovery observed upon reverting the current rate to 0.2C (Figure 5b). For long-
term cycling performance at —40 °C (Figure 5¢), the battery exhibits an initial discharge capacity of 86.3 mAh g™!,
and 86% of this capacity was maintained after 100 cycles, accompanied by an average CE of 99.1%. At —80 °C,
the system maintains a high CE of 99.3% with 83% capacity retention after 100 cycles.
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Figure 5. Electrochemical performance of Na || Na3V2(POus)s cells using the 0.5 M NaPFs-DME/DOL (2:8)
electrolyte at low temperatures. (a) Galvanostatic charge-discharge voltage profiles at 0.2C (1C=110 mA g"!, based
on the active material of Na3V2(POa)3) from —10 °C to —80 °C; (b) Rate performance of cells up to 1C with voltage
cutoffs of 2.3 and 3.8 V at —40 °C. ¢, Long-term galvanostatic cycling of cells at 0.2C at —40 °C and —80 °C.

80



Mater. Interfaces 2026, 3(1), 74-83 https://doi.org/10.53941/mi.2026.100007
4. Conclusions

In summary, we demonstrated that the monoglyme, DME, would be a better solvent option compared to the
conventional DEGDME to formulate an electrolyte for Na metal electrode to work under extremely cold
conditions. The optimized electrolyte formulation of 0.5 M NaPFs-DME/DOL (2:8) enables stable cycling of Na
metal down to —40 °C, exhibiting a low overpotential of 16 mV at 1 mA ¢m? with a capacity of 1 mAh cm™
sustained for over 750 h. This low overpotential can be maintained even at a capacity of 3 mAh cm2 (1 mA cm?),
while a slightly elevated overpotential of 82 mV is observed at a higher current density of 3 mA cm™2 (1 mAh cm™2).
Furthermore, stable Na cycling at —80 °C is achieved with a small overpotential of 54 mV for over 1500 h at
0.5 mA cm™2. The superior performance is attributed to a relatively modest increase in the electrolyte resistance,
which rises by only 2.76 times from 0 °C to —80 °C. Additionally, the formation of a robust, NaF-rich SEI with a
uniform morphology—characterized by SEM and XPS—contributes significantly to the observed electrochemical
performance. As a proof of concept, Na metal batteries featuring Na3;V,(PO4); as the cathode and Na metal as the
anode exhibit stable cycling and high CE values during operation down to —80 °C.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2603311457275841/MI1-26030022-SM.pdf, Figure S1: Galvanostatic cycling of Na || Na symmetric cells at 0.2 mA cm ™
and 0.1 mAh cm™ in an electrolyte composed of 0.5 M NaPFs-DEGDME; Figure S2: Photos of 0.5 M NaPFs-DME/THF (2:8)
after storing at 20°C and —80°C for 24 hours (Salt precipitation was observed at the bottom of the vial at —80°C); Figure S3:
Temperature dependent ionic conductivity of 0.5 M NaPF¢-DME/THF (2:8), 0.5 M NaPF-DEGDME/DOL (2:8) and 0.5 M
NaPFs-DME/DOL (2:8); Figure S4: Galvanostatic cycling of Na || Na symmetric cells at 0.2 mA cm 2 and 0.1 mAh cm™2 at
—80°C; Figure S5: SEM image of Na metal surface after 50 cycles in 0.5 M NaPFs-DEGDME/DOL (2:8) at —80°C (Inset:
corresponding cross-sectional SEM image); Figure S6: XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na || Na cells) at a current density of 0.5 mA cm™2 with a capacity of 0.5 mAh cm™2 in 0.5 M NaPFs-DME/DOL
(2:8) electrolyte at —80°C; Figure S7: Contents of elements determined by ex-situ postmortem XPS depth profiling of the Na
metal electrode (symmetric Na || Na cells) in 0.5 M NaPFe-DME/DOL (2:8) after cycling at —80°C; Figure S8: XPS profiles of
C 1s, O 1s, F 1s and P 2p of the Na metal surface after 50 cycles (symmetric Na || Na cells) in 0.5 M NaPFs-DEGDME/DOL
(2:8) at 0.5 mA cm 2 and 0.5 mAh cm 2 at —80°C; Table S1: Summary comparing performance of Na metal anodes (symmetric
cells of Na/Na) cycling at current density >0.5 mA cm 2 and at low temperatures (<40 °C). Table S2: Melting point, dielectric
constant, and dynamic viscosity of DEGDME, DME, DOL and THF; Table S3: Summary of NaPFs salt dissolution in binary
solvents at 0.5 M concentrations at —35°C; Table S4: Summary of identified XPS peaks. Reference [37] is cited in
supplementary materials.
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