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The integration of metal—organic framework (MOF) thin films into
functional devices is currently hindered by high temperatures,
prolonged processing times, and complex additives required by
conventional fabrication methods. We demonstrated a plasma-
assisted strategy to directly synthesize crystalline MOF films on
metal substrates under ambient conditions and overcome these
kinetic and processing limitations. We used a HKUST-1 on a copper
substrate as a model system and demonstrated that continuous
crystalline films are formed within minutes in an ethylene glycol
solution without the need for thermal annealing or external metal
precursors. The mechanistic investigation revealed that the plasma-—
liquid—solid interface functions as a unique reaction field providing a
dual driving force. The plasma treatment induced a reaction by
functioning as an electrochemical driver for anodic metal dissolution
while simultaneously assisting in ligand deprotonation through the
generation of reactive species such as hydroxyl and superoxide ions.
This process is governed by a kinetic balance, where a specific
processing window defined by the metal electrode potential and the
ligand acidity distinguishes copper from other metals. These results
indicate that atmospheric pressure plasma serves as a potent tool for
interfacial coordination chemistry, provided that the electrochemical
ion supply and acid—base kinetics are synchronized. This work estab-
lishes a design principle for the rapid and additive-free fabrication of
MOF films, thus offering a foundation for the streamlined integration
of functional porous layers into next-generation devices.

1. Introduction

Metal-organic frameworks (MOFs) are a class of crystalline
porous materials constructed from metal ions or clusters coordi-
nated to organic ligands. Their exceptional characteristics,
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atmospheric pressure plasma treatment
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New concepts

This study introduces a novel conceptual framework for the growth of
metal-organic framework (MOF) films by utilizing atmospheric pressure
plasma as a driver at the plasma-liquid-solid interface. Unlike conven-
tional methods that often depend on thermal budgets or conductive
electrolytes containing chemical additives, plasma-induced interfacial
reactions are demonstrated to induce rapid, additive-free crystallization
directly on metal substrates. The central conceptual advance lies in
defining the specific kinetic processing window that governs this non-
equilibrium process. Decoupling the thermal and electrochemical driving
forces reveals that interfacial film growth is dictated by the interplay
between the metal’s standard electrode potential and the ligand’s acidity.
Reaction outcomes are found to diverge based on the stability of surface
passivation and the rate of metal dissolution, highlighting that the
kinetic synchronization between anodic ion release and ligand deproto-
nation is a fundamental prerequisite for crystallization. This work
advances the mechanistic understanding of plasma-assisted coordination
chemistry, positioning the plasma-liquid-solid interface as a versatile
reaction field for materials integration.

including high surface areas, tunable pore structures, and chemical
versatility, have made them highly attractive for a wide range
of applications, such as gas storage and separation, catalysis,
sensing, and drug delivery."® As MOF research has matured,
the focus has shifted from bulk powders to thin films and
membranes, which are crucial for integrating these materials
into functional devices. MOF films offer unique advantages,
including oriented growth, direct contact with functional
interfaces, enhanced compatibility with micro-and nanoscale
platforms, and promising advancements in selective separation,
microelectronics, and membrane reactors.®

Despite their potential, the development of effective strate-
gies for synthesizing MOF films remains a significant technical
barrier. Conventional methods, such as solvothermal synthesis,">**
layer-by-layer assembly,’>™**> and secondary growth,'®'” often
require elevated temperatures, long reaction times, or the use
of chemical additives such as bases or modulators. These
requirements can hinder scalability, restrict compatibility with
thermally sensitive substrates, and impose an environmental
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burden owing to the disposal of chemical waste. Consequently,
developing a rapid and additive-free synthetic pathway is
essential for overcoming these kinetic and processing limitations,
particularly for investigating alternative driving forces for inter-
facial MOF growth.

We explored a novel synthetic approach utilizing plasma
technology to address these limitations. Plasma provides a non-
equilibrium environment containing highly energetic species,
such as electrons, ions, and radicals, offering a unique capability
to promote surface reactions and accelerate chemical kinetics.
Although plasma has been applied to modify MOF surfaces*®>*
and assist in powder synthesis,”>"® its potential for the direct
growth of MOF films, particularly through reactions at the solid-
liquid interface, remains unexplored. Notably, conventional elec-
trochemical methods for MOF film growth typically require the
addition of supporting electrolytes to ensure conductivity and
external metal precursors to supply ions.>**® In contrast, the
plasma-liquid interface creates a unique reaction environment
that bypasses these requirements, though the fundamental
mechanisms governing its influence on coordination chemistry
are not yet fully elucidated.

This study demonstrated a plasma-assisted strategy for the
direct synthesis of MOF on metal substrates. As a proof-of-
concept, HKUST-1, a representative copper-based framework,
was fabricated directly on copper substrates. This approach
enables the rapid formation of a crystalline MOF layer where
the substrate itself serves as the exclusive metal source, eliminat-
ing the need for external metal precursors or supporting electro-
lytes. This study further investigated the underlying mechanism
by comparing the reaction behaviors across different metal sub-
strates and ligand types. The critical role of plasma as a dual
driver for anodic metal dissolution and ligand deprotonation is
elucidated, highlighting that interfacial film growth is governed
by the kinetic alignment between the electrochemical ion supply
and the acid-base chemistry at the interface.

2. Results and discussion
2.1. Rapid growth and characterization of HKUST-1 films

The plasma-assisted synthesis strategy is illustrated in Fig. 1.
A precursor solution containing 1,3,5-benzenetricarboxylic acid
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(H3BTC) dissolved in ethylene glycol (EG) was directly dis-
pensed onto a rotating copper substrate under atmospheric
pressure plasma irradiation. The structural and morphological
evolution was examined as a function of the number of 10-uL-
precursor droplets to investigate the film growth process. The
formation of the crystalline HKUST-1 phase was confirmed
using X-ray diffraction (XRD), Fourier Transform Infrared
(FTIR) spectroscopy, and scanning electron microscopy (SEM).

As shown in Fig. 2(a), the XRD pattern of the synthesized
film exhibits a distinct diffraction peak at a 26 value of
approximately 11.6°, which corresponds to the (222) planes of
the crystalline HKUST-1 structure. Notably, for the sample
prepared with 60 drops, an additional minor peak began to
emerge at 17.5° assigned to the (333) reflection. The progres-
sive increase in the primary peak, along with the appearance of
this higher-order reflection with an increasing number of
solution drops and treatment time, demonstrated that the
MOF film growth is cumulative and that crystallinity improves
with repeated plasma treatments. The dominance of these
(hhh) reflections, while other characteristic peaks such as
(200) and (220) are nearly absent, suggests a potential preferred
orientation along the [111] direction on the copper substrate.
This orientation may be energetically favorable because the
(111) facets of the face-centered cubic HKUST-1 structure are
reported to possess the lowest surface energy among the
primary crystallographic planes.* Alternatively, this could be
attributed to the limited scattering volume of the thin MOF
layer, where only the most intense reflections are discernible
above the background signal of the metallic support.

The FTIR spectrum exhibited characteristic absorption
bands, confirming the coordination of the organic linkers to
the metal centers. Specifically, the prominent peak observed at
1649 cm™ " was attributed to the asymmetric stretching vibra-
tions of the carboxylate groups (v,5(COO)), whereas the band at
1377 em ™! corresponded to the symmetric stretching modes
(vsym(C0O0)).*>** In contrast to free H;BTC, for which a strong
C=O0 stretching band appears around 1700 cm ', this band is
absent in the films, indicating complete deprotonation and
coordination of the carboxylate groups to Cu centers as COO™
ligands. The separation between v, and v, falls in the range
typically reported for bridging bidentate carboxylates in Cu(u)
paddle-wheel units, rather than for monodentate or chelating

OH radical etc.

Solutiony

Fig. 1 Schematic illustration of the atmospheric-pressure plasma-assisted synthesis strategy for the rapid interfacial.
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Fig. 2 Structural and morphological characterization of HKUST-1 films synthesized on copper substrates. (a) XRD patterns of films prepared with varying
numbers of precursor drops (1, 10, 30, and 60 drops). The simulated pattern of HKUST-1 is shown at the bottom for reference. (b) FTIR spectra comparing
the pristine HsBTC ligand (bottom) and the plasma-synthesized film on copper substrate (top). (c) SEM images showing the morphological evolution of
films: (c-1)—(c-4) Top-view images corresponding to 1, 10, 30, and 60 drops, respectively; (c-5) Cross-sectional view of the film formed with 60 drops.

modes,**** thereby supporting the formation of p,-carboxylate-

bridged Cu(u) dimers, which constitute the paddle-wheel
secondary building units of the framework.

Additionally, the peak located at 1450 cm ™' was assigned to
the C=C vibrations of the aromatic benzene ring.** The bands
at 760 and 731 cm ™' in the lower wavenumber region were
indicative of the Cu-O stretching vibrations®* and the out-of-
plane C-H bending of the aromatic ligands,*® respectively.
These observations collectively corroborate the formation of
an HKUST-1-type Cu(u)-BTC framework constructed from Cu(u)
paddle-wheel units on the Cu substrate.

SEM images revealed the morphological evolution of the
HKUST-1 film. Top-view observations (Fig. 2(c)) indicate that
the substrate surface was covered with interconnected crystals,
exhibiting the characteristic polyhedral morphology of HKUST-1.
As shown in Fig. 2(c-1)-(c-4), the surface coverage increased as the
treatment proceeded, forming a continuous layer. These repeated
cycles of solution delivery and plasma activation facilitate high-
density nucleation and fill the gaps between existing crystals,
ensuring the observed continuity and integration of the frame-
work. While this interconnected network effectively covers the
copper surface, the film thickness inherently exhibits a spatial
distribution across the substrate. This variation is attributed to
the dynamic nature of the solution dispensing process on a

This journal is © The Royal Society of Chemistry 2026

rotating substrate, influenced by centrifugal forces and the deliv-
ery cycles. Notably, the centrifugal force ensures that the precursor
solution is spread into a thin liquid film, which prevents the
localized piling up of materials directly under the stationary
plasma. Furthermore, the cross-sectional view (Fig. 2(c-5)) con-
firmed that the HKUST-1 crystals grew directly from the copper
surface, supporting the rapid plasma-induced interfacial growth.
Although the current manual setup serves as a proof-of-concept,
further enhancement of macroscopic uniformity is expected
through the optimization of delivery systems, such as automated
aerosol-assisted or spray-coating methods, to meet the require-
ments for large-scale device integration.

2.2. Role of plasma: electrochemical oxidation

Mechanistic insights into the metal ion supply were obtained
by comparing plasma treatment with a conventional thermal
process. Thermal control experiments, in which the copper
substrate was heated with the precursor solution in an auto-
clave, demonstrated no detectable MOF growth by XRD (Fig. S2).
However, FTIR spectroscopy revealed minor absorption bands
associated with carboxylate coordination, suggesting limited sur-
face interactions or formation of trace amorphous complexes.
This discrepancy between the XRD and FTIR results indicates that
although some short-range interfacial coordination occurs under

Mater. Horiz.
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Fig. 3 Surface chemical analysis revealing the reaction mechanism. (a) Cu 2p XPS spectra of (a-1) untreated Cu foil, (a-2) foil treated with EG plasma,
(a-3) foil treated solvothermally with HsBTC/EG, and (a-4) foil treated with HsBTC/EG plasma. (b) C 1s XPS spectra comparing (b-1) foil treated with EG

plasma and (b-2) foil treated with HzBTC/EG plasma.

thermal conditions, it is insufficient to initiate the nucleation and
growth of a continuous crystalline lattice.

The surface chemical states were analyzed by X-ray photo-
electron spectroscopy (XPS), as shown in Fig. 3(a), to investigate
the origin of this behavior. The Cu 2p spectrum of the
untreated copper substrate exhibited characteristic satellite
peaks, indicating the presence of a native oxide layer (CuO).*®
Although previous studies have reported that Cu(u) species,
such as hydroxides, can serve as reactive precursors for the
rapid synthesis of HKUST-1,"""*> these satellite peaks were
absent in both thermally treated and plasma-treated samples.
This spectral change suggests that the reducing atmosphere
provided by EG effectively reduced the surface CuO to Cu(i)
oxide (Cu,O) or metallic species,” thereby eliminating the
reactive oxide layer necessary for conventional acid-base reac-
tions. Moreover, Cu(u) satellite peaks were absent in the
HKUST-1 film spectrum synthesized by plasma treatment
(Fig. 3(a-4)), despite the presence of Cu(u) paddlewheel units.
This phenomenon was attributed to the partial surface
reduction of Cu(u) to Cu(1) induced by X-ray irradiation
during the XPS measurements as well as the reducing plasma
environment.>*

Based on these findings, we propose that the plasma treat-
ment plays a critical role in establishing an electrochemical
circuit with a grounded metal substrate. Under the applied
AC voltage, the copper substrate periodically functions as an
anode, thereby driving the electrochemical dissolution of
copper (Cu — Cu** + 2e) directly from the metallic surface
into the solution. This plasma-induced anodic dissolution
provides a continuous supply of Cu(u) ions necessary for crystal
growth, a process in which thermal energy alone is insufficient
to initiate once the reactive surface oxide is reduced.

Mater. Horiz.

Further evidence of the unique reaction environment at the
plasma-liquid interface was provided by comparing the C 1s
spectra of the ligand-free EG plasma treatment (Fig. 3(b-1)) and
the HKUST-1-forming H3;BTC plasma process (Fig. 3(b-2)).
The spectrum of the ligand-free sample is dominated by the
C-C/C=C peak at 284.5 eV,** accompanied by a component
around 288 eV attributable to oxidized carbon species gener-
ated during the plasma treatment. In contrast, the H;BTC
plasma-treated sample exhibits distinct features, which corro-
borate the growth of the HKUST-1 film. A prominent peak at
approximately 288 eV was observed, corresponding to the
carboxylate carbon (O-C=0) of the BTC ligand.*’ Crucially, a
unique peak at a lower binding energy of 283 eV was exclusively
detected in the HKUST-1 sample. This shift toward a lower
binding energy is characteristic of carbon atoms bonding with
metal species,*®?” suggesting the formation of copper-carbon
(Cu-C) bonds, possibly originating from the plasma-induced
partial decomposition of organic precursors at the active inter-
face. The formation of such specific interfacial species suggests
that plasma treatment induces strong chemical interactions
between the organic layer and the metal surface, which
may serve as an anchoring layer to enhance the stability and
adhesion of the HKUST-1 film.

2.3. Substrate dependency and kinetic balance

Although plasma serves as an oxidative driver for ion supply,
the formation of crystalline films is not guaranteed for all
metals. The method was applied to aluminum, nickel, and zinc
substrates using the H;BTC ligand to evaluate its generality.
Control solvothermal experiments using metal nitrates con-
firmed that these metals were chemically capable of coordi-
nating with H;BTC to form solid complexes (Fig. S3). First, the

This journal is © The Royal Society of Chemistry 2026
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reaction behaviors of aluminum and nickel substrates were
examined. In these cases, XRD and FTIR analyses revealed
negligible reaction products (Fig. 4(a) and (b)). The lack of
reactivity was confirmed by XPS analysis (Fig. 4(c-1) and (c-2)).
The spectra indicated the persistent presence of stable passiva-
tion layers (native oxides, Al,O3, and NiO) even after plasma
treatment. Although the metallic forms of aluminum and
nickel possess standard electrode potentials that favor oxida-
tion (—1.66 V and —0.26 V, respectively), their native oxide
layers exhibit high chemical inertness against the acidic H;BTC
solution. This robust passivation layer effectively inhibited the
initial metal dissolution process and prevented the supply of
metal ions required for the reaction.

In contrast to the stable passivation layers observed for
aluminum and nickel, zinc substrates exhibited reactivity.
Although XRD analysis revealed no diffraction peaks indicating
crystalline order (Fig. 4(a)), FTIR measurements detected weak
absorption bands characteristic of metal-ligand coordination
(Fig. 4(b)). Further evidence of the surface reaction was provided
by the Zn 2p XPS spectrum (Fig. 4(c-3)), which displayed a
discernible broadening toward higher binding energies compared
to the untreated substrate. This indicated the chemical conversion
of the surface species. Unlike inert oxides on aluminum and
nickel, the native zinc oxide (ZnO) layer was chemically unstable
in acidic precursor solutions and was susceptible to etching by
carboxylate ligands. Consequently, the protective barrier was
compromised, exposing the underlying metallic Zn. Considering
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that zinc possesses a lower standard electrode potential (—0.76 V)
compared to copper (+0.34 V), it is proposed that the plasma
induces an excessive electrochemical driving force. This possibly
results in a rapid and uncontrolled release of ions that over-
whelms the crystallization kinetics, leading to the formation of
amorphous coordination complexes rather than a well-ordered
lattice.

Consequently, the formation of crystalline HKUST-1 on
copper is attributed to the unique kinetic balance between
the effective removal of the protective passivation layer and
the subsequent metal dissolution rate. Native oxides on copper
are easily reduced or dissolved in the reaction environment,
thereby exposing the active metal surface. The moderate reac-
tivity of copper activated solely by the plasma environment
provided an optimal ion release rate that was synchronized with
the crystallization kinetics of the H;BTC ligand. This balance is a
critical factor that enables the oriented and continuous growth of
the MOF film at the solid-liquid interface.

2.4. Ligand specificity and acid-base chemistry

To explore the versatility of the plasma-assisted process beyond
carboxylate ligands, this investigation was extended to nitrogen-
donor ligands. Specifically, 2-methylimidazole (2-MIM, pK,
~14.4)" was selected as a model ligand. This compound is the
standard precursor for Zeolitic Imidazolate Framework-8 (ZIF-8), a
subclass of MOFs composed of zinc ions coordinated by 2-MIM
linkers, and is widely recognized for its high porosity and
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Fig. 4 Evaluation of the plasma process on different metal substrates: Zn, Ni, and Al (a) XRD patterns and (b) FTIR spectra of plasma-treated metal
substrates. (c) XPS spectra of (c-1) Al, (c-2) Ni, and (c-3) Zn. In each panel, the spectrum of the plasma-treated surface (top) is compared with that of the

untreated substrate (bottom).
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Fig. 5 Assessment of ligand specificity using 2-MIM. (a) XRD patterns and (b) FTIR spectra. The plots compare the results of plasma-treated Cu and Zn
substrates (top two traces) against a chemical control sample synthesized by adding TEA to a zinc nitrate/2-MIM solution (third trace). The simulated
pattern of ZIF-8 and the spectrum of the pristine 2-MIM ligand are shown at the bottom for reference.

chemical stability.*>*® Plasma-assisted synthesis was performed
on both copper and zinc substrates using a 2-MIM solution under
conditions identical to those used for HKUST-1. However, as
shown in the XRD patterns (Fig. 5(a)) and FTIR spectra (Fig. 5(b)), no
characteristic peaks of coordination complexes were detected on
either surface.

To elucidate the factors governing these results, control
experiments were conducted using zinc nitrate and 2-MIM in
EG. Notably, even when the mixture was subjected to solvo-
thermal heating, which is typically sufficient for ZIF synthesis
in other solvents, the solution remained clear, and no solid
precipitate was formed. This indicates that in EG, thermal
energy alone is insufficient to overcome the energy barrier for
ligand deprotonation or displace the solvent molecules.
In contrast, the addition of triethylamine (TEA) at room tem-
perature immediately triggered the precipitation of white powders,
which were confirmed to be crystalline ZIF-8 (Fig. 5(a) and (b)).

These comparative results offer valuable insights into the
reaction mechanism, particularly about the role of plasma-
induced reactive species in ligand deprotonation. In conven-
tional cathodic electrodeposition, the reduction of probase
molecules, such as NO*~, generates OH ions that raise the
local pH and trigger MOF crystallization by slowly deprotonat-
ing the ligands.>" A similar chemical driving force is expected at
the plasma-liquid interface. Atmospheric pressure plasma
generated in contact with the precursor solution induced the
formation of solvated electrons and highly reactive species,
including OH™ and O,  from residual moisture or dissolved
oxygen. Previous studies on oxygen-assisted cathodic deposi-
tion report that the generation of superoxide ions can effec-
tively facilitate the deprotonation of organic linkers, such as
H;3BTC, through the following proton-induced disproportiona-
tion reaction: 30>~ + H;BTC — 3HO, + BTC*~.%?

The plasma simultaneously drives the anodic metal dissolu-
tion from the substrate and serves as a source of reactive probes
to induce deprotonation. This dual functionality represents
a distinctive advantage over thermal solvothermal methods,

Mater. Horiz.

which cannot initiate either process on a metallic substrate
without additives. However, the observation that the plasma
process yields an outcome consistent with the base-free condi-
tions for 2-MIM suggests that plasma-induced basicity has
inherent limitations. Although sufficient for the carboxylic acid
groups of H3BTC, where the pK, values are in the range of 3.2 to
4.7,%® it is unable to overcome the high energy barrier for
deprotonating 2-MIM, where the pK, is approximately 14.4.
This indicates that the plasma reaction field provides a mildly
basic environment, analogous to a buffer, that supports coor-
dination only for ligands within a specific pK, window. Conse-
quently, plasma-assisted interfacial synthesis is constrained by
synchronized kinetics and acid-base balance, highlighting
its selectivity for specific metal-ligand combinations. This
limitation could potentially be addressed by modulating the
chemical environment of the precursor solution, as the concen-
tration of active deprotonated linkers is governed by the
solution pH relative to the ligand pK,. Notably, the regulation
of reactant speciation via pH control has been reported as a
generalizable approach for the rapid synthesis of various MOF
structures.”® While the current base-free plasma process is
restricted by the mild alkalinity generated at the plasma-liquid
interface, the modulation of the initial pH or the introduction
of chemical modulators may provide a pathway to overcome
the deprotonation energy barriers of ligands.>*** Specifically,
the successful anodic electrosynthesis of frameworks such as
MIL-100(Fe) and MOF-5® suggests that these materials could
be compatible with the plasma-induced anodic dissolution
mechanism, provided that the solvent and atmosphere are
optimized for the respective metal-ligand pairs. Furthermore,
while this study focuses on the growth of continuous films, the
synthesis of MOF nanoparticles might be achievable by utilizing
alternative metal sources. Notably, the dispersion of metallic
particles in a ligand-containing solution under plasma treatment
could potentially induce nanoparticle formation, similar to the
processes occurring during laser ablation in liquids.>” Such
developments would require addressing engineering challenges

This journal is © The Royal Society of Chemistry 2026
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related to the control of bulk nucleation and the stabilization of
particles against aggregation, which represents a promising
direction for broadening the utility of plasma-driven coordina-
tion chemistry.

3. Conclusion

This study demonstrates a rapid, additive-free strategy for the
direct growth of MOF on metal substrates using atmospheric
pressure plasma. We used HKUST-1 on a copper substrate as
the model system to synthesize crystalline films within minutes
in an EG solution without the need for external heating or
metal precursors.

A mechanistic investigation revealed that the plasma-liquid
interface functions as a unique reaction field, providing a dual
driving force. Plasma treatment establishes an electrochemical
circuit that triggers the anodic dissolution of metal ions from
the substrate and simultaneously assists in the deprotonation
of ligands by generating reactive species such as hydroxyl and
superoxide ions. Specifically, the generation of superoxide ions
can effectively facilitate the deprotonation of organic linkers,
such as H3BTC, through a proton-induced disproportionation
reaction. This simultaneous ion supply and chemical activation
are crucial for overcoming the reductive nature of organic
solvents, which is insufficient to initiate conventional thermal
synthesis.

Furthermore, through the expansion of the scope to differ-
ent metals and ligands, interfacial film growth was found to be
governed by the synchronization between the electrochemical
ion supply and the acid-base kinetics. A specific processing
window is defined by the standard electrode potential of the
metal and the acidity of the ligand. The moderate reactivity of
Cu provides a controlled ion supply that matches the crystal-
lization kinetics, whereas the intrinsic acidity of the ligand
allows deprotonation within the chemical limits of the plasma-
induced environment. This strategy provides the fundamental
design rules for plasma-assisted interfacial synthesis and offers
a foundation for extending the process to other metal-organic
systems that reside within this kinetic window.

4. Experimental section

4.1. Materials

EG, TEA, and metal nitrates, including copper(u) nitrate trihy-
drate, zinc nitrate hexahydrate, nickel(n) nitrate hexahydrate,
and aluminum nitrate nonahydrate, were purchased from
Fujifilm Wako Pure Chemical Corporation (Osaka, Japan).
H;BTC and 2-MIM were obtained from Tokyo Chemical Industry
Co. Ltd (Tokyo, Japan). All the chemicals were used as received
without further purification.

4.2. Plasma treatment procedures

The precursor solutions were prepared by dissolving the organic
ligands (H3BTC or 2-MIM) in EG at a concentration of 100 mM.
For the synthesis, a metal foil substrate (Cu, Al, Ni, or Zn) was

This journal is © The Royal Society of Chemistry 2026

View Article Online

Communication

mounted on the ground stage of a spin coater and rotated at
1500 rpm. An aluminum rod (diameter: 4 mm) wrapped with a
polyimide tape (thickness: ~60 pm) served as the high-voltage
electrode. The electrode was positioned above a rotating metal
substrate. Dielectric barrier discharge (DBD) was generated
between the electrode and the metal substrate by applying a
sinusoidal AC voltage of approximately 8-9 kV,,;, at a frequency of
22 kHz. During the continuous plasma irradiation, 10 pL of the
precursor solution was dispensed onto the center of the rotating
substrate every 10 s. The centrifugal force resulting from
the rotation ensured outward transport and spreading of the
solution across the substrate surface. Film growth was controlled
by varying the number of drop cycles. After treatment, the
samples were removed, washed with ethanol to remove the
unreacted species, and dried for characterization.

4.3. Solvothermal treatment of metal substrate

Metal disks (diameter: 10 mm) were immersed in 5 mL of the
precursor solution (100 mM ligand in EG) in a Teflon-lined
stainless-steel autoclave to investigate the reactivity of the bulk
metal under thermal activation. The autoclave was sealed and
heated at 150 °C for 24 h. The treated substrates were then
retrieved, washed with ethanol, and dried.

4.4. Solvothermal synthesis using metal nitrates

Homogeneous solvothermal syntheses were performed using
metal salts to verify the intrinsic chemical compatibility between
metals and ligands. The metal nitrates (1.5 mmol) and organic
ligands (1 mmol) were dissolved in EG (10 mL). The solution was
transferred to a Teflon-lined stainless-steel autoclave and heated
at 150 °C for 24 h. After cooling, the resulting precipitate was
collected via filtration, washed with ethanol, and dried for further
analysis.

4.5. Synthesis with triethylamine addition

To investigate the role of basicity in ligand deprotonation, a
base-assisted synthesis was conducted at room temperature.
The metal nitrates (1.5 mmol) and organic ligands (1 mmol)
were dissolved in EG (10 mL). Subsequently, 0.2 mL of TEA was
added to the solution. The mixture was then stirred at room
temperature for 24 h. The obtained precipitate was filtered,
washed with ethanol, and dried.

4.6. Measurements

The crystalline structure of the synthesized films and powders
was analyzed by XRD using an Empyrean X-ray diffractometer
(Malvern Panalytical) using Cu Ko radiation at 45 kv and
40 mA. FTIR spectra were recorded on a Shimadzu IRSpirit-X
spectrometer equipped with a QATR-S single-reflection ATR
accessory at a resolution of 2 ecm ™. The surface morphologies
were observed using SEM (JEOL JSM-7800F microscope) at an
accelerating voltage of 12 kV without conductive coating. The
surface chemical states were investigated by XPS using a
PHI5000 Versa Probe II (ULVAC PHI) with a monochromatic Al
Ko source. For the plasma-treated metal foils, characterization
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was performed at a radial distance of approximately 1 cm from
the center of the substrate to ensure data consistency.
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