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Editorial

Editorial: State of the Art of Colloid and Interface Science in Asia

To Ngai 1,* and Xiuying Qiao 2,*

1 Department of Chemistry, The Chinese University of Hong Kong, Hong Kong 999077, China
2 School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
* Correspondence: tongai@cuhk.edu.hk (T.N.); xyqiao@sjtu.edu.cn (X.Q.)

This Special Issue brings together a diverse collection of contributions that highlight
the rapid advances and emerging directions in colloid and interface science across Asia.
This Special Issue comprises one mini-review and ten original research articles, reflecting
the breadth of topics and the interdisciplinary nature of the field.

Colloid and interface science continues to expand its influence across energy, materi-
als, biology, medicine, and food systems. Yet, despite remarkable progress, several gaps
remain in our understanding. For example, while novel colloidal structures and functional
interfaces are being developed, challenges persist in scaling fabrication methods, ensuring
long-term stability, and translating laboratory findings into industrial applications. Simi-
larly, while nanostructured materials and advanced emulsions show promise in biomedical
and agricultural contexts, questions of safety, reproducibility, and environmental impact
remain critical.

In the mini-review on Janus hydrogels for battery applications, Li and Wang [1] illus-
trate how asymmetric architectures can overcome the inherent limitations of conventional
hydrogels, enabling improved ion transport and effective dendrite suppression. This work
fills a critical gap in energy storage research by reframing hydrogel design through the lens
of interface engineering.

The original articles span diverse applications. In the field of nanoparticle fabrication

and stabilization, Assan et al. [2] employed a microchip laser–based pulsed ablation
technique to directly generate small gold nanoparticles (~4 nm) within sensitive biopolymer
matrices such as gelatin and collagen, preserving structural integrity while mitigating
aggregation. Complementarily, Lei et al. [3] advanced short-wave infrared photodetectors
by applying an interface engineering strategy with 3-aminopropyltriethoxysilane (APTES),
which improved quantum dot–electrode contact, enhanced responsivity, controlled dark
current, and accelerated photo-response.

Surface modification and characterization emerge as central themes across four
studies. Huang et al. [4] demonstrated that liquid-phase plasma electrolysis (LPE) ef-
fectively removed sizing agents from carbon fiber surfaces, with SEM, TGA, and XPS
confirming near-complete removal while maintaining fiber activity. In mineral processing,
Xing et al. [5] showed that a blended xanthate collector (W8) with ammonium dibutyl
dithiophosphate (ADD) improved gold recovery from refractory arsenopyrite ore, sup-
ported by AFM, contact angle, and adsorption density analyses. Noskov et al. [6] revealed
that mixed adsorption layers of oat globulin amyloid fibrils and sodium polystyrene sul-
fonate formed threadlike aggregates and multilayers at liquid–gas interfaces, explaining
enhanced foam stability. Shah et al. [7] systematically investigated CTAB and AOT surfac-
tants in ethylene glycol–water mixtures, finding reduced hydrophobic interactions, looser
interfacial packing, and surfactant-specific adsorption behavior, with surface tension and

Colloids Interfaces 2026, 10, 34 https://doi.org/10.3390/colloids10030034
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adhesion measurements confirming improved wettability. Collectively, these works under-
score the pivotal role of surface modification and detailed characterization in optimizing
material performance, flotation efficiency, interfacial stability, and wettability.

In sensing and detection, Meng et al. [8] reported a scalable, eco-friendly strategy for
fabricating hybrid surface-enhanced Raman scattering (SERS) substrates by integrating
Au nanoparticles with WO3 nanowires via green photoreduction. The resulting Au/WO3

nanocomposite achieved highly sensitive detection of Rhodamine 6G down to 10−11 M
and enabled effective detection of weakly adsorbing molecules such as DMMP. In catalysis,
Wang et al. [9] developed atomically dispersed bimetallic Pt–Sn nanocluster catalysts sup-
ported on TiO2 to enhance hydrogenation in the toluene–methylcyclohexane cycle, a model
liquid organic hydrogen carrier system. Mechanistic studies revealed that Sn incorporation
modulates Pt’s electronic structure, improving H2 activation and spillover, thereby advanc-
ing liquid organic hydrogen carriers (LOHCs)-based hydrogen storage technologies.

In biological systems and related applications, Qiao et al. [10] highlighted silk fibroin
(SF), a natural amphiphilic protein, as a versatile stabilizer of emulsions for cosmetics,
food, drug delivery, and biomedicine. Nanostructured SF forms provided superior stability
under harsh conditions due to strong interfacial networks. In parallel, Asmawi et al. [11]
developed an eco-friendly hexaconazole-loaded nanoemulsion (Hexa-NE) to combat fungal
pathogens in palm oil crops, demonstrating excellent physicochemical stability, sustained
fungicide release, and highly effective antifungal activity against Ganoderma boninense.

Together, these contributions advance fundamental understanding while offering
practical pathways for applying colloid and interface science to societal challenges. They
address knowledge gaps in stability, scalability, and application-specific performance, while
opening new opportunities for interdisciplinary collaboration. Looking forward, future
research will likely emphasize the intelligent design of multifunctional colloidal systems
that integrate sustainability, biocompatibility, and scalability; translational studies bridging
laboratory innovation with industrial and environmental applications; and exploration
of colloid science in emerging fields such as flexible electronics, biointegrated energy
systems, and precision agriculture. This Special Issue underscores the vitality of colloid and
interface science in Asia and beyond, inspiring further research, fostering collaboration,
and stimulating industrial translation of colloid-based technologies.

Conflicts of Interest: The authors declare no conflicts of interest.
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Review

Novel Structural Janus Hydrogels for Battery Applications:
Structure Design, Properties, and Prospects

Ping Li and Qiushi Wang *

School of Physics and Materials Engineering, Dalian Minzu University, No. 18 Liaohe West Road, Development
Area, Dalian 116600, China; liping@dlnu.edu.cn
* Correspondence: wangqiushi@dlnu.edu.cn or wangqsh6@mail.sysu.edu.cn

Abstract

Janus hydrogels, defined by their asymmetric architectures and bifunctional interfaces,
have emerged as a transformative class of solid-state electrolytes in electrochemical energy
storage. By integrating spatially distinct chemomechanical and ionic functionalities within
a single matrix, they overcome the intrinsic limitations of conventional isotropic hydrogels,
offering enhanced interfacial stability, directional ion transport, and dendrite suppression
in lithium- and zinc-based batteries. This mini-review systematically highlights recent
breakthroughs in Janus hydrogel design, including interfacial polymerization and layer-by-
layer assembly, which collectively enable precise modulation of crosslinking gradients and
ion transport pathways. This review uniquely frames Janus hydrogels from a battery-centric
and interface-engineering perspective. It elucidates key structure–function correlations,
identifies current limitations in scalable fabrication and electrochemical longevity, and
outlines future directions toward intelligent, multifunctional platforms for next-generation
flexible and biointegrated energy systems.

Keywords: Janus hydrogels; interfacial engineering; asymmetric structures; multifunctional-
ity; batteries

1. Introduction

The continued evolution of energy storage technologies demands materials that can
offer not only high ionic conductivity and electrochemical stability but also mechanical
flexibility, environmental adaptability, and precise interfacial control [1–3]. Traditional
hydrogel-based electrolytes—composed of hydrated polymer networks—have attracted
widespread interest due to their high water content, tunable chemistry, and mechanical
softness. However, most conventional hydrogels are structurally isotropic and function-
ally homogeneous, limiting their capacity to fulfill the complex, spatially heterogeneous
requirements of modern battery architectures, particularly those involving metal anodes,
flexible substrates, or multifunctional compartments [4,5].

Janus hydrogels, named after the Roman god Janus, who possesses two faces looking
in opposite directions, provide a promising solution to these limitations. These hydrogels
are characterized by asymmetric structures—either in chemical composition, physical
morphology, or functional behavior—across distinct domains or surfaces. Inspired by
biological systems such as cellular membranes or skin tissues, Janus hydrogels offer built-in
spatial selectivity. This enables, for example, one side to provide ionic conduction while
the other functions as a barrier layer, or one region to promote electrode contact while the
other resists gas or moisture intrusion [6,7].

Colloids Interfaces 2025, 9, 48 https://doi.org/10.3390/colloids9040048
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In energy storage systems, the dual-functional design offers multiple critical advan-
tages by integrating complementary properties within a single structure. First, the presence
of hydrophilicity gradients or asymmetrically distributed charged sites enables directional
ion transport, effectively enhancing ion mobility and selectivity [8,9]. This is further com-
plemented by selective interfacial compatibility, which facilitates improved contact with
both electrodes [10] and electrolytes [11], thereby reducing interfacial resistance and pro-
moting stable electrochemical performance. Additionally, such systems provide mechanical
decoupling, allowing one layer to dissipate stress while preserving the electrochemical
integrity of the other [12,13], a feature crucial for long-term cycling stability. Finally, their
inherent thermal and chemical responsiveness imparts a self-regulating capability, enabling
the system to adapt or shut down under abnormal conditions, thus enhancing safety and
reliability [14,15].

Recent studies have demonstrated that Janus hydrogels can play multiple roles in
zinc-based batteries, including functioning as quasi-solid-state electrolytes [16], artificial
solid electrolyte interphase (SEI) [17], and self-healing interfaces [18]. Unlike conventional
electrolytes, the asymmetric architecture of Janus hydrogels enables the spatial separation
of distinct functionalities across their two faces. In lithium–metal systems, one side can be
engineered to form a stable and ion-conductive artificial SEI with lithiophilic components,
while the opposite side may serve as a barrier to dendritic growth, thereby achieving
simultaneous stabilization of both the electrode and electrolyte interface [19]. Similarly, in
aqueous zinc systems, the hydrophilic face can enhance ionic conductivity and wetting
at the zinc surface, while the other face can incorporate proton-trapping or hydrogen-
suppressing groups to minimize side reactions such as hydrogen evolution [20]. This
spatially directed functionality not only optimizes performance in metal batteries but also
makes Janus hydrogels promising for emerging applications in wearable electronics [21]
and biointegrated energy systems [22], where interface specificity and multifunctionality
are crucial (Figure 1).

 
Figure 1. Schematic illustration of Janus hydrogel for Zn-based battery.
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This review presents a concise yet comprehensive examination of Janus hydrogels
through the lens of advanced energy storage, with an emphasis on their evolving role
as intelligent, interface-engineered materials in next-generation batteries. We investigate
state-of-the-art fabrication strategies, reveal the intricate structure–property–performance
interplays, and assess their impact across diverse battery architectures. Special attention
is given to the emergent paradigm of interfacial asymmetry as a design principle for
directional ion transport, multifunctional stability, and responsive behavior. This review
concludes by outlining key scientific and engineering challenges, while charting a forward-
looking roadmap towards scalable manufacturing, adaptive functionality, and integration
into autonomous energy systems.

2. Fabrication and Structural Features of Janus Hydrogels

The functional capabilities of Janus hydrogels stem directly from their asymmetric
structure. Over the past decade, several fabrication strategies have emerged to generate
spatially heterogeneous hydrogels, each offering varying degrees of morphological control,
process scalability, and compatibility with electroactive materials.

2.1. Interfacial Polymerization

Interfacial polymerization is a fundamental technique in which polymer forma-
tion occurs at the interface between two immiscible or partially miscible phases. This
method enables the construction of distinct layered architectures with spatially local-
ized functionalities. For example, in a previous study, a Janus asymmetric hydrogel
electrolyte (AHE) was fabricated by sequentially integrating two polymer networks
with tailored roles (Figure 2a). Initially, a mixture of polyvinyl alcohol (PVA), poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS), and glutaraldehyde was
cast and treated with acetic acid to form a dense, conductive PVA–PEDOT hydrogel with
enhanced mechanical strength on the cathode-facing side. Subsequently, a sodium alginate–
carrageenan solution was layered on top and crosslinked with Zn2+ ions to generate a
robust Carra-Zn-Alg hydrogel on the anode side. Strong hydrogen bonding at the in-
terfacial region ensured tight adhesion and avoided delamination during swelling. This
stepwise interfacial polymerization yielded a dual-layer hydrogel with asymmetric wetta-
bility and mechanical properties, significantly enhancing Zn2+ transport and stabilizing the
Zn/electrolyte interface in Zn–I2 batteries [23].

2.2. Gradient Curing

Gradient curing refers to a strategy that induces spatial variation in the degree of
crosslinking or polymerization through differences in light exposure, initiator concentration,
or component diffusion. Unlike sharply defined interfaces, this approach produces smooth,
continuous gradients in regard to physical or chemical properties across the hydrogel. One
notable example employed interfacial ignition driven by the density difference between a
monomer precursor and a concentrated salt solution (e.g., LiCl or ZnCl2). A redox-initiated
polymerization front formed a barrier layer at the interface, resulting in a vertical gradient
in crosslinking density—from high at the top to low at the bottom. The resulting Janus
gradient hydrogel exhibited pressure-dependent conductivity, opening new possibilities
for integrating sensing and energy storage functionalities [24].
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Figure 2. Strategy for fabricating a Janus adhesive hydrogel: (a) illustration of the preparation process
for the AHE [23]; (b) stick–slip surface of the Janus adhesive hydrogel and its application [25].

In another case, gradient crosslinking was achieved via masked or directional ultravi-
olet (UV) curing, where specific regions of a Pregel matrix were selectively exposed to UV
light (Figure 2b). Using this method, a Janus-structured conductive hydrogel was prepared
by polymerizing sulfobetaine methacrylate (SBMA) into poly(sulfobetaine methacrylate)
(PSBMA) under UV irradiation, with PVA forming a self-crosslinked backbone. Tannic
acid (TA) was then introduced from one side through unidirectional dipping, forming a
surface-specific modification (TA@PVA/PSBMA). The resulting hydrogel exhibited strong
adhesion on the TA-modified side and excellent oil resistance on the PSBMA side, enabling
antifouling and self-adhering capabilities in oil–water complex environments—ideal for
wearable sensor applications [25].

2.3. Layer-by-Layer Integration

Layer-by-layer (LbL) casting is a modular technique wherein distinct hydrogel precur-
sors are sequentially cast to create multilayered structures with spatially defined mechanical
and ionic functionalities. A notable example is the development of an accordion-structured
hydrogel battery (ASHB), which employs a foldable paper–gel assembly inspired by the
morphology of biological organs (Figure 3a). The distinctive accordion geometry functions
as an ionic isolation barrier, significantly improving the retention of ionic gradients com-
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pared to traditional laminated configurations. This structure minimizes spontaneous ion
migration during storage and enables ionic gradient retention for over 30 h. The ASHB
design represents a promising direction for next-generation flexible electronics by offering
enhanced modularity, portability, and long-term electrochemical performance [26].

Figure 3. (a) Power generation principle using a paper accordion-structured hydrogel battery [26];
(b) CoAl LDH/CMC/PAM dual-network hydrogel preparation process diagram [27].

Further advances have leveraged sacrificial templates and anisotropic swelling agents
during gelation to construct uniaxial porosity gradients. These gradients form directional
ion transport channels that enhance through-thickness conductivity while minimizing
lateral ionic dispersion. Although not a morphologically Janus structure in the strictest
sense, such anisotropic architectures embody a core Janus design principle: directionally
resolved ion transport. For instance, incorporating layered double hydroxides (LDHs)
into the porous matrix yielded a dual-network hydrogel with a uniaxial pore orientation
that facilitated OH− transport through a synergistic combination of the Grotthuss and
vehicle mechanisms (Figure 3b) [27]. Computational studies based on COMSOL Multi-
physics simulations and activation energy analysis revealed that the Grotthuss mechanism

8
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dominated OH− migration within the LDH-containing hydrogel, evidenced by a sig-
nificantly reduced ion transport activation energy (9.14 kJ·mol−1) compared to control
samples. Simulated electric field and concentration profiles further confirmed reduced
internal resistance and steeper OH− transport flux in the LDH/carboxymethyl cellulose
(CMC)/polyacrylamide (PAM) system. Experimentally, this hydrogel demonstrated high
ionic conductivity (145.93 mS·cm−1 at room temperature), extended battery cycling (>160 h),
and excellent mechanical resilience (530% strain, 0.19 MPa stress) when used as a Zn–air
battery electrolyte. These characteristics stem from anisotropic ion pathways and justify its
inclusion as a Janus-inspired design.

3. Key Functional Properties of Janus Hydrogels in Battery

Janus hydrogels, by virtue of their spatially resolved architectures, exhibit a suite
of physicochemical properties that directly address critical limitations in both aqueous
and solid-state battery systems. Their key functionalities include directional ion transport,
interfacial stabilization, mechanical adaptability, and environmental responsiveness—each
arising from the rational asymmetry encoded in the hydrogel design.

3.1. Directional Ion Transport

Conventional hydrogels typically allow isotropic ion movement, which can result
in uncontrolled migration, ion crossover, or uneven electrodeposition. In contrast, Janus
hydrogels exploit ionic selectivity and structural anisotropy to promote unidirectional
ion flux. This is especially valuable in systems prone to dendritic growth or electrolyte
decomposition [28].

One common approach involves incorporating fixed charge groups—such as sulfonic
acid (−SO3

−) [29], carboxylate (−COO−) [30], or ammonium groups—into one region
of the hydrogel [31]. These fixed charges facilitate Donnan exclusion, in which counter
ions (e.g., Zn2+, Li+) are preferentially absorbed and conducted while co-ions are repelled.
When localized within a layered or gradient domain, this mechanism creates a chemical
potential gradient that reinforces directional transport [30,32].

To overcome the limitations posed by high water reactivity in conventional aqueous
and hydrogel electrolytes, particularly under elevated temperatures, a non-conventional,
Janus-inspired hydrogel (HPG, a hydrogel composed of poly(ethylene glycol) methyl ether
methacrylate (PMEM) and N-hydroxyethyl acrylamide (HEAA)) was rationally designed
by Zhi et al. (Figure 4a) [33]. This system forms a dual-functional polymer network
in which the flexible ether oxygen units of PMEM coordinate Zn2+ transport, while the
hydrophilic HEAA segments immobilize water molecules via hydrogen bonding, effectively
reducing free water content and water-induced side reactions. While this hydrogel does
not exhibit apparent morphological anisotropy, its molecular-level division of function
between domains leads to a spatially resolved functional asymmetry. As a result, the HPG
hydrogel achieves a high ionic conductivity of 3.9 × 10−3 S·cm−1 at 35 wt% water content
and a significantly expanded electrochemical stability window (Figure 4b).

This asymmetrically functionalized hydrogel demonstrates remarkable temperature
adaptability: symmetric Zn||Zn and Zn||Ti cells achieved >7500 and 5500 h of stable
cycling at room temperature, and around 99% coulombic efficiency even at 90 ◦C, highlight-
ing its robustness under harsh thermal conditions. In full Zn||Zn0.25V2O5·nH2O (ZVO)
batteries, the HPG electrolyte enabled 2300 cycles with 92% capacity retention at 0.7 A·g−1,
and 90% retention after 750 cycles at 90 ◦C with about 100% Coulombic efficiency.

These findings confirm that molecularly engineered Janus hydrogels with distinct
functional domains can simultaneously ensure efficient Zn2+ migration and thermal re-
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silience, offering a new strategy for high-performance, environment-adaptable aqueous
zinc batteries.

3.2. Interfacial Regulation and Electrochemical Stability

The success of batteries is often governed by the quality of the electrode–electrolyte
interface. In Janus hydrogels, one face can be tailored to match the chemical and mechanical
characteristics of the active electrode, forming a stable, adaptive contact layer. The other
face can act as a moisture barrier, electronic insulator, or an anti-gas diffusion layer [34].

In aqueous zinc–ion batteries (ZIBs), Janus hydrogels reduce hydrogen evolution
reaction (HER) by spatially decoupling the Zn-plating surface from the bulk electrolyte.
The hydrophobic or chemically inert outer side inhibits water penetration, while the
inner layer supports ion transport and stabilizes Zn2+ nucleation via chelation or adsorp-
tion. Hao et al. presented a design of a Janus hydrogel electrolyte based on a combina-
tion of deep hydrophilic eutectic solvent (DES, composed of choline chloride and ethy-
lene glycol, [ChCl]EG) and a hydrophobic ionic liquid (IL, 1-allyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [AMIm]TFSI), realized through a one-step UV polymer-
ization strategy that transforms a biphasic liquid Janus system into a solid-state gel [35].
The Janus architecture comprises a hydrophilic DES phase ([ChCl]EG) and a hydrophobic
IL phase ([AMIm]TFSI), connected via a miscible interfacial transition layer formed by
the copolymerization of acrylic acid (AA) and trifluoroethyl methacrylate (TFEMA). This
transition layer ensures structural continuity and minimal interfacial impedance between
the two chemically distinct regions. In function, the DES side exhibits excellent reduction
resistance due to the hydrogen bonding between choline chloride and ethylene glycol,
which restricts hydrogen atom mobility. Meanwhile, the IL side offers high oxidative
stability, thanks to the inherent electrochemical robustness of the TFSI− anion, providing
superior compatibility with cathode materials. This dual functionality enables the Janus
hydrogel to achieve a broad electrochemical stability window (ESW) of 3.6 V, along with
outstanding thermal tolerance (operational from −20 to 90 ◦C), anti-freezing behavior
(freezing point of −81.6 ◦C), and high solvent retention (97.47% at 25 ◦C over 21 days).
Moreover, the hydrogel exhibits a high ionic conductivity of 3.57 mS·cm−1 and excellent
long-term cycling stability, with 80.6% capacity retention and 99.9% coulombic efficiency af-
ter 10,000 charge–discharge cycles (Figure 4c,d). When used in a supercapacitor, it delivers
an impressive energy density of 89.4 Wh·kg−1 at a power density of 646.2 W·kg−1.

3.3. Mechanical Modulation and Crack Suppression

Janus hydrogels frequently feature mechanical heterogeneity, where tough and stretch-
able components are asymmetrically distributed. This design provides built-in stress
dissipation mechanisms, accommodating the swelling, shrinking, or volume changes in
electrodes during cycling or thermal fluctuation.

A compelling example of utilizing structural engineering to enhance the mechanical
robustness of gel-based electrolytes is demonstrated in a dual-network hydrogel system
composed of poly(acrylic acid) (PAA) and PAM. Although not a classic Janus configuration
in terms of compositional asymmetry, this system embodies the principle of functional
compartmentalization that underpins the Janus design—achieving a balance between
mechanical integrity and ionic transport through spatially differentiated structural features.

Specifically, Zhang et al. designed a PAA–PAM hydrogel that was fabricated via a step-
wise crosslinking and secondary swelling strategy, forming a hierarchical pore architecture
that spans from nanometer to micrometer scale [36]. X-ray tomography revealed that the
micropores generated during secondary swelling act as stress-dissipating nodes, enabling
the gel to withstand pressures up to 984 kPa, a record-breaking mechanical strength for
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hydrogel electrolytes. Simultaneously, macro-porous channels formed within the polymer
networks facilitate exceptional ionic conductivity of 205 mS·cm−1, which is several times
higher than conventional isotropic hydrogels. Although the structure is not explicitly
layered, the resulting gradient in mechanical and transport properties across the gel creates
a spatially anisotropic performance profile. When applied in zinc–air battery systems—
including both button cells and flexible Zn–air batteries (FZABs)—this hydrogel electrolyte
supported continuous operation for over 120 h, with stable voltage output and structural
integrity (Figure 4e,f).

 
Figure 4. (a) Schematic of the proposed hydrogel electrolyte. (b) The comparison of ionic conduc-
tivity of different electrolytes: Introducing a 2,6-bis((propylimino)methyl)-4-chlorophenol (Hbimcp)
ligand into the poly(propylene oxide) (PPO) polymer chain (PHP), heterolytic coordination polymer
electrolytes (HCPE), Zn2+-conducting solid-state electrolytes (ZCE), and precursor monomer to
build in situ polymerized Zn2+ SPEs (PPM) [33]. (c) Galvanostatic charge–discharge curves of the
supercapacitor at 2 A/g for 10,000 cycles. The inserts are the zoomed-in figures on the initial and
end localizations of the cycles. (d) Cycling performance of the supercapacitors based on Janus gel
and hetero-network gel as electrolytes [35]. (e) Electrochemical stability windows of PAA, PAM, and
PAA-PAM. (f) Stress–strain curves of polymer gels [36].
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The ability to fine-tune the pore architecture via swelling conditions offers a promising
direction for the development of Janus-like hydrogels with gradient mechanical proper-
ties, where one layer may provide strain-adaptive compliance and the other reinforces
load-bearing capability. This finding emphasizes the relevance of spatially organized
dual-network or Janus-like hydrogels in suppressing material collapse during battery op-
eration and provides a strategic framework for designing future electrolyte systems that
simultaneously meet the demands of mechanical durability and high ionic transport.

4. Discussion

4.1. Zinc–Ion Batteries (ZIBs)

ZIBs have attracted considerable attention for grid-scale and flexible energy storage
due to their intrinsic safety, low cost, and environmental friendliness. However, ZIBs
are plagued by interfacial instability at the Zn anode, including uncontrolled dendrite
formation, parasitic hydrogen evolution, and electrode passivation. These challenges
stem from the aqueous nature of the electrolyte and the high charge density of Zn2+ ions.
Specifically, the divalent nature and strong electrostatic interactions of Zn2+ lead to non-
uniform ion flux and localized Zn2+ accumulation at the electrode interface during cycling,
which promotes uneven nucleation and growth of Zn metal. This uneven deposition
facilitates the formation of dendritic structures that can pierce the separator, posing serious
safety and performance risks.

To address these persistent limitations, Janus hydrogel electrolytes offer a unique ap-
proach by enabling spatially resolved ion transport and interface protection within a single
gel matrix. A compelling example is demonstrated in the development of rechargeable elec-
trochromic Zn-ion batteries (RZEBs), where energy storage is coupled with dynamic color-
switching functionality. Yan et al. designed a Janus gel electrolyte that was constructed
by integrating a hydrophobic organogel layer composed of propylene carbonate-based
poly(N,N-dimethylacrylamide) (PDMAA) and a hydrophilic hydrogel layer of PAM [37].
This asymmetric structure effectively addresses the inherent limitations of aqueous Zn
systems, such as dendrite formation, HER, and Zn corrosion.

The hydrophobic PDMAA organogel, positioned adjacent to the Zn anode, acts as a
physical and chemical barrier that isolates water molecules, thereby mitigating parasitic
reactions and suppressing dendrite growth. Moreover, the organogel contains zincophilic
sites that enable uniform Zn deposition and contribute to a stabilized Zn interface. On
the other side, the PAM hydrogel provides a high-ionic-conductivity environment for the
rapid Zn2+ insertion/extraction at the electrochromic cathode, ensuring efficient energy
storage and color switching (Figure 5a). This Janus configuration results in remarkable
electrochemical performance, with Zn||Cu half-cells achieving a Coulombic efficiency of
97.91%, and Zn||WO3 full batteries delivering a specific capacity of 51.2 mAh·g−1 and
maintaining 91.7% capacity retention after 100 cycles (Figure 5b). Additionally, the battery
demonstrated stable and reversible optical transitions between sky-blue and black states,
confirming its applicability in transparent or smart display energy systems (Figure 5c,d).
This work reveals the multifunctional advantages of Janus hydrogels in aqueous Zn-ion
batteries, namely simultaneously enhancing cycling stability, suppressing water-related
degradation, and supporting fast ion transport, making them a powerful electrolyte design
strategy for advanced multifunctional battery systems.

This example underscores how Janus hydrogels can effectively mitigate Zn anode
degradation while enabling multifunctional energy storage, thus offering a strategic elec-
trolyte design for next-generation aqueous ZIBs.
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Figure 5. (a) Description of the preparation of Janus gel electrolyte for RZEBs; (b) cycling performance
of RZEBs with Janus gel electrolyte at a current density of 200 mA g−1; (c) photographs of RZEBs
powering an electronic thermo-hygrometer with and without power; (d) images of flexible RZEBs
undergoing various mechanical deformations [37].

4.2. Zinc–Air Batteries (ZABs)

ZABs are promising for high-energy-density applications due to their lightweight
design and abundant raw materials. However, traditional alkaline electrolytes suffer
from several drawbacks, such as rapid water evaporation, dendrite growth, Zn anode
passivation, and CO2 carbonation at the air cathode. These limitations become more
severe under ambient air exposure and mechanical deformation, which are common in
wearable applications.

To overcome these limitations, Fan et al. developed a Janus-type, double-layer kos-
motropic gel (DLKgel), leveraging the differing kosmotropic behaviors of ZnCl2 and
ZnSO4 salts [38]. The DLKgel comprises two functionally distinct layers within a sin-
gle gel matrix: a ZnCl2/CaCl2 cellulose hydrogel positioned near the air cathode, and a
ZnSO4–Poly(acrylamide-acrylic acid-methylacrylamide) (PAAM) hydrogel adjacent to the
Zn anode. This design enables spontaneous vertical phase separation without requiring a
physical separator.

The ZnCl2-rich layer promotes efficient Zn2+ transport and mitigates the formation of
irreversible by-products such as Zn hydroxysulfates. The ZnSO4 layer stabilizes the Zn
anode through strong sulfate coordination, suppressing passivation and corrosion. This
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spatially asymmetric structure decouples ion transport functions while enhancing overall
electrochemical stability. Compared to conventional alkaline or neutral gel electrolytes, the
DLKgel demonstrates superior cycling stability, maintaining smooth operation for over
200 h at 0.5 mA cm−2 and 120 h at 1.0 mA cm−2 (Figure 6a).

 

Figure 6. ZAB performance and device integration: (a) cycling performance of ZAB using DLKgel at
two higher current densities; (b) schematic of the flexible GPS tracking system powered by flexible
ZAB using DLKgel, including key communication protocols used to fetch data from satellites and
broadcast them to mobile devices; (c) a wrist belt-shaped GPS recording device powered by the ZAB;
(d) demonstration of the wearable GPS device for dynamic tracking of the trip path [38].

As a practical demonstration, the DLKgel-powered flexible ZAB was implemented in
a wearable global positioning system (GPS) tracker, the battery was engineered to deliver
a consistent voltage of 3.3 V, which can sustain the operation of the GPS chip (Figure 6b).
These features highlight the potential of structural electrolyte engineering in extending the
lifetime and practicality of ZABs for portable and wearable electronics (Figure 6c,d).

This work demonstrates how Janus hydrogel electrolytes can address the dual chal-
lenges of electrolyte degradation and mechanical adaptability, thus enabling the develop-
ment of reliable, application-specific ZABs.

4.3. Flexible and Wearable Batteries

The proliferation of wearable electronics such as health monitors, smart textiles,
and epidermal sensors has created an urgent need for energy storage devices that are
lightweight, skin-compatible, and resilient under mechanical stress. Conventional liquid
or bulk polymer electrolytes struggle to meet these criteria due to issues such as leakage,
rigidity, and poor ionic interface stability.

To resolve these challenges, Yang et al. developed a Janus poly(AM-co-Zn-AC-co-
NIPAM-co-MBAA) (PAZPM) hydrogel with asymmetric wettability and gradient pore
structures for Zn-ion pouch cells [39]. The hydrophilic surface, with large pores, facilitates
rapid proton insertion at the cathode, while the hydrophobic side, with dense pores, limits
water access and stabilizes Zn deposition at the anode. This structural asymmetry balances
ion accessibility with anode protection.

The Janus PAZPM hydrogel was employed in flexible Zn||(NH4)2V10O25·8H2O
(NVO) pouch cells (Figure 7a). The resulting devices demonstrated outstanding mechanical
flexibility and electrochemical performance. Pouch cells delivered a capacity of 48 mAh
and retained 85% capacity after 150 cycles (Figure 7b). To highlight real-world potential,
two Zn||NVO pouch cells connected in series were shown to reliably power a 76-LED
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array (“DICP 504”) (Figure 7c) as well as an electronic timer (Figure 7d), even under
bending, cutting, or weight-loading conditions. Beyond the NVO cathode, the Janus
PAZPM hydrogel also enabled stable cycling in a flexible Zn||polyaniline (PANI) pouch
cell, which delivered a high specific capacity of 154 mAh g−1 and 80% retention after
2800 cycles at a current density of 2 A g−1, demonstrating the broad compatibility of the
Janus electrolyte with different cathode chemistries.

 

Figure 7. Demonstration of the potential of Janus PAZPM hydrogel electrolytes in flexible and
wearable energy storage devices: (a) schematic of a flexible Zn||NVO pouch cell employing the
Janus hydrogel electrolyte; (b) long-term cycling stability of the Zn||NVO pouch cell at a current
of 200 mA, enabled by the Janus PAZPM hydrogel; (c,d) practical flexibility and durability of the
Zn||NVO pouch cell using the Janus hydrogel, showcased by powering LEDs and an electronic
timer under bending conditions; (e) high-rate cycling performance of a Zn||PANI pouch cell
using the Janus PAZPM hydrogel at 2 A g−1, highlighting its suitability for high-power wearable
electronics [39].

This example illustrates how Janus hydrogels enable multifunctionality in wearable
battery systems, offering tunable ion transport, structural robustness, and environmental
adaptability. Their self-healing and stress-responsive capabilities further enhance their
potential in dynamic and biocompatible energy systems.

In all these systems, Janus hydrogels play a transformative role in decoupling conflict-
ing electrolyte functions—such as ion conductivity versus electrode protection—through
spatial asymmetry. By doing so, they unlock new design pathways for high-performance,
safe, and application-specific energy storage technologies. Compared to conventional
liquid electrolytes, Janus hydrogels offer substantial advantages in addressing interfacial
instability, dendrite formation, and electrolyte leakage. Traditional aqueous electrolytes
used in ZIBs typically operate at low current densities (<1 mA·cm−2) with moderate cycling
lifespans (~200–500 h), whereas Janus gel-based systems demonstrate extended stability
(>800 h) and high Zn utilization (>85%). In lithium–ion systems, standard carbonate-based
electrolytes face challenges under mechanical strain and are prone to flammability. Solid
polymer electrolytes (e.g., polyethylene oxide (PEO)-based) offer improved safety but suffer
from poor room temperature conductivity (~10−5 S·cm−1). In contrast, Janus hydrogel
electrolytes can achieve ionic conductivities exceeding 10−3 S·cm−1 under ambient condi-
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tions while maintaining structural flexibility and electrochemical resilience, particularly in
wearable or deformable environments. These comparisons reveal that the Janus hydrogel
architecture is not merely a novel structure but addresses system-level challenges across
electrolyte performance, mechanical compliance, and operational durability.

5. Challenges and Outlook

Despite the significant progress in Janus hydrogel design and the demonstrated
utility of such hydrogels across various battery systems, several critical challenges must be
addressed to realize their practical deployment in commercial energy storage technologies.

One major hurdle lies in the scalability and manufacturing control of current fabrica-
tion methods. The above techniques are often labor-intensive, environmentally sensitive,
and unsuitable for large-area or high-throughput production. Achieving consistent batch-
to-batch reproducibility—particularly in terms of interfacial alignment and crosslinking
uniformity—remains difficult. To enable industrial translation, future research must fo-
cus on scalable, roll-to-roll, or printing-compatible manufacturing approaches that retain
spatial precision while improving throughput and cost-efficiency.

Another pressing issue is the mechanical integrity of Janus hydrogels, particularly
interfacial delamination under operational stress. Swelling mismatch, thermal gradients, or
directional ion flux during cycling can weaken interfacial adhesion between asymmetrical
domains, leading to performance degradation or even device failure. Enhancing interfacial
robustness through strategies such as semi-interpenetrating polymer networks, dynamic co-
valent bonding, or modulus-gradient design is essential for ensuring mechanical durability,
especially in flexible or wearable applications.

Electrochemical and environmental stability also remain limiting factors. The water-
rich nature of most Janus hydrogels restricts their compatibility with high-voltage or
moisture-sensitive systems such as lithium-based chemistries. Challenges such as evapo-
ration, hydrolysis, and parasitic reactions—particularly at reactive metal interfaces—can
reduce cycling life and raise safety concerns. Potential solutions include the incorporation
of ionic liquids, low-volatility additives, or protective encapsulation layers to expand
the electrochemical window and improve operational stability. Furthermore, the long-
term biostability and ionic leakage under ambient conditions in wearable devices are still
underexplored and warrant deeper investigation.

From a fundamental standpoint, the lack of comprehensive mechanistic understanding
limits the rational design of Janus hydrogel systems. The impact of structural asymmetry
on ion transport, charge transfer, and failure pathways remains poorly quantified. Future
research should leverage in situ or operando characterization tools—such as electrochem-
ical impedance spectroscopy, neutron scattering, and cryo-TEM—alongside multiscale
computational models to elucidate structure–property–performance relationships and
inform predictive design strategies.

Regarding future prospects, the next generation of Janus hydrogels is expected to
incorporate adaptive, self-healing, and stimuli-responsive features. Drawing inspiration
from biological systems, integrating multifunctional layers (e.g., photothermal and ion-
conductive) and intelligent responsiveness (e.g., humidity-activated conductivity) will
unlock broader applications beyond energy storage, including soft electronics, biosensors,
and robotics. Coupling Janus hydrogels with microfluidics, soft circuitry, or AI-assisted di-
agnostics may ultimately enable autonomous, self-regulating electrochemical platforms for
real-time monitoring and therapeutic interventions. Janus hydrogels represent more than
just separators or ion conductors; they are programmable, multifunctional materials with
the potential to redefine the landscape of next-generation smart electrochemical systems.
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6. Conclusions

Janus hydrogels, with their asymmetric structure and dual-function interfaces, have
emerged as a promising frontier in the development of next-generation solid-state elec-
trolytes. By enabling directional ion transport, enhanced interfacial stability, and effective
dendrite suppression, they provide innovative solutions to longstanding challenges in
lithium-based and zinc-based batteries. This review has summarized recent progress in
their structural design and fabrication, revealing how spatial control over ion dynamics
and mechanical gradients can be strategically harnessed for electrochemical performance
enhancement.

In terms of future prospects, Janus hydrogels hold vast potential beyond current appli-
cations. Their inherent design flexibility makes them ideal candidates for integration into a
wide spectrum of emerging battery systems—including flexible and wearable electronics,
implantable biomedical devices, and high-energy-density solid-state batteries. Moreover,
the ability to couple stimuli-responsive, self-healing, and adaptive functionalities further
positions Janus hydrogels as transformative materials in intelligent energy storage plat-
forms. Realizing their full potential will require advances in scalable fabrication, long-term
electrochemical stability, and deeper understanding of the structure–function relationship
at the interface. Nonetheless, the unique convergence of multifunctionality and asymmetry
in Janus hydrogels offers a powerful blueprint for engineering the next generation of smart,
safe, and high-performance battery systems.
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Abbreviations

The following abbreviations are used in this manuscript:

AA Acrylic Acid
AHE Asymmetric Hydrogel Electrolyte
AM Acrylamide
[AMIm]TFSI 1-allyl-3-methylimidazolium Bis(Trifluoromethylsulfonyl)imide
ASHB Accordion-Structured Hydrogel Battery
[ChCl]EG Choline Chloride and Ethylene Glycol
CMC Carboxymethyl Cellulose
DES Deep Eutectic Solvent
DLKgel Double-Layer Hydrogel Electrolyte
ESW Electrochemical Stability Window
FZABs Flexible Zn–Air Batteries
GPS Global Positioning System
HCPE Heterolytic Coordination Polymer Electrolytes
HEAA N-Hydroxyethyl Acrylamide
HER Hydrogen Evolution Reaction
HPG Hydrogel Composed of PMEM and HEAA
IL Ionic Liquid
LbL Layer-by-Layer
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LDH Layered Double Hydroxides
MBAA N,N′-methylenebisacrylamide
NIPAM N-isopropylacrylamide
NVO (NH4)2V10O25·8H2O
PAA Poly(Acrylic Acid)
PAAM Poly(Acrylamide-Acrylic Acid-Methylacrylamide)
PAM Polyacrylamide
PANI Polyaniline
PAZPM Poly(AM-co-Zn-AC-co-NIPAM-co-MBAA)
PDMAA Poly(N,N-dimethylacrylamide)
PEDOT:PSS Poly(3,4-Ethylenedioxythiophene):Poly(Styrenesulfonate)
PEO Polyethylene Oxide
PHP Introducing A 2,6-Bis((Propylimino)methyl)-4-Chlorophenol (Hbimcp) Ligand

Into The Poly(Propylene Oxide) (PPO) Polymer Chain
PMEM Poly(Ethylene Glycol) Methyl Ether Methacrylate
PSBMA Poly(Sulfobetaine Methacrylate)
PVA Polyvinyl Alcohol
RZEBs Rechargeable Electrochromic Zn-Ion Batteries
SBMA Sulfobetaine Methacrylate
SEI Solid Electrolyte Interphase
semi-IPNs Semi-Interpenetrating Polymer Networks
–COO− Carboxylate
–SO3

− Sulfonic Acid
TA Tannic Acid
TFEMA Trifluoroethyl Methacrylate
UV Ultraviolet
ZABs Zinc–Air Batteries
ZCE Zn2+-Conducting Solid-State Electrolytes
ZIBs Zinc–Ion Batteries
Zn-AC Zinc Acrylate
ZVO Zn0.25V2O5·nH2O

References

1. He, J.; Cao, L.; Cui, J.; Fu, G.; Jiang, R.; Xu, X.; Guan, C. Flexible energy storage devices to power the future. Adv. Mater. 2024, 36,
2306090. [CrossRef] [PubMed]

2. Dang, W.; Guo, W.; Chen, W.; Wang, J.; Zhang, Q. Extreme environment-adaptable and ultralong-life energy storage enabled by
synergistic manipulation of interfacial environment and hydrogen bonding. Energy Storage Mater. 2025, 74, 103915. [CrossRef]

3. Qin, T.; Zhao, X.; Sui, Y.; Wang, D.; Chen, W.; Zhang, Y.; Luo, S.; Pan, W.; Guo, Z.; Leung, D.Y. Heterointerfaces: Unlocking
superior capacity and rapid mass transfer dynamics in energy storage electrodes. Adv. Mater. 2024, 36, 2402644. [CrossRef]
[PubMed]

4. Shafiei, K.; Seifi, A.; Hagh, M.T. A novel multi-objective optimization approach for resilience enhancement considering integrated
energy systems with renewable energy, energy storage, energy sharing, and demand-side management. J. Energy Storage 2025,
115, 115966. [CrossRef]

5. Qorbani, M.; Chen, K.H.; Chen, L.C. Hybrid and asymmetric supercapacitors: Achieving balanced stored charge across electrode
materials. Small 2024, 20, 2400558. [CrossRef] [PubMed]

6. Wu, J.; Zhang, D.; He, X.; Wang, Y.; Xiao, S.; Chen, F.; Fan, P.; Zhong, M.; Tan, J.; Yang, J. “Janus-Featured” hydrogel with
antifouling and bacteria-releasing properties. Ind. Eng. Chem. Res. 2019, 58, 17792–17801. [CrossRef]

7. Luo, C.; Guo, A.; Li, J.; Tang, Z.; Luo, F. Janus hydrogel to mimic the structure and property of articular cartilage. ACS Appl. Mater.
Interf. 2022, 14, 35434–35443. [CrossRef] [PubMed]

8. Guo, W.; Tian, Y.; Jiang, L. Asymmetric ion transport through ion-channel-mimetic solid-state nanopores. Acc. Chem. Res. 2013,
46, 2834–2846. [CrossRef] [PubMed]

9. Zhang, Y.; Li, F.; Kong, X.; Xue, T.; Liu, D.; Jia, P.; Wang, L.; Ding, L.; Dong, H.; Lu, D. Photoinduced directional proton transport
through printed asymmetric graphene oxide superstructures: A new driving mechanism under full-area light illumination. Adv.
Funct. Mater. 2020, 30, 1907549. [CrossRef]

18



Colloids Interfaces 2025, 9, 48

10. Yu, X.; Wang, L.; Ma, J.; Sun, X.; Zhou, X.; Cui, G. Selectively wetted rigid–flexible coupling polymer electrolyte enabling superior
stability and compatibility of high-voltage lithium metal batteries. Adv. Energy Mater. 2020, 10, 1903939. [CrossRef]

11. Zhang, K.; Yan, S.; Wu, C.; Wang, L.; Ma, C.; Ye, J.; Wu, Y. Extended battery compatibility consideration from an electrolyte
perspective. Small 2024, 20, 2401857. [CrossRef] [PubMed]

12. Yuan, C.; Lu, W.; Xu, J. Electrochemical-mechanical coupling failure mechanism of composite cathode in all-solid-state batteries.
Energy Storage Mater. 2023, 60, 102834. [CrossRef]

13. Song, Y.; Bhargava, B.; Stewart, D.M.; Talin, A.A.; Rubloff, G.W.; Albertus, P. Electrochemical-mechanical coupling measurements.
Joule 2023, 7, 652–674. [CrossRef]

14. Zhuang, Z.; Yu, Z.; Yang, J.; Chen, L.; Xiao, T.; Fu, R.; Huang, Z.; Liu, K.; Yang, P. Thermal-gated polyanionic hydrogel films for
stable and smart aqueous batteries. Energy Storage Mater. 2024, 65, 103136. [CrossRef]

15. Shokrieh, A.; Mirzaei, A.H.; Mao, L.; Shokrieh, M.M.; Wei, Z. A review of the mechanical integrity and electrochemical
performance of flexible lithium-ion batteries. Nano Res. 2023, 16, 12962–12982. [CrossRef]

16. Ge, H.; Xie, X.; Xie, X.; Zhang, B.; Li, S.; Liang, S.; Lu, B.; Zhou, J. Critical challenges and solutions: Quasi-solid-state electrolytes
for zinc-based batteries. Energy Environ. Sci. 2024, 17, 3270–3306. [CrossRef]

17. Han, M.; Chen, D.; Lu, Q.; Fang, G. Aqueous rechargeable Zn–iodine batteries: Issues, strategies and perspectives. Small 2024, 20,
2310293. [CrossRef] [PubMed]

18. He, X.; Zhao, L.; Zhang, Y.; Zhang, X.; Yi, J.; Xu, Q. Cathode-Hydrogel Electrolyte Interaction in Aqueous Zinc-Ion Batteries:
Degradation Mechanism and Optimization Strategies. Adv. Funct. Mater. 2025, e10796. [CrossRef]

19. Liu, Q.; Zhou, D.; Shanmukaraj, D.; Li, P.; Kang, F.; Li, B.; Armand, M.; Wang, G. Self-healing Janus interfaces for high-performance
LAGP-based lithium metal batteries. ACS Energy Lett. 2020, 5, 1456–1464. [CrossRef]

20. Ma, H.; Chen, H.; Chen, M.; Li, A.; Han, X.; Ma, D.; Zhang, P.; Chen, J. Biomimetic and biodegradable separator with high
modulus and large ionic conductivity enables dendrite-free zinc-ion batteries. Nat. Commun. 2025, 16, 1014. [CrossRef] [PubMed]

21. Zou, X.; Wang, X.; Xie, L.; Yang, Y.; Wei, C.; Zhou, Y.; Huo, P.; Yue, O.; Liu, X. Scaleable asymmetric “Janus” patch with seamless
elastomer-hydrogel integration for wet on-skin electronic interfaces. Chem. Eng. J. 2025, 511, 162244. [CrossRef]

22. Zhu, T.; Wan, L.; Li, R.; Zhang, M.; Li, X.; Liu, Y.; Cai, D.; Lu, H. Janus structure hydrogels: Recent advances in synthetic strategies,
biomedical microstructure and (bio) applications. Biomater. Sci. 2024, 12, 3003–3026. [CrossRef] [PubMed]

23. Liu, Q.; Yu, Z.; Fan, K.; Huang, H.; Zhang, B. Asymmetric Hydrogel Electrolyte Featuring a Customized Anode and Cathode
Interfacial Chemistry for Advanced Zn–I2 Batteries. ACS Nano 2024, 18, 22484–22494. [CrossRef] [PubMed]

24. Yang, Y.; Jiang, W.; Chen, H.; Kong, F.; Wu, S.; Ni, Y.; Liu, Y. A novel strategy for preparing gradient hydrogels based on density
difference-driven bidirectional self-growth. Chem. Eng. J. 2025, 511, 161936. [CrossRef]

25. Xu, L.; Wang, Y.; Li, H.; Hou, Z.; Miao, X.; Miao, G.; Li, F.; Lu, J.; Ren, G.; Zhu, X. Janus Hydrogel with Both Sticky Adhesion and
Slippery Antifouling Properties for Strain Sensing. ACS Appl. Polym. Mater. 2024, 6, 2339–2348. [CrossRef]

26. Wang, J.; Huang, Y.; Gao, G.; Liu, H.; Huang, Y.; Wang, T.; Li, Z.; Shu, J.; Zhang, T. Accordion-Structured Hydrogel Battery
Capable of Maintaining Ion Gradients for Extended Periods. ACS Appl. Mater. Interf. 2024, 16, 58617–58627. [CrossRef] [PubMed]

27. Yang, H.; Sun, X.; Li, X.; Liu, Q.; Hu, W.; Zhang, L. Janus Grotthuss-Vehicle Mechanism Enhances Fast OH− Transport for
Ultralong Lifetime Flexible Zinc–Air Battery. Adv. Funct. Mater. 2024, 34, 2409695. [CrossRef]

28. Chen, Z.; Zhao, Y.; Cui, P.; Zhu, J.; Gao, X.; He, G.; Yi, X. Unidirectional Ion Sieve Enabling High-Flux and Reversible Zinc Anodes.
ACS Nano 2025, 19, 14987–15001. [CrossRef] [PubMed]

29. Mazzaferro, L.; Grasseschi, T.M.; Like, B.D.; Panzer, M.J.; Asatekin, A. Amphiphilic Polyelectrolyte Complexes for Fouling-
Resistant and Easily Tunable Membranes. ACS Appl. Mater. Interf. 2024, 16, 37952–37962. [CrossRef] [PubMed]

30. Hou, X.; Chen, X.; Liu, X.; Lu, Y.; Zou, J.; Ding, J.; Huang, K.; Xing, W.; Xu, Z. A zincophobic interface engineering achieving
crystal-facet manipulation for ultra-long-life zinc-based flow batteries. J. Membr. Sci. 2024, 701, 122730. [CrossRef]

31. Jin, J.-M.; Ye, H.; Li, T.-H.; Wu, M.-B.; Liu, L.; Yao, J. Antibacterial polyamide nanofiltration membranes with intermediate layers
of quaternized cellulose nanocrystal for Mg2+/Li+ separation. Desalination 2024, 582, 117605. [CrossRef]

32. Ye, K.; Du, Y.a.; Yang, Y.; Chen, R.; Deng, C.; Weng, G.-M. An air/metal hydride battery for simultaneous neutralization treatment
of acid–base wastewater and power generation. Green Chem. 2024, 26, 7891–7901. [CrossRef]

33. Wang, Y.; Liang, B.; Li, D.; Wang, Y.; Li, C.; Cui, H.; Zhang, R.; Yang, S.; Chen, Z.; Li, Q.; et al. Hydrogel electrolyte design for
long-lifespan aqueous zinc batteries to realize a 99% Coulombic efficiency at 90◦C. Joule 2025, 9, 101944. [CrossRef]

34. Tan, Y.; Liao, R.; Mu, Y.; Dong, L.; Chen, X.; Xue, Y.; Zheng, Z.; Wang, F.; Ni, Z.; Guo, J. Hierarchically-Structured and
Mechanically-Robust Hydrogel Electrolytes for Flexible Zinc-Iodine Batteries. Adv. Funct. Mater. 2024, 34, 2407050. [CrossRef]

35. Qian, Y.; Wang, Z.; Wang, L.; Sun, X.; Qiu, X.; Hao, J. Integrated Janus gel with bilayered heterostructure for high-performance
supercapacitors. J. Colloid Interface Sci. 2025, 686, 487–497. [CrossRef] [PubMed]

36. Sun, X.; Zhang, J.; Li, X.; Peng, Q.; Yang, X.; Liu, Q.; Zhang, L. Breaking the trade-off: Janus gel empowers flexible Zn-air batteries
with simultaneous ultrahigh strength and ionic flux. Chem. Eng. J. 2025, 514, 163395. [CrossRef]

19



Colloids Interfaces 2025, 9, 48

37. Chen, H.; Fang, P.; Yang, M.; Yu, J.; Ma, X.; Hu, Y.; Yan, F. Janus Gel Electrolyte Enabled High-Performance Quasi-Solid-State
Electrochromic Zn-Ion Batteries. ACS Appl. Polym. Mater. 2025, 7, 3718–3727. [CrossRef]

38. Wu, J.; Zhang, B.; Fan, H.J. Asymmetric Kosmotropism-Stabilized Double-Layer Hydrogel for Low-Cost Neutral Zinc-Air Battery.
Small 2024, 20, 2406484. [CrossRef] [PubMed]

39. Zhu, K.; Niu, X.; Xie, W.; Yang, H.; Jiang, W.; Ma, M.; Yang, W. An integrated Janus hydrogel with different hydrophilicities and
gradient pore structures for high-performance zinc-ion batteries. Energy Environ. Sci. 2024, 17, 4126–4136. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

20



Article

Exploring the Feasibility of a Microchip Laser Ablation Method
for the Preparation of Biopolymer-Stabilized Gold Nanoparticles:
Case Studies with Gelatin and Collagen

Nazgul Assan 1, Tomoyuki Suezawa 1, Yuta Uetake 1,2, Yumi Yakiyama 1,2, Michiya Matsusaki 1

and Hidehiro Sakurai 1,2,*

1 Division of Applied Chemistry, Graduate School of Engineering, The University of Osaka, 2-1 Yamadaoka,
Suita 565-0871, Osaka, Japan

2 Innovative Catalysis Science Division, Institute for Open and Transdisciplinary Research
Initiatives (ICS-OTRI), The University of Osaka, 2-1 Yamadaoka, Suita 565-0871, Osaka, Japan

* Correspondence: hsakurai@chem.eng.osaka-u.ac.jp; Tel.: +81-6-6879-4591

Abstract

Introducing small-sized metal nanoparticles directly into biopolymers susceptible to ther-
mal and chemical stimulations remains a significant challenge. Recently, we showed a
novel approach to fabricating gold nanoparticles through pulsed laser ablation in liquid
(PLAL) using a microchip laser (MCL). Despite its lower pulse energy compared to conven-
tional lasers, this technique demonstrates high ablation efficiency, offering the potential to
produce composites without compromising the distinctive structure of biopolymers. As a
proof of concept, we successfully generated gelatin-stabilized gold nanoparticles with a
smaller size (average diameter of approximately 4 nm), while preserving the unchanged
circular dichroism (CD) spectra, indicating the retention of gelatin’s unique structure. Ex-
tending this technique to the preparation of type I collagen-stabilized gold nanoparticles
yielded non-aggregated nanoparticles, although challenges in yield still persist. These
results highlight the potential of the microchip laser ablation technique for producing metal
nanoparticles within a vulnerable matrix.

Keywords: pulsed laser ablation in liquids (PLAL); microchip laser (MCL); gold nanoparticles;
gelatin; type I collagen

1. Introduction

Incorporating small-sized metal nanoparticles (NPs) into biopolymer matrices
that are susceptible to chemical and thermal stimuli remains a significant obstacle
in the fields of photothermal therapy, drug delivery systems (DDS), bioimaging, and
diagnosis [1–3]. Traditionally, such NPs are deposited onto biomatrices via in situ chemical
methods, which often involve the use of reducing agents, pH control, temperature regula-
tion, and other parameters [4–6]. However, these conventional chemical approaches face
notable limitations, including NP agglomeration and poor dispersion, which can adversely
affect the functionality of the extracellular matrix and potentially lead to its degradation.

To address these issues, a non-chemical strategy—pulsed laser ablation in liquid
(PLAL)—offers several advantages for the synthesis of small-sized metal NPs directly on
biopolymer matrices. Chief among these is the high purity of the resulting nanoparticles,
achieved without the use of chemical additives or surfactants. Additionally, PLAL allows
precise control over particle size and shape, resulting in uniform NP distribution [7,8].
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Other benefits include the ease of nanoparticle functionalization and the eco-friendly na-
ture of the process [9,10]. Notably, PLAL has been successfully applied to the synthesis
of gelatin-stabilized gold nanoparticles, demonstrating its utility for generating biocom-
patible colloidal systems without chemical reducing agents [11]. Despite these significant
advantages, there are few severe limitations, such as the stability of the biomatrix under
localized heating and the potential for unwanted chemical changes due to laser irradiation.
Moreover, there is the high initial cost for the laser and its setup, as well as ongoing mainte-
nance expenses. Additionally, the yield of produced nanoparticles is lower compared to
conventional chemical methods [12].

Based on this background, the PLAL method using a microchip laser (MCL) has
attracted attention as a versatile approach to overcoming the limitations of conventional
PLAL techniques for metal NPs synthesis. The MCL is a compact and portable device
with a cavity length of only 10 mm, which can be easily implemented in a standard
synthetic laboratory without the need for vibration isolation tables or complex optical
systems—offering significant practical advantages [13]. Moreover, PLAL using MCL
exhibits three key features that distinguish it from conventional PLAL setups. First, the
system operates at a low pulse energy (1.8 mJ/pulse), minimizing the decomposition
of coexisting unstable compounds and enabling the use of highly volatile solvents and
additives. Second, it employs a low repetition rate (100 Hz), which, despite the low pulse
power, effectively reduces the shielding effect. Third, the short pulse duration (0.9 ns)
minimizes energy loss during ablation [13]. These characteristics collectively result in
unique NP formation behavior.

Indeed, we previously reported that MCL-PLAL in an aqueous poly(N-vinyl-2-
pyrrolidone) (PVP) solution consistently yields AuNPs with an average diameter of ap-
proximately 4 nm, regardless of the PVP concentration. This size uniformity is attributed
to the generation of small, short-lived cavitation bubbles that govern particle formation
independently of the matrix concentration [14]. Additionally, we have demonstrated the
applicability of MCL-PLAL in organic solvents [15], and more recently, have shown that
using aromatic solvents enables precise control over the core–shell structure of carbon-
coated AuNPs [16]. These findings highlight the unique capabilities of MCL-PLAL as a
platform for NP synthesis. In particular, its ability to produce uniform particles irrespective
of environmental conditions and to minimize matrix damage due to low pulse energy
suggests great potential for the direct introduction of AuNPs into biomatrices.

In light of this rationale, we first examined the application of MCL-PLAL to gelatin
(Gel), a biopolymer previously used in PLAL-based gold nanoparticle synthesis, which
typically yields particles in the 10–15 nm range, to assess the specific impact of MCL
parameters. In addition, we attempted the direct synthesis of AuNPs within type I collagen
(ColI), a biopolymer matrix considered even more sensitive to external stimuli than gelatin.

2. Materials and Methods

Preparation of different concentrations by wt% Gel solution
Gelatin powder (077-03155, FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) was

dissolved in pure water at concentrations of 0.02 wt%, 0.05 wt%, 0.1 wt%, 0.2 wt%, and
0.5 wt%.

Extraction of ColI from the mixture of ColI and ColIII

A total of 1 g of collagen particles (a mixture of ColI and ColIII, Nippon Ham, Osaka,
Japan) was placed into a 2 L beaker. Then, 500 mL of water was added and stirred at
500–600 rpm in the ice bath. This mixture of collagens was stirred overnight until all the
particles were dissolved. To this were added 0.45 mol/L NaCl (13.15 g) and 5 mmol/L tris-
HCl buffer solution (394 mg), and the mixture was stirred for 30 min at room temperature.
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Then, it was transferred to the refrigerator and stored at 4 ◦C overnight. Then, 1.2 mol/L
NaCl (21.92 g) and 5 mmol/L tris-HCl buffer solution (394 mg) were added, and the
mixture was slowly stirred for 30 min at room temperature. Once fully dissolved, it was
transferred to the refrigerator and stored at 4 ◦C overnight. The resulting collagen solution
was dispensed into conical tubes (50 mL) and centrifuged for 15 min at 10,000 rpm to afford
the ColIII pellet (the centrifugation process should be repeated when no pellet was formed).
After that, the supernatant was collected into a 2 L beaker, and the solution was transferred
into dialysis membranes (15 kDa, 15 cm in length). The ColI solution in membranes was
immersed in water in a 2 L beaker for 7 days. On the first day, the water was changed
every hour. From the second day till the seventh day, the water was changed every 3 h to
afford a transparent solution. The thus-dialyzed ColI solution was transferred to 50 mL
conical tubes, frozen in liquid nitrogen for 30 min, and freeze-dried for 3 d at the pressure
under 25 Pa.

Preparation of 0.2 wt% ColI solution
The thus-extracted ColI (50 mg) was placed in a 50 mL conical tube. To this was added

pre-cooled PBS (25 mL), and the mixture was homogenized for 2–3 min until the sponge
broke into smaller pieces. It was tightly closed and stored in the refrigerator at 4–5 ◦C until
a homogenous solution was obtained (typically 2–3 d). Then, the solution was centrifuged
under 4–5 ◦C for 5–7 h at 4000 rpm to remove bubbles, affording a 0.2 wt% ColI solution.
This solution was stored at 4–5 ◦C.

Procedure for PLAL method using MCL (Figure S1) for Gel/ColI

A Au rod (>99.99% purity, ϕ 5 mm × 15 mm) was cleaned by ultrasonication in
acetone for 5 min and rinsed with deionized water before use. The Au rod was fixed by
a self-made holder (PEEK) and placed in a 50 mL vial (Marueme, 30 × 80 mm). Zirconia
beads were placed between the holder and the sidewall of the vial to stabilize the position
of the gold target during stirring and to maximize the efficiency of laser irradiation. To
this was added biopolymer (Gel/ColI) amount in the corresponding solvent (water/PBS,
15 mL). The laser was irradiated to the Au rod with stirring (270 rpm) for 1 h under
ambient conditions in the dark. The parameters of the MCL (1064 nm, a mono-lithic Nd–
YAG/Cr4+– YAG ceramics) were setup on the monitor of the power supply unit (current:
70 A, pulse repetition rate: 180 Hz, pulse width: 0.9 ns). Under this setting, the laser power
of 130–140 mW was obtained, which was confirmed by Nova II OPHIR Power/Energy
Meter. The laser head position was adjusted to a height of 14 cm from the surface of the
Au rod.

3. Results and Discussions

The primary objective of this study was to synthesize gelatin-stabilized AuNPs using
MCL-PLAL without the need for a conventional chemical reducing agent. To achieve
this, a bulk gold target was placed in aqueous gelatin solutions of varying concentra-
tions (Figure 1A), and ablation was performed using an MCL. In all concentrations
tested, a uniform, red-colored solution was obtained, indicating successful nanoparti-
cle formation (Figure 1B). Watari et al. reported that when synthesizing gelatin-stabilized
AuNPs via chemical reduction using sodium ascorbate, particle size varied between 10 and
15 nm depending on gelatin concentration [17]. Darroudi et al., using a high-power laser
(360 mJ/pulse, 5 ns pulse duration), observed the formation of larger nanoparticles
(7–19 nm), which decreased in size with longer ablation durations [11]. In this study,
gelatin concentrations ranging from 0.02 to 0.5 wt% were tested under a fixed laser irradia-
tion time of 1 h. The results are summarized in Table 1, and particle sizes were determined
via Transmission Electron Microscopy (TEM) (Figure S2). The AuNPs consistently exhibited
uniform sizes ranging from 4.2 to 4.4 nm and maintained a spherical morphology. A repre-
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sentative TEM image for the 0.2 wt% condition is shown in Figure 1C. Additionally, particle
size remained constant regardless of laser irradiation time. These findings contrast sharply
with previous reports. In Watari’s chemical reduction method, increasing the amount
of stabilizer weakened the interaction between the positively charged amino groups of
gelatins and the negatively charged AuNP surfaces, leading to smaller metal core sizes.
In our case, the consistent nanoparticle size is attributed to the short pulse duration of
MCL-PLAL, which produces short-lived, small cavitation bubbles, thereby minimizing the
impact of stabilizer concentration on particle size. Moreover, unlike in Darroudi’s report,
there was no evidence of secondary ablation of initially formed large particles.

 

Figure 1. Setup of PLAL experiment (A), obtained Au NPs for Gel (B) and (C) a TEM image and the
histogram in the case of entry 4, Table 1.

Table 1. Comparison of gelatin concentration, gelatin colloid size before and after formation of NPs
by PLAL-MCL.

Entry
Gel

Concentration
(wt%)

Au–Gel
NPs (nm) a

Yield of Au
(mmol) b

Au–Gel
Colloid

Size (nm) c

Gel Colloid
Size (nm) c

1 0.02 4.2 ± 2.1 4.4 × 10−5 23 ± 4 11 ± 4
2 0.05 3.9 ± 2.0 5.7 × 10−5 30 ± 4 7 ± 2
3 0.1 4.5 ± 2.3 2.2 × 10−5 10 ± 4 7 ± 2
4 0.2 4.3 ± 0.9 4.4 × 10−5 31 ± 2 7 ± 1
5 0.5 4.4 ± 2.5 7.5 × 10−5 25 ± 3 4 ± 2

a measured by TEM, b measured by ICP-AES, c measured by DLS.

To investigate nanoparticle stability and potential for cellular uptake and toxicity, the
colloidal size of the newly formed Au–Gel NPs was measured using dynamic light scatter-
ing (DLS). The colloidal size remained consistent across different gelatin concentrations
during NP formation, except for Entry 3 (Table 1), where a significantly smaller colloidal
size was consistently observed at 0.1 wt%. Pre-measurement of the gelatin colloid size prior
to PLAL-MCL revealed immediate colloid formation due to gelatin’s amphiphilic nature.
The colloid size decreased linearly with increasing gelatin concentration. To confirm the
lack of correlation between colloid size, gelatin concentration, and metal nanoparticle
yield, inductively coupled plasma (ICP) measurements were conducted. The results reaf-
firmed that Au size, yield, and corresponding colloid sizes were independent of gelatin
concentration (Table 1).

To assess structural degradation, circular dichroism (CD) spectroscopy, an important
tool for obtaining information on the secondary structures of biomacromolecule [18], was
performed on Au–Gel and pristine gelatin samples prepared at 0.2 wt%. Both samples
showed negative peaks at 213 nm and 232 nm [19,20], characteristic of random coil struc-
tures in the polypeptide backbone. The Au–Gel sample displayed similar behavior to
pristine gelatin with a negative region between 200 and 300 nm (Figure 2). The retention
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of negative peaks at approximately 213 nm and 232 nm in the CD spectra indicates that
the random coil structure of gelatin remains largely preserved following laser ablation at
0.2 wt%, suggesting minimal disruption to its secondary structure under these conditions.
CD spectra extended to 600 nm to assess chiral induction on the AuNP surface by the
gelatin matrix, but no CD signal corresponding to the surface plasmon resonance (SPR)
of AuNPs (500–600 nm) was observed (Figure S4). The absence of CD signals in the
500–600 nm region indicates that the surface of the AuNPs did not experience chiral
induction from the surrounding matrix.
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Figure 2. CD spectra of Au–Gel (red) and Gel (green) at 0.2 wt%.

In contrast, Au–Gel prepared at a lower concentration of 0.02 wt% showed different
results. While gelatin exhibited two prominent negative peaks at 210 and 230 nm, more
pronounced under these conditions, a new positive peak emerged around 225 nm upon
laser ablation (Figure 3). This shift from the typical 232 nm signal of pristine gelatin
suggests the formation of a triple helical structure, similar to partially denatured native
collagen [21,22]. These findings suggest that PLAL-MCL affects the secondary structure of
gelatin, promoting a more ordered conformation similar to that of collagen triple helices,
which may be beneficial for materials science and biomedical applications. Collectively,
these observations indicate that MCL-PLAL enables concentration-dependent fine-tuning
of gelatin structure, presenting a promising strategy for designing nanocomposites with
tailored bioactive conformations.
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Figure 3. CD spectra of Au–Gel (red) and Gel (green) at 0.02 wt%.

Subsequent experiments investigated the influence of different media on repro-
ducibility and Au–Gel NP synthesis. Using the optimized 0.2 wt% gelatin concentration,
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phosphate-buffered saline (PBS) was tested as a substitute medium to mimic cell culture
conditions. The results (Table 2) showed no significant change in pH before and after
ablation in pure water (6.57 → 6.81). In contrast, PBS (Entry 2) exhibited a marked increase
in pH from 7.16 to 8.33 after one hour of laser irradiation. The resulting solution became
visibly turbid, indicating the involvement of inorganic salts in the PBS during the ablation
process (Figure S3). Laser irradiation may induce the formation of hydroxyl radicals (•OH),
hydrogen atoms (•H), and dissociation of phosphate ions (H2PO4

−, HPO4
2−) [23], leading

to pH increase, possibly through chloride ion oxidation. Previous studies have shown
that chloride ions can reduce the surface charge of AuNPs, weakening electrostatic repul-
sion and promoting aggregation [24,25]. Accordingly, AuNPs formed in PBS tended to
aggregate over time, as stability tests revealed aggregation within one month. In contrast,
those formed in water remained stable, confirming water as a more suitable medium for
PLAL-based synthesis.

Table 2. Effect of different media on bio-matrix stabilized Au NPs formation by PLAL.

Entry Matrix Concentration (wt%) Solvent
pH Before

PLAL
pH After

PLAL
Color After

PLAL
ICP (mmol)

1 Gel 0.2 water 6.57 6.81 Clear red 4.4 × 10−5

2 Gel 0.2 PBS 7.16 8.33 Cloudy red 3.8 × 10−6

3 ColI 0.2 PBS 6.57 6.81 Clear red 4.4 × 10−5

Finally, we attempted direct synthesis of collagen type I (ColI)-protected AuNPs via
PLAL-MCL (Table 2, Entry 3). Unlike gelatin, ColI cannot form stable aqueous solutions
without additives, necessitating the use of PBS despite its known negative effects. After one
hour of irradiation, a faint pink supernatant and red precipitate were obtained, indicating
AuNP formation (Figure 4A). Centrifugation was used to separate the precipitate and
supernatant for further analysis. ICP-AES revealed that 0.045 μmol of Au was ablated, with
94% present in the precipitate. Due to ColI’s high viscosity (0.082 Pa·s vs. 0.001 Pa·s for
water), ablation efficiency was reduced, resulting in lower AuNP yield [26–28].

Figure 4. (A) Au–ColI dispersion after PLAL showing precipitate and supernatant. (B) TEM and size
distribution of nanoparticles from the precipitate (18.6 ± 8.7 nm). (C) TEM and size distribution from
the supernatant (2.4 ± 0.9 nm). Scale bars: 20 nm.
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TEM analysis of the red precipitate confirmed AuNP formation with a mean diameter
of 16.6 ± 8.7 nm (Figure 4B). However, the precipitates could not be redispersed in any
aqueous solution, indicating that significant deformation of ColI might occur during the
ablation process. On the other hand, the supernatant, containing 6% of the total Au, showed
much smaller and more uniform AuNPs (2.4 ± 0.9 nm) (Figure 4C), the smallest known for
ColI matrices [28].

4. Conclusions

In summary, we successfully established a method for the direct incorporation of
AuNPs into highly susceptible biopolymer matrices using pulsed laser ablation in liquid
(PLAL) with a microchip laser (MCL), without relying on any chemical reduction processes.
Despite the low pulse energy of the laser, the method achieved high efficiency. This
approach enabled the formation of gelatin-stabilized AuNPs with an average size of
approximately 4 nm, without altering the structural integrity of the gelatin—a result that
is difficult to achieve with conventional techniques. Moreover, when gelatin was used at
low concentrations, there was an indication that the laser process may have influenced the
secondary structure of the gelatin.

On the other hand, when the method was extended to type I collagen—an even
more sensitive biomatrix—a majority of the gold nanoparticles were entrapped within
the aggregated matrix. Nevertheless, we successfully synthesized a small fraction of well-
dispersed, non-aggregated collagen-stabilized AuNPs of small size. One possible reason
for the low yield in this case may be the degradation of the PBS buffer caused by laser
irradiation. If this is indeed the case, the use of PBS may need to be avoided, potentially
limiting the applicability of this method to certain biomatrices. Nonetheless, the MCL-
PLAL method presented in this study offers a fundamentally distinct and meaningful
approach compared to conventional techniques, particularly in enabling NP synthesis
under mild conditions within sensitive biological environments.
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Abstract

Lead sulfide colloidal quantum dots (PbS QDs) have demonstrated great potential in short-
wave infrared (SWIR) photodetectors due to their tunable bandgap, low cost, and broad
spectral response. While significant progress has been made in surface ligand modification
and defect state passivation, studies focusing on the interface between QDs and elec-
trodes remain limited, which hinders further improvement in device performance. In this
work, we propose an interface engineering strategy based on 3-aminopropyltriethoxysilane
(APTES) to enhance the interfacial contact between PbS QD films and ITO interdigitated
electrodes, thereby significantly boosting the overall performance of SWIR photodetectors.
Experimental results demonstrate that the optimal 0.5 h APTES treatment duration signifi-
cantly enhances responsivity by achieving balanced interface passivation and charge carrier
transport. Moreover, The APTES-modified device exhibits a controllable dark current and
faster photo-response under 1310 nm illumination. This interface engineering approach
provides an effective pathway for the development of high-performance PbS QD-based
SWIR photodetectors, with promising applications in infrared imaging, spectroscopy, and
optical communication.

Keywords: photodetector; PbS; APTES

1. Introduction

Colloidal quantum dots (QDs), particularly lead sulfide (PbS) QDs [1–3], owing to their
tunable bandgap, simple synthesis process, and low cost, exhibit broad spectral tunability
in the short-wave infrared (SWIR) range. They have been widely applied in areas such as
infrared detection [4–7], solar cells [8–10], and biomedical sensing [11–13]. Among these,
PbS QDs are especially prominent in SWIR photodetectors, primarily because of their low
cost and solution processability. In addition, their high dielectric constant, long carrier
lifetime, and the potential for multiple-exciton generation contribute to enhanced light
absorption and carrier collection efficiencies. More importantly, their process compatibility
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with large-area substrates and monolithic integration with CMOS circuits [14,15] make
them ideal for developing high-resolution, low-crosstalk imaging arrays.

Despite these advantages, a major challenge for PbS QD-based photodetectors lies in
the poor charge transport between adjacent QDs, primarily due to long insulating ligands
such as oleic acid (OA) used during synthesis [16,17]. These long ligands act as tunneling
barriers, limiting carrier mobility and reducing device responsivity. To address this, several
strategies have been explored. One effective approach involves employing a two-step
ligand-exchange method, which reduces the inter-dot spacing and increases the ligand
exchange efficiency. This enhancement in charge transfer capability led to a significant 94%
improvement in photodetector responsivity [18]. Additionally, optimizing QD synthesis via
the perovskite conversion method (PCM) further facilitates charge carrier transport within
the device, yielding additional responsivity improvements [19]. However, investigations
into the interface between QDs and electrodes remain limited, despite its critical role in
further enhancing device performance.

The interaction between silane coupling agents and QDs has been extensively stud-
ied [20–22]. In this work, we present a novel and effective strategy for enhancing
the performance of PbS QD SWIR photodetectors via interfacial engineering using 3-
aminopropyltriethoxysilane (APTES). By modifying the surface of ITO interdigitated elec-
trodes with an APTES layer, the interfacial contact and film morphology between the QD
layer and the electrode are significantly enhanced [23–27]. This modification promotes
more uniform and denser QD films, facilitates charge transport, and suppresses defect-
induced recombination. Systematic studies reveal that the APTES treatment duration
is a critical parameter: insufficient treatment results in incomplete passivation, whereas
excessive treatment introduces additional tunneling barriers and increases series resistance.
An optimized treatment time of 0.5 h achieves the best balance between interface passi-
vation and carrier extraction, resulting in markedly improved responsivity and reduced
dark current. These findings not only offer a practical solution for optimizing QD-based
photodetectors but also provide new insights into interface engineering for next-generation
optoelectronic devices.

2. Materials and Methods

2.1. Materials

Lead (II) chloride (PbCl2, ≥99.99%), sublimed sulfur (S, ≥99.5%), and tetrabuty-
lammonium iodide (TBAI, ≥99%) were purchased from Aladdin (Shanghai, China). 3-
Aminopropyltriethoxysilane (APTES, 99%), 1-octadecene (ODE, 90.0%, GC), and n-octane
(98%) were obtained from Macklin. Oleic acid (OA, 99%), oleylamine (OlAm, C18 content:
80–90%), n-hexane (≥99.5%), ethanol (≥99.5%), and methanol (≥99.9%) were purchased
from Energy Chemical (Anqing, China). All chemicals were used as received without
further purification.

2.2. Synthesis of PbS QDs

S precursor: In a three-neck flask, 0.16 g (5 mmol) of sulfur (S) was dissolved in 15 mL
of oleylamine (OlAm). The flask was subjected to three cycles of evacuation and nitrogen
purging. Then, vacuum was slowly applied until no bubbles were observed. When the
temperature reached 120 ◦C, the system was switched to nitrogen atmosphere and heated
for 30 min.

Pb precursor: In another three-neck flask, 0.834 g (3 mmol) of lead (II) chloride (PbCl2)
and 7.5 mL of OlAm were mixed. The mixture underwent three cycles of evacuation and
nitrogen purging and then was slowly evacuated until no bubbles appeared. Once the
temperature reached 125 ◦C, the system was switched to nitrogen and heated for 30 min.
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At 120 ◦C, 2.25 mL of the S-OlAm solution (containing 0.75 mmol of sulfur) was swiftly
injected into the Pb precursor solution. The reaction was allowed to proceed for 170 s. After
the reaction, 10 mL of n-hexane and 15 mL of ethanol were added to quench the reaction.

2.3. Ligand Exchange of PbS QDs

The product was collected by centrifugation at 3000 rpm for 3 min, and the supernatant
was discarded. The precipitated QDs were redispersed in 10 mL of n-hexane, followed by
the addition of 1.5 mL of OA. After thorough mixing, 15 mL of ethanol was added, and
the mixture was centrifuged at 3000 rpm for 3 min. The precipitate was redispersed in
10 mL of n-hexane and then reprecipitated with 15 mL of ethanol and centrifuged again at
3000 rpm for 3 min. This washing process was repeated twice. Finally, the precipitate was
dried under vacuum for 10 min and stored [28,29].

2.4. Preparation of APTES-Modified SWIR Photodetectors

APTES precursor: A 0.05 M APTES solution in n-hexane was prepared by mixing
217.5 μL of APTES with 49.7825 mL of n-hexane to make a total volume of 50 mL.

PbS QDs stock solution: PbS QDs were dispersed in n-octane to obtain a concentration
of 50 mg/mL. The resulting solution was filtered twice through a 0.25 μm polytetrafluo-
roethylene (PTFE) membrane to ensure uniformity and purity.

ITO substrate cleaning: ITO substrates were cleaned using a glass cleaner diluted with
water (1:4, v/v), followed by sequential ultrasonication in deionized water, isopropanol,
acetone, and ethanol for 20 min each. After cleaning, the substrates were treated with
ozone for 15 min to remove any residual organic contaminants.

APTES modification of electrodes: ITO interdigitated electrodes were immersed into
the APTES precursor solution for a defined period and then rinsed thoroughly with n-
hexane to remove unbound APTES. The immersion time was varied to control the degree
of functionalization and thereby tune the interaction between the electrode surface and the
PbS QDs.

QDs layer deposition: The 50 mg/mL PbS QD stock solution in n-octane was spin-
coated onto the substrate at 3000 rpm for 30 s to form the QD film. A 10 mg/mL solution
of tetrabutylammonium iodide (TBAI) in methanol was then drop-cast onto the film and
allowed to sit for 30 s. This was followed by spin-coating at 4000 rpm for 10 s. Methanol
was applied with a pipette to fully cover the surface, followed by spin-coating at 4000 rpm
for another 10 s. The methanol washing step was repeated three times. Steps involving QD
deposition, TBAI treatment, and washing were repeated five times to build up the desired
multilayer structure. Finally, the device was annealed at 85 ◦C for 10 min.

3. Results

In this study, APTES was employed as an interfacial modification layer on ITO inter-
digitated electrodes to enhance the interaction between PbS QDs and the electrode surface,
thereby addressing the gap in interface engineering for high-performance PbS QD-based
SWIR photodetectors. As illustrated in Figure 1a, an APTES activation layer was introduced
at the interface between the PbS QDs and the ITO electrodes. This modification aims to
systematically investigate how changes at the interface affect the overall performance of
the photodetector.
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Figure 1. (a) Schematic structure of the SWIR photodetector device on ITO interdigitated electrode
substrate; (b) illustration of the APTES optimization process.

Figure 1b presents a schematic diagram of the APTES-modified electrodes, highlight-
ing the uniform coverage of the silane layer on the electrode surface. The modification
process, detailed in Figure 1b, involves the covalent binding of APTES molecules onto
the ITO surface via hydrolysis and condensation reactions, resulting in the formation of
siloxane (Si-O-Si) bonds. This treatment exposes surface amino groups (-NH2), which are
given the chance to influence the surface chemistry and physical properties of the ITO
electrodes. The presence of these amino groups provides an opportunity to enhance adhe-
sion and promote a more uniform deposition of the PbS QD film compared to unmodified
electrodes, offering a promising strategy to achieve a denser and more compact QD layer.
This improvement in the QD film plays a vital role in promoting efficient charge trans-
port while reducing carrier recombination losses, ultimately contributing to the enhanced
performance of optoelectronic devices.

To validate this hypothesis, PbS QDs with a first excitonic absorption peak at
1270 nm were selected as the model system due to their well-defined optical properties in
the short-wave infrared (SWIR) region. These QDs were employed as the photosensitive
layer of the photodetector to investigate the impact of interfacial engineering on device
performance. Figure 2 presents the TEM image and absorption spectrum of these QDs.
As shown in Figure 2a,b, the PbS QDs are uniformly dispersed with an average diameter
of 3.6 nm. Figure 2c shows the absorption spectrum of the QDs, featuring a sharp and
well-defined first excitonic peak centered at 1270 nm. This peak is indicative of strong
quantum confinement effects [30,31], which arise when the QD size approaches or falls
below the exciton Bohr radius of bulk PbS. The distinct absorption behavior confirms that
the QDs possess a bandgap well-suited for SWIR photodetection, making them promising
candidates for high-performance optoelectronic applications such as photodetectors and
image sensors.

We systematically investigated the impact of APTES introduction on the performance
of PbS QD-based photodetectors. As illustrated in Figure 3, the ITO interdigitated elec-
trodes were immersed in the APTES precursor solution for 0.5 h, and the resulting devices
were compared with untreated counterparts. A comparison of the I–V characteristics
(Figure 3a) reveals that the introduction of APTES creates a more favorable interfacial
potential gradient, promoting more efficient separation and transport of photogenerated
electron–hole pairs. This improvement is attributed to more efficient separation of pho-
togenerated carriers, likely resulting from the formation of a denser and more uniform
PbS QD film on the modified electrode surface. Furthermore, the responsivity–voltage
(R–V) curves (Figure 3b) show a consistent increase in responsivity across the measured
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voltage range, further confirming the positive effect of the APTES layer in facilitating
carrier transport. The on/off ratio (Figure 3c) analysis reveals that the LBL device exhibits
a rise time of 14.98 ms and a fall time of 27.49 ms, while the APTES-treated device shows
a rise time of 12.89 ms and a fall time of 24.25 ms. The results reflect that devices with
an APTES duration of 0.5 h have a stronger response and faster response speed. This
conclusion is further supported by the SEM analysis shown in Figure 4. In the unmodified
device (Figure 4a,b), the PbS QD film exhibits a rough and granular surface morphology,
characterized by irregular protrusions and visible voids. In contrast, the APTES-modified
sample (Figure 4c,d) presents a significantly smoother and denser morphology. The grain
boundaries become less distinct, and the porosity is markedly reduced. Concurrently,
AFM analysis provides further evidence: (a) the unmodified device (Figure 5a) exhibits a
higher friction force on the PbS QD film, while (b) the APTES-modified device (Figure 5b)
shows reduced surface friction. This indicates that the smoothed surface post-modification
suppresses carrier scattering, improves interfacial contact, and ultimately enhances device
performance. These morphological improvements are indicative of enhanced film quality,
which is critical for efficient charge transport in photodetector applications.

Figure 2. (a) TEM image of PbS QDs, scale bar: 10 nm; (b) size distribution histogram from TEM,
average diameter: 3.6 nm; (c) absorption spectrum of PbS QDs.

Figure 3. Comparison of devices with and without APTES modification: (a) dark and light current;
(b) responsivity, and (c) on/off ratio. Measurements were conducted under illumination with a
1310 nm near-infrared laser.

The introduction of an APTES interfacial layer plays a pivotal role in tailoring the
surface properties of ITO interdigitated electrodes, thereby improving the morphology and
performance of PbS QD films. Contact angle measurements provide clear evidence of this
surface modification: the water contact angle increased from 71◦ on bare ITO electrodes
to 76◦ after APTES treatment. This subtle increase is attributed to the exposure of amino
groups (-NH2), which exhibit slightly higher hydrophobicity compared to the hydroxyl
groups present on the untreated surface. The formation of siloxane bonds (Si-O-Si) via
hydrolysis and condensation during the APTES modification process leads to the stable
integration of these functional groups (Figure 1b). This change in surface wettability
significantly affects the deposition behavior of the PbS QD film. Since these QDs are
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dispersed in a hydrophobic solvent such as n-octane and are capped with long-chain organic
ligands (e.g., OA and OlAm), the enhanced hydrophobicity of the APTES-modified surface
improves compatibility and adhesion between the QDs and the substrate. According to the
principle of “like dissolves like”, this improved surface match promotes the formation of
a more uniform and compact film with reduced porosity and fewer defects. Figure 6a–c
systematically investigate the effect of APTES modification time on the performance of PbS
QDs photodetectors. By comparing devices fabricated under different soaking durations
(0 h, 0.25 h, 0.5 h, 1 h, and 1.5 h), the current–voltage (I–V) characteristics under dark
and 1310 nm monochromatic laser illumination, as well as the responsivity–voltage (R–V)
curves, reveal the modulation mechanism of device performance by APTES interfacial
modification.

Figure 4. Comparison of SEM images: (a,b) unmodified devices vs. (c,d) APTES-modified devices.
Scale bars: 10 μm (a,c); 500 nm (b,d).

Figure 5. AFM images comparing devices without (a) and with (b) APTES surface modification.
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Figure 6. Comparison of device performance with different APTES modification durations: (a) dark
current; (b) light current; (c) responsivity. Measurements were conducted under illumination with a
1310 nm near-infrared laser.

The results show that device performance exhibits a “rise then fall” trend as the APTES
treatment time increases. At the initial stage, when the soaking time extends from 0 h to
0.25 h, the amino group density on the electrode surface increases, effectively passivating
some interface defects, resulting in a significant reduction in dark current. Further extend-
ing the soaking time to 0.5 h leads to the formation of a dense and continuous silane layer,
which improves the compactness and uniformity of the PbS QD film as well as the interface
contact with the electrode. This greatly enhances the separation and collection efficiency
of photogenerated carriers. During this stage, the device light current is significantly
enhanced, and the responsivity correspondingly increases, with the 0.5 h treated sample ex-
hibiting the best photo-response and overall device performance (Table 1). When combined
with the detectivity (D*) results [19], the 0.5 h APTES treatment effectively enhances the
D* improvement, strongly supporting the synergistic contributions of effective interfacial
defect passivation and enhanced film densification. However, when the treatment time is
further extended to 1 h and 1.5 h, the excessively thick silane layer may introduce additional
tunneling barriers and increase the device’s series resistance, thereby inhibiting carrier
injection and transport. As a result, both light current and responsivity decline to varying
degrees. This indicates that the effectiveness of APTES modification is highly sensitive to
treatment duration; moderate modification optimizes interface quality and improves device
performance, while excessive modification may cause adverse effects, hindering further
enhancement. Therefore, precise control of APTES treatment time is crucial for achieving
high-performance PbS QD photodetectors. These findings underscore the critical role of
interface engineering in optimizing the performance of quantum dot-based optoelectronic
devices.

Table 1. Comparison of device performance with different APTES modification durations 1.

Time (h) Dark Current (A) Light Current (A) Responsivity(A/W)

0 1.83 × 10−8 2.13 × 10−8 7.54 × 10−5

0.25 4.97 × 10−8 5.37 × 10−8 1.01 × 10−4

0.5 2.11 × 10−8 2.55 × 10−8 1.10 × 10−4

1.0 2.70 × 10−8 3.10 × 10−8 1.00 × 10−4

1.5 2.07 × 10−8 5.91 × 10−8 9.57 × 10−5

1 At 20V and 1310 nm, the light intensity measured by the power meter is 0.834 mW; the working area of the
optical power meter is 94.09 mm2; and the optical power density is 0.89 mW/cm2. The area of the photodetector
is 4.5 mm2 [32].

4. Conclusions

In summary, we propose an effective strategy for enhancing the performance of
SWIR photodetectors through the APTES surface modification of ITO interdigitated elec-
trodes. This modification significantly improves the interface between the QD film and
the electrode, resulting in a denser and smoother film morphology. Such improvements
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are essential for promoting efficient carrier transport, minimizing recombination losses,
and enabling stable, high-performance device operation. Notably, the APTES treatment
time is a key parameter in the simultaneous optimization of current and responsivity.
Insufficient modification leads to incomplete defect passivation, while excessive treatment
introduces additional tunneling barriers and increases series resistance due to a thicker
organic layer—both of which degrade device performance [33–35]. A 0.5 h treatment
strikes the optimal balance, maximizing interfacial passivation and carrier transport. This
optimized modification window provides a valuable reference for future device engi-
neering. Further performance improvements may be achieved by combining interfacial
energy level alignment or hybrid organic–inorganic dual-modification strategies, unlocking
the full potential of PbS QD-based SWIR photodetectors for high-sensitivity, low-noise
optoelectronic applications.
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Abstract

In this study, liquid-phase plasma electrolysis (LPE) was successfully employed to remove
the sizing agent from T800 carbon fiber surfaces. Through systematic investigation of
varying arcing voltages (185–215 V) and electrode spacings (10–20 mm), we determined
that an optimal combination of 200 V and 10 mm spacing achieved near-complete sizing
removal, as confirmed by SEM, TGA, and XPS analyses. Under this condition, plasma bom-
bardment dominated the removal mechanism, eliminating sizing residues while exposing
the underlying fiber grooves. TGA further demonstrated that in samples treated at a 10 mm
interval, the weight loss of LPE samples before 300 ◦C was negligible, indicating that the
sizing agent had been thoroughly removed. The results of XPS further confirmed the high
efficiency of LPE in the removal of sizing agents (C-O bond content from 41.6% to 26.9%),
and the retention of C-O also proved that LPE could maintain the surface activity of carbon
fibers, confirming the effectiveness of LPE in decomposing the sizing agent. Meanwhile,
based on the above test results, an attempt was made to explain the mechanism of LPE in
removing sizing agents from the surface of carbon fibers.

Keywords: plasma; carbon fiber; sizing agent removal

1. Introduction

Carbon fiber reinforced composite materials (CFRP) feature high strength, good ther-
mal conductivity, and high-temperature dimensional stability, which can meet the demands
of the aerospace field [1–4]. They are often used in parts such as the head cone, leading
edge, and throat liner of high-speed aircraft [5]. Meanwhile, its ease of modification, high
adjustability, and anisotropy in performance make it have broad application prospects in
energy and multi-functional surfaces [6–8]. PAN-based carbon fibers, as the most repre-
sentative product among carbon fibers [9], are commonly used as reinforcing materials in
CFRP. During the production process of carbon fibers, oxidation treatment is carried out
to introduce oxygen-containing groups on the inert graphite surface of the carbon fibers,
facilitating the subsequent processing of composite materials [10–12]. Then, it still needs
to go through the sizing step to ensure that the carbon fibers do not experience partial
fiber breakage and pulping or fiber dispersion during transportation, and at the same
time, it may be beneficial for the subsequent processing of composite materials [13–16].
However, in the specific processing, in order to make the surface state of the carbon fiber
more in line with the corresponding processing technology [17], or to increase the degree of
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graphitization on the surface of the carbon fiber [18], or to increase the surface roughness
of the carbon fiber [19], the sizing agent on the surface of the carbon fiber needs to be
removed. Fang et al. [20] removed the sizing agent on the surface of carbon fibers by
soaking them in anhydrous ethanol for 7 h, ensuring that the glucose on the surface of
the carbon fibers was subsequently converted into carbon. Niranjan Patra et al. [21] used
acetone plus ultrasonic treatment to remove the sizing agent on the surface of carbon fiber
fabric, thereby ensuring the quality of the subsequent chemically deposited Ni-Co-Fe-P
coating. The common method for removing sizing agents in production is to subject carbon
fibers to heat treatment at high temperatures [22], in air or an inert atmosphere, for a period
of time. This method is limited by the volume of the heating container, and production
is difficult to be carried out continuously. Moreover, high temperatures can easily dam-
age the active groups on the surface of carbon fibers, weaken the interfacial adhesion,
and reduce the interfacial strength between carbon fibers and CFRP, thereby affecting
the fracture behavior of the composite material [23,24]. Plasma surface modification of
carbon fibers can introduce oxygen-containing groups and increase the surface activity of
carbon fibers [25–29]. Lee et al. [30] used hydrogen plasma to modify the surface of carbon
fibers, enhancing the interfacial adhesion of CFRP. Xiao et al. [31] developed a continuous
and rapid atmospheric plasma system with power and successfully introduced oxygen-
containing functional groups on the CF surface. Moosburg-Will et al. [32] successfully
and continuously modified carbon fibers by using the atmospheric plasma jet method
(APPJ). However, some of these methods have high requirements for the airtightness of
high-pressure gas containers and too many parameters that need to be regulated, which
limits their application in production.

In this paper, liquid-phase plasma electrolysis is used to remove the sizing agent
from the surface of carbon fibers. This not only meets the conditions for continuous
production but also avoids the risks of high-pressure gas containers. Meanwhile, the liquid
environment can reduce the damage to the fiber surface, and the free groups in the liquid
can enhance the surface activity of carbon fibers. The existence form and distribution
of the sizing agent on the surface of carbon fibers were observed by scanning electron
microscopy (SEM). The content of sizing agent on the surface of each carbon fiber sample
was characterized by a thermogravimetric analysis test (TG). The types and relative contents
of carbon-containing chemical bonds on the surface of carbon fibers were characterized by
X-ray photoelectron spectroscopy (XPS). The optimal process for removing the sizing agent
from the surface of carbon fibers with LPE was obtained. It was confirmed that LPE can
completely remove the sizing agent from the surface of carbon fibers while introducing
oxygen-containing groups. It provides more effective methods and means for improving
the interface performance and production efficiency of CFRP.

2. Experimental Section

The experimental procedures of this study are illustrated in Figure 1. Carbon fibers
with sizing agent (T800, HF40S-12K, Jiangsu Hengshen Co., Ltd., Zhenjiang, China) in
their bare form were subjected to liquid-phase plasma electrolysis (LPE) treatment under
varying process parameters to obtain samples a–i (Table 1). Subsequently, the surface sizing
agent content of both the bare fibers and samples a–i were characterized using scanning
electron microscopy (SEM), thermogravimetric analysis (TG), and X-ray photoelectron
spectroscopy (XPS).
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Figure 1. Schematic diagram of the process of removing sizing agent from the surface of carbon fibers
by LPE.

Table 1. Labels of samples to their parameters.

Electrode
Spacing

Arcing Voltage
185 V 200 V 215 V

20 mm a b c
15 mm d e f
10 mm g h i

2.1. LPE Process

The LPE apparatus employed in this study is illustrated in Figure 2. The system
is equipped with a TN-KGZ01 high-frequency switching DC power supply (Guochong
Charging Technology Co., Ltd., Yangzhou, China) capable of providing continuously
adjustable voltage output ranging from 0 to 1500 V. A stepper motor is incorporated to
ensure continuous speed regulation of the carbon fibers between 2.8 and 20 cm/s. The
cathode rod assembly features adjustable studs at both ends, enabling precise control of
the electrode-to-fiber distance within a range of 10–20 mm.

Figure 2. Equipment structure diagram.
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During LPE treatment, a sodium metasilicate solution (50 g/L) serves as the liquid
medium to establish an electric field between the cathode and graphite anode, thereby
generating plasma beneath the cathode, as shown in Figure 3. The use of 50 g/L sodium
metasilicate as the liquid medium is mainly because sodium metasilicate has a high solubil-
ity in water, which can provide sufficient cations and anions for electron exchange at the
electrode in the solution. Moreover, no by-products will be formed during the electrolysis
process, ensuring the continuity of plasma generation. The carbon fibers, maintained at a
constant speed of 5 cm/s, are precisely guided through the plasma zone directly below the
cathode via the combined action of tensioning rollers and positioning guides. During the
experiment, the electric field force caused the free hydrogen ions in the water to approach
the cathode, continuously generating hydrogen bubbles near the cathode. When the voltage
reaches the breakdown voltage of the hydrogen bubble, the hydrogen bubble breaks down,
forming plasma. Because carbon fibers also have electrical conductivity, hydrogen bubbles
are precipitated from the surface of the carbon fibers when they are close to the cathode.
These hydrogen bubbles will also turn into plasma due to high voltage. Therefore, plasma
exists between the cathode and the carbon fiber. When the carbon fiber continuously passed
through the solution, we considered that the plasma was continuously treating the surface
of the carbon fiber.

 
Figure 3. Equipment: real figure at work.

2.2. Characterization

The surface morphology of carbon fibers, along with the morphology and the form
of the sizing agent, was characterized using field-emission scanning electron microscopy
(EHT = 15.00 K, WD = 9.4 mm, FE-SEM, GeminiSEM 300 ZEISS, Oberkohen, Germany).
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Thermogravimetric analysis (TGA) was conducted using the thermal analysis system
TGA/DSC 3 (air 20 mL/min, heating rate 10 k/min, temperature from 25 ◦C to 400 ◦C,
METTLER Toledo, Zurich, Switzerland) in an air atmosphere to screen out the optimal LPE
samples based on weight loss at 300 ◦C. Then, the selected samples were heated to 450 ◦C
using the same equipment and kept at this temperature for 20 min to obtain the curve
of their weight varying with time. Furthermore, X-ray photoelectron spectroscopy (XPS,
QUANTERA-II SXM, PHI, Ulvac-Phi Inc., Chigasaki, Japan) was employed to analyze the
relative contents of carbon chemical bonds and the C/O ratio on the surfaces of both sized
and desized carbon fiber samples. The tensile strength and retention rate of LPE fibers
were tested using a universal mechanical testing machine (Instron5966, Boston, MA, USA).

3. Results and Discussion

3.1. Morphology and Sizing Agent Content Estimation

The numbers 1 to 3 marked in the lower left corner of the picture correspond to the
500×, 2000×, and 10,000× scanning electron microscope images of the sample, respectively.
HF40S filament is prepared by a wet spinning process. The spinning solution directly
enters the coagulation bath. At this time, the elastic gel surface formed on the surface
of the solidified filament will elongate along the axial direction and contract along the
radial direction under the action of axial tensile force, causing the solidified filament
to become fine and denier, and the cross-sectional area to continuously decrease, thus
forming folds and wrinkles on the surface. Meanwhile, the solvent inside the solidified
filaments is gradually replaced by the coagulant, namely water, which leads to collapse
and increases the driving force for the formation of wrinkles. Grooves on the fiber surface
are formed during the solidification process and are oriented and arranged along the fiber
axis under the action of uniaxial stretching force, and eventually remain on the surface of
the carbon fiber.

By comparing the bare sample with samples a–i, it can be seen that after LPE treatment,
there are residues of varying degrees on the surface, and the grooves on the surface of the
carbon fiber monofilament are exposed. In the 2000× photo of the bare sample, some fine
filament fragments scattered on the surface of the fibers can be observed. These fragments
might be due to the fact that the sizing agent solidified during the sizing process and did
not penetrate into the gap between the two closely attached filaments. Instead, it solidified
on the surface of the two closely attached filaments due to surface tension. After the long
fiber bundles were cut, the sizing agent at the bonding area was scattered, maintaining a
part of the straight shape. The formation of these patterns may be attributed to the residue
of the sizing agent. By comparing the 10,000× photos of the exposed sample and a–i, it can
be found that the monofilament surface of the exposed sample has no pattern along the
length direction, and the edge of the image is not a straight line either, indicating that there
is something wrapped around the cylindrical surface. We believe that this is the sizing
agent. The carbon fiber monofilament surface of the a–i sample shows grooves along the
length direction, and the diameter is relatively uniform. This is because there is a coating
of sizing agent on the surface of bare, which fills the grooves and patterns on its surface
and makes it appear relatively smooth. At the same time, due to the dispersion of carbon
fiber monofilaments, the sizing agent between the monofilaments is difficult to be evenly
separated, resulting in uneven diameters of the monofilaments. Additionally, after the
LPE treatment of samples a–i, the sizing agent layer on the surface is removed to varying
degrees. This exposes the grooves on the surface of the a–i carbon fiber monofilaments in
the sample, and the diameters are relatively uniform.

Samples a–c are the samples with voltages of 185 V, 200 V, and 215 V, respectively,
when they are 20 mm away from the electrode (Figure 4). By observing samples a to c, it
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can be seen that from sample a to sample c, the residue on the surface of the carbon fiber
is getting less and less. This is because when the distance from the electrode is 20 mm,
the plasma arc region cannot completely affect the carbon fiber. At this point, the main
influences on the fibers are the temperature field of the electrode and the mechanical
vibrations during the bubble generation process. Therefore, when the voltage rises, the
temperature of the electrode increases accordingly, and the generation rate of bubbles
accelerates, thereby speeding up the melting and decomposition of the sizing agent.

Figure 4. Scanning electron microscope images of the bare sample and samples a–c; 1, 2, and 3 are
images at 500×, 2000×, and 10,000× respectively.

Samples d–f are the samples with voltages of 185 V, 200 V, and 215 V, respectively,
when they are 15 mm away from the electrode (Figure 5). From photos d2–f2, point-like
sizing agents with relatively high contrast on the surface of the fiber monofilaments can
still be observed. When observing the fiber monofilaments at a magnification of 10,000×, it
was found that the axial grooves on the fiber surface were relatively obvious, but there was
still a small amount of residue remaining in the form of thin layers or spots. By comparing
the surface morphology of samples d–f, it can be inferred that the change in the current
voltage has no obvious effect on the surface morphology of carbon fibers. This might be
because when the distance between the fiber and the electrode is 15 mm, the fiber is not only
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affected by the temperature field of the electrode and the mechanical vibration generated
by the bubble, but also directly bombarded by the plasma arc. Under the influence of
temperature, the surface sizing agent melts. Under the influence of mechanical vibration,
the sizing agent layer splits. Under the direct bombardment of plasma, the sizing agent
vaporizes and disintegrates. At this point, the influence of direct plasma bombardment
begins to dominate. However, due to the relatively long distance between the fibers and
the electrode, the effect of direct plasma bombardment remains weak, which results in a
small amount of sizing agent remaining on the fiber surface.

Figure 5. Scanning electron microscope images of samples d–f, 1, 2, and 3 are images at 500×, 2000×,
and 10,000× respectively, some of the residues are marked by yellow arrows.

Samples g–i are the samples with voltages of 185 V, 200 V, and 215 V, respectively,
when they are 15 mm away from the electrode (Figure 6). From the photos of samples g–i,
we can see that from 500× to 10,000×, the surfaces of carbon fibers are all very smooth, and
the shapes are all straight cylinders. At 10,000×, the grooves on the surface of the fibers
are very clear. Although there are still some residues in samples g and i, they are much
less than those in d–f. This indicates that reducing the distance from 15 mm to 10 mm is
effective for the removal of the sizing agent. This is because when the fiber is 10 mm away
from the electrode, the intensity and energy of the plasma are the greatest, and the sizing
agent on the surface of the carbon fiber disintegrates and vaporizes after being directly
bombarded by the plasma. By comparing samples a–i, it is concluded that for removing
the sizing agent, 10 mm or 15 mm might be the more suitable distance between the carbon
fiber and the electrode.
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Figure 6. Scanning electron microscope images of samples g–i, 1, 2, and 3 are images at 500×, 2000×,
and 10,000× respectively, some of the residues are marked by yellow arrows.

3.2. Thermogravimetric Analysis

The TGA curves of all samples were obtained under an air atmosphere with a heating
rate of 10 ◦C/min up to 400 ◦C, as shown in Figure 7. Common commercial sizing
agents may include one or more of PEEK, diazogen-containing diamine, dodecamine-
modified epoxy resin, PUR, PA, PI, PHE, PVP, PES, E-MA-GMA, PPhEK, and NSM, which
are dissolved in one or more of EP, CYC, THF, Toluene, DMC, and NMP; they may be
in the form of an emulsion or an aqueous solution. It was found that when heated to
300 ◦C in the air, the volatile components of the sizing agent surrounding the carbon fiber
completely evaporated.

Figure 7. TG of the bare sample and samples a–i.
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When the temperature rises from 25 ◦C to 300 ◦C, the evaporation of the sizing agent
on the surface of carbon fibers is the main cause of weight loss. When the temperature
exceeds 300 ◦C, the oxidation of carbon fibers becomes the main cause of weight loss. This
is why the bare sample is constantly losing weight. Because there is a considerable amount
of the sizing agent remaining on the surface of the bare sample, which causes it to show
weight loss in both stages. Samples a–c are the samples with voltages of 185 V, 200 V,
and 215 V, respectively, when they are 20 mm away from the electrode. It can be seen
from the weight loss curves of samples a–c that when the spacing is 20 mm, as the voltage
increases from 185 V to 215 V, the weight loss rate of the samples becomes smaller and
smaller. This might be because when the spacing is 20 mm, the carbon fibers in LPE are
mainly affected by the mechanical vibration caused by the electrode temperature field and
bubble generation, while the effect of plasma bombardment is not significant.

Samples d–f are the samples with voltages of 185 V, 200 V, and 215 V, respectively,
when they are 15 mm away from the electrode. By comparing the weight loss curves of
samples d–f, it can be seen that the weight loss rate of sample d is significantly greater
than that of samples e and f, which is very straight between 25 and 300 ◦C, indicating that
the sizing agent of samples g–i has been removed completely, and the weight loss rates
of samples e and f are similar. This evidence shows that when the spacing is 15 mm and
the voltage is 185 V, the plasma still cannot fully affect the carbon fiber. Possibly, when
the voltage increases to 200 V and 215 V, plasma bombardment begins to become the main
factor affecting the removal efficiency of the sizing agent.

Samples g–i are the samples with voltages of 185 V, 200 V, and 215 V, respectively,
when they are 10 mm away from the electrode. It can be seen from the weight loss curve of
samples g–i that the curve of samples g–i is very straight between 25 and 300 ◦C, which
indicates that the sizing agent of samples g–i has been removed completely. This indicates
that when the distance between the carbon fiber and the electrode is 10 mm, the carbon
fiber can be fully affected by the plasma. Maybe at this time, plasma bombardment is the
main factor affecting the removal efficiency of the sizing agent. By comparing the weight
loss curves of samples g–i and e and f, it can be seen that their weight loss curves have the
same shape. It can be concluded that samples e–i are related to the weight loss curve of
pure carbon fiber without the sizing agent. By comparing the weight loss curves of the bare
sample, it can be seen that only the weight loss rate of sample a is greater than that of the
bare sample, while the weight loss rates of the remaining samples are all less than that of
the bare sample. This might be because under the conditions of a spacing of 20 mm and a
voltage of 185 V, the plasma not only failed to bombard the sizing agent but also scratched
the sizing agent layer, increasing the contact area with the air and causing the weight loss
rate of sample a to be greater than that of the bare sample.

Since the weight loss curves of samples e–i are very similar, in order to obtain the
optimal parameters for removing the sizing agent, it is necessary to compare the remaining
weights of each sample at 300 ◦C (Figure 8). As shown in the figure, the remaining weight
of each sample at 300 ◦C clearly indicates that the optimal parameter range for removing
the sizing agent is an electrode spacing of 10 mm and an applied voltage of 185–200 V.

To determine the ability of the LPE method and the high-temperature method to
remove the sizing agent, sample h, the bare sample, and CF that had undergone 1 h heat
treatment in a 700 ◦C nitrogen atmosphere were tested. The temperature was increased
from 30 ◦C to 450 ◦C at 10 K/min in a nitrogen atmosphere and then held at 450 ◦C for
20 min [33]. The curve of weight varying with time is shown in Figure 9.
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Figure 8. The remaining weight of each sample at 300 ◦C.

Figure 9. Weight-time curves of sample h, the bare sample, and CF after 700 ◦C/N2/1 h.

As can be seen from Figure 9, during the heating stage 1 (0 < t < 1500 s), the weights of
the three samples hardly changed, and the temperature at this time was 280 ◦C. During the
heating stage 2 (1500 < t < 2520 s), the bare sample began to lose weight continuously, while
the thermal decomposition method sample and sample h maintained their weight. During
the holding stage (t > 2520 s), the bare sample continued to lose weight, and the weights of
the thermal decomposition method sample and sample h remained almost unchanged. In a
nitrogen atmosphere below 450 ◦C, the continuous weight loss of the bare sample is due to
the decomposition and volatilization of the sizing agent, which indicates that the effect of
LPE in removing the sizing agent is the same as that of the thermal decomposition method.

3.3. XPS

XPS analysis was performed on sample h, the bare sample, and CF after 700 ◦C/N2/1 h
(Al target, 1486.6 eV, line width < 0.48 eV), as shown in Figure 10 and Table 2. It can be seen
from the XPS results that the carbon-containing chemical bonds on the surface of carbon
fibers mainly exist in the form of C-C and C-O. However, on the CF surface where the sizing
agent is removed at high temperature, there is no presence of C-O. The relative content ratio
of C-C/C-O on the bare carbon fiber surface was 58.4/41.6. The relative content ratio of
C-C/C-O on the surface of carbon fibers after the sizing agent was removed was 77.4/22.6.
It can be seen that after LPE treatment, the content of C-O on the surface of carbon fibers
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decreased. This is because the C-O on the surface of carbon fibers mainly exists in the sizing
agent. After LPE, the relative content of C-O decreased significantly as the sizing agent
was completely removed. However, due to the etching effect of plasma on the surface
of carbon fibers and the protection of the liquid, some oxygen-containing groups were
retained on the surface of carbon fibers. Thus, some C-O were retained. This is conducive
to the combination of carbon fibers and the subsequent production of composite materials.

Figure 10. The peak fitting results: (a) bare sample; (b) CF after 700 ◦C/N2/1 h; (c) sample h.

Table 2. The relevant peak surface parameters of the bare sample and sample h.

Sample
Binding

Energy/eV
Peak Height

Full Width at Half
Maximum (FWHM)

Peak Area
Percentage of

Peak Area

h 284.0 (C-Csp2)
285.64 (C-O)

6490
2630

1.71
1.76

13,057
4811

77.4
22.6

CF after 700 ◦C
/N2/1 h 284.0 (C-Csp2) 13,928 1.28 25,678 100

bare 284.0 (C-Csp2)
285.73 (C-O)

6513
4691

1.33
1.40

10,441
7432

58.4
41.6

As shown in Table 2, the FWHM of the two peaks of sample h does not quite match.
This is because, considering that the C-C on the surface of carbon fibers mostly exist in the
form of SP2 hybridization, and due to the π-π excitation effect, most of the peaks of carbon
fibers have a long tail. Therefore, a nonlinear fitting method was chosen during the fitting
process. This led to the FWHM of the two peaks of sample h not matching well.

3.4. The Tensile Strength of Fibers

Six specimens of each sample were tested using a universal material testing machine
(INSTRON 5966) at a loading rate of 5 mm/min, and the average tensile strengths of
the exposed and sample h were obtained, as shown in Figure 11 The tensile strength
of the blank sample was 5.74 GPa, and the standard deviation was 0.257 GPa, which is
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in line with the tensile strength of T800 grade carbon fiber multifilament given by the
manufacturer. After LPE, the tensile strength of the LPE Sample was 4.28 GPa, and the
standard deviation was 0.292 GPa. After LPE treatment, the tensile strength of the fibers
was retained by 75%. This might be due to the bombardment effect and surface etching
effect of the liquid-phase plasma, which locally damaged the surface of the carbon fiber,
resulting in the obstruction of load transfer and ultimately leading to the decrease in the
tensile strength of the carbon fiber.

Figure 11. The tensile strength of the bare sample and sample h.

3.5. Mechanism of LPE in Removing Sizing Agents from the Surface of Carbon Fibers

The main components of the sizing agent on the surface of carbon fibers include water-
soluble and non-water-soluble epoxy resins, dimethyl resin, polyimide resin, polyvinyl
alcohol resin, vinyl acetate resin, acrylic resin, etc. The water-soluble sizing agent compo-
nents dissolve when passing through the aqueous solution, while the non-water-soluble
sizing agent has a melting point between 100 ◦C and 180 ◦C and a flash point between
225 ◦C and 235 ◦C.

Figure 12 reveals the mechanism of removing sizing agents by liquid-phase plasma.
When the carbon fiber passes beneath the cathode, the resin on it may first melt under
the influence of the high-temperature heat-affected zone of the electrode itself and the
plasma. Furthermore, due to its insolubility in water and its density being lower than
that of water, the molten sizing agent may separate from the carbon fiber due to the force
generated during the high-speed movement of the fiber in the solution and the bursting of
bubbles, rise to the plasma arc zone, and be ignited and vaporized. The process is shown in
Figure 12a. Meanwhile, as the carbon fiber is relatively close to the cathode, the potential of
the carbon fiber remains low enough throughout the electric field from the cathode to the
anode to act as a false cathode. So, during the electrification process, high-voltage bubbles
are constantly generated and burst on the cathode and the carbon fiber, and the surface
of the carbon fiber is subjected to mechanical vibration disturbed by the bubbles in the
solution. The work of Zhang et al. [34] also demonstrated the fact that carbon fibers are
polarized as conductors in an electric field. This is conducive to the separation of sizing
agents with fluid properties. The process is shown in Figure 12b. According to the bubble
discharge theory, as high-voltage bubbles grow and burst, the internal pressure of the
bubbles decreases, inducing gas discharge within the bubbles. This leads to the destruction
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of liquid insulation, the breakdown of the bubbles, and the generation of plasma. The
generated plasma exerts a more intense mechanical bombardment and stripping effect on
the surface of carbon fibers. This promotes the separation of sizing agents. The research of
Gupta et al. [35] is the origin of this theory that triggers liquid-phase plasma. The process
is shown in Figure 12c. Some components in the sizing agent are water-soluble. After
dissolving in water, the ionized cations and anions will be affected by the strong electric
field in the plasma arc region and separate towards the anode and cathode. This promotes
the decomposition of the sizing agent components. The process is shown in Figure 12d.

Figure 12. Schematic diagram of the mechanism of LPE in removing the sizing agent, (a) The thermal
field effect during LPE, (b) The mechanical force acting on the generation and rupture of bubbles in
LPE, (c) The direct bombardment effect of plasma in LPE, (d) The water-soluble components in the
sizing agent during LPE are affected by the fluid field and the electric field.

4. Conclusions

In this study, the sizing agent on the surface of T800 carbon fiber was successfully
removed by liquid-phase plasma electrolysis (LPE). By changing parameters such as dif-
ferent arc voltages (185–215 V) and electrode spacings (10–20 mm). We obtained a series
of samples. The possible range of the sample with the optimal parameters was estimated
through the SEM images. The TGA and XPS analyses and the comparison of samples
with the high-temperature removal of sizing agent confirmed that the combination of
200 V and 10 mm spacing could almost completely remove the sizing agent. Under this
condition, plasma bombardment dominated the removal mechanism, eliminating sizing
residues while exposing the underlying fiber grooves. TGA further demonstrated that
samples treated at 10 mm spacing exhibited negligible weight loss, indicating complete
sizing removal. The results of XPS further confirmed the high efficiency of LPE in the
removal of sizing agents (C-O content from 41.6% to 22.4%), and the retention of C-O
also proved that LPE could maintain the surface activity of carbon fibers, confirming the
effectiveness of LPE in decomposing the sizing agent. Meanwhile, based on the above test
results, an attempt was made to explain the mechanism of LPE in removing sizing agents
from the surface of carbon fibers. This method offers a rapid and solvent-free alternative
that can replace traditional de-gumming techniques, as well as the pretreatment steps
before large-scale fiber surface modification treatment or the cleaning of fiber surfaces
during the production process. It has potential advantages in the manufacturing of carbon
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fiber composite materials. Future work should explore the possibility of simultaneous
sizing agent removal and coating deposition on the fiber surface of LPE and its influence
on adhesion at the fiber–matrix interface in composite materials.
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Abstract

This study investigated the flotation performance of W8, a blended xanthate collector
containing ethyl, butyl, propyl, and amyl xanthates, combined with ammonium dibutyl
dithiophosphate (ADD) for treating low-grade arsenopyrite-type gold ore from Golmud,
Qinghai. Real ore flotation tests demonstrated the superior efficacy of the W8 + ADD
system, achieving 84.06% gold recovery with 0.34 g/t tailings, outperforming conventional
sodium amyl xanthate (SAX) + ADD and sodium propyl xanthate (SPX) + ADD systems.
Systematic studies on pure arsenopyrite revealed a significant synergistic effect in the mixed
SPX-SAX system (1:4 ratio), representative of W8 composition. At pH 9, the mixed collector
achieved 73.5% recovery, substantially higher than individual SPX (37.5%) or SAX (45.8%).
This enhanced performance was attributed to improved surface hydrophobicity (contact
angle 47.68◦ vs. 36.92◦ for SAX), greater adsorption density (4.97 × 10−7 mol/g under
depressant conditions), and extensive formation of molecular aggregates observed via
AFM, which increased surface roughness to 28.95 nm. Flotation kinetics further confirmed
the advantage of W8 + ADD, which reached 72.1% cumulative recovery in 420 s, exceeding
both mixed SPX/SAX (69.5%) and single SAX (65.5%) systems. The synergistic interaction
among different xanthate components in W8 enables efficient recovery of gold from this
refractory ore.

Keywords: collector; arsenopyrite; gold ore; synergistic effect; flotation kinetics

1. Introduction

Gold is a strategic metal with unique properties and extensive applications [1,2]. With
the rapid growth in domestic gold demand and the current resource landscape in China,
the exploitation of low-grade and associated/disseminated gold deposits has become an
inevitable necessity. Among the proven gold reserves in China, associated gold accounts
for 30% of the total reserves [3,4]. Taking the Wulonggou Gold Mine in Dulan County,
Qinghai Province as an example, it is a representative gold deposit of this type in the
Qaidam Basin. The mining area consists of three independent ore sections, covering a total
area of 2.12 square kilometers, with a total resource reserve of 120.81 tons and an estimated
potential economic value exceeding 10 billion American dollars. The majority of China’s

Colloids Interfaces 2025, 9, 76 https://doi.org/10.3390/colloids9060076
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associated gold deposits are arsenopyrite-type, primarily distributed in the northwestern
region. These are low-grade polysulfide gold ores characterized by fine dissemination of
gold-bearing minerals, often associated with clay minerals such as sericite, chlorite, and
kaolinite; sulfides with poor floatability like arsenopyrite serve as the primary gold-bearing
minerals, making these ores typically complex and refractory [5,6].

The efficient flotation of refractory minerals imposes higher demands on the perfor-
mance of flotation reagents, particularly collectors. The development of high-performance
collectors that combine strong collecting power with high selectivity remains a key re-
search focus and challenge in the flotation field [7]. Two main strategies are currently
pursued: first, the molecular design of novel collectors [8]. For instance, by introducing
heteroatoms or heterocyclic groups into traditional xanthate molecules, the strength and na-
ture of interactions between functional groups and surface-active atoms on minerals can be
modulated to balance selectivity and collecting capacity, thereby enabling the design of new,
highly effective collectors [9]. Second, the blended use of existing collectors [10]. In cases
of complex mineral intergrowth, a single collector often fails to achieve satisfactory separa-
tion. However, the combination of reagents according to certain principles can produce
unexpected synergistic effects—commonly referred to as synergism. Compared to single
reagents, blended reagent systems can improve flotation efficiency, increase concentrate
grade, reduce reagent consumption, or optimize the flotation environment [11,12].

For instance, the use of a mixed collector system comprising octyl hydroxamic acid
(OHA) and sodium dodecyl sulfonate (SDS) enhanced columbite recovery while reducing
operational costs [13]. To address the issue of high reagent costs at a copper smelting
slag processing plant, Wang Zitao et al. conducted experimental studies with various
collectors. Their results demonstrated that a combined collector system of Z-200 and
butyl xanthate provided superior performance, optimizing metallurgical performance
while simultaneously reducing reagent consumption [14]. In a case study conducted by
Bradshaw, synergies between thiol collectors during pyrite flotation at pH 4 were reported.
Potassium butyl xanthate and a dithiocarbamate collector were evaluated both as individual
collectors and as components of a blended collector system. Batch flotation tests assessed
the impact of the mixed collector on overall flotation performance by measuring sulfur
recovery and grade, water recovery, and flotation kinetics. The results indicated that the
use of the collector mixture enhanced the bubble-particle collection efficiency [15].

W8 is a blended xanthate collector comprising ethyl, butyl, propyl, and amyl xan-
thates. In this study, it was applied to the flotation of a gold ore from Golmud, Qinghai,
where arsenopyrite serves as the primary gold-bearing mineral [16]. At present, under the
collector system composed of amyl xanthate and butylamine black drug used on site, the
recovery rate of gold concentrate is not good. Preliminary tests revealed that W8 outper-
formed pure amyl xanthate, even when both were used in combination with ammonium
dibutyl dithiophosphate. Building on previous findings by other researchers, the enhanced
mechanism of W8 was systematically investigated through a series of methods including
micro-flotation tests on pure minerals, contact angle measurements, adsorption density
analysis, surface morphology characterization, and flotation kinetics studies.

2. Materials and Methods

2.1. Materials and Reagents

The raw ore samples were collected from the Wulonggou mining area in Golmud
City, Qinghai Province. The element composition is shown in Table 1. The gold ore
assayed 2.16 g/t, a submarginal grade that remains economically viable for extraction
under current technological and economic conditions [17]. Chemical analysis revealed
a composition of 62.25% SiO2 and 13.37% Al2O3, indicating a high content of quartz and
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silicate/aluminosilicate minerals, which constitute the primary acidic gangue. Gold is
mainly encapsulated in carrier minerals in a micro-submicroscopic state, accounting for
more than 70% (with the remaining less than 30% distributed in other minerals): approxi-
mately 39.11% of the gold is encapsulated in arsenopyrite, 11.01% in pyrite, and 1.69% in
pyrrhotite. Furthermore, the elevated concentrations of arsenic and carbon categorize this
ore as refractory, presenting significant challenges for conventional cyanidation. The focus
of this study is not on the gangue minerals, but on the efficient flotation of the gold-bearing
mineral, arsenopyrite.

Table 1. Chemical multi-element analysis results of the ore.

Element Au * Ag * S As SiO2 Al2O3 CaO

Content/% 2.16 1.54 2.01 0.26 62.25 13.37 3.52

Element MgO Cu Zn Ni Co TFe C

Content/% 1.90 0.008 0.056 0.007 0.002 4.10 0.38
* Unit of Au/Ag content, g/t.

Pure minerals of arsenopyrite were obtained from Beijing Shuiyuan Shanchang min-
eral specimen Co., LTD. (Beijing, China). The samples were dry-ground using a jar mill
with porcelain balls and subsequently classified by sieving through screens with apertures
of 0.045 and 0.026 mm, respectively. The −0.045 + 0.026 mm fraction was reserved for
micro-flotation tests, adsorption studies and contact angle measurements. This is a rela-
tively common method for mineral sample processing [18]. Laser particle size analysis was
conducted on the samples obtained through sieving, and the resulting curves are shown in
Figure 1. It is obvious that the particle size of the samples is indeed within the expected
range. The phase purity of arsenopyrite was verified by X-ray diffraction (XRD; X’Pert
PRO, PANalytical B.V., Almelo, The Netherlands) to obtain the spectrum (Figure 2).

Figure 1. The particle size distribution of the sieved arsenopyrite sample.

Analytically pure hydrochloric acid and sodium carbonate Na2CO3 were used as the
pH regulators. Analytically pure terpilenol (C10H18O (4-methyl-2-pentanol)) was used
as the frother. Copper sulfate (CuSO4), sodium amyl xanthate (SAX, C5H11OCSSNa),
sodium propyl xanthate (SPX, C3H7OCSSNa), and Ammonium dibutyl dithiophosphate
(ADD,(C4H9O)2PSSNH4), were also analytical reagent grade and used as the collector. The
above analytically pure reagents were bought from Sinopharm Group (Beijing, China).
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Figure 2. XRD patterns of arsenopyrite used in the tests.

2.2. Flotation Tests
2.2.1. Flotation of the Real Ore

The open circuit flow sheet for collector comparison with one roughing and one
scavenging is shown in Figure 2. A total of 500 g of raw ore was ground to −0.074 mm
size fractions accounting for 78% in a laboratory conical ball mill and placed into the 1.5 L
flotation cell (XFD-type flotation apparatus), and the flotation cell was filled with water to
prepare a pulp with the solid concentration of approximately 40 w.%. The slurry pH was
regulated using Na2CO3 solution; CuSO4 was used as the activator of Au-bearing sulfide
minerals; SWUST-D01 (polysaccharide) was employed as the depressant; SAX + ADD or
W8 + ADD was used as the collector; and 2# oil (industrial products of terpineol) was
used as the frother. The condition time for each step and the reagent dosage are shown
in Figure 3. After finishing the roughing operation, the scavenging was conducted with
lower reagent dosage. The floated fraction of roughing was the concentrate, and that of
scavenging was the middlings; the product remaining in the flotation cell was the tailings.
The final concentrate, middlings, and tailings were filtered, dried, weighed, and analyzed
for Au.

Grinding -0.074 mm 78%

Feed

Au concentrate

Tailings

3′ Na2CO3  1600 g/t
4′ CuSO4   120 g/t
3′ EMY-515  140 g/t
3′ SAX/W8+ADD  200+50 g/t
1′ 2#  20 g/t

5′

5′

Middlings

3′ SAX/W8+ADD  100+25 g/t
1′ 2#  10 g/t

5′

Roughing

5′

Scavenging

Figure 3. Flow chart of open circuit flotation test for collector comparison.
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2.2.2. Flotation of Pure Mineral

Micro-flotation tests on pure minerals were performed using a 40 mL flotation cell. In
each test, 2.0 g of the mineral sample was charged into the cell containing 35 mL of distilled
water and agitated at 1920 r/min for 2 min. The pH was then adjusted to the desired
value using HCl or Na2CO3 as regulators. Following pH conditioning, the activator was
introduced, followed by the collector, with each reagent addition succeeded by 3 min of
conditioning. Subsequently, terpinenol was added and the pulp was agitated for another
2 min prior to the 5-min flotation process. Both the floated and non-floated products were
collected, separately filtered, dried, and weighed. The flotation recovery was calculated
based on the dry weights of the concentrates and tailings. All tests were conducted in
triplicate under identical conditions, and the average recovery was reported, with the
deviation among replicates maintained within 3%.

For the flotation kinetics study, a single dose of reagents was added initially, followed
by the collection of froth products in six timed intervals: the first two at 30 s each, the next
two at 60 s each, and the final two at 120 s each.

2.3. Contact Angle

To determine the wettability of the arsenopyrite surface, a contact angle measurement
apparatus was employed in this study. First, mineral tablets of the arsenopyrite powder
were prepared, and then treated with various collectors. Subsequently, these treated bulk
samples were air-dried naturally at room temperature to ensure the consistency of surface
conditions. For the contact angle measurement, the sessile drop method was adopted to
determine the contact angle of the processed thin tablets.

2.4. Adsorption Measurements

The adsorption density of xanthate on arsenopyrite was determined by measuring
the absorbance at the characteristic wavelength of 301 nm using a UV-3100 spectropho-
tometer. In a typical procedure, a 2.0 g sample of the −0.045 + 0.026 mm fraction was
pulped with 40 mL of distilled water, followed by the addition of specified reagents. The
slurry was agitated for 15 min and subsequently centrifuged for 10 min at 4500 rpm us-
ing a high-speed refrigerated centrifuge (S-1-150s, HONGHUAYIQI Co., Ltd., Cangzhou,
China). The absorbance of the resulting supernatant was then measured. The residual
xanthate concentration was determined by referring to a pre-established calibration curve
(Figure 4). Finally, the amount of xanthate adsorbed on the mineral surface was calculated
based on the difference between the initial and equilibrium concentrations [19].
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Figure 4. The standard curve of xanthate.

2.5. Atomic Force Microscopy Observation

The surface morphology of arsenopyrite before and after collector adsorption was
characterized in situ using atomic force microscopy (AFM; Dimension Icon, Bruker Nano
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Inc., USA). Sample preparation involved sequential wet polishing with 600-, 800-, 1000-,
1200-, 1500-, 2000-, and 2500-mesh abrasive papers, followed by final polishing with
diamond suspensions of 3 μm, 1 μm, and 0.2 μm particle sizes [20]. After being immersed
in the respective collector solutions for 6 h, the polished sections were thoroughly rinsed
with deionized water, dried under a gentle nitrogen stream, and subsequently examined
by AFM. Imaging was conducted under ambient conditions using ScanAsyst mode for
topographical analysis and force modulation mode for mechanical property mapping, with
antimony (n)-doped silicon cantilevers (TESPA-V2, Bruker, Billerica, MA, USA).

3. Results and Discussion

3.1. Real Ore Flotation

The separation indicators of a certain gold ore in Golmud under three reagent systems
were comparatively studied, and the results are shown in Table 2. In the production plant
of a Golmud gold mine, the combined collector system of SAX and ADD was employed.
When applied to the experimental flowsheet, this system achieved a high gold concentrate
grade of 14.10 g/t, along with a recovery of 81.94%, while reducing the gold content in
the tailings to 0.37 g/t. These results are considered satisfactory. For comparison, when
SPX was used to replace SAX at the same dosage, forming an SPX + ADD collector system,
the resulting gold recovery and concentrate grade were 81.27% and 13.4 g/t, respectively.
Both of these key indicators were lower than those obtained with the SAX + ADD system.
Obviously, this is related to the longer chain length of the hydrocarbons in SAX [21].

Table 2. Test results of collector comparison.

Type of Collector
and the Dosage

Selected for
Roughing and

Scavenging (g/t)

Product Yield (%)
Au Grade

(g/t)
Au Recovery

(%)

SPX + ADD
(200 + 50)/(100 + 25)

Au Concentrate 13.05 13.40 81.27
Middlings 2.76 2.76 3.54

Tailings 83.79 0.39 15.19
Raw Ore 99.60 2.16 100.00

SAX + ADD
(200 + 50)/(100 + 25)

Au Concentrate 13.04 14.10 81.94
Middlings 3.72 2.64 4.38

Tailings 82.94 0.37 13.68
Raw Ore 99.70 2.25 100.00

W8 + ADD
(200 + 50)/(100 + 25)

Au Concentrate 13.88 13.30 84.06
Middlings 2.48 2.65 3.00

Tailings 83.64 0.34 12.94
Raw Ore 100.00 2.20 100.00

When the novel collector W8 was substituted for SAX, the new W8 + ADD system
yielded the best overall performance: a gold recovery of 84.06% and a concentrate grade of
13.30 g/t, with the gold content in tailings further reduced to 0.34 g/t. Given that recovery
is generally of greater practical significance than grade during the roughing and scavenging
stages, the W8 + ADD collector system clearly delivered the most favorable outcomes [22].
It demonstrates the superior flotation performance of W8 + ADD for this specific gold ore
compared to the collector system currently used in the plant.

3.2. Micro Flotation of Pure Mineral

The novel collector W8 has a complex composition, being a mixture of several xan-
thates and dithiophosphates in specific proportions. To simplify the experimental system
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and more directly reveal the physicochemical mechanism underlying the synergistic effects
of reagent blending, this study investigates the flotation behavior and interfacial interac-
tions of arsenopyrite using a mixed propyl/amyl xanthate collector system. The results are
shown in Figure 5.
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Figure 5. The relationship between the flotation recovery of arsenopyrite (a) in different collector
solution and the concentration of reagent (for the mixed system SAX: SPX = 1:1; pH 7), and (b) in a
mixed collector system and the mixing ratio.

When used individually, SAX generally demonstrated better collecting power
than SPX. Both collectors reached their maximum flotation efficiency at a dosage of
6 × 10−5 mol/L. Further increasing the dosage did not significantly improve the recov-
ery of arsenopyrite, which is likely attributed to the approach of monolayer adsorption
saturation on the mineral surface at higher concentrations [23]. Beyond this point, the
incremental increase in adsorption density decreases sharply.

When SPX and SAX were used in combination (Mixed, mass ratio 1:1), a noticeable
improvement in recovery was observed. That is, replacing part of the long-chain SAX
with short-chain SPX resulted in better flotation performance than using SAX alone. This
finding contrasts with the conventional understanding that longer-chain collectors typically
exhibit superior performance when used individually and instead indicates a synergistic
interaction between short-chain SPX and long-chain SAX in the mixed system, enhancing
the flotation recovery of arsenopyrite [24].

Figure 6 illustrates the relationship between pulp pH and the flotation recovery of
arsenopyrite in different xanthate systems. Overall, the flotation recovery of arsenopyrite
decreased with increasing pulp pH across all reagent systems. However, at any given
pH value, the mixed collector system consistently yielded significantly higher recovery
compared to individual collectors. For instance, under weakly alkaline conditions (pH ≈ 9),
the recoveries achieved with SPX, SAX, and the mixed system were 37.5%, 45.8%, and
73.5%, respectively, indicating a pronounced enhancement in flotation performance with
the mixed collectors.

Furthermore, it can be observed that when the pH exceeded the neutral range, the
flotation recovery of arsenopyrite declined rapidly in single-collector systems. In contrast,
with the mixed collector system, the recovery remained relatively stable from the neutral
pH range up to around pH 9. This suggests that the mixed collectors not only enhance the
adsorption capacity on the arsenopyrite surface but also exhibit stronger adaptability to
pH variations compared to individual collector systems.

61



Colloids Interfaces 2025, 9, 76

2 4 6 8 10 12
25
30
35
40
45
50
55
60
65
70
75
80

 

R
ec

ov
er

y 
(%

)

pH

 SPX
 SAX
 Mixed

C=4 10-5 M

Mixed (SAX:SPX=4:1)

Figure 6. The relationship between the flotation recovery of arsenopyrite in different collector solution
systems and the pH of the pulp (for the mixed system SAX-SPX = 4:1; C = 4×10−5 mol/L).

3.3. Contact Angle Measurement

Measuring the contact angle is a widely used method to assess changes in surface
wettability [25]. A smaller contact angle indicates better wettability (i.e., poorer hydropho-
bicity), while a larger angle indicates poorer wettability (i.e., better hydrophobicity). The
flotation process relies heavily on the wettability of specific mineral surfaces in the pulp.
For instance, the adsorption of collectors onto valuable mineral surfaces inevitably reduces
their wettability, whereas the interaction of depressants with gangue minerals increases
it [26]. Thus, contact angle measurements performed on arsenopyrite—a characteristic
gold-bearing mineral in this ore—before and after reagent treatment, help clarify the
performance of the reagents.

Figure 7 presents the contact angle results for arsenopyrite before and after interaction
with the reagent. In this study, contact angles were measured on pressed powder pellets
of arsenopyrite, which explains the difference from values reported in the literature for
natural arsenopyrite surfaces. Nevertheless, the comparison of contact angles before and
after reagent treatment effectively reveals the reagents’ impact and their effect on mineral
surface hydrophilicity/hydrophobicity [27].

Figure 7a shows the arsenopyrite surface without any reagent treatment. Figure 7b–d
show the surfaces after treatment with the collector SPX, SAX, and the mixed-xanthate
system, respectively.

As shown in the figures, the contact angle on the untreated arsenopyrite surface is
17.98◦, a relatively low value indicating its naturally hydrophilic. After treatment with
SPX, the contact angle increases significantly to 33.54◦, demonstrating that this collector
substantially enhances the hydrophobicity of the arsenopyrite surface. Treatment with SAX
results in a further increase in the contact angle to 36.92◦, indicating its stronger ability
to impart hydrophobicity compared to SPX. This observation aligns with the literature
reports that longer-chain xanthate collectors generally exhibit greater collecting power and
hydrophobization capability [28].

Notably, after treatment with the mixed-xanthate system, the contact angle reaches
47.68◦, the highest value observed. This suggests that the mixed collector system has a
stronger hydrophobizing effect on the arsenopyrite surface than SAX alone.
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Figure 7. The surface contact angle of the arsenopyrite pressed powder after its action
in (a) water, (b) SPX, (c) SAX, and (d) mixed solution (C = 4 × 10−5 mol/L; pH 7;
for the mixed system SAX: SPX = 4:1).

It is particularly noteworthy that, at the same concentration, the proportion of the
long-chain component (SAX) in the mixed system is lower than that in the single-xanthate
system. This finding further supports the existence of a synergistic interaction between the
long-chain SAX and the short-chain SPX in the mixed system, producing a combined effect
greater than the sum of its parts.

The contact angle results are consistent with the flotation test data, explaining the
flotation behavior of pure arsenopyrite from the perspective of surface hydrophobicity
changes. This alignment also corresponds well with the improved gold recovery observed
in the plant following the adoption of the new collector W8.

3.4. Adsorption Amounts of Collector

Measuring the adsorption density of reagents on mineral surfaces can explain why
certain collectors can float minerals previously considered refractory, or why specific modi-
fiers render normally floatable minerals difficult to concentrate. Understanding reagent
adsorption helps optimize the flotation process, improving both efficiency and recovery.
For instance, by adjusting reagent type, concentration, and dosage, the floatability of target
minerals can be better controlled, thereby enhancing overall separation performance [29].

Figure 8 shows the relationship between xanthate collector dosage and its adsorption
density on arsenopyrite surfaces. The results clearly indicate that under identical concen-
tration conditions, the adsorption density of SAX is higher than that of SPX. This suggests
that the stronger collecting power of the longer-chain SAX is attributable not only to a more
robust interaction between its molecules and the active sites on the mineral surface but also
to a greater number of molecules adsorbed [30].
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Figure 8. Adsorbed amount of collector onto arsenopyrite as a function of dosage
(C = 8 × 10−5 mol/L; pH 7; for the mixed system SAX-SPX = 4:1).

In the mixed collector system, the total adsorption density of xanthate molecules per
gram of mineral was found to be higher than that in any single-collector system. This is
noteworthy given that the proportion of the long-chain component (SAX) in the mixture
is lower than its dosage in the single SAX system. This observation strongly indicates
a mutually enhanced adsorption, or a synergistic effect, between the different collector
molecules in the mixed propyl/amyl xanthate system. The resulting increase in overall
adsorption density on the arsenopyrite surface provides a plausible explanation for the
superior flotation performance observed in the single-mineral flotation tests.

Figure 9 illustrates the relationship between the adsorption density of xanthate collec-
tors on arsenopyrite surfaces and the dosage of the inhibitor EMY-515 (polysaccharide).
These results clearly demonstrate that the depressant significantly influences the adsorption
density across all three collector systems.
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Figure 9. The relationship between the adsorption amount of collector on the surface of arsenopyrite
and the dosage of the inhibitor (C = 8 × 10−5 mol/L; pH 7; for the mixed system SAX-SPX = 4:1).

At a depressant dosage of 100 mg/L, the adsorption densities for the SPX, SAX, and
mixed collector systems were measured at 0.74 × 10−7 mol/g, 1.46 × 10−7 mol/g, and
4.97 × 10−7 mol/g, respectively. In contrast, the corresponding values in the absence
of the depressant were 7.24 × 10−7 mol/g, 7.59 × 10−7 mol/g, and 7.94 × 10−7 mol/g.
Notably, the mixed collector system exhibited a relatively smaller reduction in adsorption
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density under the influence of the depressant. This indicates that the mixed-xanthate
system possesses better adaptability to the plant-used depressant EMY-515, effectively
mitigating its suppressive effect on collector adsorption. As a result, the negative impact of
the depressant on the floatability of arsenopyrite—the primary gold-bearing mineral—is
minimized, which is of significant importance for achieving efficient separation between
valuable and gangue minerals.

3.5. Surface Topography Measurement

AFM has been employed to investigate the adsorption morphology and mechanisms
of collectors on mineral surfaces, thereby providing microscopic insights into how reagents
influence reagent adsorption [31].

Figure 10a shows the surface morphology of arsenopyrite after adsorption of the
long-chain xanthate collector SAX. Certain regions exhibit pronounced protrusions due to
the adsorption of collector molecular aggregates, while multiple smaller raised features
are also distributed across the surface. The maximum surface height reaches 114 nm,
with a surface roughness of 5.87 nm, indicating multi-site adsorption of the collector in the
form of molecular aggregates [32].

 

(a) (b) 

Figure 10. Surface morphology image of arsenopyrite after (a) SAX and (b) mixed collector treatment.

Figure 10b presents the surface topography of arsenopyrite treated with the mixed
SPX/SAX collector system. It can be observed that large areas of the surface are covered
with prominent protrusions resulting from the adsorption of collector aggregates. The
maximum height measured is 105 nm, and these features are widely distributed across
the surface, accompanied by a significantly higher roughness of 28.95 nm. This suggests
a greater number of adsorbed molecular aggregates in the mixed system [33]. Notably, since
the proportion of the long-chain amyl xanthate in the mixed system was lower than that
in the single-collector system, the abundant aggregate adsorption observed demonstrates
a markedly enhanced adsorption capability of the mixed propyl/amyl xanthate system
over individual collectors.

3.6. Flotation Kinetics Results

Therefore, the various analytical techniques employed in this mechanistic study col-
lectively and consistently demonstrate a distinct synergistic effect in the mixed-xanthate
systems compared to single-xanthate systems. The results obtained from these different
methods are highly coherent and mutually reinforcing, and they provide a clear explanation
for the phenomena observed in single-mineral flotation tests. These findings offer a robust
interpretation for the improved flotation recovery achieved in the plant using the new
reagent W8, which is formulated as a blend of several xanthate-based collectors.
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The flotation kinetics is also an important aspect of flotation research [34]. In actual pro-
duction, it was also observed that the W8 flotation reagent, when combined with ADD, pro-
vides a significant advantage in flotation rate over the conventional amyl xanthate + ADD
collector system (greater amount of froth in roughing stage). To further investigate this, the
present study subsequently examined the flotation rates of a single SAX system, a Mixed
(SPX + SAX, 1:4) system, and a Mixed + ADD system—the latter was prepared by combin-
ing the aforementioned Mixed collectors with ADD at a 1:1 ratio, based on the previously
established interfacial chemistry findings.

The flotation kinetics of arsenopyrite in different collector systems are summarized in
Table 3. The corresponding flotation rate curves, relating concentrate recovery to flotation
time, are subsequently plotted in Figure 11 based on the data presented in the table.

Table 3. Individual and cumulative recovery of arsenopyrite (C = 8 × 10−5 M).

Product

Recovery/%

SAX Mixed Mixed + ADD

Individual Cumulative Individual Cumulative Individual Cumulative

Concentrate 1 23.4 23.4 24.5 24.5 28.1 28.1

Concentrate 2 21.5 44.9 22.2 46.7 26.5 54.6

Concentrate 3 7.4 52.3 8.7 55.4 10.9 65.5

Concentrate 4 7.1 59.4 7.3 62.7 1.8 67.3

Concentrate 5 3.3 62.7 4.2 66.9 2.8 70.1

Concentrate 6 2.8 65.5 2.6 69.5 2 72.1

Tailings 34.5 30.5 27.9

Total 100 100 100
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Figure 11. The relationship between the (a) individual recovery and (b) cumulative recovery of
arsenopyrite and the flotation time under different collectors’ systems.

Figure 11a illustrates the relationship between the instantaneous recovery of arsenopy-
rite and flotation time under different collector systems. As shown, during the first three
froth collections, the instantaneous recovery achieved with the Mixed + ADD system con-
sistently ranked the highest, following the order: Mixed + ADD > Mixed > SAX. Beyond
120 s, the instantaneous recovery of the Mixed + ADD system decreased notably, which can
be attributed to the rapid recovery of most floatable valuable minerals within the initial
two minutes. This observation clearly demonstrates the flotation rate advantage of the
Mixed + ADD collector system [35].

Figure 11b presents the cumulative recovery of arsenopyrite as a function of flotation
time for the different collector systems. It is evident that the cumulative recovery obtained
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with the Mixed + ADD system is the highest at each time point, maintaining the same
order: Mixed + ADD > Mixed > SAX. Within the total flotation time of 420 s, the Mixed
+ ADD system also achieved the highest final cumulative recovery. Moreover, the trend
observed in the later stage of the kinetics curve suggests that the Mixed + ADD system has
the potential to achieve a greater ultimate recovery even at extended flotation times.

These results indicate that the Mixed + ADD system—new collector system based
on W8—not only exhibits superior collecting power compared to the mixed xanthate
(Mixed) and single SAX systems—but also demonstrates a significant advantage in flotation
kinetics [36]. The favorable flotation kinetics performance of W8 is of great practical
importance for the flash flotation and rapid recovery of gold-bearing minerals in industrial
operations, and it has been preliminarily elucidated through these tests.

4. Conclusions

(I) W8 + ADD exhibits superior performance in flotation of Golmud’s low-grade
arsenopyrite-type gold ore. It achieves 84.06% gold recovery and 0.34 g/t tailing gold,
outperforming SPX + ADD and SAX + ADD, effectively addressing the ore’s challenges of
flotation.

(II) A distinct synergism exists between SPX and SAX (1:4 mass ratio) in W8. This
synergism boosts arsenopyrite recovery (73.5% at pH 9, vs. 37.5% for SPX and 45.8% for
SAX) and enhances depressant resistance: under 100 mg/L depressant, the mixed system
maintains 4.97 × 10−7 mol/g adsorption, much higher than single collectors.

(III) SPX–SAX system (1:4, representative of W8) significantly modifies arsenopyrite’s
surface properties: it increases the contact angle to 47.68◦ to strengthen hydrophobicity, and
forms extensive adsorption aggregates, raising surface roughness to 28.95 nm (vs. 5.87 nm
for SAX), which improves bubble-particle attachment stability.

(IV) (SPX–SAX) + ADD has a notable kinetic advantage, achieving 72.1% cumulative
arsenopyrite recovery in 420 s (vs. 69.5% for mixed SPX/SAX). This suits industrial
flash flotation, promoting rapid gold-bearing mineral recovery and enhancing production
efficiency.

Author Contributions: Conceptualization, F.L. and Z.W.; methodology, Z.W.; validation, Q.X. and
P.M.; investigation, Q.X.; resources, Z.W.; writing—original draft preparation, Q.X.; writing—review
and editing, Z.W.; supervision, P.M.; funding acquisition, Z.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Sichuan Science and Technology Program of China
(Nos. 2024YFHZ0243), the National Natural Science Foundation of China (No. 52474301), and the
key program of the National Key Research and Development Program (No. 2023YFE0104100).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: Authors Qingqing Xing, Fei Li and Pingtian Ming were employed by the
company Dulan Jin Hui Mining Limited Corporation. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Zare, I.; Yaraki, M.T.; Speranza, G.; Najafabadi, A.H.; Shourangiz-Haghighi, A.; Nik, A.B.; Manshian, B.B.; Saraiva, C.; Soenen, S.J.;
Kogan, M.J.; et al. Gold Nanostructures: Synthesis, Properties, and Neurological Applications. Chem. Soc. Rev. 2022, 51, 2601–2680.
[CrossRef] [PubMed]

2. Xolo, L.; Moleko-Boyce, P.; Makelane, H.; Faleni, N.; Tshentu, Z.R. Status of Recovery of Strategic Metals from Spent Secondary
Products. Minerals 2021, 11, 673. [CrossRef]

67



Colloids Interfaces 2025, 9, 76

3. Özçelik, S.; Ekmekçi, Z. Surface Chemistry and Flotation of Gold-Bearing Pyrite. Minerals 2024, 14, 914. [CrossRef]
4. Gorain, B. FLOT-ART: An Integrated Plant Optimization Tool for the Flotation of Copper and Copper–Gold Ores. Miner. Eng.

2024, 207, 108578. [CrossRef]
5. Wang, Z.; Zou, D.; Zhao, K.; Chen, R.; Huang, X.; Wang, X. Reducing the Adhesion of Mica on Arsenopyrite Surface Using

Sodium Phytate and the Application in Flotation Separation. Sep. Sci. Technol. 2022, 58, 835–847. [CrossRef]
6. Xing, Q.; Ming, P.; Wang, X.; Li, F.; Wang, Z.; Zhao, K. Fenugreek Polysaccharide Gum as a Depressant in the Flotation Separation

of Gold Ore with a High Content of Clay Minerals. Colloids Interfaces 2025, 9, 21. [CrossRef]
7. Forson, P.; Skinner, W.; Asamoah, R. Investigating the Selective Flotation of Auriferous Arsenian Pyrite from Refractory Ores

Using Thionocarbamate. Powder Technol. 2023, 426, 118649. [CrossRef]
8. Liu, J.; Tao, Y.; Chang, T.; Ge, W.; Jiang, K.; Lv, L.; Zhu, Y.; Yuan, S. Study on Flotation Separation of Barite Fluorite by Citric Acid

under New Collector System. Colloids Surfaces A Physicochem. Eng. Asp. 2024, 692, 134058. [CrossRef]
9. Zhang, W.; Feng, Z.; Xu, S.; Gao, Z. Molecular Design and Performance Evaluation of Collectors for Sulfide Minerals: A Review.

J. Nonferrous Met. 2025, 2, 68–86. [CrossRef]
10. Rao, K.H.; Forssberg, K.S.E. Mixed Collector Systems in Flotation. Int. J. Miner. Process 1997, 51, 67–79. [CrossRef]
11. Cao, Q.; Cheng, J.; Wen, S.; Li, C.; Bai, S.; Liu, D. A Mixed Collector System for Phosphate Flotation. Miner. Eng. 2015, 78, 114–121.

[CrossRef]
12. Lotter, N.; Bradshaw, D. The Formulation and Use of Mixed Collectors in Sulphide flotation. Miner. Eng. 2010, 23, 945–951.

[CrossRef]
13. Hu, Y.; Wang, J.; Qin, Q.; Cao, Z.; Lu, W.; Shi, J.; Wu, X.; Wang, P.; Sun, Y. Enhancing the Flotation of Columbite via the Synergistic

Effect of Mixed Collectors. Miner. Eng. 2025, 225, 109235. [CrossRef]
14. Wang, Z.; Yan, G.; Yang, L. Experimental Study and Production Practice for Reducing the Tailing Grade in a Copper Smelting

Slag Concentrator. World Nonferrous Met. 2022, 31, 43–47. [CrossRef]
15. Bradshaw, D.J.; Harris, P.J.; O’Connor, C.T. Synergistic Interactions between Reagents in Sulphide flotation. J. S. Afr.

I. Min. Metall. 1998, 98, 189–193. Available online: https://journals.co.za/doi/abs/10.10520/AJA0038223X_2481
(accessed on 15 November 2025).

16. Zhou, X.; Pan, T.; Ding, Q.-F.; Cheng, L.; Song, K.; Liu, F.; Gao, Y. Isotope Geochemistry of the Shenshuitan Gold Deposit within
the Wulonggou Gold Field in the Eastern Kunlun Orogen, Northwest China: Implications for Metallogeny. Minerals 2022, 12, 339.
[CrossRef]

17. Zhang, W.; Yuan, Q.; Jia, S.; Li, Z.; Yin, X. Multi-Objective Optimization of Forth Flotation Process: An Application in Gold Ore.
Sustainability 2021, 13, 8314. [CrossRef]

18. Zhao, P.; Liu, W.; Liu, W.; Bao, L.; Shen, Y.; Butt, S.; Zhang, Y. Synthesis, Flotation Behavior, and Structure-Performance
Relationship of Three Hydroxyl-Containing Cationic Collectors. Miner. Eng. 2025, 231, 109443. [CrossRef]

19. Pan, Z.; Sun, X.; Wei, Q.; Jiao, F.; Qin, W. Impact of Serpentine Particle Coating on the Adsorption of Ethyl Xanthate on Pentlandite
Surface in Flotation. Miner. Eng. 2024, 216, 108845. [CrossRef]

20. Zhou, M.; Wang, Z.; Zhao, K.; Yao, C.; Chen, R.; Huang, X.; Safarov, S.S.; Kholov, K.I. Combined Collector Based on N-propyl-N-
allyl-o-isobutyl Thiocarbamate Improving the Flotation of Pentlandite. Miner. Eng. 2025, 227. [CrossRef]

21. Suo, X.; Yu, B.; Sha, J.; Gao, R.; Qi, M.; Huang, Y.; Peng, W.; Guo, X.; Wang, W.; Cao, Y.; et al. Flotation Separation of Quartz and
Feldspar under Weak Alkaline Conditions Using Amine ether as a Novel Collector. Chem. Eng. Sci. 2025, 315, 121873. [CrossRef]

22. Chen, G.; Zhao, H.; Zhou, J.; Liu, Z.; Yang, H. Process Mineralogy Study and Flotation Testwork of a Complex Lead–Gold
Rougher Concentrate. Minerals 2025, 15, 967. [CrossRef]

23. Tamm, K.; Zadeh, Z.A.; Kuusik, R.; Kallas, J.; Yang, J.; Tõnsuaadu, K.; Trikkel, A. Effect of Flotation Time and Collector Dosage on
Estonian Phosphorite Beneficiation. Minerals 2021, 11, 114. [CrossRef]

24. Özün, S.; Ergen, G. Determination of Optimum Parameters for Flotation of Galena: Effect of Chain Length and Chain Structure of
Xanthates on Flotation Recovery. ACS Omega 2019, 4, 1516–1524. [CrossRef] [PubMed]

25. Kwok, D.Y.; Neumann, A.W. Contact Angle Measurement and Contact Angle Interpretation. Adv. Colloid Interfac. 1999, 8, 167–249.
[CrossRef]

26. Kruszelnicki, M.; Polowczyk, I.; Kowalczuk, P.B. Insight into the Influence of Surface Wettability on Flotation Properties of Solid
Particles—Critical Contact Angle in Flotation. Powder Technol. 2023, 431, 119056. [CrossRef]

27. Alghunaim, A.; Kirdponpattara, S.; Newby, B.-M.Z. Techniques for Determining Contact Angle and Wettability of Powders.
Powder Technol. 2016, 287, 201–215. [CrossRef]

28. de Medeiros, A.R.S.; Baltar, C.A.M. Importance of Collector Chain Length in Flotation of Fine Particles. Min. Eng.
2018, 122, 179–184. [CrossRef]

29. Rao, K.H.; Forssberg, K.S.E. Mechanism of Fatty Acid Adsorption in Salt-type Mineral Flotation. Min. Eng. 1991, 4, 879–890.
[CrossRef]

68



Colloids Interfaces 2025, 9, 76

30. Xie, Y.; Yin, W.; Yao, J.; Yin, X.; Liu, J.; Xue, F.; Tian, D. Flotation Behavior and Surface Adsorption Mechanism of a Novel Selective
Inhibitor HDP in the Separation of Chalcopyrite and Talc Flotation. J. Mol. Liq. 2024, 398, 124206. [CrossRef]

31. Monte, M.B.d.M.; Pimentel, D.A.; Albuquerque, M.D.d.F.d.; Neumann, R.; Silva, L.A.; Correia, J.C.; Uliana, A. Synergism of
mixed cationic collectors in the flotation of quartz unveiled by AFM, solution chemistry and quantum chemical calculations.
J. Mol. Liq. 2023, 376. [CrossRef]

32. Zeng, H.; Sun, W.; Tang, H.; Jiang, F.; Wang, L. Surface Roughness and Its Role in Flotation Behavior, Wettability, and Bubble–
Particle Interactions: A Systematic Review. Appl. Sci. 2025, 15, 4557. [CrossRef]

33. Lu, Y.; Liu, D.; Cai, Y.; Gao, C.; Jia, Q.; Zhou, Y. AFM measurement of roughness, adhesive force and wettability in various rank
coal samples from Qinshui and Junggar basin, China. Fuel 2022, 317, 123556. [CrossRef]

34. Zhu, R.; Gu, G.; Chen, Z.; Wang, Y.; Song, S. A new collector for effectively increasing recovery in copper oxide ore-staged
flotation. Minerals 2019, 9, 595. [CrossRef]
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Abstract

The formation of mixed adsorption layers of amyloid fibrils of a plant protein, oat globulin
(OG), and a strong polyelectrolyte, sodium polystyrene sulfonate (PSS), at the liquid–gas inter-
face was studied by measurements of the kinetic dependencies of surface tension, dynamic
surface elasticity, and ellipsometric angle. The micromorphology of the layers was determined
by atomic force microscopy. A strong increase in the surface elasticity was discovered when
both components had similar concentrations and formed a network of threadlike aggregates
at the interface, thereby explaining the high foam stability in this concentration range. The
sequential adsorption of PSS and OG resulted in the formation of thick mixed multilayers and
the surface elasticity increased with the number of duplex layers.

Keywords: plant protein adsorption; dynamic surface elasticity; protein—polyelectrolyte
interactions; liquid–gas interface; mixed protein—polyelectrolyte multilayers

1. Introduction

The interaction of amyloid fibrils with polyelectrolytes has attracted attention for many
years in connection with the problem of neurological disorders. While some polyelectrolytes
can promote the growth of proteinaceous deposits in the tissues of patients with amyloid
diseases, the other charged polymers can be employed for the destruction of amyloids in the
human body [1–4]. More recently, the application of amyloid fibrils for the creation of new
materials in various branches of industry and medicine has led to a problem of modulating
their properties by various additives, in particular by polyelectrolytes. It has been shown
that the addition of charged polysaccharides to the films of fibril-based bioplastics increases
their tensile strength and water resistance [5], while the addition of natural polyelectrolytes
to amyloid fibril hydrogels and aerogels can improve their microstructure and, thus, their
mechanical properties, enhancing, in particular, their resistance to compression [6,7]. Yuan and
Solin have recently shown that aerogels containing protein fibrils and an electrically conductive
polyelectrolyte can be used as piezoresistive pressure sensors [8]. Delivery systems of bioactive
substances are a new application of the complexes of protein fibrils with polyelectrolytes [9,10].

Fibrils in most of the applications of the fibril/polyelectrolyte complexes mentioned
above are produced from plant proteins [5,7,9,10]. The exchange of animal-based proteins
for their plant-derived counterparts in various technologies is a sustainable development,
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and it is a consequence of the abundance and the ease of access of plant proteins [11,12].
Moreover, their production is less harmful to the environment compared to animal proteins.
At the same time, the intensive investigation of fibrils of plant proteins has only recently
started, and their properties, the mechanism of their formation, and the properties of
their dispersions remain poorly studied [13,14]. Although it has been shown recently
that the surface dilational elasticity of fibril dispersions can exceed the values for native
protein solutions [15–17], and protein fibrils can be effective stabilizers of foams and
emulsions [18–28], any information on the surface properties of the fibril dispersions is
rather scarce and relates mainly to fibrils of animal proteins [16,17,29]. Only a few studies
have been devoted to the interactions between fibrils and polyelectrolytes at liquid–fluid
interfaces. Peydayesh et al. showed that the interactions of β-lactoglobulin (BLG) with
hyaluronic acid led to the formation of an asymmetric and highly ordered structure in the
surface layer [30]. Very recently, our group discovered a significant increase in the dilational
dynamic surface elasticity of BLG fibril dispersions under the influence of small additions
of sodium polystyrene sulfonate (PSS) and studied the formation of mixed multilayers
of PSS and BLG fibrils at the water–air surface [31]. In spite of the peculiar properties of
the dispersions of plant protein fibrils, their strong interactions with polyelectrolytes in
bulk phases [1–7,9,10], and the effective application of these fibrils for the stabilization
of foams [11,14,15,27,28], the mixed adsorption layers of plant protein fibrils and strong
polyelectrolytes have not been investigated yet, to the best of our knowledge. Therefore,
this work is devoted to mixed adsorption layers of a typical synthetic polyelectrolyte,
PSS, and fibrils of a plant protein—oat globulin (OG)—at the liquid–air interface. This
protein forms typical fibres at elevated temperatures and pH 2, and the properties of their
dispersions have been studied by some authors [13,32–34]. One of the aims of this work
is to evaluate the peculiarities of the mixed OG/PSS adsorption layers and to determine
the conditions required for the development of high dynamic surface elasticity of the
mixed dispersions. Another aim consists of the preparation of multilayers at the water–air
interface containing fibrils of a plant protein.

2. Materials and Methods

OG was extracted from defatted and ground oat groats according to the procedure
described by Zhou et al. [32]. PSS (Mw ≈ 70,000 Da, Sigma-Aldrich, Darmstadt, Germany)
was used as received. Protein fibrils were prepared from freeze-dried OG after purification
by dialysis. The protein was dissolved in triply distilled water at pH 2 and heated up to
90 ◦C for 18 h with stirring. After that, the prepared dispersion of mature OG fibrils was
centrifuged (12,000× g) for 4.5 h to obtain purified fibrils (pFOGs). Protein stock solutions
and fibril dispersions were stored in a refrigerator for no longer than 2 days and 1 month,
respectively. The solutions of native OG and fibril dispersions of given concentrations were
prepared by dilution of the stock solutions and dispersions and mixed a few minutes before
measurements at 22 ◦C. The final fibril concentration of the stock aqueous dispersion was
estimated gravimetrically. The fibril concentration of all investigated systems was 20 mg/L,
while the PSS concentration varied from 0.2 mg/L to 2 g/L. The pH of the investigated
solutions and dispersions was reduced to 3 by HCl additions. This pH was low enough to
ensure the solubility of the fibrils in water.

2.1. Surface Tension and Dynamic Surface Elasticity

The surface tension was measured by the Wilhelmy plate method using a ground
platinum plate. The accuracy of the measurements was approximately ±0.2 mN/m.

The dynamic dilatational surface elasticity was determined by the oscillating bar-
rier method using the ISR instrument KSV NIMA (Helsinki, Finland), as previously de-
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scribed [29,35]. The oscillations of two barriers in the Langmuir trough with the frequency
and amplitude of 0.03 Hz and 4%, respectively, led to oscillations of the surface area and
thus of the surface tension.

The real εre and imaginary εim components of the complex dilatational dynamic
surface elasticity ε were calculated according to the following relation:

ε = εre + i × εim = δγ/δlnA,

where δγ and δlnA are the increments (amplitude of oscillations) of the surface tension
and relative surface area, respectively. The experimental errors of the oscillating barrier
method are mainly determined by the errors of the surface tension measurements and were
approximately ±5%. The imaginary component of the surface elasticity is significantly
smaller than the real component, so only the latter one will be discussed further below.

2.2. Ellipsometry

A null ellipsometer NTEGRA Prima instrument (Optrel-GBR, Berlin, Germany) with a
laser wavelength of 623.8 nm was applied to estimate the changes in the surface concentra-
tion in the course of adsorption. The ellipsometric angle Δ is expected to be proportional
to the surface concentration [36]. The measurements were taken at an angle close to the
Brewster angle.

2.3. Atomic Force Microscopy (AFM)

To estimate the micromorphology of the adsorption layer, it was transferred from the
liquid surface onto a freshly cleaved mica plate using the Langmuir–Schaeffer method, and
the plate with the layer was dried in a desiccator for more than 24 h. After that, the layer
on the plate was investigated by the atomic force microscope (NTEGRA Prima instrument,
NT-MDT, Moscow, Russia) in a semi-contact mode. The cantilever has an approximate
curvature radius of 10 nm.

2.4. Dynamic Light Scattering

The size of the protein particles and their ζ-potential in the bulk phase were determined
by dynamic light scattering (DLS) using a Zetasizer ZS Nano analyzer (Malvern Instruments,
Malvern, UK). The measurements were carried out at a scattering angle of 173◦. The Smolu-
chowski equation was used in the course of calculating the ζ-potential.

3. Results and Discussion

OG forms relatively rigid fibrils with lengths of up to a few microns, similar to those
of BLG and lysozyme fibrils [29], but strongly different from curly fibrils of bovine serum
albumin [37]. AFM images of a dispersion drop dried on a mica surface show aggregates
of different diameters from 2 up to 6 nm (see Figure S1 of the Supporting Information). The
thinnest aggregates are presumably single protofilaments, while the thicker ones consist of
a few tightly packed protofilaments.

The dynamic light scattering shows that at low PSS concentrations (<2 mg/L), the
size distribution of the aggregates in dispersions of mixed OG/PSS fibrils is bimodal and
similar to that of pure OG fibril dispersions (see Figure S2 of the Supporting Information).
The main peak of the scattered intensity close to 400 nm presumably corresponds to long
fibrils and the smaller peak close to 50 nm can correspond to the admixture of peptides of
lower molecular weight. A further increase in PSS concentration leads to a more complex
size distribution. The main peak shifts in the direction of larger particle sizes, and at
PSS concentrations higher than approximately 5 mg/L, the number of peaks increases,
indicating a strongly polydisperse system of mixed aggregates with a possible contribution
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of free PSS molecules or their aggregates. The largest aggregates corresponding to the main
peak at 700 nm appear at a concentration of 20 mg/L.

The increase in the PSS concentration is accompanied by significant changes in the
ζ-potential of the aggregates from positive values (~40 mV for pure OG fibrils) to negative
ones (~−60 mV at the PSS concentration of 20 mg/L) (Table 1). The change in the sign of
the ζ-potential and the subsequent strong increase in its absolute values in this case reflect
the effective binding of the negatively charged polyelectrolyte by OG fibrils. The formation
of stable large aggregates leads to a decrease in their diffusion coefficients.

Table 1. ζ-potential of the complexes of OG fibrils and PSS.

Concentration Ratio Fibrils/PSS
(Fibril Concentration Is Constant and Equals 20 mg/L)

ζ, mV

Only fibrils 36.7
100:1 38.5
10:1 18.9
1:1 −40.8

1:10 −48.2
1:100 −56.6

The growth of the aggregates with high absolute values of ζ-potential leads to an
increase in the electrostatic barrier in the course of adsorption and decelerates the formation
of adsorption layers.

The kinetic dependencies of surface tension and dynamic surface elasticity of the
dispersions of the complexes of OG fibrils and PSS at low PSS concentrations (≤20 mg/L)
coincide with the results for pure fibril dispersions without the polyelectrolyte (Figure 1).
In this case, the PSS molecules are almost not adsorbed at the water surface due to their
low surface activity [38], and the adsorption layer is formed mainly at the expense of the
fibril transition from the bulk phase to the surface of the dispersion.

The increase in the PSS concentration leads to significant changes in the adsorption
layer structure and surface properties. The formation of complexes of high surface activity
from PSS molecules and OG fibrils results in a compaction of the layer structure and an
increased dynamic surface elasticity. Noticeable changes in the surface properties occur in
the PSS concentration range of 5–100 mg/L, where the steady-state values of the dynamic
surface elasticity can be almost two times the values of pure fibril dispersions (Figure 1).
The surface elasticity decreases with a further increase in the PSS concentration and reaches
almost the values of pure fibril dispersions without any additions. Although PSS starts to
decrease the surface tension of water at concentrations higher than approximately 1 g/L,
the PSS adsorption is insufficient to explain the changes in the surface properties of the
mixed dispersions at PSS concentrations higher than 200 mg/L. Even at the polyelectrolyte
concentration of 2 g/L the surface elasticity and the surface pressure of mixed fibrils/PSS
dispersions are higher than those of pure PSS solutions (Figures S1 and S3 of the Supporting
Information). This means that PSS does not displace fibrils entirely from the interface even if
its mass concentration exceeds 100 times that of the fibrils, and some fibrils/PSS complexes
are still preserved in the proximal region of the surface layer.

The increase in the PSS concentration from approximately 5 mg/L leads also to the
deceleration of the changes in surface properties (Figure 1a,b). This effect can be explained
partly by an increase in the electrostatic adsorption barrier when the negative charge of the
complexes increases at the expense of the increase in the number of PSS molecules in the
complex. In addition, the increase in the size of fibrils/PSS aggregates in the dispersion
(cf. Figure S2 of the Supporting Information) is accompanied by a decrease in the diffusion
coefficient of the complexes and, thereby, by a deceleration of the mass exchange between
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the bulk phase and the surface layer. The observed effect is especially significant in the PSS
concentration range 5–100 mg/L corresponding to the existence of large fibrils/PSS aggregates.
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Figure 1. Kinetic dependencies of the dynamic surface elasticity (a), dynamic surface tension
(b); dependencies of the dynamic surface elasticity on surface pressure for OG fibrils/PSS dispersions
(c) at a fixed OG fibril concentration of 20 mg/L and OG/PSS molar ratios 100:1 (light green triangles),
10:1 (blue triangles), 1:1 (cyan diamonds), 1:3 (wine squares), 1:10 (magenta hexagons), 1:30 (orange
circles), and 1:100 (olive asterisks) at pH 3. Open black squares correspond to pure OG dispersions
and open red circles to 20 mg/L PSS solutions.

Figure 2 shows the kinetic dependencies of the difference in the ellipsometric angle Δ
of the dispersion and its value for pure water Δ0. This difference decreases with increasing
PSS concentration, especially at concentrations above 20 mg/L, and the observed effect
corroborates an increase in the polyelectrolyte concentration in the surface layer and the
concomitant decrease in the relative fibril surface concentration. Note that the refractive
index of the surface layer of PSS solutions is much less than that of the layer of protein
solutions at the same concentrations [31]. The adsorbed fibrils/PSS complexes contain
a larger amount of PSS molecules at increased polyelectrolyte concentrations and the
ellipsometric angle decreases. Simultaneously, the ellipsometric angle increases much more
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slowly, with the surface age indicating a decrease in the diffusion coefficient of the kinetic
units in the bulk phase as a result of aggregate growth.
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Figure 2. Kinetic dependencies of the ellipsometric angle DELTA for pFOG/PSS adsorption layers at a
fixed OG fibril concentration of 20 mg/L and OG/PSS molar ratios 1:1 (cyan diamonds), 1:10 (magenta
hexagons), and 1:100 (olive asterisks) at pH 3. Open black squares correspond to pure OG dispersions.

AFM images of the mixed adsorption layers of fibrils/PSS dispersions are similar to
those of pure layers of protein fibrils. With the increased PSS concentration, the number
of visible separate fibrils in the layer decreases strongly and one can observe mainly a
heterogeneous layer without the possibility to distinguish separate aggregates and to
estimate their shape (see Figure S4 of the Supporting Information).

The opposite signs of the charges of OG fibrils and PSS molecules at pH 3 allow us to
assume that mixed fibrils/PSS multilayers form if the polyelectrolyte molecules and fibrils
are adsorbed sequentially at the liquid–gas interface. Multilayers are really formed in the
case of a consecutive adsorption of an animal protein, BLG, and the polyelectrolyte PSS [31].
Although PSS is characterized by a relatively weak surface activity, it forms monolayers
at the surface of aqueous solutions at a concentration of ~10 g/L. Its adsorption is almost
irreversible and the replacement of PSS solution below the adsorption layer by pure water
did not lead to noticeable changes in the surface properties. The subsequent replacement
of water with a dilute dispersion of BLG fibrils resulted in the formation of a fibril layer at
the interface, leading to noticeable changes in the surface properties. This procedure can
be repeated a few times, leading to the formation of a relatively thick mixed layer at the
interface [31].

Approximately the same procedure was used in this study to prepare a mixed layer of
the fibrils of a plant protein, OG, and PSS. The polyelectrolyte adsorption from a 10 g/L
solution led to a drop in the surface tension to ~52 mN/m and an increase in the dynamic
surface elasticity up to ~45 mN/m (Figure 3a,b). Simultaneously, the ellipsometric an-
gle Δ increased by approximately 1 degree (Figure 4). The subsequent exchange in the
PSS solution by water and after that by a 170 mg/L dispersion of OG fibrils resulted in
insignificant changes in the surface elasticity and a further drop in the surface tension
to ~43 mN/m (Figure 3). The relative changes in the angle Δ were much higher due to the
OG fibril adsorption, which was accompanied by a strong increase in the refractive index
of the adsorption layer (Figure 4). The subsequent processes of the replacement of the fibril
dispersion by PSS solutions and the replacement of these solutions by the fibril dispersions
again and so on led to almost periodical changes in the surface properties (Figures 3 and 4).
Presumably, this procedure made it possible to obtain a structure of alternating layers
of PSS and OG fibrils, as in the case of the mixed heterogeneous adsorption layers of
PSS and BLG fibrils showing an alternating layer structure [31] (Figure 5). The surface
tension decreases significantly only during the adsorption of the first fibril layer, while
the adsorption of the subsequent layers leads only to slighter changes. This peculiarity
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indicates that the surface tension is determined mainly by the concentration of amphiphilic
substances in the first monolayer at the interface. On the contrary, the dynamic surface
elasticity shows very little change in the course of the formation of the first three layers, as
a result of the relatively loose structure of these layers, unlike stronger changes during the
formation of the subsequent denser duplex layers [31,39]. These findings are in agreement
with the results of the preceding studies on the dependence of the surface elasticity on the
thickness of the interfacial layer [39–41] and the inhomogeneity of the first PSS adsorption
layer [38]. Unlike the dynamic surface elasticity and surface tension, the ellipsometric angle
is an approximately linear function of the number of duplex layers (Figure 4).
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Figure 3. Dependencies of surface tension (a) and dynamic surface elasticity (b) as a function of the
number of monolayers of OG fibrils and PSS in the adsorption multilayer. The pH of subphase was 3.
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Figure 5. The AFM image of 8 OG fibrils/PSS layers. The multilayer was transferred from the
water–air surface on the surface of mica.

The obtained results show that the fibrils of plant proteins can also form thick mixed
layers with strong polyelectrolytes at liquid–fluid interfaces, like the fibrils of animal
proteins [31]. There are only a few not very significant quantitative differences between
the dependencies of the surface properties of the multilayers on the number of adsorption
cycles for OG fibrils/PSS and BLG fibrils/PSS systems. In the latter case, for example, the
dynamic surface elasticity is somewhat higher, ~185 mN/m against 115 mN/m in the latter
case. This difference in the surface elasticity can lead to the higher stability of foams for
BLG fibrils/PSS dispersions, but it is difficult to anticipate a significant difference in the
foam stability because both values are high—much higher than the surface elasticity of the
corresponding native protein solutions.

4. Conclusions

The influence of a polyelectrolyte on the surface properties of dispersions of plant
protein fibrils has been studied for the first time, to the best of our knowledge. Although
the surface activity of PSS is low, it starts to change the surface properties of the dispersions
of OG fibrils at concentrations much less than those corresponding to a noticeable decrease
in the surface tension of water, thereby indicating the formation of fibrils/PSS complexes
in the surface layer. If the mass concentrations of OG fibrils and PSS are comparable, the
surface properties change significantly and the dynamic surface elasticity of the mixed
dispersions can exceed twice the values of pure fibril dispersions. This effect can indicate
a strong impact of polyelectrolytes on the properties of foams and emulsions stabilized
by plant proteins. A further increase in PSS concentration does not lead to the complete
displacement of the protein from the interface, and the complexes are still present in the
surface layer. The consecutive adsorption of protein and polyelectrolyte at the dispersion–
air interface results in the formation of thick fibrils/PSS multilayers with a high dynamic
surface elasticity (>100 mN/m), if the number of cycles of fibril and polyelectrolyte adsorp-
tion is sufficiently high. Although these values are somewhat lower than in the case of
multilayers of an animal protein (BLG) and PSS, they can result in peculiar properties of
the corresponding dispersion systems. If the number of adsorbed layers is less than about
three, the dynamic elasticity is almost close to that of a monolayer, presumably due to a
loose and heterogeneous surface structure in this case.
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Supplementary Materials: The following Supporting Information can be downloaded at https:
//www.mdpi.com/article/10.3390/colloids9060089/s1, Figure S1: AFM image of OG unpurified
fibrils; Figure S2: DLS results for the dispersions of OG fibrils (A) and OG fibrils/PSS at an OG/PSS
molar ratio of 10:1 (B); Figure S3: Kinetic dependencies of the dynamic surface elasticity (A), dynamic
surface tension (B); dependencies of the dynamic surface elasticity on surface pressure for PSS
solutions (C). Filled black squares correspond to 20 mg/L PSS solutions, open magenta circles to
2 g/L PSS solutions; Figure S4: AFM images of mixed adsorption layers of OG fibrils/PSS complexes
at various OG/PSS molar ratios: 100:1 (A), 10:1 (B), 1:1 (C), 1:10 (D).
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Abstract

In this study, cationic surfactant cetyltrimethylammonium bromide (CTAB) and anionic
surfactant sodium bis(2-ethylhexyl) sulfosuccinate (AOT) are employed to systematically
investigate surface and wetting properties on hydrophobic surfaces, specifically in mixed
solvents composed of ethylene glycol (EG) and water at 298.15 K. By varying the concentra-
tion of each surfactant within the EG–water mixture, both surface tension and contact angle
measurements are performed to elucidate how surfactant type and solvent composition
influence interfacial behavior and wettability. PTFE and wax surfaces were chosen as
model hydrophobic surfaces. Surface tension measurements obtained in pure water and
in water–EG mixtures containing 5, 10, and 20 volume percentage EG reveal a consis-
tent decrease in the premicellar slope ( dγ

dlogC ) with increasing EG content. This reduction
reflects weakened hydrophobic interactions and less effective surfactant adsorption at
the air–solution interface. The corresponding decline in maximum surface excess (Γmax)
and increase in minimum area per molecule (Amin) confirm looser interfacial packing due
to EG participation in the solvation layer. Plots of adhesion tension (AT) versus surface
tension (γ) exhibit negative slopes, consistent with reduced solid–liquid interfacial tension
(ΓLG) and greater redistribution of surfactant molecules toward the solid–liquid interface.
AOT shows stronger sensitivity to EG compared to CTAB, reflecting structural headgroup-
specific adsorption behavior. Work of adhesion (WA) measurements demonstrate enhanced
wettability at higher EG concentrations, highlighting the cooperative impact of co-solvent
environment and surfactant type on wetting phenomena.

Keywords: ethylene glycol (EG); adhesion tension; work of adhesion; PTFE; wax

1. Introduction

Wetting is a fundamental interfacial phenomenon describing the interaction of liquids
with solids, and it plays a crucial role in diverse scientific and technological processes such
as coating, lubrication, detergency, inkjet printing, and drug delivery [1]. The degree of
wetting is generally characterized by the contact angle (CA), defined as the angle between
the liquid–vapor interface and the solid surface at the three–phase contact line [2,3]. Ac-
cording to Young’s equation, the equilibrium CA is determined by the balance of interfacial
tensions at the solid–liquid, solid–vapor, and liquid–vapor interfaces. Hydrophilic surfaces
typically exhibit low contact and angles (<90◦), whereas hydrophobic surfaces display high
contact angles (>90◦), and superhydrophobic surfaces display high values exceeding 150◦,
indicating extreme repellency [4].
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As described by the classical Wenzel and Cassie–Baxter models, physical factors such
as surface roughness affect the wetting property. The Wenzel model suggests that when
a liquid completely penetrates the roughness grooves, surface roughness amplifies the
inherent wettability of the substrate, making hydrophilic surfaces more wettable and
hydrophobic surfaces more water-repellent. In contrast, the Cassie–Baxter model describes
situations where air pockets are trapped beneath the liquid, resulting in a composite
interface that can lead to even higher contact angles and enhanced hydrophobicity [5].

Surfactant molecules are characterized by their distinct structural features: a hy-
drophilic (water-loving) headgroup and a hydrophobic (water-repellent) tail. This am-
phiphilic configuration allows surfactants to position themselves at interfaces, such as
between a liquid and a solid, where their hydrophilic heads interact with the aqueous
phase while the hydrophobic tails orient away. As a result, surfactants can effectively
lower surface tension and adjust interfacial energies, enabling precise regulation of wet-
tability. The ability of these molecules to adsorb at interfaces is central to their role in
controlling wetting phenomena and underpins a wide variety of applications, from deter-
gency to surface-coating technologies [3]. As the concentration of surfactant in solution
increases, the surface tension of the liquid decreases steadily due to the accumulation of
surfactant molecules at the liquid–air interface. This reduction continues up to a charac-
teristic threshold known as the critical micelle concentration (CMC). Beyond the CMC,
the surface tension levels off and remains nearly constant, indicating that the interface
has become saturated with surfactant molecules. At this point, any additional surfactant
added to the system aggregates to form micelles in the bulk solution rather than adsorb-
ing at the interface, signifying the saturation of the liquid–air interface and the onset of
micellization [6]. The slope of the surface tension versus the logarithm of surfactant con-
centration is a key parameter in the Gibbs adsorption isotherm, which effectively explains
how surfactant molecules cover the interface. Specifically, the surface excess concentration,
representing the amount of surfactant adsorbed per unit area, can be directly calculated
from this slope. This relationship allows researchers to quantify the efficiency of surfactant
adsorption and assess the packing density at the interface, providing valuable insight into
interfacial phenomena.

This allows for direct calculation of the surface excess from experimental surface
tension data, providing valuable insight into the efficiency of interfacial adsorption and the
packing density of surfactant molecules at the interface.

Several studies have shown that surface tension reduction is not linear across all con-
centration ranges; significant decreases occur as interfacial coverage approaches saturation,
underscoring the cooperative nature of adsorption at the air–water interface [7].

Cationic and anionic surfactants exhibit distinct surface and wetting properties due
to differences in their molecular structures and the nature of their charged headgroups.
Cetyltrimethylammonium bromide (CTAB), as a cationic surfactant, not only finds utility in
drug formulations, corrosion protection, and nanoparticle synthesis, but also demonstrates
a strong tendency to adsorb onto negatively charged or polar substrates, often leading
to significant alterations in surface wettability [8,9]. In contrast, anionic surfactants like
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) typically interact more efficiently with
hydrophobic or neutral surfaces, promoting different interfacial behaviors and spreading
characteristics. The interplay between surfactant charge, substrate type, and solvent
environment ultimately governs the efficiency of surface tension reduction and the degree
of wettability enhancement observed in practical applications [10].

Their adsorption, aggregation, and spreading characteristics depend strongly on the
nature of the substrate and the surrounding environmental conditions. For instance, quartz
and glass surfaces have been used extensively to probe wettability and adsorption, showing
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that cationic surfactants can induce strong hydrophobization of otherwise hydrophilic
surfaces [5,11]. In contrast, spreading on non-polar substrates such as paraffin wax and
polytetrafluoroethylene (PTFE) requires significant surface tension reduction to overcome
their inherently low surface energies [2].

Recent advancements in understanding surfactant-induced wetting behavior on hy-
drophobic surfaces have been driven by studies emphasizing dynamic, molecular, and
surface-specific factors. Early work by Kwieciński et al. [12] highlighted the dynamic nature
of surfactant interactions, revealing non-monotonic contact angle variations and hysteresis
during droplet evaporation on hydrophobic substrates.

Shardt et al. [13] further investigated the effect of surface morphology, illustrating how
it influences transitions between Cassie–Baxter and Wenzel states in the presence of surfac-
tants. Huang et al. [14] elaborated on dynamic effects, highlighting the impact of adsorption
at the wetting front and local depletion on microporous hydrophobic membranes.

Jiang et al. [15] focused on the molecular structure of surfactant, showing how branch-
ing and adsorption competition at interfaces significantly affect wettability. Bera et al. [16]
introduced the concept of “antisurfactant” behavior, where superspreader solutions para-
doxically increase contact angles, challenging traditional assumptions about surfactant-
induced wetting. Ogunmokum and Wallach [17] examined infiltration dynamics in hy-
drophobic porous media, showing that surface heterogeneity and surfactant adsorption
work together to control fluid penetration.

Zhang et al. [11] demonstrated that the adsorption of cationic surfactants on quartz
surfaces leads to pronounced changes in wettability, emphasizing that both the molecular
structure of the headgroup and the nature of the counterion play pivotal roles in determin-
ing the extent and nature of this effect. Variations in these structural features can influence
how strongly surfactant molecules interact with the quartz surface, thereby modulating the
degree of hydrophobization or hydrophilization observed. Similarly, studies by Zdzien-
nicka and co-workers [18,19] demonstrated that the intrinsic properties of surfaces, such as
their charge and polarity, have a significant influence on how surfactants spread and alter
wettability. These investigations underscore the importance of using both surface tension
measurements and contact angle analysis together, as this dual approach provides a more
complete and nuanced understanding of wetting behavior across different substrates.

Alcohols and glycol are another important class of additives that significantly influence
surfactant-related wetting properties. Alcohol–water mixtures often show non-ideal surface
behavior, as low-molecular-weight alcohols tend to adsorb preferentially at interfaces,
altering the arrangement and orientation of nearby water molecules and thereby modifying
interfacial properties [20]. Ethanol–water mixtures, for example, show complex interfacial
activity resulting from both hydrogen-bonding rearrangements and changes in surface
tension, as confirmed by experimental and molecular dynamics studies [21]. Ethylene
glycol (EG), a polar polyol with relatively high viscosity, can further modify surfactant
aggregation and interfacial adsorption by changing the dielectric environment of the
solution and reshaping hydrogen-bonding networks [22,23].

Although many advances have been made, our understanding of how surfactant
type, substrate hydrophobicity, and mixed solvents work together to control wetting is
still incomplete. Most studies focus on one variable at a time, such as surfactant adsorp-
tion, spreading behavior, or the influence of co-solvents, so the combined effects remain
less explored.

The primary objective of this study is to systematically investigate how cationic (CTAB)
and anionic (AOT) surfactant solutions influence the surface and wetting properties of
hydrophobic PTFE and dental wax substrates. In addition, the work aims to elucidate
the role of ethylene glycol (EG) as a co-solvent in modifying both surfactant adsorption
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and spreading behavior. By analyzing the interplay between surfactant type, co-solvent
presence, and surface characteristics, this research seeks to provide a comprehensive
understanding of the factors that govern wetting and interfacial phenomena on low-
energy surfaces.

2. Experimental Section

2.1. Materials

CTAB (99%) and AOT (99%) were purchased from Loba Chemi, Mumbai, India, and
dried in an oven at 50 ◦C for 30 min before use. EG (>99%) was purchased from Thermo
Fischer Scientific, Mumbai, India. Dental wax sheets (commercial dental-grade wax) used
in this study were obtained from Pyrax Polymers, located on Sunhera Road, Roorkee,
India. Polytetrafluoroethylene (PTFE) films were purchased as commercial Teflon sheets
with a thickness of 0.1 mm from Fluoroplast Engineers, Mumbai, India. For wettability
experiments, the PTFE sheets were carefully cut into samples measuring 2 cm × 2 cm.

2.2. Preparation of EG–Water–Surfactant Solutions

All solutions were prepared using double-distilled water (specific conductance less
than 2 μScm−1). Mixed solvent systems were obtained by blending water with different
volume fractions of EG. Mixed solvent systems of EG and water were prepared by mixing
double-distilled water with EG at 5%, 10%, and 20% by volume at 298.15 ± 0.5 K. The
concentration ranges of CTAB and AOT solutions were 1 × 10−2 M to 5 × 10−5 M and
3× 10−2 M to 5× 10−5 M, respectively. All the solutions were equilibrated at 298.15 ± 0.5 K
for at least 24 h prior to measurements to ensure thermodynamic equilibrium.

2.3. Contact Angle and Surface Tension Measurements

The static contact angle of surfactant solutions on hydrophobic surfaces was measured
using a Drop Shape Analyzer (DSA, 25E, Kruss, Hamburg, Germany) equipped with a
high-resolution camera and Kruss advanced software (version 1.9.0.8). Aqueous solutions
of CTAB and AOT surfactants were prepared in water and in ethylene glycol (EG)–water
mixed solvents containing 5%, 10%, and 20% of EG by volume. Contact angle measure-
ments were performed using the sessile drop method, which is a widely accepted technique
for wettability characterization.

Prior to each measurement, the syringe was calibrated, and a stainless-steel needle
with a diameter of 0.5 mm was used for drop formation. The syringe was thoroughly
cleaned by rinsing with first and second distilled water, followed by drying with acetone
to remove residual moisture. A droplet of known volume (2 μL) was gently deposited onto
the substrate surface using a precision microsyringe. The droplet profile was analyzed by
fitting the Young–Laplace equation through the instrument software [3,7].

The already cut pieces of dental wax substrate and PTFE films were placed on the
sample holder. The surfaces were kept as smooth as possible. A baseline was manually
created on the solid surface using the curved baseline option in the software, and the contact
angle was determined by selecting the appropriate area of interest (as shown in Scheme 1).
For each droplet, multiple frames were recorded, and 20–30 readings were obtained to
ensure stable fitting. Each measurement was repeated at three different locations on the
same surface, and the average contact angle values were taken for further calculations. All
the experiments were conducted at 298.15 ± 0.5 K under a controlled temperature using a
circulatory water bath procured from Orbit Pvt. Ltd., Hyderabad, India.
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(a) On the PTFE surface 

 
(b) On the wax surface 

Scheme 1. Images of water drop showing contact angles; the value of contact angle on PTFE surface.
The value we obtained is closely related to the literature value 117.4◦ [2].

Surface tension of the surfactant solutions was measured using the same DSA, 25E,
via the pendant drop method. A droplet solution was suspended from the tip of a mi-
crosyringe, and its profile was recorded with a resolution camera. The surface tension
was obtained by fitting the droplet shape to the Young–Laplace equation using the instru-
ment software. All measurements were performed in triplicate to maintain accuracy and
confirm reproducibility.

3. Results and Discussion

3.1. Surface Tension and Surface Properties

Surface tension (γ) measurements were carried out for both CTAB and AOT in pure
water as well as in water–EG mixed solvents containing 5%, 10%, and 20% EG by volume
at 298.15 K. The data were plotted as surface tension versus the logarithm of surfactant
concentration to observe the relationship between concentration and surface tension. As
anticipated, increasing the concentration of surfactant led to a progressive decrease in
surface tension, which eventually plateaued at the critical micelle concentration (CMC),
where additional surfactant molecules aggregate into micelles rather than further reducing
surface tension. This reduction in surface tension is primarily due to the adsorption of
surfactant molecules at the air–solution interface, effectively lowering the surface free
energy. Eventually, the surface tension shows a break point—this point is called the critical
micelle concentration (CMC), as shown in Figure 1. At CMC, the surface becomes saturated
with surfactant molecules, and the further addition of surfactant forms micelles the in
solution rather than affecting surface tension.

The premicellar slope of the graph, dγ
dlogC , represents the pattern of surface tension

decrease with the logC. This slope is useful in determining surface properties such as
surface excess concentration Γmax using Equation (1):

Γmax = − 1
2.303nRT

[
dγ

dlogC

]
T,P

(1)
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Figure 1. Variation in surface tension with concentration of AOT in water showing CMC at 298.15 K.

R (8.314 J mol−1 K−1) denotes the universal gas constant, T indicates the absolute
temperature, and C indicates the concentration of surfactant. The value of n taken as the
constant is a pre-factor that is taken as 2 for the normal surfactant.

Minimum area per molecule, Amin, represents the smallest surface area occupied by a
molecule at the air–solution interface. It is determined by using Equation (2)

Amin = 1/NAΓmax (2)

where NA denotes Avogadro’s Number.
Table 1 lists the CMC dγ

dlogC , Γmax, and Amin of AOT and CTAB in water, and the various
volume percentages of EG at 298.15 K.

Table 1. Surface properties in water and different volume % of EG at 298.15 K.

Volume % of EG
CMC
(mM)

(
dγ

dlogC

) Γmax106

(molm−2) Amin(Å
2
molecule−1)

AOT
0 2.02 −16.40 1.44 115.61
5% 3.06 −15.33 1.34 123.68
10% 4.23 −11.23 0.98 168.83
20% 6.12 −10.23 0.90 185.33
CTAB
0 0.98 −31.00 2.72 61.16
5% 1.12 −27.00 2.36 70.22
10% 1.81 −23.20 2.03 81.72
20% 2.23 −20.80 1.82 91.15

Ethylene glycol (EG) is a strongly hydrogen-bonding, moderately polar organic co-
solvent with a dielectric constant of 37 at 25 ◦C. When mixed with water, it breaks part of
the three-dimensional H-bond network and reduces water’s cohesive forces, producing a
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monotonic fall in the solvent’s surface tension. This trend has been seen in Figures 2 and 3,
where an increase in the volume % of EG causes a decrease in the surface tension of both
the surfactants.
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Figure 2. Variation in surface tension with logarithm of concentration of AOT in water (�) and
different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298.15 K.
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Figure 3. Variation in surface tension with logarithm of concentration of CTAB in water (�) and
different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298.15 K.

The CMC of both surfactants increases systematically with EG content (Table 1),
although the magnitude of the shift differs for the two ionic types. In water, CTAB exhibits
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0.98 mM, whereas AOT’s CMC is 2.02 mM. The upward shift in CMC with increasing EG
content is attributed to weakened hydrophobic interactions and reduced dielectric screening
in the solvent. The addition of EG lowers the solvent polarity, thereby diminishing the
contrast between the hydrophobic tail and solvent environment, which makes micelle
formation less favorable. Lower dielectric constant also increases Coulombic repulsion
between ionic headgroups, further destabilizing the micelle for both cationic and anionic
surfactants [22].

The premicellar slope
(

dγ
dlogC

)
of the plot of the surface tension vs. logarithm of

molar concentration plot is characterized by a steep linear decrease in surface tension,
governed by the progressive accumulation of surfactant molecules at the air–solution inter-
face. Figures 1–3 show that the premicellar slope becomes less steep as the EG volume %
increases. The numerical values are presented in Table 1. The reduction in the premicellar
slope arises from two concurrent mechanisms. The first one is that EG molecules them-
selves adsorb at the air–solution interface, and the second is that the dielectric constant
of EG–water mixtures is much lower than that of water. This decreases the strength of
hydrophobic interactions that drive surfactant adsorption and increases the electrostatic
repulsion between ionic headgroups.

The presence of EG in aqueous medium significantly influences the surface excess
concentration (Γmax) of both CTAB and AOT, as presented in Table 1. In pure water, the
high polarity and extensive H-bond network of water provide a strong driving force for
surfactant adsorption at the air–solution interface. As the surfactant concentration increases,
molecules rapidly accumulate at the interface, displacing water molecules and reducing
surface free energy. Consequently, both surfactants exhibit their highest Γmax values in
water. When EG is introduced into the solvent mixture, Γmax decreases systematically with
increasing EG volume %. This decline confirms that fewer surfactant molecules occupy a
unit interfacial area in the EG-rich environment.

The corresponding minimum area per molecule (Amin) shows the inverse trend ex-
panding as EG volume % increases. This expansion signifies looser molecular packing
at the interface, consistent with decreased Γmax. The increase in (Amin) arises primarily
because EG molecules intercalate between surfactant headgroups, diluting the interfacial
film and causing a lateral spread of surfactant molecules. The weaker hydrophobic contrast
between surfactant tails and the EG–water subphase also reduces tail–tail interaction, so the
molecules adopt a more tilted or disordered orientation at the interface, further enlarging
the effective Amin.

Comparing the two surfactants, CTAB consistently exhibits higher Γmax and smaller
Amin values than AOT in all solvent compositions, demonstrating more efficient packing
and stronger adsorption. This difference stems from molecular structure and charge
distribution. CTAB possesses a single long C16 hydrogen chain and a compact quaternary
ammonium headgroup, which allows dense interfacial packing and efficient reduction in
surface tension. AOT, on the other hand, has a bulky double-tailed structure with a large
sulfosuccinate head carrying two negative charges. Electrostatic repulsion between these
doubly charged headgroups and steric hindrance from the twin tails prevent tight packing,
producing lower Γmax and larger Amin values even in water. The structural difference
also modulates their sensitivity to solvent composition: CTAB shows a more pronounced
decline in Γmax and a corresponding increase in Amin upon adding EG, whereas AOT
exhibits a somewhat smaller relative change. This implies that cationic surfactants are more
susceptible to polarity and solvation changes introduced by EG, while already strongly
hydrated anionic AOT is less affected.

This trend agrees with the work of Ruiz et al. [22], who showed that the addition of EG
reduces the surface activity of Triton X-100 by decreasing Γmax and increasing Amin. This
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effect is attributed to EG’s structure-breaking ability and its interactions with the surfactant,
which alter the solvation layer and enhance steric repulsions at the air–liquid interface.
These findings further support the observed decrease in surfactant adsorption and looser
molecular packing as EG content increases in the solution.

3.2. Contact Angle and Wettability

The spreading of liquid over a solid surface is described as wetting. Situationally, it
can also be the penetration of liquid into a porous medium. Quantitatively, the wettability
is calculated using the measurement of contact angle (CA), denoted by θ. Geometrically, it
is defined as the angle between the liquid phase and the solid phase when these phases are
in contact with the gaseous phase, the values of which let us know the extent of wettability,
as shown in Scheme 2.

Gas 

Solid 

Liquid 

 

90 , Partial wetting hydrophilic 

= 90 , Incomplete wetting 

90 , Incomplete wetting; hy-
drophobic surface 

(a) Showing contact angle ( )

(b) Showing wettability at different values of 

Scheme 2. Schematic representation of wetting regimes based on contact angle.

Surfactants are also used as wetting agents, as they lower the surface tension of a
liquid by adsorption at the air–liquid interface; at the same time, they also adsorb at the
solid–liquid interface.

Mathematically, CA on the solid surface is related to interfacial tension by Young’s
Equation (3)

cosθ =
γSG − γSL

γLG
(3)
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where γSG, γSL, and γLG are interfacial tensions between the solid–gas, solid–liquid, and
liquid–gas interfaces, respectively.

Surface excess concentration at the gas–liquid interface is calculated using Equation (4)

ΓLG = − 1
20303nRT

[
dγLG
dlogC

]
T,P

(4)

The Lucassen–Reynolds equation is used to show the relation of surface excess con-
centrations at three interfaces (ΓLG, ΓSL, and ΓSG) with their respective interfacial tensions
as shown below.

ΓSG − ΓSL
ΓLG

=
d(γSG − γSL)

dγLG
=

dγLGCosθ

dγLG
(5)

Assuming ΓSG = 0, the ratio of ΓSL and ΓLG can be obtained from the slope of a plot of
γLGcosθ, known as adhesion tension (AT), and γLG.

Work of Adhesion
This is defined by the reversible work required to separate a unit area of liquid from a

solid surface. It measures the interactive forces between the two different phases (solid and
liquid). It can be obtained from CA using Equation (6) [2]

WA = γLG(1 + cosθ) (6)

For θ = 0o, WA = 2γLG. This means that the attraction between liquid–solid is equal
to or greater than that between liquid–liquid.

Among the additives, alcohol is considered a special additive used in surfactant
solutions in physicochemical investigations.

3.2.1. Adhesion Tension vs. Surface Tension—Effect of Ethylene Glycol

Figures 4–7 illustrate how adding ethylene glycol (EG) influences the relationship
between AT and γ for AOT and CTAB surfactant solutions on PTFE and wax surfaces in
water and various volume percentages of EG at 298 K. The slope of AT and γ Equations (4)
and (5) plot reflects how the contact angle varies with changing liquid surface tension due
to surfactant adsorption at the interfaces. On hydrophobic surfaces, the slope is typically
negative [2]. A slope of −1 signifies equal surfactant adsorption at the solid–liquid and
air–liquid interfaces, which in turn means the work of adhesion and contact angle remain
essentially constant as surface tension changes [24]. On low-energy surfaces like PTFE
and wax, however, the measured slopes are negative and deviate from −1, indicating a
variable contact angle with surfactant concentration. All our systems show a negative
slope, confirming that surfactant adsorption lowers the solid–liquid interfacial tension
disproportionately to the drop in liquid surface tension, thereby decreasing the contact
angle (enhancing wettability). For example, AOT on PTFE exhibits a slope increasing from
−1.25 to 1.08 with EG present, while AOT on wax goes from −1.10 to −0.95. These slopes
are more negative than unity in magnitude for AOT on PTFE, implying greater surfactant
adsorption at the solid–liquid interface than at the air–water interface, causing pronounced
contact angle reduction. In contrast, CTAB on PTFE and wax without EG shows gentler
slopes around −0.75, well below unity in magnitude, consistent with less surfactant at the
solid–liquid interface relative to the air–liquid interface (single-tail CTAB is less effective at
wetting hydrophobic solids).
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Figure 4. Variation in adhesion tension with Surface tension of AOT on PTFE surface in water (�) and
different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.
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Figure 5. Variation in adhesion tension with Surface tension of AOT on wax surface in water (�) and
different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.
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Figure 6. Variation in adhesion tension with Surface tension of CTAB on PTFE surface in water
(�) and different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.
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Figure 7. Variation in adhesion tension with Surface tension of CTAB on wax surface in water (�) and
different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.

Szymczyk et al. [25] found slopes of −1 for SDs and SDDS on PTFE, indicating equal
adsorption densities at the air–liquid interface and PTFE–water interface. AOT’s slope
of −1.25 to −1.08 aligns with this trend, suggesting strong adsorption at both interfaces.
Biswal & Paria [2] reported slopes of −0.80 for Triton X 100 and −0.58 for Igepal CO-
630 on PTFE, indicating lower adsorption density at the solid–liquid interface compared
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to the air–liquid interface. CTAB’s slope range (−0.75 to −0.29) is consistent with this
trend, reflecting weaker adsorption. Chang et al. [26] observed slopes of −0.69 to −0.94
for Gemini surfactants on paraffin (similar to wax), indicating lower adsorption density
at the solid–liquid interface compared to the air–liquid interface. AOT’s slope range
(−1.16 to −0.95) is slightly more negative, suggesting stronger adsorption compared to
Gemini surfactants.

3.2.2. Work of Adhesion

Figures 8–11 present WA as a function of surfactant concentration for both AOT and
CTAB on PTFE and wax surfaces in water and various volume % of EG at 298 K. For
AOT solutions (Figures 8 and 9), WA systematically decreases with increasing surfactant
concentration across all temperatures and substrates tested. The initial WA values (at low
concentrations) reflect the adhesion of nearly pure water to the hydrophobic surface, which
is relatively low due to the energetically unfavorable water-hydrophobe contact. As AOT
concentration increases, the work of adhesion decreases, indicating that the surfactant-
modified interface requires less energy to maintain contact with the hydrophobic surface.

30

35

40

45

-5 -4 -3 -2 -1

Log [AOT]

W
A
/ m

J 
m

-2

Figure 8. Variation in work of adhesion with logarithmic concentration of AOT on PTFE surface in
water (�) and different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.

The decrease in WA with surfactant concentration can be understood through the lens
of interfacial energy balance. Surfactant adsorption at both the liquid-vapor and solid–
liquid interfaces reduces the interfacial tensions, thereby reducing the net energy required
for adhesion. The temperature dependence shows that higher temperatures generally result
in lower WA values at equivalent concentrations, consistent with enhanced thermal motion
and reduced intermolecular cohesion [2].
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Figure 9. Variation in work of adhesion with logarithmic concentration of AOT on wax surface in
water (�) and different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.
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Figure 10. Variation in work of adhesion with logarithmic concentration of CTAB on PTFE surface in
water (�) and different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.
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Figure 11. Variation in work of adhesion with logarithmic concentration of CTAB on wax surface in
water (�) and different volume % (5% (�), 10% (•), and 20% (�)) of EG at 298 K.

For CTAB solutions (Figures 10 and 11), the trends are qualitatively similar but quanti-
tatively distinct. The cationic headgroup of CTAB can form more favorable interactions
with certain hydrophobic surfaces through induced polarization effects. The parallel nature
of the curves across different temperatures indicates that the fundamental adsorption
mechanism is temperature-independent, though the equilibrium adsorption density varies
with temperature.

Comparing the two surfactants, AOT generally achieves lower WA values at equivalent
concentrations, suggesting more effective modification of the solid–liquid interface. This
difference may arise from the double-chain structure of AOT, which provides greater
hydrophobic character and potentially stronger interactions with hydrophobic substrates
compared to the single-chain CTAB.

4. Conclusions

This study demonstrates that ethylene glycol (EG) plays an important role in modu-
lating the interfacial and wetting behavior of AOT and CTAB solutions on hydrophobic
PTFE and wax surfaces. The systematic decrease in surface tension and progressive reduc-
tion in the premicellar slope ( dγ

dlogC ) with increasing EG content reveal that EG weakens
hydrophobic interactions and reduces the efficiency of monomer adsorption at the air–
solution interface. The corresponding decrease in the surface excess concentration (Γmax)
and increase in minimum area per molecule (Amin) confirm the formation of a more dis-
persed, less compact interfacial layer, consistent with EG-induced disruption of water
structure and modified solvation around surfactant headgroups. Adhesion tension (AT)
versus surface tension exhibited a negative slope, and these slopes became less negative
upon EG addition, indicating diminished surfactant population toward the solid–liquid
interface. This behavior is reflected in the enhanced work of adhesion (WA), demonstrat-
ing stronger liquid–solid interactions and improved spreading characteristics at higher
EG fractions. AOT showed a more pronounced response to EG than CTAB, highlighting
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the influence of surfactant charge type, headgroup structure, and interfacial packing on
wetting outcomes.
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Abstract

The practical adoption of surface-enhanced Raman scattering (SERS) technology is often
hampered by the high cost, complex fabrication, and poor reproducibility of conventional
substrates, which typically rely on noble metals or inefficient semiconductors. Herein,
we address key challenges in the practical commercialization of surface-enhanced Raman
scattering (SERS) technology by reporting a facile, scalable, and environmentally benign
strategy for fabricating a hybrid SERS substrate. This approach integrates Au nanoparticles
(NPs) with hydrothermally synthesized WO3 nanowires through a green photoreduction
process, which is rapid, organic-solvent-free, and amenable to large-scale production. The
design of the Au/WO3 nanocomposite capitalizes on the synergistic effect between electro-
magnetic (EM) enhancement from Au NPs and chemical mechanism (CM) enhancement
via charge transfer involving the WO3 semiconductor. This synergy empowers the sub-
strate with exceptional SERS activity, enabling the sensitive detection of Rhodamine 6G
(R6G) down to 10−11 M and yielding an enhancement factor (EF) of 4.09 × 106. More
importantly, this EM-CM synergy proves critical for detecting molecules with weak affinity,
such as the nerve agent simulant dimethyl methylphosphonate (DMMP), achieving a signif-
icant signal enhancement of 102–103 times, which is notably challenging for conventional
plasmonic substrates. Beyond sensitivity, the substrate exhibits excellent reproducibility
and operational stability, which are paramount for real-world applications. This work
presents a nanohybrid strategy that successfully balances scalability, stability, and sensitiv-
ity, offering a reliable and cost-effective pathway for advancing SERS technologies toward
practical implementation.

Keywords: surface-enhanced Raman scattering (SERS); precious metal–semiconductor
hybridization; photosynthesis; ultra-sensitive detection

1. Introduction

Surface-Enhanced Raman Scattering (SERS) represents a groundbreaking spectro-
scopic methodology, offering exceptional sensitivity and specificity for the detection of
trace substances, achieving even single-molecule-level resolution. This technique has found
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broad utility across biomedical applications (ultra-early tumor marker diagnosis, rapid
pathogen identification), environmental monitoring (in situ pollutant detection), mate-
rials science (real-time tracking of catalytic interfaces), and public safety (identification
of explosives and narcotics). By transcending the sensitivity constraints of conventional
Raman spectroscopy, SERS opens new avenues for elucidating molecular behaviors at
interfaces [1–12]. The enhancement mechanisms underpinning SERS are predominantly
divided into electromagnetic enhancement (EM) and chemical enhancement (CM) [13].
EM stems from localized surface plasmon resonance (LSPR) excited in noble metal nanos-
tructures (Au and Ag nanoparticles) upon laser illumination, generating highly confined
electromagnetic “hotspots” at nanogaps or sharp topographic features. These hotspots
can amplify Raman scattering by factors of 106–1010, with efficiency strongly correlated
to the nanostructures’ morphology, size, and excitation wavelength [14–16]. Despite their
promising performance, conventional noble-metal-based SERS substrates are hampered by
intrinsic limitations including high material cost, scarcity, and susceptibility to chemical
degradation (oxidation and aggregation), leading to performance fade under prolonged or
harsh operational conditions. In light of this, semiconductor-based SERS substrates such
as CuO, TiO2, and ZnO have emerged as promising alternatives [17–20]. These materials
operate mainly through the CM mechanism, which involves charge transfer (CT) between
analyte molecules and the substrate. Chemical adsorption or strong interfacial interaction
facilitates coupling between molecular orbitals and semiconductor band states, modulating
molecular polarizability and enhancing the Raman cross-section by approximately 10 to
103 times. This enhancement is highly sensitive to the electronic structure alignment at
the molecule–substrate interface [21–23], nevertheless, the enhancement factor provided
by pure semiconductor substrates remains comparatively modest. Recent research focus
has accordingly shifted toward hybrid systems that exploit synergistic effects between
EM and CM mechanisms: the plasmonic component provides intense electromagnetic
confinement, while the semiconductor facilitates charge transfer and improves chemical
specificity [13,24]. This combined approach effectively surmounts the sensitivity limita-
tions of traditional Raman techniques, establishing a robust foundation for single-molecule
detection and real-time analysis of interfacial reaction dynamics [25–27].

Against the backdrop of ongoing innovations in semiconductor-based SERS substrates,
tungsten trioxide (WO3) has garnered significant interest owing to its pronounced chemical
enhancement properties. Abundant oxygen vacancy defects, a tunable wide bandgap
(2.4–2.8 eV), and strong molecular adsorption capacity collectively facilitate efficient charge
transfer (CT), establishing WO3 as a promising platform for SERS applications [28]. Never-
theless, the intrinsic lack of electromagnetic enhancement (EM) in pure WO3 limits its detec-
tion sensitivity. To overcome this limitation, the strategic decoration of gold nanoparticles
(Au NPs) onto WO3 substrates has been proposed, forming Au/WO3 heterostructures [29].
On one hand, the localized surface plasmon resonance (LSPR) excited in Au NPs generates
high-intensity electromagnetic hotspots, offering EM enhancement factors on the order of
105–107. On the other hand, the Schottky junction formed at the Au–WO3 interface induces
directional electron transfer from WO3 to Au until their Fermi levels equilibrate. This
process creates a built-in electric field at the interface, which efficiently promotes charge
separation and optimizes the adsorption energy and polarizability of probe molecules,
thereby augmenting the chemical enhancement (CM) by 10–103 times [30,31]. Through this
synergistic coupling of EM-dominated field amplification and CM-enhanced interfacial
interactions, the composite substrate achieves an overall enhancement factor exceeding
106, surpassing the performance of either individual component, while combining the
stability and cost benefits of WO3 with the superior EM gain of Au [24,32]; however, tradi-
tional Au/WO3 composite synthesis routes rely on complex polymer stabilizers/capping
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agents/structure-directing additives [33,34], leading to toxicity [35], SERS deactivation [36],
and background noise or unwanted signals in SERS analysis [37]. In this study, we propose
an innovative ultraviolet-light-driven in situ reduction strategy that leverages the photocat-
alytic activity of WO3 nanowires. Under UV irradiation, photogenerated holes (h+) in the
valence band oxidize sacrificial agents (e.g., methanol), while conduction-band electrons
(e−) directly reduce Au3+ ions from HAuCl4 solution, leading to the deposition of Au NPs.
This approach enables rapid (within 20 min), organic-free, and in situ deposition of Au
NPs onto WO3 surfaces [38]. By eliminating exogenous reductants and stabilizers, this
method ensures an atomically clean Au/WO3 interface free from molecular contamination.
Furthermore, the photo-induced electron flow during synthesis is consistent with the elec-
tron transfer direction established in the resultant Schottky junction, which preferentially
anchors Au nanoparticles at oxygen vacancy sites and promotes the formation of high-
density, well-defined Schottky junctions. This not only enhances charge transfer efficiency
but also allows precise regulation of Au NP size and distribution, thereby optimizing LSPR
coupling and EM/CM synergy. The resulting SERS substrate exhibits ultrahigh sensitivity
supported by dual enhancement mechanisms, offering a novel and scalable route toward
industrial fabrication of high-performance detection chips.

Rhodamine 6G (R6G) is widely employed as a standard probe molecule for evaluating
SERS substrate performance, owing to its large Raman scattering cross-section, well-defined
fingerprint vibrational peaks (612 cm−1, 1360 cm−1, 1510 cm−1), and strong adsorption
affinity. Its cationic nature and high photostability ensure robust signal reproducibility,
while its suitability for single-molecule detection allows precise assessment of electromag-
netic and chemical enhancement (EM/CM) synergy, establishing R6G as an internationally
recognized benchmark for quantitative SERS characterization [39]. Dimethyl methylphos-
phonate (DMMP) serves as an ideal simulant for highly toxic nerve agents such as Sarin
and Soman, due to its structural and physicochemical similarity—particularly the presence
of phosphoester bonds—coupled with low toxicity. SERS technology meets the critical
demands of high sensitivity, specificity, and rapid response required for DMMP detection.
As a safe and effective surrogate, DMMP plays an essential role in the development and
validation of chemical defense technologies, contributing significantly to national and
public security [40].

In this work, WO3 nanorods were synthesized via a facile hydrothermal route and
further functionalized with Au nanoparticles through a UV-induced in situ photoreduction
process. This photosynthesis approach is rapid, organic-solvent-free, and readily scalable,
providing a green and industrially compatible route for SERS substrate fabrication. The
resulting Au/WO3 substrate exhibits significantly enhanced SERS performance, attributed
to the synergistic effect between the electromagnetic enhancement from Au nanoparticles
and the chemical enhancement facilitated by the WO3 semiconductor. The substrate
also demonstrates high signal stability, excellent long-term durability, and exceptional
reproducibility, as reflected by a relative standard deviation as low as 4.05%. Furthermore,
it achieves a detection limit of 10−4 M for dimethyl methylphosphonate (DMMP) at room
temperature, showcasing its practical potential for the detection of low-adsorption-affinity
molecules. This work highlights a feasible and reliable nanohybrid strategy that integrates
scalable synthesis, dual enhancement mechanisms, and operational stability, offering a
promising pathway toward the practical application of SERS technology.

2. Materials and Methods

All reagents employed in this study are listed in Supplementary Materials Table S1.
Unless otherwise specified, all chemicals were used without further purification. The entire

100



Colloids Interfaces 2025, 9, 70

experiment was conducted at room temperature, with solutions prepared using deionized
water (DI).

2.1. Preparation of Tungsten Oxide

As shown in Scheme S1 (Supporting Information): WCl6 powder (0.75 g, Aladdin
Biochemical Technology Co., Ltd., Shanghai, China) was dissolved in 60 mL of ethanol until
the solution turns golden yellow and then transferred to a 100 mL Teflon-lined autoclave.
After reacting at 220 ◦C for 20 h, the deep blue flocculated product was washed repeatedly
with ethanol and deionized water at least five times. It was then dried in a 50 ◦C vacuum
oven for 5 h to yield the final powdered product.

2.2. Preparation of Au/WO3

Disperse 10 mg of the obtained product in a solution of 45 mL water and 5 mL
ethanol. Add 0.3 mL chloroauric acid (0.98 wt%, Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China) and sonicate for 30 min. Expose the mixture to intense UV light
irradiation for 900 s. The resulting sample was an orange-red product. After multiple
centrifugation washes with ethanol and deionized water, it is dried in a 50 ◦C vacuum oven
for 3 h to obtain the final product.

2.3. SERS Measurement

Silicon Wafer Cleaning: Place several 0.5 × 0.5 cm silicon wafers in ethanol (≥99.7%)
and deionized water for repeated cleaning at least five times. Apply ultrasonic treatment
during each cleaning cycle to remove residual organic matter from the surface.

Substrate Sol–Gel Coating: Secure the silicon wafers onto transparent microscope
slides. Dispense 10 μL of WO3 and Au/WO3 sol–gel onto each wafer and allow to dry
naturally at room temperature until evaporation is complete.

Adsorption of target molecules: Add 10 μL of R6G (Aladdin Biochemical Technology
Co., Ltd., Shanghai, China) ethanol solution at different concentrations and dimethyl
methylphosphonate (Aladdin Biochemical Technology Co., Ltd., Shanghai, China) to
separate dried samples. Allow natural evaporation at room temperature to ensure tight
binding of target molecules to the WO3 sol (For SERS measurements, prepare a 0.1 M stock
solution of the analyte in ethanol. Dilute the stock solution to obtain analyte solutions in
the concentration range of 10−4 to 10−11 M. Store these solutions protected from light at 4
◦C until use.).

The R6G/substrate and DMMP/substrate samples were placed under laser micro-area
confocal Raman spectroscopy (Renishaw inVia plc, Wotton-under-Edge, Gloucestershire,
UK) at 532 nm/785 nm excitation, with light intensities of 1% and 10% respectively, and
exposure times of 10 s each for Raman spectroscopy detection. The 520 cm−1 peak corre-
sponds to the silicon substrate. To prevent interference from the silicon peak, analysis was
confined to the region beyond 600 cm−1.

3. Results and Discussion

3.1. Morphology and Characterization of WO3 and Au/WO3

In Figure 1A the phase structures of the as-prepared WO3 and Au/WO3 samples were
characterized by X-ray diffraction (XRD). The diffraction pattern of WO3 exhibits major
peaks at 2θ = 23.2◦, 26.5◦, 35.5◦, 47.2◦, and 55.4◦, which correspond to the (002), (120), (121),
(004), and (420) crystal planes of monoclinic WO3 (JCPDS 00-020-1324), respectively. For
the Au/WO3 composite, additional distinct peaks are observed at 2θ = 38.2◦, 44.3◦, 64.7◦,
and 77.7◦, which can be assigned to the (111), (200), (220), and (311) planes of face-centered
cubic Au (JCPDS 03-065-8601) [41]. These XRD results confirm the successful formation
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of the Au/WO3 heterostructure without altering the crystalline framework of WO3. The
morphology and elemental composition of the as-synthesized Au/WO3 composite were
characterized using scanning electron microscopy (SEM) (Qunata600F FEI Company, Hills-
boro, OR, USA), transmission electron microscopy (TEM) (FEI Talos F200X Thermo Fisher
Scientific, Hillsboro, OR, USA), and energy-dispersive X-ray spectroscopy (EDX) (FEI Talos
F200X Thermo Fisher Scientific, Hillsboro, OR, USA). As shown in Figure S1, SEM images
confirm the successful formation of WO3 nanorods, along with Au/WO3 composites with
varying Au loadings. It is evident that the density of deposited Au nanoparticles exhibits a
clear positive correlation with the concentration of chloroauric acid used during synthesis.
Figure 1B,C present TEM and HAADF-STEM images that confirm the successful synthesis
of WO3 nanowires and the subsequent uniform loading of Au nanoparticles onto the WO3

nanorods. The average particle size of the Au NPs is approximately 13 nm, as further quan-
tified by the size distribution histogram in Figure S2. The increased Au loading capacity is
demonstrated in Figure S3, where a corresponding darkening of the substrate color visually
reflects the higher nanoparticle coverage. For more precise structural characterization,
high-resolution transmission electron microscopy (HR-TEM) was employed to examine
the atomic-scale morphology of the Au/WO3 heterostructure. As shown in Figure 1D,
the measured lattice spacings of 0.376 nm and 0.232 nm are assigned to the (200) plane of
the WO3 and the (200) plane of Au NPs [42,43] respectively. Furthermore, HAADF-STEM
imaging (Figure 1E) provides clearer visualization of the distributed Au NPs, while ele-
mental mapping of W, O, and Au conclusively confirms the successful deposition of Au
NPs onto the WO3 support.

 

Figure 1. (A) XRD patterns of Au/WO3 and WO3; (B) TEM image of Au/WO3; (C) HAADF-
STEM image of Au/WO3; (D) HR-TEM image of Au/WO3; (E) HAADF-STEM image of Au/WO3;
STEM-EDS mapping images of W, O, and Au.
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3.2. SERS Performance of WO3 and Au/WO3 SERS Substrates

The surface plasmon resonance (SPR) peak of Au nanoparticles lies close to the
excitation wavelength of 532 nm, favoring the generation of strong localized electric fields
and thereby enhancing Raman signals [44]. Accordingly, an excitation wavelength of
532 nm was selected for the detection of R6G in this study. Rhodamine 6G was employed as
a probe molecule to evaluate the SERS performance of both WO3 and Au/WO3 substrates,
elucidating the effect of Au nanoparticle deposition on the Raman detection sensitivity.
As illustrated in Figure S4, varying the amount of tetrachloroauric acid solution during
synthesis—from low to high concentrations—resulted in an initial marked enhancement
in the Raman peak intensity of R6G, followed by a decline as the Au loading continued
to increase. This trend suggests that the Au nanoparticle coverage is initially insufficient
for optimal SERS enhancement, but becomes excessive at higher loadings, likely due to
aggregation or screening effects. Based on these observations, an intermediate Au loading
amount was selected for all subsequent experiments. Figure 2A,B present the Raman
spectra of R6G acquired on WO3 and Au/WO3 substrates, respectively, across a range
of concentrations (from 10−4 to 10−11 mol/L) under consistent experimental conditions.
(The assignment of characteristic R6G Raman peaks and their corresponding vibrational
modes are summarized in Table S2 [45]). For the WO3 substrate, the signal at 612 cm−1

became indistinguishable from the background at an R6G concentration of 10−7 mol/L,
indicating a detection limit of approximately 10−7 M. In contrast, distinct Raman signals
were still detectable on the Au/WO3 substrate even at an R6G concentration as low as 10−11

mol/L, demonstrating a detection limit below 10−11 M. The deposition of Au nanoparticles
thus enhances the detection sensitivity by four orders of magnitude. The enhancement
factors (EF) for both substrates were quantified using a pristine SiO2 substrate as reference.
As detailed in the Supporting Information, the EF values were calculated to be 1.5 × 105

for WO3 and 4.09 × 106 for Au/WO3—indicating an order-of-magnitude improvement
in SERS performance with Au modification. This enhancement exceeds that of most
semiconductor-based SERS substrates reported previously, as compiled in Table S3. The
uniformity and long-term stability of SERS substrates remain critical challenges for their
practical application. To assess spatial uniformity, SERS mapping was performed at 20
randomly selected points on the Au/WO3 substrate. The relative standard deviation (RSD)
of the peak intensity at 612 cm−1 was calculated to be 4.05% and 6.89% for different R6G
concentrations in Figures 2C and S5, indicating excellent signal homogeneity. Furthermore,
the substrate exhibited remarkable long-term stability over a 100-day period (Figure 2D).
The SERS intensity retained 86% of its original value after 50 days and 75% after 100
days, demonstrating minimal degradation. Quantitative analysis was conducted based
on the characteristic R6G peak at 612 cm−1, which is attributed to the in-plane bending
vibration of the C-C-C ring. This peak remained clearly detectable even at a concentration
as low as 10−11 M. As shown in Figure 2E, the SERS intensity decreased progressively with
R6G concentration from 10−4 to 10−11 M. A linear relationship was established with the
regression equation logI(612 cm−1) = 5.679 logR6G + 0.30208, yielding a high correlation
coefficient (R2) of 0.97616, which confirms the excellent quantitative detection capability of
the Au/WO3 substrate.

Subsequently, we evaluated the SERS performance of the substrate for detecting
dimethyl methylphosphonate (DMMP). In real-world environments such as those con-
taining airborne particulates, fabric surfaces, skin secretions, or plastic residues, strong
fluorescent background interference is often encountered. To mitigate this, a laser excitation
wavelength of 785 nm was selected, as it effectively suppresses fluorescence and enables
the acquisition of well-resolved characteristic fingerprint Raman spectra of DMMP across
diverse conditions. As shown in Figure 2F, Raman spectra of DMMP at various concen-
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trations (from 1 to 10−4 mol/L) were collected on both WO3 and Au/WO3 substrates
under consistent experimental parameters. (Assignments of characteristic DMMP Raman
peaks and corresponding vibrational modes are provided in Table S3 [46]). The charac-
teristic peak at 710 cm−1 became undetectable on pure WO3 at a DMMP concentration of
10−2 mol/L, indicating a detection limit of approximately 10−2 M. In contrast, distinct Ra-
man signals were still observable on the Au/WO3 substrate even at a DMMP concentration
as low as 10−4 mol/L, demonstrating a detection limit below 10−4 M. The incorporation
of Au nanoparticles thus enhanced the detection sensitivity for DMMP by 2–3 orders of
magnitude. Furthermore, the WO3 and Au/WO3 substrate itself exhibits a clean spectral
background in the region of interest, and its SERS signal for DMMP remains stable against
common environmental interferents, including variations in relative humidity and the
presence of solvent vapors, as systematically validated in Figure S6. These results confirm
that the presence of Au NPs significantly facilitates molecular detection, enabling higher
quantitative accuracy and excellent reproducibility.

Figure 2. (A,B) show the R6G test SERS spectra on Au/WO3 and WO3 substrates; (C) Uniformity of
R6G Raman signals at 20 random positions on Au/WO3; (D) Stability test of Au/WO3; (E) Calibration
curves of the logarithmic Raman peak (612 cm−1) versus the logarithmic concentration of R6G on
Au/WO3 SERS substrate; (F) DMMP test SERS spectra of Au/WO3 and WO3 substrates.

3.3. Mechanism Exploration

Surface chemical composition and electronic structure of the substrates were investi-
gated by X-ray photoelectron spectroscopy (XPS). All XPS spectra were charge-corrected
by referencing the C 1s peak to 284.8 eV, with the corresponding C 1s spectrum provided in
Figure S7. Figure 3A presents the survey spectra of both WO3 and Au/WO3, confirming
the successful incorporation of Au through the emergence of Au 4f peaks in the composite
material. High-resolution spectra of the W 4f region are displayed in Figure 3B,C. For
pristine WO3, the spin-orbit doublet corresponding to W 4f7/2 and W 4f5/2 appeared at
binding energies of 35.26 eV and 37.39 eV, respectively. After Au deposition, these peaks
shifted to 35.49 eV and 37.65 eV, representing a positive shift of approximately 0.25 eV.
This increase in binding energy suggests electron transfer from W to Au, resulting in
reduced electron density around tungsten nuclei and decreased shielding of core electrons,
consistent with the formation of a Schottky junction at the Au/WO3 interface [47]. As
further supported by the deconvolution of the high-resolution W 4f spectrum (Figure S7),
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the appearance of W5+ species following Au deposition indicates an increased presence of
oxygen vacancies [48]. Figure 3D,E show the corresponding O 1s spectra, which exhibit
noticeable asymmetry and broadening. Each spectrum was fitted with two components
corresponding to lattice oxygen (W–O) at lower binding energy and surface-adsorbed
oxygen (e.g., –OH or adsorbed H2O) at higher binding energy. The binding energies of
the O 1s peaks in WO3 were observed at 530.11 eV and 530.97 eV, while those in Au/WO3

shifted to 530.36 eV and 531.50 eV. Moreover, the relative area of the high-binding-energy
component (surface-adsorbed oxygen) increased significantly after Au modification, in-
dicating a rise in surface oxygen vacancy defects. This finding aligns well with the W
4f XPS result. Numerous studies have established that oxygen vacancies can effectively
enhance the SERS performance of semiconductor substrates [49–52]. XPS analysis in this
work indicates that, compared to pure WO3, the higher concentration of oxygen defects in
Au/WO3 introduces dangling bonds and induces band tailing, driving the system into a
metastable state. This electronic configuration facilitates the escape and transfer of surface
electrons. The resulting electron delocalization promotes more efficient interfacial charge
transfer, thereby significantly improving SERS activity [53–55]. As shown in Figure 3F,
the Au 4f spectrum displays two well-defined peaks at binding energies of 83.71 eV and
87.32 eV, corresponding to Au0 4f7/2 and 4f5/2, respectively, confirming the metallic nature
of the deposited Au nanoparticles on the WO3 nanostructure.

Figure 3. (A) Full XPS spectra of Au/WO3 and WO3 substrates; (B,C) High-resolution XPS W4f
spectra of WO3 and Au/WO3; (D,E) High-resolution XPS O1s spectra of WO3 and Au/WO3; (F) High-
resolution XPS Au4f spectrum of Au/WO3.

To elucidate the interfacial binding chemistry, particularly in the absence of conven-
tional capping agents, the surface charge of the Au/WO3 composite was investigated. Zeta
potential measurement confirms that the substrate possesses a negative surface charge (see
Table S5). This inherent negativity is crucial for the initial electrostatic adsorption of cationic
probe molecules like R6G. We attribute this negative charge to the adsorption of anionic
species, primarily chloride ions (Cl−) and possibly gold-chloro complexes, which are inher-
ent by-products from the hydrolysis and photoreduction of the HAuCl4 precursor [56,57].
These species adsorb onto the Au NP surface during the in situ growth, forming a negative
electrical layer that functionally mimics the role of citrate in traditional syntheses, thereby
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facilitating the electrostatic capture of positively charged molecules and contributing to
nanoparticle stabilization.

As shown in Figure 4A,B, the experimental results reveal that Au/WO3 exhibits en-
hanced optical absorption and a reduced bandgap compared to pure WO3, accompanied
by a distinct localized surface plasmon resonance (LSPR) absorption feature [58]. To ensure
the accuracy and reproducibility of the bandgap determination, the Tauc plots were quanti-
tatively analyzed. The optical bandgap (Eg) was determined by applying a linear fit to the
rising edge of the (αhν)2 versus photon energy (hν) plot using a nonlinear fitting tool in
Origin Lab software. The fitting interval was carefully selected based on the linearity of the
data points, ensuring a high coefficient of determination (R2 > 0.99). The bandgap value
was then obtained by extrapolating the fitted line to the intercept with the hν axis, where
(αhν)2 = 0. This quantitative fitting method yielded bandgaps of 2.94 eV for pristine WO3

and 2.62 eV for Au/WO3. We note that these values are in close agreement (within 0.01 eV)
with our initial estimates, confirming the robustness of the reported bandgap trend and
values, while providing a more objective and rigorous foundation. It is well established that
a narrower bandgap promotes more efficient visible-light absorption, leading to increased
generation of photogenerated charge carriers. This effect facilitates improved charge trans-
fer processes, thereby significantly enhancing the Raman signal intensity. Simultaneously,
the capture of photoexcited carriers within the substrate effectively reduces noise arising
from resonant Raman scattering [25]. Recent studies have revealed that a portion of the ob-
served SERS signal may originate from photoluminescence (PL) modulated by noble metal
nanostructures. However, due to photon scattering mechanisms, PL typically contributes
to an unwanted background interference in SERS measurements [59]. Interestingly, Yang
et al. elucidated the role of charge transfer in Nd-doped ZnO systems, demonstrating a
direct correlation between PL quenching and SERS enhancement [60]. As shown in the PL
spectrum in Figure 4C, a significant fluorescence quenching effect is observed in Au/WO3

compared to pure WO3. The quenching peak aligns with the plasmon resonance band of
Au NPs, confirming the contribution of an electromagnetic enhancement mechanism. The
suppression of PL emission helps mitigate interference from substrate-originated lumines-
cence, which is commonly perceived as Raman noise. The reduced background facilitates
the detection of weak molecular Raman signals, which is particularly crucial for trace
analyte detection. Therefore, surface modification with Au NPs enhances the detection
sensitivity not only by reducing the recombination rate of photogenerated charge carriers
but also by minimizing spectral background interference.

The electronic band structures of WO3 and Au/WO3 were further probed using
valence band X-ray photoelectron spectroscopy (VB-XPS), as depicted in Figure 4D. The
valence band maximum (VBM) was measured at 1.31 eV for pristine WO3 and shifted
to 1.52 eV after Au deposition, indicating a modification of the electronic environment.
To thermodynamically rationalize the charge transfer process, we evaluated potential
charge transfer pathways between the substrate and Rhodamine 6G (R6G) molecules, with
a schematic illustration provided in Figure 4E. Based on Tauc plot analysis and VB-XPS
results, the conduction band (CB) and valence band (VB) positions of WO3 were determined
to be −3.53 eV and −6.47 eV, respectively. The Fermi level (EF) of Au is –5.1 eV [61,62], while
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of R6G lie at −5.7 eV and −3.4 eV, respectively. Under 532 nm laser
excitation, four distinct resonance mechanisms contribute synergistically to the chemical
enhancement: molecular resonance (μmol) within R6G, exciton resonance (μex) in WO3,
photoinduced charge transfer (μPICT) between the semiconductor and molecular energy
levels, and plasmon-induced hot electron transfer (μPHET). The energy differences from
the Fermi level of Au and the VB of WO3 to the LUMO of R6G are 1.7 eV and 3.07 eV,
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respectively, enabling direct electron transfer from both Au and WO3 to the LUMO of
R6G under laser irradiation. This multi-pathway charge injection considerably increases
the electron transfer probability and enhances the SERS activity. Additionally, the energy
offset between the Fermi level of Au and the CB of WO3 is 1.57 eV, permitting efficient
electron transfer from Au to the CB of WO3, thereby further improving charge separation
and transfer efficiency. The collective contribution of these interfacial charge transfer
processes significantly enhances the SERS performance. Furthermore, the localized electric
field generated by Au nanoparticles amplifies the polarization effect resulting from charge
transfer, leading to additional SERS enhancement. Through the combined electromagnetic
and chemical enhancement mechanisms, the charge transfer between R6G and the Au/WO3

composite is markedly facilitated, resulting in a high enhancement factor of 4.09 × 106 and
a detection limit as low as 10−11 M.

Figure 4. Band structure analysis. (A) UV-Vis absorption spectrum. (B) Tauc plot. (C) Steady-state
photoluminescence of Au/WO3 and WO3. (D) XPS-VB mapping. (E) Schematic illustrating the
possible charge transfer process between Au/WO3 and R6G upon 532 nm excitation.

4. Conclusions

This work presents a rationally designed Au/WO3 hybrid substrate for surface-
enhanced Raman scattering (SERS), fabricated through a green and scalable UV-induced
photoreduction strategy. This approach enables the additive-free, in situ deposition of Au
nanoparticles onto WO3 nanowires, ensuring an atomically clean interface and offering
a viable route toward large-scale production. The exceptional SERS performance of the
substrate stems from the synergistic interplay between electromagnetic enhancement from
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Au nanoparticles and chemical enhancement facilitated by the WO3 support, further am-
plified by the formation of a Schottky junction and an increased concentration of oxygen
vacancies. The substrate demonstrates remarkable operational stability, maintaining 75%
of its initial SERS activity after 100 days, along with excellent reproducibility (relative
standard deviation of 4.05%). It achieves highly sensitive detection of Rhodamine 6G down
to 10−11 M and reliably detects the nerve agent simulant DMMP at 10−4 M, confirming
its practical potential for trace analyte sensing. This study not only provides fundamental
insights into the charge transfer mechanisms in semiconductor–metal heterostructures
but also establishes a robust and eco-friendly fabrication pathway, highlighting a signif-
icant step toward the real-world application of SERS technology in environmental and
security monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/colloids9050070/s1, Figure S1. SEM images of (A) WO3, (B) 150 μL
HAuCl4 Au/WO3 and (C) 300 μL HAuCl4 Au/WO3 (D) 450 μL HAuCl4 Au/WO3; Figure S2.
Size distribution histograms of Au NPs on WO3; Figure S3. Photos taken by iphone of (A) 150 μL
HAuCl4 Au/WO3, (B) 300 μL HAuCl4 Au/WO3 and (C) 450 μL HAuCl4 Au/WO3; Figure S4. SERS
performance diagrams with different contents of Au nanoparticles; Figure S5. The uniformity of
R6G Raman signals of Au/WO3 at 20 random positions; Figure S6. (A) Raman peak background of
WO3 and Au/WO3 at 785 nm, (B) SERS Performance of DMMP under Different Solvent Conditions,
(C) SERS Performance of DMMP under Different Solvent Conditions; Figure S7. The XPS W4f
spectrum of (A) WO3; (B) Au/WO3, The XPS C1s spectrum of (C) WO3, (D) Au/WO3; Table
S1. Experimental reagents; Table S2. Mode assignment of the Raman peaks for R6G; Table S3.
Comparison of EFs and limits of detection (LODs) of various semiconductors with SERS activity
in the literature (R6G); Table S4. Mode assignment of the Raman peaks for DMMP; Table S5. Zeta
potential; Scheme S1. Synthesis diagram of Au/WO3 species [63–68].
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Abstract

Liquid organic hydrogen carriers (LOHCs) are promising materials for safe, reversible,
and high-density hydrogen storage. Atomically dispersed bimetallic Pt–Sn nanocluster
catalysts supported on TiO2 (Pt–Sn/TiO2) were developed to enhance the hydrogenation
step in the toluene-methylcyclohexane cycle, a model LOHC system. Compared with
monometallic Pt/TiO2 and Sn/TiO2, Pt–Sn/TiO2 exhibited superior hydrogenation perfor-
mance. Mechanistic studies, including X-ray photoelectron spectroscopy, kinetic analysis,
and H2-D2 exchange experiments, revealed that Sn incorporation modulates the electronic
structure of Pt, enhancing H2 activation and spillover. These findings provide insights into
the rational design of atomically dispersed bimetallic nanocluster catalysts for efficient and
durable hydrogen storage in LOHC-based systems.

Keywords: liquid organic hydrogen carriers; toluene hydrogenation; Pt; Sn; atomically
dispersed nanocluster; electronic metal-support interaction

1. Introduction

Hydrogen energy has been recognized as one of the cleanest and most sustainable
energy carriers due to its high gravimetric energy density, abundance, and environmentally
benign combustion products [1–3]. The only by-product of hydrogen utilization is water,
without the emission of greenhouse gases or pollutants, making hydrogen an ideal alter-
native to fossil fuels for achieving carbon neutrality [4,5]. In addition to its potential as a
clean energy vector, hydrogen also serves as a critical feedstock in chemical, petrochemical,
and metallurgical industries [6].

A complete hydrogen energy system generally consists of three essential components:
hydrogen production, storage and transportation, and utilization [7]. Among these, hy-
drogen storage and transportation technologies remain key challenges for the large-scale
deployment of hydrogen energy. Conventional storage methods, such as high-pressure
gaseous storage and cryogenic liquid storage, are technologically mature but face issues
including low volumetric density, high energy consumption, and potential safety risks
such as leakage and material embrittlement [8,9]. These limitations highlight the urgent
need for safer, more efficient, and more compact hydrogen storage technologies.

Colloids Interfaces 2025, 9, 85 https://doi.org/10.3390/colloids9060085
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Liquid organic hydrogen carrier (LOHC) systems have emerged as a promising alterna-
tive, relying on the reversible hydrogenation and dehydrogenation of unsaturated organic
molecules such as aromatics or olefins [10–14]. On 30 July 2021, Chiyoda Corporation and
Mitsubishi Corporation jointly initiated a commercial-scale hydrogen import project based
on LOHC technology, while companies in the Netherlands and Japan have also explored the
use of LOHC systems for hydrogen transport. Compared with high-pressure or cryogenic
storage, LOHC technology offers several advantages, including higher storage density,
fully reversible hydrogenation/dehydrogenation cycles, simpler handling and transport,
and improved safety [15–17]. Newson et al. evaluated various liquid organic hydrogen
carriers and identified aromatic hydrocarbons as the most promising candidates, owing to
their high storage capacity, favorable thermodynamics, and excellent reversibility during
hydrogenation-dehydrogenation cycles [18]. Among these, the toluene-methylcyclohexane-
hydrogen (MTH) cycle has been extensively investigated as a model LOHC system [19].
The hydrogenation of toluene to methylcyclohexane represents the hydrogen storage step
in this reversible cycle and plays a crucial role in determining the overall system efficiency.
Due to the inherent thermodynamic and kinetic stability of the aromatic ring, practical
toluene hydrogenation often requires relatively high temperatures and elevated hydro-
gen pressures to reach desirable conversion levels [20]. Therefore, developing efficient
and durable catalysts for toluene hydrogenation is essential for advancing LOHC-based
hydrogen storage technologies.

Noble metal catalysts (e.g., Pt, Pd, Ru) have demonstrated excellent hydrogen activa-
tion capability and high catalytic activity in toluene hydrogenation [21,22]. Nevertheless,
their high cost and limited natural abundance hinder large-scale application. To address
these challenges, atomically dispersed metal catalysts have attracted growing attention due
to their nearly 100% atomic utilization efficiency and tunable electronic properties [23–25].
Such catalysts—ranging from single-atom to dual-atom configurations—enable precise
control of active sites and reaction pathways [26]. The introduction of a secondary metal can
further modulate the electronic structure of the active center, enhance hydrogen adsorption
and dissociation, and suppress undesired side reactions.

In this study, Pt–Sn/TiO2 atomically dispersed nanocluster catalysts were synthesized
via an impregnation method and comprehensively characterized to establish the correlation
between structure and catalytic performance. The catalysts were evaluated in toluene
hydrogenation, the key hydrogen storage step in the MTH cycle, to assess their potential
for LOHC applications.

2. Materials and Methods

2.1. Chemicals

All reagents were used as received without further purification. Chloroplatinic acid
hexahydrate (H2PtCl6·6H2O, 99.9%), nano-TiO2 (P25, 99%), tin(IV) chloride pentahydrate
(SnCl4·5H2O, ≥99.9%), methanol (99.8%) and tridecane (>99%) were purchased from Shang-
hai Macklin Biochemical Co., Ltd. (Shanghai, China). Toluene (99.8%) was purchased from
Shanghai Anpu Experimental Technology Co., Ltd. (Shanghai, China). Methylcyclohexane
(99%), anhydrous ethanol (≥99%), cyclohexane (chromatographic grade), and isopropanol
(98%) were purchased from Shanghai Aladdin Biochemical Co., Ltd. (Shanghai, China).
Hydrogen (99%) was purchased from Guangzhou Guangqi Gas Co., Ltd. (Shanghai, China).

2.2. Apparatus

Catalyst synthesis and characterization were conducted using standard laboratory
equipment, including a muffle furnace (KSL-1750X, Hefei Kejing Material Technology Co.,
Ltd., Hefei, China), a magnetic stirrer bath (HWCL-1, Zhengzhou Great Wall Science &
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Trade Co., Ltd., Zhengzhou, China), a low-speed peristaltic pump (LHZW006, United
Zhongwei Technology Co., Ltd., Zhengzhou, China), an analytical balance (ML204, Mettler-
Toledo, Columbus, OH, USA), and a high-speed centrifuge (TG16-WT, Shenzhen Vector
Scientific Instruments Co., Ltd., Shenzhen, China).

Structural and surface characterizations were performed using X-ray powder diffrac-
tion (XRD, D-MAX 2200 VPC, Rigaku Corporation, Tokyo, Japan), X-ray photoelectron
spectroscopy (XPS, Escalab 250XPS, Thermo Fisher Scientific, Waltham, MA, USA), induc-
tively coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer Optima 8000,
PerkinElmer Inc., Waltham, MA, USA), BET surface area analysis (ASAP2460, Micromerit-
ics, Norcross, GA, USA), transmission electron microscopy (TEM, FEI Tecnai G2 F30, FEI,
Hillsboro, OR, USA), and aberration-corrected high-angle annular dark-field scanning TEM
(AC HAADF-STEM, JEM-ARM200P, JEOL Ltd., Tokyo, Japan).

Product analysis was performed with gas chromatography (GC2010 plus, Shimadzu,
Kyoto, Japan) and GC-MS (GCMS-QP2010-Ultra, Shimadzu, Kyoto, Japan). The H2-D2

exchange reaction was conducted in a continuous-flow fixed-bed quartz reactor with an
internal diameter of 7 mm under ambient temperature and atmospheric pressure. About
100 mg of the catalyst sample was loaded into the reactor and held in place with quartz
cotton plugs. A mixture of 5% H2 in N2 was used as the carrier gas at a flow rate of
20 mL/min, while D2 was introduced as a pulse gas flowing at 10 mL/min. The signal of
HD (m/z = 3) was monitored in real time using a mass spectrometer (Hiden Analytical
HPR-20 QIC benchtop gas analysis system, Warrington, UK).

2.3. Catalyst Preparation
2.3.1. Pt/TiO2 Atomically Dispersed Nanocluster Catalyst

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O, 0.63 g) was accurately weighed and
dissolved in 5 mL of deionized water to prepare a 0.1 g/mL H2PtCl6·solution. An aliquot of
210 μL of this solution was diluted with 100 mL of deionized water. Separately, nano-TiO2

(P25, 1 g) was dispersed in 150 mL of deionized water and stirred at 800 rpm for 300 min.
During stirring, the diluted H2PtCl6 solution was added dropwise to the TiO2 suspension
at a rate of 1.42 mL/min using a low-speed peristaltic pump. The resulting mixture was
centrifuged, and the collected solid was dried overnight at 60 ◦C, followed by calcination
in air at 400 ◦C for 2 h with a heating rate of 5 ◦C/min to obtain the Pt/TiO2 catalyst.

2.3.2. Sn/TiO2 Atomically Dispersed Nanocluster Catalyst

Tin(IV) chloride pentahydrate (SnCl4·5H2O, 29.5 mg) was dissolved in 100 mL of
deionized water. Meanwhile, nano-TiO2 (P25, 1 g) was dispersed in 150 mL deionized
water and stirred at 800 rpm for 300 min. During stirring, the SnCl4 solution was added
dropwise to the TiO2 suspension at a rate of 1.42 mL/min using a low-speed peristaltic
pump. Subsequent centrifugation, drying, and calcination steps were identical to those
described for Pt/TiO2.

2.3.3. Pt–Sn/TiO2 Atomically Dispersed Nanocluster Catalyst

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O, 0.63 g) was accurately weighed and
dissolved in 5 mL of deionized water to prepare a 0.1 g/mL H2PtCl6 solution. An aliquot
of 210 μL of this solution and tin(IV) chloride pentahydrate (SnCl4·5H2O, 3.7 mg) were
added to 100 mL of deionized water. Nano-TiO2 (P25, 1 g) was dispersed in 150 mL of
deionized water and stirred at 800 rpm for 300 min. During stirring, the mixed metal
precursor solution was added dropwise to the TiO2 suspension at a rate of 1.42 mL/min
using a low-speed peristaltic pump. The subsequent procedures were identical to those
described above for the other catalysts.
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2.4. Catalyst Performance Analysis Methods
2.4.1. Toluene Hydrogenation

The catalytic hydrogenation of toluene was conducted in a 10 mL stainless-steel
autoclave. In a typical experiment, 20 mg of catalyst, 0.5 mmol of toluene, and 0.12 mmol
of tridecane (internal standard) were dissolved in 2 mL of cyclohexane. The reactor was
purged with H2 five times before being pressurized to 1 MPa H2. The reaction was carried
out at 100 ◦C under magnetic stirring. After completion, the reaction mixture was filtered,
and the liquid products were analyzed by GC and GC-MS.

2.4.2. Catalyst Stability

The used Pt–Sn/TiO2 catalyst was recovered by filtration, washed with ethanol and
deionized water, dried at 60 ◦C for 10 h, and re-calcined at 400 ◦C for 2 h. The regenerated
catalyst was reused under identical reaction conditions for stability tests.

2.4.3. Data Analysis

Toluene conversion and product selectivity were calculated using the following equations:

Conversion(%) =
C0 − C1

C0
(1)

Selectivity(%) =
C2

C0 − C1
(2)

where C0 is the initial molar amount of toluene, C1 is the molar amount of unreacted
toluene, and C2 is the molar amount of the product.

The activity of catalyst was calculated as:

Activity
(

h−1
)
=

mols of substrate consumed
mols of active metal (mmol) × reaction time

(3)

3. Results and Discussion

3.1. Catalyst Characterization

Efficient hydrogenation catalysts are critical not only for fundamental studies of
reaction mechanisms, but also for applications in organic liquid hydrogen carriers (LOHCs)
for reversible hydrogen storage. In this work, Pt–Sn/TiO2 catalysts were synthesized by
impregnating TiO2 with chloroplatinic acid and tin(IV) chloride pentahydrate, followed by
calcination at 400 ◦C for 2 h (Figure S1). Pt/TiO2 and Sn/TiO2 catalysts were prepared under
identical conditions for comparison. The catalysts were characterized to evaluate their
structural and morphological features. Metal loadings were determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES), as summarized in Table S1.
Pt–Sn/TiO2 contained 0.68 wt% Pt and 0.089 wt% Sn, whereas Pt/TiO2 and Sn/TiO2

contained 0.72 wt% Pt and 0.83 wt% Sn, respectively. The observed loadings were in
good agreement with the theoretical values, indicating that the impregnation method is an
effective approach for preparing supported catalysts.

The crystalline structures of the catalysts and the TiO2 support were analyzed by
X-ray diffraction (XRD), as shown in Figure 1a. All samples exhibited diffraction patterns
consistent with the anatase phase of TiO2, indicating that metal loading did not alter the
crystal structure. No characteristic peaks of metallic Pt (PDF#04-0802) or Sn (PDF#18-1380)
were detected in Pt/TiO2, Sn/TiO2, or Pt–Sn/TiO2, implying that both Pt and Sn species
are highly dispersed on the TiO2 surface. The absence of metal peaks may also result from
the low metal contents, which are below the detection limit of the instrument.
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Figure 1. (a) XRD image, (b) N2 adsorption/desorption isotherm of TiO2, Sn/TiO2, Pt/TiO2 and
Pt–Sn/TiO2, (c) XPS of Pt 4f of Pt–Sn/TiO2 and Pt/TiO2, (d) XPS of Sn 3d of Pt–Sn/TiO2.

The textural properties were further investigated by N2 physisorption (Figure 2b).
All catalysts exhibited Type IV isotherms, characteristic of mesoporous materials. The
BET surface areas of Pt/TiO2, Pt–Sn/TiO2, and Sn/TiO2 were 38.5, 38.9, and 39.2 m2·g−1,
respectively (Table S2), exhibiting minor differences. The comparable pore volumes and
average pore sizes across the series confirm that the mesoporous structure of the TiO2

support was well-preserved after metal loading. The BET results, showing preserved
mesoporosity, are consistent with the XRD analysis, indicating that metal loading did not
significantly affect the TiO2 framework.

To further investigate the spatial distribution of metal species, transmission electron mi-
croscopy (TEM) and aberration-corrected scanning transmission electron microscopy (AC-
STEM) were performed. Representative TEM, STEM, AC-STEM, and energy-dispersive
X-ray spectroscopy (EDS) mapping images of Pt–Sn/TiO2, Pt/TiO2, and Sn/TiO2 are pre-
sented in Figures 2, S2 and S3. The dark-field STEM images (Figures 2b, S2b and S3b)
display uniformly distributed bright spots at a 20 nm scale, indicating a homogeneous
dispersion of metallic species. High-resolution AC-STEM images (Figures 2c, S2c and S3c)
further reveal that the metals are present as uniformly dispersed nanoclusters on the TiO2

surface. The corresponding EDS mapping (Figures 2d, S2d and S3d) further supports
these observations, showing that Pt and Sn are distributed over the support. These results
demonstrate the successful formation of Pt–Sn/TiO2, Pt/TiO2, and Sn/TiO2 catalysts with
atomically dispersed nanoclusters via the impregnation method.
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Figure 2. (a) TEM image, (b) STEM image, (c) AC HADDF-STEM image and (d) EDS mapping image
of Pt–Sn/TiO2.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the oxidation
states of Pt and Sn in Pt/TiO2 and Pt–Sn/TiO2 catalysts. The Pt 4f spectra of Pt/TiO2 and
Pt–Sn/TiO2 (Figure 1c) exhibits two peaks at 71.5 eV and 72.4 eV, assigned to Pt0 4f7/2

and Pt2+ 4f7/2 in Pt/TiO2, indicating the coexistence of metallic and oxidized Pt species.
After introducing Sn, the Pt 4f peaks in Pt–Sn/TiO2 shift slightly to lower binding energies
(71.2 eV and 72.3 eV) without changing the valence states. This shift is attributed to electron
transfer from Sn to the more electronegative Pt, which increases the electron density on
Pt and generates an electron-rich state. The Sn 3d spectrum of Pt–Sn/TiO2 (Figure 1d)
exhibits four peaks: 483.6 eV and 489.1 eV for Sn0, and 486.3 eV and 494.7 eV for oxidized
Sn species (Sn2+ and Sn4+) [27,28]. These findings indicate the coexistence of metallic and
oxidized Pt and Sn, and demonstrate electronic interactions between the two metals in the
bimetallic catalyst.
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3.2. Catalytic Performance Evaluation

Toluene hydrogenation, representing the hydrogen storage step in the toluene-
methylcyclohexane (MTH) cycle for LOHC systems, was employed to evaluate the catalytic
performance of Pt–Sn/TiO2 and Pt/TiO2. The effect of solvent was tested at 100 ◦C and
1 MPa H2 for 55 min in cyclohexane, ethanol, and isopropanol (IPA). Pt–Sn/TiO2 showed
the highest toluene conversion in cyclohexane (92.1%), significantly higher than in ethanol
(42.1%) and IPA (55.2%) (Figure S4). Cyclohexane was thus selected as the reaction sol-
vent for all subsequent experiments. Toluene conversion over Pt–Sn/TiO2 and Pt/TiO2

increased with reaction time, reaching >99.9% and 81.3% after 65 min, respectively, while
Sn/TiO2 was almost inactive (<1%) (Figure 3a). These results indicate that metallic Pt acts
as the active center for toluene hydrogenation, and the incorporation of Sn promotes the
reaction. At conversions below 30% and 100 ◦C, the activity of Pt–Sn/TiO2 was 1992.1 h−1,
1.4 times higher than Pt/TiO2 (1462.7 h−1) (Figure 3b). Temperature-dependent tests
under 1 MPa H2 from 80 to 110 ◦C showed that Pt–Sn/TiO2 consistently outperformed
Pt/TiO2 (Figure 3c). Pt–Sn/TiO2 also showed excellent recyclability, maintaining >99.9%
toluene conversion and 97.4% methylcyclohexane selectivity over five cycles (Figure 3d).
STEM images before and after reaction (Figure S5a,b) revealed that Pt remained as well-
dispersed nanoclusters with only minor aggregation (average size increased from 1.15 nm
to 1.5 ± 0.5 nm), indicating good structural stability under reaction conditions. Such dura-
bility is crucial for LOHC systems, which require catalysts capable of enduring repeated
hydrogenation–dehydrogenation cycles. The high activity and stability of Pt–Sn/TiO2 sug-
gest its potential as an efficient catalyst for LOHC hydrogen storage, laying the groundwork
for further investigation under solvent-free and extended cycling conditions.

Figure 3. (a) Effect of reaction time on the catalytic performance for Pt–Sn/TiO2, Pt/TiO2 and
Sn/TiO2 (20 mg of catalyst, 0.5 mmol of toluene, T = 100 ◦C, 1 MPa H2), (b) Reaction activity
of Pt–Sn/TiO2, Pt/TiO2 and Sn/TiO2 (Conversion below 30%), (c) Effect of temperature on the
activity of Pt–Sn/TiO2 and Pt/TiO2 (20 mg of catalyst, 0.5 mmol of toluene, 1 MPa H2), (d) Recycle
performance of Pt–Sn/TiO2 (Reaction conditions: 20 mg of Pt–Sn/TiO2, 0.5 mmol of toluene, 2 mL of
cyclohexane, T = 100 ◦C, 1 MPa H2, time = 65 min), (e) Arrhenius plots and (f) H2-D2 exchange of
Pt–Sn/TiO2 and Pt/TiO2.
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The enhanced hydrogenation performance of Pt–Sn/TiO2 highlights its potential for
efficient hydrogen storage in LOHC systems, where rapid and reversible H2 uptake is
critical. To investigate the origin of the performance difference between Pt–Sn/TiO2 and
Pt/TiO2 in toluene hydrogenation, the apparent activation energies were determined from
Arrhenius plots (Figure 3e). Pt–Sn/TiO2 exhibited a lower activation energy (28.6 kJ/mol)
than Pt/TiO2 (37.3 kJ/mol), indicating that Sn incorporation enhances the catalytic effi-
ciency, consistent with the activity results shown in Figure 3b. The H2 dissociation abilities
of the two catalysts were further evaluated by H-D exchange experiments. The two peaks
observed for each catalyst in Figure 3f correspond to sequential hydrogen activation events
on different types of active sites, reflecting the catalyst’s ability to dissociate molecular
hydrogen. The HD peak area of Pt–Sn/TiO2 was 1.5 times larger than that of Pt/TiO2,
demonstrating that the bimetallic Pt–Sn catalyst has significantly improved H2 activation.
These results confirm that Sn doping enhances the hydrogenation performance of Pt for
toluene. Overall, Pt–Sn/TiO2 shows higher activity in toluene hydrogenation than most
catalysts reported in the literature [21,22,29–33]. This superior activity can be attributed to
the highly dispersed architecture of the catalyst and the consequent Pt–Sn synergy, which
collectively enhance the hydrogen dissociation capability.

4. Conclusions

In summary, Pt–Sn/TiO2 atomically dispersed nanocluster catalysts were successfully
synthesized via an impregnation method and thoroughly characterized. Structural analyses
(XRD, XPS, TEM, and AC-STEM) confirmed uniform dispersion of Pt and Sn nanoclusters
with evident electronic interactions. Pt–Sn/TiO2 exhibited superior activity in toluene
hydrogenation (activity = 1992.1 h−1) compared with Pt/TiO2 (1462.7 h−1), along with
excellent recyclability. Kinetic analysis revealed a lower apparent activation energy, while
H-D exchange experiments demonstrated enhanced H2 dissociation, accounting for its
improved catalytic performance. The high activity, stability, and electronic synergy of
Pt–Sn/TiO2 highlight its potential as an efficient hydrogenation catalyst for organic liquid
hydrogen carriers (LOHCs). These findings provide valuable insights for designing robust,
interface-engineered catalysts to enable efficient hydrogen storage and release in sustainable
energy systems.
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and pore size of different catalysts; Figure S2. (a) TEM image, (b) STEM image, (c) AC HADDF-
STEM image and (d) EDS mapping image of Pt/TiO2; Figure S3. (a) TEM image, (b) STEM image,
(c) AC HADDF-STEM image and (d) EDS mapping image of Sn/TiO2; Figure S4. Effect of different
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Abstract

Due to its amphiphilicity, the natural fibrous structural protein, silk fibroin (SF), can adsorb
at the oil/water interface, form protective viscoelastic layers, and stabilize emulsions. Bio-
compatible SF-stabilized emulsions can be used in different fields of cosmetics, food, drug
delivery, and biomedicine. Depending on the silk processing method, various emulsion
types can be obtained, such as film-stabilized emulsions stabilized by SF molecules and
Pickering emulsions stabilized by nanostructured SF or SF particles. Nanostructured SF
and SF particles, with β-sheet dominated secondary structures, can overcome the drawback
of SF molecules with unstable conformation transition during application, and thus endow
higher emulsion stability than SF molecules. The emulsions stabilized by SF nanoparticles
can endure heat and high ionic strength, while the emulsions stabilized by SF nanofibers
show superior stability at high temperature, high salinity, and low pH due to the strong
interfacial entangled nanofiber networks. In this review, the recent progress in research on
SF-stabilized emulsions is summarized and generalized, including a systematic compari-
son of the stabilization mechanisms for different SF morphologies, and the influences of
the emulsion fabrication technique, component type and proportions, and environmental
conditions on the microstructures and properties of SF-stabilized emulsions. Understand-
ing the stabilization mechanism and factors influencing the emulsion stability is of great
significance for the design, preparation and application of SF-stabilized emulsions.

Keywords: silk fibroin; oil/water interface; emulsion; nanofibers; nanoparticles

1. Introduction

Emulsions, which help to incorporate, encapsulate, or deliver lipophilic bioactive
compounds into various products, are widely utilized in the fields of food, pharmaceuticals,
personal care, and cosmetics [1]. In fact, emulsions are thermodynamically unstable systems
consisting of at least two immiscible liquids, one of which is dispersed in the form of
droplets in the other, and they tend to break down due to the effects of gravitational
separation or creaming, flocculation, drop coalescence, and Ostwald ripening [2]. However,
emulsions can be stabilized by amphiphilic agents, such as traditional surfactants, proteins,
or colloidal solid particles, which can reduce interfacial tension, form interfacial films, and
prevent droplets from coalescing [3,4]. As a kind of novel emulsifier, proteins have attracted
great attention due to their biocompatibility, biodegradability, and intrinsic amphiphilic
properties [5]. It is widely accepted that proteins, which are nontoxic, abundant, and
biologically sustainable, can replace synthetic surfactants to produce environmentally
friendly emulsion products [6].

Colloids Interfaces 2026, 10, 13 https://doi.org/10.3390/colloids10010013
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Generally, proteins’ intrinsic properties and their concentration, as well as their envi-
ronmental conditions like pH, temperature, and additives, significantly affect their surface
activity, interfacial adsorbed layers, and the resulting emulsion stability [7,8]. Increasing
protein concentration helps, for example, to increase the adsorption rate and structural
rearrangements of bovine serum albumin (BSA) and to shorten the gelation time of mon-
oclonal antibodies (mAb) at oil/water interfaces [9,10]. At the isoelectric pH value (pI),
BSA and human immunoglobulin G exhibit a minimum interfacial elastic modulus and
tension [11], and emulsions stabilized by BSA or whey proteins exhibit a larger droplet
size than at other pH values due to the weakening of the electrostatic repulsions between
droplets [12,13]. The adsorption layers of potato protein isolate show a major elastic re-
sponse and a higher ability to produce stable emulsions at pH 8 rather than at pH 2 [14].
As for BSA, the increase in ionic strength leads to an increased interfacial elasticity, a
decrease in the interfacial tension, and an easily packed compact coiled conformation
due to the counter-ion screening effect [11]. β-Lactoglobulin (BLG) can form complexes
with cationic alkyltrimethylammonium bromide (ATAB) surfactants and anionic sodium
dodecyl sulphate (SDS) surfactant due to electrostatic interactions, but with the increase in
surfactant concentration, the surfactant domains begin to govern the interfacial properties
after a gradual replacement of the protein molecules from the interface [15]. Owing to the
competitive adsorption of nonionic surfactants, the incorporation of Tween 20 results in a
remarkable decrease in the surface shear viscosity of BLG layers at the n-tetradecane/water
interface [16], and the addition of Tween 60 causes a notable reduction in the layer thickness
of casein at the soy-oil/water interface [17].

Silk fibroin (SF), as a fibrous structural protein isolated from domesticated silkworms,
exhibits excellent mechanical properties and biocompatibility and minimal inflammatory
reactions, and therefore, it has attracted great attention in biotechnological and biomedical
applications, and also in the production of functional food [18–20]. Depending on the silk
processing methods, SF exists in different forms like random coil, α-helix, and crystalline
β-sheets [21], and can be produced as films, gels, membranes, powders, and porous
sponges [22,23]. SF consists of highly repetitive amino acid sequences with alternating
hydrophobic and hydrophilic blocks along the molecular chain [24,25], and the resulting
amphiphilicity, and hence surface activity, endows SF with the ability to adsorb at oil/water
interfaces just like surfactant molecules, form protective viscoelastic layers, and stabilize
emulsions [26–31]. Biocompatible emulsions stabilized by SF have a promising future
for applications in different fields of cosmetics, food, drug delivery and biomedicine [5].
Moreover, taking advantage of the emulsions stabilized by SF, biodegradable microparticles
and microspheres for drug delivery [32,33], electrospun nanofibers, and scaffolds for tissue
engineering [34,35], high-strength shape-memory organohydrogels can be produced [36].
Different morphologies of SF can produce various emulsions, those stabilized by molecular
SF films and Pickering emulsions stabilized by nanostructured SF and SF particles [31].
Pre-structured SF, such as SF nanofibers, SF nanobrushes, and SF micro- or nanoparticles,
can overcome the drawback of SF molecules with unstable conformation transitions during
application, and endow the emulsions with a higher stability. In this review, the recent
progress in research on SF-stabilized emulsions is summarized and generalized, including
a systematic comparison of the stabilization mechanism for SF with different morphologies,
and the influences of the emulsion fabrication technique, SF concentration, oil polarity
and ratio, pH, and ionic strength on the microstructures and properties of SF-stabilized
emulsions. Understanding the stabilization mechanism and influence factors for the
emulsion stability is of great significance for the design, preparation, and application of
SF-stabilized emulsions.
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2. Emulsions Stabilized by Silk Fibroin Molecules

After the extraction of sericin by degumming with a Na2CO3 aqueous solution, the
dissolution of cocoon fibers with a LiBr aqueous solution, and the dialysis against de-
ionized water, SF aqueous solutions with a concentration of 19–21 mg/mL can be achieved
from fresh domestic Bombyx mori cocoons [26,27,36–38]. The molecular weight of SF is 8–30
kDa, where the low-molecular-weight components result from molecular breakage during
the degumming process [37]. Homogenization is a simple, high-energy method to produce
emulsions [37]. By utilizing high-shear dispersion emulsifiers, SF molecules initially
solved in water can emulsify different oil phases, like other proteins. With the increase in
homogenization speed and time, the size of emulsion droplets decreases (see Figure 1),
and the droplet coalescence slows down [37,38]. Moreover, the emulsions fabricated at
higher homogenization speeds exhibit fewer irregular droplets, a faster liquid-gel transition,
and less creaming during storage than those obtained at lower homogenization speeds.
However, the emulsions fabricated at longer homogenization times show no obvious
changes with regard to the creaming stability [37]. Thus, speeding up and prolonging the
homogenization step play an important role in slowing down the droplet coalescence, and
therefore are beneficial for producing more stable emulsions with smaller and more regular
droplets. However, when the homogenization speed and time exceed a critical value, the
emulsions change from a liquid state to a semi-gel [37].

 

(a) (b) 

Figure 1. Droplet size of SF-stabilized fish oil/water emulsions with an oil/water volume ratio of
1:1 fabricated at different homogenizing speeds (a) and times (b). They were summarized from the
Gaussian fitting of the droplet size distribution in the emulsions, and “Peak” refers to the peaks in
the fitted multimodal distributions [37].

Compared to traditional surfactants, SF molecules diffuse and adsorb more slowly
to the oil/water interface. The interface allows only a limited amount of SF molecules
to adsorb, and further increase in the SF concentration (CSF) leads to an excess of SF in
the bulk or structural defects in the interfacial networks [29]. The formation of interfacial
films with β-sheet secondary structures after adsorption is very slow, too, and takes several
hours to attain equilibrium, especially for high CSF and more polar oil phases [29]. Like
lysozyme [39], not all the droplets of SF-stabilized emulsions exhibit spherical shapes,
but rather are elliptical or have even more intricate shapes because of the high interfacial
storage moduli (see Figure 2) [27,28,37]. In addition, an increased oil content can also
result in a slight deformation of emulsion droplets at the edge due to the dense packing
and squeezing of the droplets [35]. The size of emulsion droplets decreases with the
increase in CSF [26,36–38], which can be attributed to the enhanced protein adsorption,
the strengthening of interfacial elasticity, and the resulting suppression of flow-induced
coalescence, in line with the results reported for sweet potato proteins and concentrated
flaxseed proteins [40,41]. The increase in droplet size with increasing oil/water volume
ratio (φo) [26,35–38] is related to the increase in the total droplet surface area and the
droplet collision frequency, and the decrease in the amount of adsorbed SF molecules.
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Taken together, all this results in less robust and protective interfacial layers and, in turn,
promotes droplet coalescence [26]. When the oil content exceeds a certain percentage,
the emulsification fails with oil leakage due to the insufficient loading of the droplets
by protein molecules [38]. Moreover, the droplet size decreases with the increase in
oil polarity from dodecane to hexanol, which can be attributed to lower corresponding
interfacial tension [42]. However, the dodecane/water emulsion with larger droplets
exhibits better dispersed oil droplets in the continuous water phase with less flocs, which
was interpreted as a consequence of the higher interfacial modulus of the SF layers formed
at the dodecane/water interface than those at other polar oil/water interfaces [26]. The
decrease in initial emulsion droplet size helps to decrease emulsion creaming and improve
the emulsion stability [37]. With an increased storage time, the emulsion droplets become
gradually irregular and increase in size because of droplet coalescence [37].

 
Figure 2. Dependence of droplet size on SF concentration (CSF) and oil/water volume ratio (φo) for
butyl butyrate/water emulsions stabilized by SF. The inset plots are microscope images of these
emulsions taken 7 days after emulsion preparation [26].

In general, the emulsion stability can be evaluated by the creaming index (CI), which
is obtained by dividing the serum layer height by the total emulsion height [27]. Creaming,
followed by phase separation with released water and/or oil, is one of the destabilization
mechanisms of emulsions caused by gravity [26]. During emulsification, there is a dynamic
equilibrium between the droplet disruption and droplet coalescence. Therefore, before
reaching a steady state, all O/W emulsions stabilized by SF experience an initial increase in
the CI value. CI decreases with the increase in CSF and φo (see Figure 3), and it is obvious
that the emulsion stability is greatly improved by increasing CSF and φo [26,36,37]. Before
a saturated interfacial adsorption is reached, high CSF helps to shorten the time to attain
adsorption equilibration, and to form denser adsorption layers with stronger colloidal net-
works, thus leading to a higher interfacial elastic modulus, slower droplet coalescence, and
less creaming [26,37,38]. Moreover, denser adsorption layers hinder the droplet movement,
which results in higher elastic moduli, a complex bulk viscosity, and yield stress of the
emulsions, which all together further enhance the emulsion stability [26,27]. However, as
CSF exceeds a critical value, the adsorbed SF molecules can no longer pack well due to
the jamming state and nonideal molecular arrangements, which causes the decrease in
interfacial elasticity and toughness [29]. This leads to the change in the emulsions from
a liquid state to a semi-gel [37]. Higher φo leads to a closer packing and stronger interac-
tions between the droplets, thus leading to a faster liquid-gel transition, enhanced elastic
modulus, complex viscosity, and yield stress of the emulsion, and to a higher emulsion
stability with less creaming [26,40,43]. However, larger φo brings about more irregular
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droplet shapes and faster droplet coalescence during storage, owing to the decreased SF
adsorption and increased number of droplet collisions [26,37]. The high internal phase
emulsions with more oil are easier to form emulsion gels and have a semi-solid texture.
Emulsion semi-gels and gels are widely used in the food industry [37]. Evidently, it is
the enhancement of SF adsorption and the increased packing of oil droplets that promote
the modulus, yield stress, and then the emulsion stability [26,36,44]. Moreover, as for the
SF-stabilized emulsions, higher oil polarity results in larger storage moduli, enhanced yield
stresses, slower equilibration of emulsions, and higher emulsion stability with less water
released before reaching a steady state, although the interfacial modulus of SF is lower at
polar oil/water than that at nonpolar oil/water interfaces [26]. It seems that the emulsion
system behavior is more complex than the single oil/water interfaces, and sometimes, the
impact of SF on the interfacial viscoelasticity and emulsion stability is slightly different
upon the change in preparation conditions. The butyl butyrate oil leads to a two-stage
creaming process because of its spatial restriction of the ester groups, which affects interfa-
cial molecular arrangements in ways that are negative for emulsion stability [27]. Although
some water or serum is released after emulsification, the remaining emulsions are very sta-
ble over several months, owing to the protection by the adsorbed interfacial SF layers that
suppress droplet coalescence. The interfacial shear rheological behavior of SF layers shows
that the adsorbed SF molecules form elastic networks with β-sheet dominated structures
at oil/water interfaces through conformation transitions, structural reorganization, and
physical crosslinking [29,35], so that the equilibrium shear storage modulus (Ge’) of the
adsorbed SF layers is much higher than those, for example, of mAb, β-casein, and BLG
layers at oil/water interfaces [10,45,46]. The bulk rheological behavior of SF-stabilized
emulsions indicates that well-developed three-dimensional elastic network structures also
exist in emulsions [26], and the network formation should be attributed to the close packing
and association of droplets [47], which can be clearly observed in the insets of Figure 2,
especially for emulsions with larger CSF and φo [26]. The formed strong elastic networks
by SF self-assembly at the oil/water interface significantly enhanced the emulsion stability.

   

(a) (b) (c) 

Figure 3. Change in the creaming index (CI) with storage time and images for SF-stabilized fish/oil
emulsions: (a) CI of emulsions with the same φo (1:1) but different CSF in aqueous solution (2, 6, 10,
14, and 18 mg/mL); (b) CI of emulsions with the same CSF = 14 mg/mL in aqueous solution but
different φo (3:1, 2:1, 1:1, 1:2, and 1:3); and (c) macroscopic and microscopic images of emulsions
taken 3 days after preparation, and the scale bar is 20 μm [37].

The environmental conditions show a great influence on the stability of emulsions
stabilized by SF. The stable emulsion fraction is higher for systems with pure water than
with buffer, especially at pH 4, although the interfacial tension at pH 4 shows a faster
and more remarkable decrease and the lowest equilibrium values. At pH 4 around the
isoelectric point (pI) of SF, the charge-neutralized SF molecules no longer repel each other
electrostatically and therefore aggregate more easily and form more rigid interfacial layers
with compact structures [27], which result in a faster molecular adsorption at the inter-
face and a higher modulus of interfacial layers at low CSF (see Figure 4). However, the
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weakening of interfacial ductility directly causes an easier structural rupture and a sub-
sequent droplet coalescence upon small emulsion perturbations [48,49], thus providing
emulsions with a lower emulsion stability and larger droplet size [27]. When pH ≥ 8, the
increasing electrostatic repulsion among SF molecules disrupts the adsorption of SF at
oil/water interfaces, thus making the resulting emulsion less stable and even fail to form at
pH 10 [38]. The emulsion droplet size shows a maximum at pH 4, close to the pI, where
the absence of electrostatic repulsion between the droplets promotes coalescence [27,38].
On the other hand, the positively charged ions significantly affect the adsorption and
layer properties of SF at the oil/water interface and thus the emulsion stability, as a result
of the strong electrostatic interactions between counter-ions and the negatively charged
groups of SF (see Figure 5) [28]. Higher ionic strength leads to lower interface tension,
faster establishment of the adsorption equilibrium, higher interfacial strength, and lower
interfacial fracture at large deformation, due to the reduction in the effective charge on SF
molecules and enhanced adsorption and intermolecular interaction. However, at higher
ion concentrations, the electrostatic screening and ion-binding effects result in SF aggre-
gation, droplet coalescence, and a decreased emulsion stability, owing to the reduction in
electrostatic repulsion. The droplet size exhibits a drastic increase with the addition of salt,
and the stable emulsion fraction decreases with the increase in salt concentration (Cion),
especially for dodecane/water emulsions. The emulsions are more stable when the added
salt is monovalent (NaCl) than when it is divalent (CaCl2) or even trivalent (NdCl3). This
is in agreement with earlier reports on α-lactalbumin and BLG, where destabilization is
attributed to Ca2+ binding with the free carboxylic groups of aspartic and glutamic acids.
This phenomenon can be explained by the stronger elastic modulus of the interfacial SF
layers in the presence of NaCl, as evaluated by interfacial shear rheology [50]. It is found
that a suitable addition of negatively charged beet pectin can improve the stability of SF
emulsions at pH 4 by covering the surface of positively charged SF-coated oil droplets
and thus preventing emulsion aggregation. A low concentration of beet pectin causes
charge neutralization and bridging flocculation, and a high concentration of beet pectin
causes depletion flocculation of larger droplets, both of which lead to a sharp decline of
emulsion stability. Beet pectin can also improve the stability of SF-stabilized emulsions at
high salt concentrations at pH 3 by increasing the steric repulsion, that was interpreted
by the authors as the consequence of a reduction in van der Waals interactions between
the droplets. Besides emulsion stability, beet pectin enhances the oxidative stability of
SF-stabilized emulsions during storage [49]. In practical applications, strong emulsion
stability against environmental stress is generally required, because of the coexistance of
emulsifiers and additives, and the change in pH and temperature. The sensitivity of SF
molecule-stabilized emulsions to pH and ionic strength due to the unstable interfacial
conformation changes significantly limits the applications of SF as an emulsifier. Therefore,
pre-structured SF may solve this problem, endow the emulsion with a higher stability to
resist environmental changes, and widen the applications of SF-stabilized emulsions in
various fields.
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(a) (b) 

(c) 

Figure 4. Time evolution of the interfacial shear moduli of SF in buffer solutions with different pH
values during the adsorption at the butyl butyrate/water interface: (a) pH 3; (b) pH 4; and (c) pH 7.
The SF concentration CSF rangs from 5*10−6 g/ml to 1*10−4 g/ml [27].

   
(a) (b) (c) 

Figure 5. Time evolution of interfacial shear moduli for SF at the dodecane/water interface during
adsorption from aqueous salt solutions: (a) NaCl; (b) CaCl2; and (c) NdCl3 [28].

3. Emulsions Stabilized by Silk Fibroin Nanofibers

SF nanofibers can be prepared by concentrating fresh aqueous SF solution to obtain
metastable nanoparticles, diluting the concentrated solution with ultrapure water, and
then incubating the diluted solution at 60 ◦C to induce the nanofiber formation [5]. Differ-
ent from SF molecules in aqueous solution, SF nanofibers, formed through a controllable
self-assembly process, have a high β-sheet content and charge density, hydrophobic prop-
erties, and water dispersibility [5]. SF nanofibers can form solutions and gels in aqueous
solutions at different concentrations, and they become a versatile emulsifier presenting
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excellent long-term stability at high temperature, near the isoelectric point, and at high
salinity [5]. Emulsions can be obtained by using high-speed dispersion machines to emul-
sify SF nanofiber solutions with oils [5]. Similarly to SF molecules, SF nanofibers can
also form interconnected networks with pore sizes of 3–8 nm at oil/water interfaces and
stabilize emulsions in a wide range of water/oil ratios and oil polarities (see Figure 6).
The size of emulsion droplets first increases with the water/oil ratio but then decreases
again, exhibiting a maximum at a ratio of 3:7. Larger SF nanofiber concentration, higher
homogenization speed, and longer homogenization time help to decrease the droplet size.
Emulsions stabilized by SF nanofibers show superior stability, being stable without any
phase separation for 6 months at room temperature or even at 60 ◦C. Moreover, these
emulsions are still stable after 3 months at high salt concentrations and low pH values due
to the strong physical entanglements and interactions of SF nanofibers, a situation that
surfactants, peptides, and SF molecules cannot achieve. The superior stability endows SF
nanofibers with the universality and versatility for emulsion applications. Hence, tunable
microcapsules can be fabricated by regulating the oil phases, the water/oil ratio, and the
concentration, conformation, and size of SF nanofibers.

 

 

E D 

Figure 6. Morphology and structure of emulsions formed at various volume ratios of SF nanofiber
solution to dodecane: (A) optical photographs; (B) size distribution; (C) fluorescence micrographs of
the emulsions at various water/oil ratios; (D) high magnification of the interface in the emulsions;
and (E) schematic of the process for the formation of oil-in-water emulsions [5].

4. Emulsions Stabilized by Silk Fibroin Nanobrushes

As a nanocomposite of SF nanofibers and SF nanowhiskers, SF nanobrushes have a
shorter length than SF nanofibers and a partially thinner diameter than SF nanowhiskers,
and possess peculiar three-dimensional nanostructure, excellent structure-performance-
regulated and function-enhanced properties, and biocompatibility [51]. SF nanobrushes
can be prepared by a nanowhisker nanotemplate-guided self-assembly of an aqueous SF
solution. According to the classical micelle model of silk assembly, the SF molecules in
aqueous solution self-assemble directly on the straight segmeents of SF nanowhiskers,
which are isolated from degummed SF by the top-down acid-hydrolysis approach. SF
nanobrushes exhibit a greater ability to lower the interfacial tension than SF nanofibers
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and nanowhiskers. Similarly to SF nanofibers and nanowhiskers, the β-strands of SF
nanobrushes orient parallel to the fibrillar axis. The peculiar brush-like nanostructure
endows SF nanobrushes with the capability to form much more sophisticated and inter-
connected networks than straight rod/fiber-like nanomaterials when stabilizing oil/water
interfaces, and ultra-stable biocompatible emulsions can be achieved by ultrasonicating an
aqueous SF nanobrush dispersion and an oil phase. SF nanobrushes can resist creaming
in a wide range of concentrations and stabilize various types of emlsions from liquid-like
to gel-like ones. Higher ultrasonication intensity leads to the breakage of more fragments
from the branches at SF nanobrushes and larger droplet size (see Figure 7), thus causing the
decrease in the emulsion stability. Increasing SF nanobrush concentration helps to reduce
the creaming index, decrease the droplet size, and enhance the emulsion viscosity, due to
the strong interactions and interchain network formation of the relatively long and flexible
SF nanofiber branches in the nanobrushes. However, when the SF nanobrush concentration
exceeds a critical value, droplet flocculation occurs due to the formation of “strips” by
the linkage of excess SF nanobrushes. Moreover, emulsions stabilized by SF nanobrushes
exhibit gel-like and shear-thinning behaviors in rheological measurement [51].

Figure 7. AFM images of SF nanobrushes that experienced 0 (a), 40% (b), and 60% (c) intensity
ultrasonication; schematic representation of a SF-nanobrush-stabilized Pickering emulsion prepara-
tion (d); SF nanobrush-stabilized Pickering emulsions formulated by 40% (e) and 60% (f) intensity
ultrasonication [51]. The 0%, 40%, and 60% intensity ultrosonication likely refers to the percentage of
the maximum intensity achieved by the instrument. The green circles in (a–c) show the brush-like
morphology of SF nanobrushes. The pink circles in (a–c) show the incomplete brush-like morphology
or even non-brushlike shape of SF nanobrushes after a large number of fragments of branches were
exfoliated. The yellow circles in (f) show that droplets from the 60% intensity were on the verge of
break, indicating the instability of the emulsions.

5. Emulsions Stabilized by Silk Fibroin Particles

In order to avoid gelation issues at high SF concentrations during emulsion fabrication,
SF micro- or nanoparticles were chosen to prepare oil/water Pickering emulsions. SF
microparticles, synthesized via a salting-out process by the addition of a cold solution
of concentrated ionic phosphate to a SF aqueous solution to form nuclei, the Ostwald
ripening in an ice bath to increase the homogeneity of particles, and the exposure to a 60 ◦C
water bath to increase the β-sheet content and reduce particle solubility (see Figure 8). The
obtained SF microparticles have a porous inner structure with a pore diameter of 0.1–0.2 μm
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and a controllable size via regulating SF concentrations [52]. Emulsions stabilized by SF
microparticles show a three-layer structure, with larger droplets in the upper layer, smaller
droplets in the lower layer, and free SF microparticles at the bottom. Increasing the
oil/water ratio leads to a decrease in the volume of the stable emulsion, a linear increase in
the droplet size, and a higher polydispersity of droplets [52].

 
 

(a) (b) (c) 

Figure 8. (a) Scheme of the synthesis procedure of water-insoluble SF microparticles. (b) Scanning
electron microscope (SEM) image of SF microparticles synthesized in freshly prepared phosphate salt
solutions, showing a diameter range of 2–3 μm. (c) Linear fitting of the Pickering emulsion droplet
diameter increasing with the oil/water ratio [52].

SF nanoparticles, with a folded β-sheet-dominated secondary structure, can be pre-
pared by dissolving degummed silk in non-toxic, non-volatile, and cost-effective aqueous
phosphoric acid (PA), and then by coagulating in acetone [38]. The β-sheet structures help
SF nanoparticles to enhance the structure stability against environmental stresses such as
heating and high salt concentrations, and to prevent emulsion destabilization caused by
the conformational changes in SF. The three-phase contact angle of 92.5◦, very close to 90◦,
renders SF nanoparticles highly capable to adsorb at oil/water interfaces. The negtive zeta
potential of around −20 mV endows SF nanoparticles with the ability to prevent droplet
coalescence and to enhance the emulsion stability by electrostatic repulsion (see Figure 9).
During emulsion fabrication, increasing homogenization pressure and time results in a
stronger emulsification capability of SF nanoparticles and finer emulsions with smaller
droplet size. After experiencing creaming, the obtained Pickering emulsions are very
stable with few changes in droplet size after storing for one month. The size of emulsion
droplets decreases with the increase in particle load, homogenization time, homogenization
speed, and the decrease in oil/water ratio. More stable emulsions can form with smaller
SF nanoparticles, higher nanoparticle loading, and lower oil volume fractions. Similarly
to the emulsions stabilized by SF molecules, the Pickering emulsions stabilized by SF
nanoparticles show gel-like structure characteristics, larger storage modulus and viscosity
at higher emusifier loading, and a shear-thinning behavior. Moreover, the Pickering emul-
sions stabilized by SF nanoparticles can endure heat and high ionic strength, exhibiting no
significant change in droplet size after storage at 60 ◦C and adding 1 M salt for one week.
However, the stability of these emulsions is very sensitive to pH due to the changes in
the surface charge of SF nanoparticles. At pH 2 and pH 6, the emulsions can be stabilized
by repulsive interactions between the positively charged or negtively charged particles,
respectively. At pH 4, near the isoelectric point of SF, the charge neutralization makes SF
nanoparticles lose mutual repulsion, which in turn leads to the increase in droplet size and
a decreased emulsion stability. At alkaline pH (pH ≥ 8), the extremely strong electrostatic
repulsion among the particles disrupts the interfacial particle adsorption, and even results
in particle desorption from the interface and final emulsion breakdown at pH 10 [38]. The
pH-responsiveness makes these Pickering emulsions useful for emulsion polymerization
and catalyst/emulsifier recycling [53].
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Figure 9. (a) TEM image and (b) three-phase contact angle of SF nanoparticles. (c) The microstructures
and bulk appearances of SF nanoparticles-stabilized emulsions with the same oil/water ratio (1:9)
but different particle concentrations 1 day after preparation [38].

6. Stabilization Mechanism of SF-Stabilized Emulsions

Like other proteins, SF molecules can stabilize emulsions by adsorbing at the oil/water
interface, decreasing the interfacial tension, forming protective films at the droplet surface,
and preventing or decelerating droplet coalescence and/or Ostwald ripening. In addition,
the SF network structures formed at the interface increase the emulsion viscosity and
reduce the encountering frequency of droplets, further contributing to the stabilization of
emulsions. At the oil/water interface, the adsorbed SF molecules experience conformational
transitions and intermolecular self-assembly and thereby form stable, solid-like interfacial
gels with ordered β-sheet structures and high interfacial moduli [35]. The conformational
changes and molecular rearrangements of SF seem very fast without obvious interfacial
gel transitions, but the β-sheet formation experiences much slower physical crosslinking
and structural reorganization into entangled networks. Higher SF concentrations help
to shorten the time to attain adsorption equilibration and to form network structures at
the interface with a higher elastic modulus that resist breakage, which leads to a higher
emulsion stability with less water released during storage. However, as CSF exceeds a
critical value, the adsorbed SF molecules can no longer pack well due to the jamming state,
thus causing the decrease in interfacial elasticity and toughness and even the transition of
the emulsion from a liquid to gel state. Interfacial rheology results show that the interface
between water and a nonpolar oil, in comparison to a polar oil, supports more SF molecules
and promotes the formation of interfacial SF films with higher elastic moduli and greater
toughness [29]. However, macroscopic emulsions with high-polarity oil exhibit higher
stability, larger storage moduli, and enhanced yield stresses in the bulk rheology [26].
This indicates that the interfacial layers formed in bulk oil/water systems may be slightly
different from the interfacial layers formed at single oil/water interfaces, bringing about
the differences in the impact of oil polarity on the microscopic interfacial stability and the
macroscopic emulsion stability.

The stabilization of emulsions with molecular SF as an emulsifier depends on the
interfacial self-assembly of SF molecules to form β-sheet structures, while SF nanofibers
with typical β-sheet structures can be directly used to stabilize emulsions [5]. SF nanofibers
can form tight physical entanglement networks at the oil/water interface, and endow
superior stability. The conformation of SF nanofibers shows no change after emulsion
formation, which overcomes the drawback of single SF molecules with uncontrollable
conformational transition. Hydrophobic SF nanofibers provide a controllable and reliable
material to prepare more stable emulsions, as compared not only with single SF molecules,
but also with other peptide nanofibers. The higher stability of emulsions is reached by SF
nanofibers with respect to SF molecules because of their tighter and stronger interfacial
networks and the force balance between a charge repulsion inside and outside the droplets.
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At neutral state and without salt addition, the decreased charge repulsion outside the
droplets weakens the interaction balance and emulsion stability. With the addition of salt
or acid, the charge repulsion inside and outside the droplets is shielded, and the dominant
physical entanglements and interactions of SF nanofibers help to recover the emulsion
stability. The pore size of the interfacial SF nanofiber networks decreases at higher salt
concentrations and lower pH values, and the reduction in the charge repulsion among
SF nanofibers strengthens nanofiber interactions and interfacial network structures [5].
The superior stability of SF nanofiber-stabilized emulsions at high temperature, high salt
concentrations, and low pH values helps to widen their applications in various fields.
SF nanobrushes, as a nanocomposite of SF nanowhisker backbones and SF nanofiber
branches, have a lower interfacial tension than the SF nanofibers and SF nanowhiskers
alone. Their peculiar three-dimensional brush-like nanostructure allows SF nanobrushes to
form much more sophisticated and interconnected networks than SF molecules and simple
SF nanofibers at the oil/water interface, and thus ultra-stable biocompatible emulsions can
be obtained for a wide range of concentrations [51].

Different from SF molecules and SF nanofibers, SF particles stabilize emulsions by
forming dense particle layers after irreversible adsorption at the oil/water interface. The
resulting strong mechanical barrier prevents droplet flocculation and coalescence. More-
over, the surface charge of SF particles, contributed by the amino-acid sequences of the
hydrophilic domains, generates electrostatic repulsion between the emulsion droplets, thus
preventing droplet aggregation and enhancing emulsion stability [38]. SF particles obtain
the folded β-sheet secondary structure through the self-assembly of SF molecules during
the regeneration process, similar to SF nanofibers and SF nanobrushes. The water-insoluble
β-sheets, formed by the folding of hexapeptide sequences in SF molecules, enhance the
structural stability against environmental stress and prevent emulsion destabilization [38].
Therefore, the pre-structuring procedure avoids the unstable structure transition of SF
molecules in actual applications, and the emulsions stabilized by SF nanofibers and SF
nanoparticles show superior stability at high temperature and high salt concentration.

7. Conclusions

SF concentration, SF morphology, oil polarity, oil/water volume ratio, and environmen-
tal conditions play significant roles in the molecular adsorption, structural reorganization,
and interfacial viscoelasticity of SF at oil/water interfaces. In turn, these factors, as well
as the emulsion fabrication technique, have great influences on the stability of the result-
ing emulsions. Increasing homogenization speed, time, or pressure helps to promote the
emulsification efficiency and to produce more stable emulsions with smaller droplet size
and fewer irregular droplets. The time to attain the adsorption equilibrium is shortened
with increasing SF concentration, with increasing oil polarity, and with the addition of
salt. The interfacial strength and toughness of SF layers and, hence, the emulsion stability
can be enhanced by raising SF concentration and adding salt to the aqueous phase. pH
values close to the pI or above pH 8 lead to emulsion instability, due to the loss of mutual
repulsion caused by charge neutralization or SF desorption caused by the extremely strong
electrostatic repulsion.

Nanostructured SF, such as SF nanofibers and SF nanoparticles, possesses β-sheet-
dominated secondary structures, and the enhanced structural stability endows them with
the capability to resist environmental stresses such as high temperature and high salt
concentrations, which overcomes the drawback of isolated SF molecules with unstable
conformation transitions during the application. Emulsions stabilized by SF nanofibers
can even show superior stability at low pH, because of the formation of tight and strong
entangled networks, which endows SF nanofibers with the universality and versatility for

https://doi.org/10.3390/colloids10010013
133



Colloids Interfaces 2026, 10, 13

various emulsion applications. Although the emulsions stabilized by SF nanoparticles can-
not resist extreme pHs, the pH-responsiveness can endow these Pickering emulsions with
intelligent features that are very useful for emulsion polymerization and catalyst/emulsifier
recycling. SF molecules stabilize emulsions by interfacial molecular self-assembly to β-
sheet-structured viscoelastic films, after adsorbing at oil/water interfaces. Nanostructured
SF and SF particles, with β-sheet dominated secondary structures, can be directly used
to stabilize emulsions by physical entanglement networks or particle adsorption layers
formed at the oil/water interface. Compared with other protein-stabilized emulsions, the
SF-stabilized emulsions possess great advantages of low cost, controllable microstructure
and properties, higher compatibility with biocomponents, and superior stability at high
temperatures, high salt concentrations, and extreme pH values, via the regulation of the
SF morphology. Biocompatible emulsions stabilized by SF have a promising future for
applications in different fields, such as in cosmetics, food, drug delivery, and biomedicine.
Some functional food, skin care products, and porous scaffolds have already been com-
mercialized [20,54]. The understanding of the relationship between adsorption, interfacial
viscoelasticity, and the emulsification properties of SF is very important for the design,
preparation, and application of SF emulsions in various fields.
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Abstract

Palm oil is a major agricultural commodity and an important economic driver in Asia.
However, the sustainability and productivity of this crop are constantly threatened by a
range of pathogenic fungi, especially Ganoderma boninense. Therefore, this study aimed
to develop an eco-friendly hexaconazole-loaded nanoemulsion (Hexa-NE) for effective
and targeted fungicide delivery while reducing environmental and health impacts. The
optimized Hexa-NE formulation was evaluated for particle size, polydispersity index
(PDI), zeta potential, pH, viscosity, and morphology using Transmission Electron Mi-
croscopy (TEM) and Scanning Electron Microscopy (SEM). Fungicide release, stability, and
antifungal activity were conducted to assess the overall efficacy and performance of the
formulation. The Hexa-NE exhibited particle size of 105.8 nm, a PDI of 0.358, a zeta poten-
tial of −53.53 mV. The formulation remained stable over three months of storage. It also
demonstrated favourable physicochemical properties including low viscosity (30.24 mPa·s),
low surface tension (23.87 mN/m), and suitable pH (6.14) for foliar application. TEM and
SEM analyses confirmed spherical droplets and revealed significant hyphal damage to G.
boninense. The antifungal test showed a higher inhibition of 97.1% at 0.1 μM of Hexa-NE
as compared to hexaconazole solution which only 40% at the same concentration. Release
studies exhibited a sustained release of hexaconazole, which may prolonged fungicidal
activity. In conclusion, Hexa-NE showed promising laboratory-scale antifungal perfor-
mance against G. boninense. These findings support its potential for further investigation as
a nanoformulated fungicide for future greenhouse and field evaluations.

Keywords: nanoemulsion; nanofungicide; Ganoderma boninense; basal stem rot; oil palm
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1. Introduction

Palm oil dominates the global vegetable oil market and accounts for approximately
35.7% of total consumption. The use of palm oil was found to outweigh soybean, rapeseed,
and sunflower oils [1]. Global demand for palm oil is expected to continue increasing, due
to the rising need for vegetable oils worldwide [2]. Despite this increase, the sustainability
and productivity of oil palm cultivation are continuosly threatened by various pathogenic
fungi including Ganoderma boninense. This fungus is the causative agent of basal stem rot
(BSR) which is considered to be the most devastating fungal disease in Southeast Asia to
date [3,4]. BSR has caused a significant reduction in the density of oil palm trees per hectare
and can decrease in the productivity of fresh fruit bunches up to 80% in advanced stages
of infection. This results in substantial yield losses [5]. Conventional control strategies
rely heavily on the use of chemical fungicides. However, their widespread use has raised
environmental and health concerns [5,6]. This challenge shows the urgent need to obtain
an alternative, efficient, and sustainable approaches for managing this fungal disease.

Nanotechnology has emerged as a promising platform to improve the delivery effi-
ciency of agrochemicals. The system offers targeted delivery, enhanced penetration, and
controlled release properties. Among them, nanosized lipid-based emulsions have gained
increasing attention as colloidal delivery systems due to their favorable biocompatibility,
ease of preparation and ability to solubilize hydrophobic active compounds. The small
droplet size of lipid-based emulsions provides a high surface-area-to-volume ratio. This
characteristic enhances wetting, spreading, and adhesion on plant surfaces, which in turn
facilitates more efficient uptake and prolonged retention of the active ingredient [7,8]. Be-
sides, Campos et al. (2015) reported that lipid-based nanoformulations improved systemic
motility and bioefficacy of fungicides in palm oil plantations [9]. This approach not only
increases the effectiveness of active compounds but also reduces environmental risks and
potential for resistance development. This system can be classified into microemulsions and
nanoemulsions, which differ fundamentally in their stability and formulation requirements.

Microemulsions are thermodynamically stable systems that form spontaneously and
require high concentrations of surfactants and co-surfactants [10]. Although they can
produce very small droplet sizes, the high surfactant content may raise concerns related to
cost, phytotoxicity, and environmental impact, particularly in large-scale agricultural appli-
cations. In contrast, nanoemulsions are kinetically stable dispersions typically produced
using high-energy methods such as high-shear homogenization or ultrasonication [10,11].
They can achieve comparable droplet sizes with significantly lower surfactant concen-
trations. High-energy emulsification method also allows better control over droplet size
distribution and formulation composition. This makes them more suitable for sustainable
agrochemical delivery.

Based on these considerations, this study aimed to develop a potent and an envi-
ronmentally friendly hexaconazole-loaded nanoemulsion using clove oil as the dispersed
phase for the control of G. boninense. Clove oil, which is rich in phenolic compounds such
as eugenol, represents a promising lipid phase for the nanoemulsion system due to its
intrinsic antifungal activity and favourable interfacial behaviour [12,13]. Incorporation of
hexaconazole into a clove oil-based nanoemulsion may provide synergistic effects. These
effects include enhanced fungicide solubilization, improved interfacial adhesion, and sus-
tained release at the target site. As a result, effective antifungal inhibition may be achieved
at lower active ingredient concentrations compared to conventional formulation.

In this study, the nanoemulsion was optimized through controlled variation of sur-
factant and co-stabiliser compositions. Its physicochemical properties were thoroughly
characterized. By integrating colloidal science with biological performance evaluation, this
work provides insight into the design of stable and eco-friendly nanofungicide systems
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for managing BSR while addressing environmental and health concerns associated with
traditional fungicide use.

2. Materials and Methods

2.1. Materials

Hexaconazole (95%) was purchased from Haihaing Industry (Jinan, China), non-ionic
tween series were purchased from Sigma-Aldrich (Darmstadt, Germany), sucrose ester
was a gift from Sisterna (Roosendaal, The Netherlands), while phosphate-buffer saline
(PBS), clove oil and potato dextrose agar (PDA) were purchased from Merck (Darmstadt,
Germany). Glycerol was purchased from J.T. Baker (Phillipsburg, NJ, USA) and solvents
including acetonitrile and methanol were purchased from Fisher Scientific (Waltham,
MA, USA). Ganoderma boninense were provided by the Faculty of Agriculture, Universiti
Putra Malaysia.

2.2. Selection of Nanoemulsion Compositions and Process Parameters

Preliminary screening was conducted to identify suitable surfactants and stabilizing
agents for the development of a stable nanoemulsion with minimal particle size and poly-
dispersity index (PDI). The formulations were prepared using a high-energy emulsification
technique with different Tween series surfactants (5% w/w), namely Tween 20, Tween 40,
Tween 60, Tween 80, and Tween 85, while maintaining constant concentrations of clove
oil (5% w/w), glycerol (2% w/w). Hexaconazole concentration was fixed at 1% (w/w) for
all screening and optimization experiments. Due to its hydrophobic nature, hexaconazole
was first dissolved in the oil phase (clove oil) prior to emulsification to ensure uniform
fungicide incorporation. Nanoemulsions were prepared by separately stirring oil and
aqueous phase at 300 rpm until all components were completely dissolved. The oil phase
was then gradually added to the aqueous phase and homogenized at 3000 rpm for 2 min
using a high shear homogenizer (PT3100, Kinematica AG, Luzern, LU, Switzerland). The
pre-mixed emulsion was then ultrasonicated (Q500, Qsonica, Newtown, CT, USA) for 1.5
min at 30% amplitude using intermittent mode (15 s on, 5 s off). In parallel, the effect of
different stabilizing agents (2% w/w), including guar gum, xanthan gum, polyethylene
glycol (PEG), pluronic F127 (F127), poloxamer 188 (P188), and sucrose ester (SE), was eval-
uated under identical formulation compositions and processing conditions. The prepared
nanoemulsions were characterized for particle size and PDI using dynamic light scattering
(DLS) as described in Section 2.3.

The surfactant and stabilizer that produced the smallest particle size and lowest poly-
dispersity were selected for further formulation optimization. The One-Factor-At-a-Time
(OFAT) method was used to optimize the nanomulsion compositions’ concentration [14].
Formulations with varying concentrations of clove oil (2–10%, w/w), Tween 60 (2–10%,
w/w), sucrose ester (1–5%, w/w) and glycerol (1–3%, w/w) were prepared. The opti-
mized formulation composition was then subjected to ultrasonication at different durations
(1–5 min) and amplitudes (10–50%). The optimal sonication time and amplitude were deter-
mined based on attaining the smallest particle size with minimal energy input and stable.

2.3. Particle Size Distribution and ζ-Potential Determination

The mean particle size, polydispersity index (PDI), and ζ-potential of the three inde-
pendent sample were analyzed using a Zetasizer (Malvern Instruments, Worcestershire,
UK) based on Dynamic Light Scattering (DLS) as described by Asmawi et al. [15]. To reduce
multiple scattering effects, sample was diluted 1000-fold using deionized water.
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2.4. Viscosity Measurement

The viscosity of the Hexa-NE was determined using a rotational digital viscometer
(Brookfield DV-II+, Middleboro, MA, USA) with a spindle SC4-18 at 25 ± 1 ◦C. The viscosity
was measured in centipoise (cP), relied on a rotary transducer that gauged the deflection
of the calibrated spring. The measurements were repeated in triplicate and the average
viscosity value was recorded.

2.5. pH Measurement

The pH of the Hexa-NE was determined using a calibrated digital pH meter (Delta
320, Mettler Toledo, Tokyo, Japan). To ensure accuracy, the glass probe was rinsed with
deionized water and then directly immersed in the sample without dilution. The measure-
ment was conducted using three independent formulation samples at room temperature
(28 ± 1 ◦C), and the average pH value of the sample was recorded.

2.6. Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM)

The morphology of the Hexa-NE was observed using an Inspect F50 field emission
scanning electron microscope (FEI, Hillsboro, OR, USA) and a transmission electron micro-
scope (Hitachi H7100, Tokyo, Japan) [16].

2.7. In-Vitro Release Studies

Phosphate-buffered saline (PBS; pH 5.5) supplemented with 0.2% (w/v) Tween 80 was
used as the dissolution medium to investigate the in-vitro release of hexaconazole from
the nanoemulsion using a dialysis membrane diffusion method [17]. The pH 5.5 medium
was used to simulate the conditions of potato dextrose agar used in the in vitro antifungal
assays. The release study was carried out using three independent formulation samples by
loading Hexa-NE formulation equivalent to 2 mg of hexaconazole into cellulose membrane
dialysis bag with molecular weight cutoff 12 kDa. The prepared samples were immersed
in dissolution media at 37 ± 1 ◦C and stirred at 250 rpm. At specified time intervals, 1 mL
aliquots were withdrawn and immediately replaced with an equal volume of fresh medium
to maintain sink conditions. The hexaconazole concentration in the collected samples
was analysed using HPLC method [17]. The release profile was then evaluated using
several kinetic models, including zero-order, first-order, Higuchi, Hixson–Crowell, and
Korsmeyer–Peppas models. The experimental release data were fitted to each model, and
the corresponding plots were analyzed to determine the model that provided the highest
correlation coefficient of determination (R2).

2.8. In-Vitro Antifungal Activity Efficacy Studies

The in vitro antifungal efficacy of hexaconazole solution and the Hexa-NE formulation
against G. boninense was assessed using the poisoned medium technique on potato dextrose
agar (PDA) [18]. The PDA medium was supplemented with either pure hexaconazole or
freshly prepared Hexa-NE at various concentrations of the active ingredient (0, 0.1, 0.5, 1,
and 2 μM), while PDA without the active ingredient served as the control. A 7 mm mycelial
plug taken from the actively growing edge of G. boninense cultures was aseptically placed
at the center of each treated agar plate. The inoculated plates were incubated at 28 ± 2 ◦C,
and radial mycelial growth was monitored daily for seven days (n = 5). The antifungal
activity was quantified by calculating the percentage inhibition of mycelial radial growth
relative to the control.

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) was performed, followed by Tukey’s post
hoc multiple-comparison test using GraphPad Prism (version 10.4.1, San Diego, CA, USA)
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to examine the data and identify significant differences between the experimental groups.
Statistical significance was established at p < 0.05.

3. Results and Discussion

3.1. Screening of Formulation Compositions

As shown in Figure 1, this study investigated the effects of different Tweens series
surfactants (Tween 20, 40, 60, 80, and 85) as well as various stabilizing agents on the
particle size and polydispersity index (PDI). The results indicate that Tween 60 produced
the smallest particle size and the lowest PDI compared to the other surfactants. Similarly,
among the stabilizing agents tested, sucrose ester (SE) resulted in the smallest particle size
and lowest PDI value, making it the most effective stabilizer. Therefore, Tween 60 and
sucrose ester were chosen to be used for subsequent experiments.
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Figure 1. Effect of the nanoemulsion composition (a) surfactants; * p < 0.05 when compared to Tween
20; and (b) co-surfactants; * p < 0.05; *** p < 0.001 when compared to xanthan gum on the particle size
and polydispersity index (PDI) value. Data presented as mean ± standard deviation, n = 3.

The One-Factor-At-a-Time (OFAT) approach was utilized to systematically determine
the optimal concentration of each nanoemulsion component to achieve stable formulation
with minimal particle size. Figure 2 presents the effects of varying the concentrations of
different excipients, namely Tween 60, sucrose ester (SE), oil, and glycerol, on particle size
of the nanoemulsion. The results indicated that increasing the concentrations of Tween
60, SE, and oil generally led to an increase in particle size. This effect may be attributed
to the excess presence of surfactant and oil. Such excess can promote the formation of
larger droplets or aggregates due to incomplete stabilization and possible coalescence
when the interfacial area becomes oversaturated [19,20]. Conversely, at lower Tween
60 concentrations, insufficient surfactant molecules were available to fully surround the
oil droplets. This led to poor stabilization and droplet aggregation due to incomplete
interfacial coverage. However, variation in glycerol concentration did not significantly

https://doi.org/10.3390/colloids10020024
141



Colloids Interfaces 2026, 10, 24

affect particle size. However, it plays an important role in modulating the osmotic balance
and viscosity of the formulation [21]. Based on the optimization results, a nanoemulsion
formulation known as Hexa-NE was developed. It contained 6% w/w clove oil, 2% w/w
sucrose ester, 4% w/w Tween 60, 2% w/w glycerol, 1% w/w hexaconazole, and water q.s. to
100% w/w. This composition was selected to achieve an optimal balance between interfacial
stabilization, droplet size reduction, and formulation stability.
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Figure 2. Effect of formulation components at different concentration of (a) Tween 60, (b) sucrose
ester, (c) glycerol, and (d) clove oil on the particle size of Hexa-NE using the One-Factor-At-a-Time
(OFAT) approach. *** p < 0.001; ** p < 0.01, * p < 0.05 when compared with the lowest concentration of
each component. Data presented as mean ± standard deviation, n = 3.

The effect of processing parameters on particle size and distribution were further
evaluated. In general, increasing sonication time reduced nanoemulsion particle size across
all formulation (Figure 3). Similar observations were reported by Guttoff et al. [22] and
Saberi et al. [21], whereby the particle size exhibits reduction with increased in homoge-
nization energy. This confirms the effectiveness of ultrasonic homogenization in droplet
size reduction. Larger droplets observed at shorter sonication times may be attributed to
insufficient cavitation energy. Increasing sonication time enhances shear forces and pro-
motes droplet breakup [23,24]. Although higher ultrasonic power can reduce processing
time, excessive energy input may cause droplet recoalescence and localized heating. This
effects may compromise nanoemulsion stability [23]. Therefore, an intermediate ultrasonic
amplitude combined with an optimized sonication time was selected to achieve efficient
droplet size reduction while minimizing thermal and mechanical stress. As shown in
Figure 3, beyond 3 min of sonication at higher amplitude (40% and 50%), particle size
reduction showed no further substantial decrease. This indicates an optimal sonication
duration for efficient nanoemulsion formation. Accordingly, sonication time (3 min) and
amplitude (30%) were selected based on achieving the smallest particle size with minimal
energy input and without signs of instability.
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Figure 3. Effect of sonication time and amplitude for preparation of nanoemulsion using ultrasonica-
tor homogenizer on the particle size of Hexa-NE.

3.2. Physicochemical and Characterization of Hexa-NE Nanoemulsion

The physicochemical characteristics of the Hexa-NE play important roles in defining
its long-term stability and suitability as an efficient foliar fungicide delivery system. With a
mean particle size of 105.8 ± 2.9 nm, the formulation falls within the optimal nanoscale
range. This small particle size provides a high surface area that promotes strong adhesion
to plant surfaces and improved permeability through the cuticle barrier. This finding is
consistent with previous reports indicating that nanoemulsions with droplet sizes below
200 nm were able to significantly and effectively increase the foliar uptake of active ingre-
dients [25]. Hexa-NE showed moderate polydispersity, as reflected by its polydispersity
index (PDI) which is 0.358 ± 0.038. Generally, reduced particle size and narrower size distri-
bution improve nanoemulsion stability and minimize Ostwald ripening. Although further
reduction may be obtained through multivariate optimization strategies or higher-energy
processing techniques, the moderate polydispersity observed in this study was sufficient
to maintain physical stability. Hence, contributes to minimize droplet aggregation during
storage [26]. The stability of Hexa-NE is further supported by its highly negative zeta po-
tential (−53.53 ± 0.86 mV). A strong surface charge generates strong electrostatic repulsion
between droplets, thus minimizing the likelihood of coalescence [27]. This aligns with the
findings of Kumar et al. (2021), who reported that zeta potential values exceeding ±30 mV
are critical for maintaining stable nanoemulsion systems [28].

Additionally, the viscosity of Hexa-NE was low (30.24 ± 1.06 mPa·s) and suitable for
an efficient aerosolization while still allowing sufficient retention on leaf surfaces. The
formulation also exhibited a lower surface tension (23.87 ± 1.86 mN/m) as compared
to water. This reduction promotes enhanced wetting and spreading over hydrophobic
plant cuticles. High viscosity and surface tension can reduce aerosolization efficiency, as
greater energy is required to generate fine droplets. This may also contributes to an increase
in aerodynamic diameter [29]. Improved spreading behavior has been directly linked to
increased pesticide coverage and deposition, as previously demonstrated by Chen et al. [30].
Moreover, the formulation’s pH of 6.14 ± 0.01 lies within a safe range for plant tissues.
This minimizes the risk of phytotoxicity and ensures compatibility with foliar application
practices [31].

Transmission Electron Microscopy (TEM) was utilized to determine the particle shape
of nanoemulsions and the particle size and homogeneity measured using DLS was consis-
tent with TEM analysis (Figure 4). The absence of aggregation and the well-defined droplet
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boundaries, further confirm the structural stability of the nanoemulsion. This observations
further support its suitability for foliar application where consistency and stability are
critical for performance.

 
(a) (b) 

Figure 4. The transmission electron microscope (TEM) images of Hexa-Ne with scale bar (a) 100 nm
and (b) 50 nm.

3.3. In Vitro Fungicide Release

The release profiles of hexaconazole solution and Hexa-NE at pH 5.5 demonstrated
different release behaviors. The hexaconazole solution exhibited rapid and nearly complete
release within the initial 24 h, indicating immediate availability of the hexaconazole in
the dissolution medium. While such an immediate release may provide a quick onset
of antifungal action, it may also result a shorter duration of effectiveness and a higher
likelihood of rapid depletion of the active ingredient. In contrast, Hexa-NE displayed a
controlled and sustained release profile over 120 h. Although an initial burst release was
observed during the early stage, likely due to the release of hexaconazole located at or near
the oil-water interface. However, the overall release rate was substantially slower than that
of the hexaconazole solution. The sustained release behavior of Hexa-NE can be attributed
to the encapsulation of hexaconazole within the oil phase of the nanoemulsion droplets.
Additional time is required for the hexaconazole to diffuse through the oil droplet core and
the surrounding surfactant interfacial layer before reaching the dissolution medium, which
consequently slows its release rate. Additionally, the presence of surfactant and stabilizer
layers surrounding the droplets further modulates hexaconazole diffusion [20,32].

The mechanism for fungicide release from formulation was predicted by fitting the
release data to zero-order, first-order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas
models. In this study, linear regression analysis was used to determine correlation coeffi-
cients (R2) for each model. As shown in Figure 5, among the tested models, the first-order
kinetic model provided the best fit for Hexa-NE formulation having the highest R2 value.
This finding indicates that hexaconazole release from Hexa-NE is governed predominantly
by concentration-driven diffusion from the oil core, modulated by interfacial and droplet-
size effects. The absence of an excessive burst effect and the gradual increase in cumulative
release over 120 h further support the controlled and sustained release behavior. This
release profile of Hexa-NE may contribute to prolonged antifungal exposure at the target
site, which is consistent with the enhanced in vitro growth inhibition observed at low
concentrations. However, further in planta and field evaluations are required to confirm
whether this translates into extended protection under agricultural conditions.
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Figure 5. The release profiles of hexaconazole from Hexa-NE at pH 5.5 and kinetic model fitting of the
release data using zero-order, first-order, Higuchi, Hixson-Crowell, and Korsmeyer-Peppas models.

3.4. In Vitro Antifungal Activity Assay on G.boninense

The antifungal efficacy of hexaconazole and Hexa-NE against G. boninense was tested
through agar plate assays, as shown in Figure 6a. The untreated agar plate (control)
showed aggressive and dense growth of G. boninense mycelial almost filling the plate
after seven days of incubation. However, agar plate containing 0.1 μM hexaconazole
solution showed reduced fungal growth. This can be seen through the smaller colony size
compared to the control. These observations confirm that hexaconazole has antifungal
activity against G. boninense, which works by inhibiting the biosynthesis of ergosterol, an
important component of fungal cell membranes [33]. Interestingly, agar plate containing
same concentration of Hexa-NE (0.1 μM) exhibited the most significant inhibition of fungal
growth compared to hexaconazole solution, producing a very small and compact colony.

In addition, SEM analysis was also conducted to obtain more information about the
mechanism behind the increased antifungal activity of Hexa-NE. As shown in Figure 6b, the
untreated hyphae of G. boninense showed healthy fungal growth and normal morphology
with branching filamentous, smooth tubular surfaces, and rigid cell walls. Conversely, hy-
phae treated with hexaconazole solution showed moderate structural alterations, including
uneven surfaces, tubular shrinkage, and partial deformation. These structural changes
are consistent with disturbance in membrane integrity and cell wall synthesis affected
by ergosterol depletion [3,34]. Nevertheless, higher frequency of morphological hyphae
damage was observed in the Hexa-NE treated sample with concentration of 0.1 μM. The
hyphae appear severely distorted, with thinning, wrinkling and breakage. This severe
damage indicates loss of membrane integrity and cytoplasmic leakage, which results in
the death fungal cell [35]. The enhanced antifungal activity of Hexa-NE may be attributed
to improved penetration of hexaconazole across the fungal cell wall. This might be due
to its nanosized and lipid-based properties as it can interact strongly with ergosterol-rich
membrane and improves the fusion into the fungal cell [36].

To further confirm the antifungal effectiveness as observed on the plate assay and
SEM analysis, growth inhibition of G. boninense was further evaluated using different con-
centrations of hexaconazole and Hexa-NE (Figure 7). The results displayed a concentration-
dependent inhibition pattern for both samples. However, Hexa-NE consistently exhibits
high antifungal activity compared to hexaconazole solution, especially at lower concen-
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trations. At 0.1 μM, hexaconazole solution showed moderate inhibitory activity, reaching
approximately 40% growth inhibition. Conversely, Hexa-NE at the same concentration
produced an almost total growth inhibition (97.1%), exhibiting a significant increase in anti-
fungal potential when nanoemulsified. This observation strongly supports the very small
and compact colony size, and significant hyphae deformation seen earlier in Figure 6b.

Control Hexaconazole (0.1 μ ) Hexa-NE (0.1 μM) 

  
(a) 

  
(b) 

Figure 6. The antifungal activity against G. boninense after seven days of incubation at 28 ± 2 ◦C. (a) Im-
ages of G. boninense on potato dextrose agar plates and (b) SEM images of hyphae of G.boninense un-
treated (control) and after treatment with hexaconazole solution and Hexa-NE at 0.1 μM concentration.
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Figure 7. Antifungal effect on the growth inhibition of G. boninense by Hexaconazole solution (Hexa)
and Hexaconazole-loaded nanoemulsion (Hexa-NE) after seven days incubation at 28 ± 2 ◦C. Data
presented as mean ± standard deviation, n = 3. *** p < 0.001 when compared to 0.1 μM Hexa-NE and
ns represents non-significant.
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These findings indicate that Hexa-NE can achieve enhanced antifungal activity at
lower active ingredient concentrations compared to the conventional hexaconazole solution.
This may allow reduction of fungicide dosage, which may reduce overall chemical input.
Nevertheless, further investigations including ecotoxicity, effects on non-target organisms,
and phytotoxicity assessments are required to confirm whether such dose reduction trans-
lates into measurable environmental and health benefits. In comparison with previously
reported hexaconazole-loaded nanoparticles [18,37,38], which demonstrated improved
stability and antifungal performance through polymeric encapsulation, the present Hexa-
NE system offers a lipid-based delivery approach incorporating clove oil as a functional
dispersed phase without complex crosslinking steps. Besides, the sustained release behav-
ior observed in Hexa-NE, together with its strong in vitro efficacy at low concentration,
highlights an alternative formulation strategy that may offer practical advantages in terms
of preparation simplicity and potential scalability for agricultural application.

4. Conclusions

This study successfully developed a stable hexaconazole-loaded nanoemulsion (Hexa-
NE) with optimized formulation and process parameters using OFAT method. The devel-
oped Hexa-NE produced nano-scale particle size and exhibited physicochemical properties
suitable for foliar application. This has been proven by the significant antifungal effec-
tiveness against G. boninense compared to hexaconazole solution. In addition, Hexa-NE
achieved almost complete inhibition of fungal growth at low concentrations and caused
severe hyphae damage as shown in SEM analysis. This indicates Hexa-NE’s ability to
penetrate better into the fungal and disrupt its membranes. These findings also suggest
that nanoemulsification able to increase dose efficiency and anti-fungal performance that
has more sustainable potential to manage basal stem rot disease in palm oil. Nevertheless,
this study is limited to in vitro antifungal evaluation and single-factor formulation opti-
mization. Future research should incorporate multivariate experimental designs, field-scale
validation, long-term storage stability, and comprehensive environmental impact studies
to fully establish the applicability of Hexa-NE in oil palm plantations.
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Abbreviations

The following abbreviations are used in this manuscript:

TEM Transmission Electron Microscopy
SEM Scanning Electron Microscopy
PDI Polydispersity index
Hexa Hexaconazole
Hexa-NE Hexaconazole nanoemulsion
PBS Phosphate-buffer saline
PEG Polyethylene glycol
SE Sucrose Ester
F-127 Pluronic F-128
P188 Poloxamer 188
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