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OF@Al-foam metal composites
for enhanced broadband noise reduction: sound
absorption performance analysis and materials
structural optimization

Yang Gao, *a Yan Gao,b Xiaoxu Zhang,b Jingchuan Guo,b Guohong Tianc

and Delika M. Weragodac

Noise pollution significantly impacts human health and quality of life. This study developed FeNi-MOF@Al-

FM composite materials for enhanced sound absorption and addressed limitations of traditional acoustic

materials. FeNi-MOF@Al-FM composites were synthesized by loading FeNi-MOF onto aluminum foam

metal (FM) substrates with various thicknesses (5–15 mm) and mass ratios (5–20%). Microscopic

characterization confirmed the successful synthesis of hexagonal spindle-type FeNi-MOF structures.

XRD analysis showed that nickel doping caused slight lattice changes while maintaining the crystal

structure. FTIR identified characteristic functional groups, and XPS confirmed Fe–Ni co-doping with

multiple nitrogen species. Acoustic testing revealed that sound absorption capacity increased with

material thickness, with 15 mm composites performing best across all frequencies. At a fixed 5 mm

thickness, increased FeNi-MOF loading significantly enhanced absorption, as 20% mass ratio composites

achieved an absorption coefficient of 0.82 at 4000 Hz, representing a 3.7-fold improvement over

unloaded samples. Absorption mechanisms were proposed: low-frequency resonance absorption (600

Hz) originating from microstructures between MOF and foam metal, and high-frequency porous

absorption resulting from viscous/thermal dissipation within hierarchical pores. These findings establish

structure–performance relationships for FeNi-MOF@Al-FM composites and demonstrate potential

applications in noise control, architectural acoustics, and instrument vibration isolation.
1. Introduction

Noise pollution, as one of the four major environmental
pollutants of the contemporary era, has become a signicant
issue affecting human quality of life and health.1,2 According to
World Health Organization (WHO) studies, prolonged noise
exposure induces not only auditory system deterioration but
also systemic health risks, including hypertension, cardiovas-
cular disorders, attention decits, and broader psychophysio-
logical impairments.3 With the acceleration of global
industrialization and urbanization, noise pollution from
human activities such as transportation, construction, and
industrial production has become increasingly prevalent and
intense, with its negative impacts becoming more pronounced.4

Therefore, developing efficient and innovative sound-absorbing
nan, 250200, China. E-mail: 20156378@

Jianzhu University, Jinan, 250013, China

, University of Surrey, Guildford, Surrey,

the Royal Society of Chemistry
materials has become an urgent need in the eld of noise
control.

Traditional sound-absorbing materials such as porous
foams and mineral wool play important roles in noise control,
but they still have performance limitations in specic applica-
tion scenarios, such as narrow frequency response ranges, poor
material stability, and insufficient environmental adapt-
ability.5,6 Particularly in high-frequency noise control, complex
acoustic environments, and special working conditions, the
sound absorption effects of these materials oen cannot meet
practical requirements. Therefore, the creation of high-
efficiency sound-absorbing materials represents a paradigm-
shiing endeavor, combining fundamental research signi-
cance in material science with multifunctional potential for
real-world noise abatement applications.7,8 Porous materials,
distinguished by their inherent structural advantages including
tunable porosity, extensive surface area, enhanced exibility,
and superior manufacturability, represent a dominant research
paradigm in sound-absorbing material development.9 These
systems are typically classied by their microstructural cong-
urations into three principal categories: honeycomb, brous,
and particulate. When sound waves propagate through porous
RSC Adv., 2025, 15, 26843–26859 | 26843
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materials, energy dissipation occurs through the complex pore
structure inside the material, mainly including viscous loss,
thermal loss, and structural resonance mechanisms.

To optimize the sound absorption performance of porous
materials, researchers have conducted extensive functional
modication studies. Surface modication, as an important
material functionalization method, can impart new functional
characteristics to porous matrices while maintaining the basic
properties of the materials. Recent advancements in porous
composite engineering have yielded novel architectures
including polyethylene-reinforced exible polyurethane
matrices, lignocellulosic-PU hybrids through chemical func-
tionalization, carbon nanotube-embedded PU nanocomposites,
and graphene oxide-integrated melamine foam systems.10,11

These studies have made signicant progress in the eld of
acoustic materials.

The more bers there are inside a porous material and the
ner the bers are, the more tortuous the path of sound wave
propagation will be, which can enhance the sound absorption
effect. Honeycomb and ber materials represented by mela-
mine foam and polyvinyl alcohol (PVA) are composed of ne
lament network structures and are mainly used for sound
absorption and heat insulation.12 However, existing porous
sound-absorbing materials still have some defects, such as
brittleness issues, complex preparation processes, and thick-
ness limitations, resulting in unsatisfactory sound absorption
performance in specic frequency ranges.13,14 Therefore, devel-
oping new composite sound-absorbing materials to overcome
these shortcomings has become a focus of current research.

Among various sound-absorbing materials, bimetallic
sound-absorbing materials have attracted extensive attention
from researchers due to their structural diversity, excellent
mechanical properties, and good corrosion resistance.15,16

Typically fabricated through processes such as explosive weld-
ing, roll bonding, or powder metallurgy, bimetallic sound-
absorbing materials combine the physical and mechanical
advantages of two distinct metals. For instance, in nickel-iron
alloy materials, adjusting the compression ratio can signi-
cantly enhance the average sound absorption coefficient from
56.89% to 88.97%, demonstrating remarkable improvement.17

Furthermore, the surface of bimetallic materials can be modi-
ed with microcellular foaming, perforations, or honeycomb
structural designs to further promote multiple scattering and
dissipation of sound waves, thereby achieving superior sound
absorption performance.18,19

From the perspective of sound absorption mechanisms, the
multilayer interfaces and porous structures of bimetallic
materials facilitate the conversion of acoustic energy into
thermal energy, reducing sound wave reection. Additionally,
the high thermal conductivity of metals accelerates the
conduction and diffusion of acoustic energy into heat,
improving overall sound absorption efficiency.20–22 In recent
years, researchers have systematically investigated the acoustic
performance of bimetallic sound-absorbing materials across
different frequency ranges and structural parameters using
nite element simulations, experimental measurements, and
multiscale modeling. These efforts have led to signicant
26844 | RSC Adv., 2025, 15, 26843–26859
advancements in applications such as traffic noise control,
industrial equipment noise reduction, and architectural
acoustics.23–25

Metal–Organic Frameworks (MOF), a novel class of crystal-
line hybrid materials, are synthesized through coordination-
driven assembly of metal nodes (ions/clusters) and organic
bridging ligands.26 These structures are characterized by
precisely engineered porosity, exceptional surface-area-to-
volume ratios, and programmable pore geometries, enabling
transformative applications in molecular separation, heteroge-
neous catalysis, and advanced sensing technologies.27 Among
these, Fe-MOF derivatives demonstrate superior thermochem-
ical resilience, stemming from robust metal–ligand coordina-
tion networks and the redox-active nature of iron centers.28

Recent research suggests that the unique structural charac-
teristics of MOF materials have potential advantages in sound
wave absorption.29 MOF materials can be viewed as acoustic
metamaterials capable of abnormally absorbing sound energy.
Compared with traditional sound-absorbing materials, MOF
materials have the following advantages:30,31 their highly
ordered pore structures provide ideal channels for sound wave
propagation; their ultra-high specic surface area can signi-
cantly increase the contact area between sound waves and
materials, enhancing viscous loss; the framework structure of
MOF materials can resonate with sound waves, further
enhancing sound energy dissipation; by regulating the pore
size, porosity, and framework structure of MOF materials,
selective absorption of sound waves at different frequencies can
be achieved.

During the propagation of sound waves, energy loss is
mainly realized through mechanisms such as viscous loss,
thermal loss, and structural resonance.32 The porous structure
of MOF materials provides an ideal environment for these
energy dissipation mechanisms: complex pore structures
promote multiple scattering of sound waves; large specic
surface area enhances the interaction between sound waves and
material interfaces; adjustable pore size distribution enables
materials to respond to sound waves of different frequencies.33

These characteristics give MOFmaterials enormous potential in
acoustic applications.34

Although MOF materials have demonstrated excellent
performance in multiple elds, the application research of
them in noise control is still in its infancy. Especially, the
research on the acoustic application of iron–nickel-based MOF-
derived hybrid materials is still insufficient. Addressing this
research gap, this paper proposes a composite material based
on foam metal (FM) supporting iron–nickel MOF. Typical MIL-
88 is selected as the representative material of MOF, and
aluminum foam metal is used as the supporting substrate,
aiming to develop a new type of acoustic material with efficient
sound absorption performance.

2. Research methods
2.1. Preparation of FeNi-MOF and FeNi-MOF@Al-FM

All chemicals employed in this investigation were analytical-
grade reagents and were utilized as received without
© 2025 The Author(s). Published by the Royal Society of Chemistry
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additional purication. The following materials were used for
synthesis and characterization: nickel(II) nitrate hexahydrate
(Ni(NO3)2$6H2O, $99.5%, Macklin Biochemical Co., Ltd.,
Shanghai, China), iron(III) chloride hexahydrate (FeCl3$6H2O,
$99.5%, Macklin), 2-methylimidazole (C4H6N2, $99.5%,
Macklin), methanol (CH3OH, $99%, Sinopharm Chemical
Reagent Co., Ltd., Beijing, China), and deionized water (resis-
tivity >18 MU cm) produced in-house using a Milli-Q water
purication system. The aluminum foam metal (Al-FM) was
sourced from Beifeng Metal Products Co., Ltd.

2.1.1. Preparation of FeNi-MOF. Based on optimized
results from preliminary preparation experiments and accu-
mulated experimental experience within the research group,27–30

this study adopted a modied solvothermal method to synthe-
size FeNi-MOF materials. The synthesis procedure was per-
formed as follows: precise quantities of precursors were
measured using an analytical balance (0.500 g of 2-amino-
terephthalic acid (NH2-BDC), 0.380 g FeCl3$6H2O, and 0.400 g
Ni(NO3)2$6H2O). The measured precursors were subsequently
dissolved in 50.0 mL of anhydrous N,N-dimethylformamide
(DMF, 99.8% purity). The mixture was subjected to magnetic
stirring (600 rpm) at room temperature (25 ± 1 °C) until
complete dissolution was achieved (typically within 30
minutes).

The resulting solution was placed in an XHMC-1 microwave
synthesis reactor and subjected to microwave irradiation treat-
ment at 75 °C with 900 W power for 20 min. Subsequently, the
mixture was continuously stirred under magnetic conditions
with a surface magnetic ux density of 3200–3400 G and
magnetic gravitational force of 10.78 N for 2 h to ensure thor-
ough and uniform reaction.

The reaction mixture was transferred to a 100 mL Teon-
lined stainless steel autoclave and subjected to solvothermal
treatment at 120 °C for 24 h in a forced convection oven.
Following natural cooling to ambient temperature (25 ± 2 °C),
the resulting suspension was centrifuged (4000 rpm, 10 min)
using a benchtop centrifuge to isolate the brown particulate
product. Purication involved sequential washing cycles: three
washes with N,N-dimethylformamide (50 mL each) to remove
organic residues; three washes with absolute ethanol (50 mL
each) to eliminate solvent impurities; each wash cycle included
10 min of ultrasonication (40 kHz) followed by centrifugation.
The puried product was subsequently dried in an oven at 80 °C
for 12 h. The dried product was then ground and sieved to
obtain FeNi-MOF powder with particle sizes between 20-50
mesh.

2.1.2. Preparation of FeNi-MOF@Al-FM composites. A
series of FeNi-MOF@Al-FM composites were prepared using an
impregnation method. First, the original Al-FM was cut into
circular samples with a diameter of 100 mm or 29 mm, with the
thicknesses of 5 mm, 10 mm, and 15 mm, respectively. The
100 mm diameter samples were employed for acoustic testing
in the 100–1000 Hz frequency range, while the 29 mm diameter
samples were utilized for measurements in the 1000–4000 Hz
band. To remove surface impurities, the samples were
sequentially cleaned three times with 0.1 mol L−1 nitric acid
© 2025 The Author(s). Published by the Royal Society of Chemistry
solution and 75% (v/v) ethanol solution (300 mL) to ensure
complete removal of surface contaminants and oil residues.

In the acoustic experiments with different thickness
composites, the mass of 5 mm thick Al-FM was used as the mass
reference value. FeNi-MOF powder equivalent to 5% of the
reference mass was weighed and dispersed in ethanol solution,
followed by ultrasonic dispersion for 20 min to obtain a homo-
geneous suspension. The pretreated aluminum foam samples
(with thicknesses of 5 mm, 10 mm, and 15 mm) were then
separately immersed in three identical suspensions and slowly
rotated for 20 min to ensure complete penetration of the
suspension into the porous structure of Al-FM without any
residual air bubbles. The prepared samples were dried at 70 °C
with forced air circulation for 24 h, ultimately yielding FeNi-
MOF@Al-FM-x composites of different thicknesses, where x
represents the thickness value of Al-FM.

For the acoustic experiments with different loading
amounts, the mass of 5 mm thick Al-FM was again used as the
mass reference value. FeNi-MOF powder equivalent to 5%, 10%,
and 20% of the referencemass was weighed and used to prepare
separate suspensions. Three identical 5 mm thick Al-FM
samples were then immersed in these suspensions following
the same procedure described above, ultimately yielding yFeNi-
MOF@Al-FM-5 composites with different loading amounts,
where y represents the mass percentage of FeNi-MOF.
2.2. Material characterization methods

The surfacemicrostructures of FeNi-MOF and FeNi-MOF@Al-FM
composites were analyzed using a Sigma 300 eld emission
scanning electronmicroscope (SEM) with amaximum resolution
of 1 nm and an adjustable acceleration voltage range of 0.1–30
kV. Prior to imaging, all samples were sputter-coated with gold to
enhance conductivity and ensure clear visualization.

Crystalline phase identication and crystallinity evaluation
were performed via X-ray diffraction (XRD) on a Rigaku Smart
Lab SE X-ray diffractometer equipped with Cu target Ka radia-
tion (l= 1.5418 Å). Measurements were conducted at 40mA and
40 kV, with scanning angles (2q) spanning 5–90° or 5–50°,
a scan rate of 10° min−1, and a step size of 0.02°. Acquired
diffraction patterns were cross-referenced with the Interna-
tional Centre for Diffraction Data (ICDD) database to assess
phase composition and structural features.

Functional groups and chemical bonding characteristics
were investigated using a Tensor 27 Fourier-transform infrared
(FTIR) spectrometer. Spectra were collected across a wave-
number range of 500–4000 cm−1 at a resolution of 4 cm−1 to
elucidate molecular structural details.

Thermal stability and decomposition behavior were evalu-
ated via thermogravimetric analysis (TGA) on a TGA/DSC 3+
simultaneous thermal analyzer. Experiments were conducted
under a nitrogen atmosphere (50 mL min−1

ow rate) with
a temperature ramp from 25 °C to 800 °C at 5 °C min−1,
enabling the determination of mass-loss proles, thermal
degradation patterns, and residue composition.

Surface elemental distribution and chemical states were
probed by X-ray photoelectron spectroscopy (XPS) using an
RSC Adv., 2025, 15, 26843–26859 | 26845
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Escalab 250 Xi system with Al Ka excitation (1486.6 eV). All
spectra were energy-calibrated against the C 1s peak (284.0 eV)
to ensure data accuracy. Elemental oxidation states and chem-
ical environments were deduced through deconvolution of peak
positions, intensities, and line shapes in high-resolution
spectra.
2.3. Acoustic performance measurement methods

This study used a standard test device to characterize the
acoustic performance of materials, which mainly consists of
a hollow cylindrical sound impedance tube with two micro-
phone ports, as shown in Fig. 1. The experimental setup con-
sisted of an impedance tube with a test sample holder mounted
at one end and a sound source positioned at the opposite end.

To cover the frequency range of 100 Hz to 4000 Hz, two
impedance tubes with different inner diameters were employed in
this study. A 100 mm diameter impedance tube, with a measure-
ment range of 50Hz to 1.6 kHz, was used for the 100Hz to 1000Hz
frequency band. This tube accommodated FeNi-MOF@Al-FM
composite samples measuring 100 mm in diameter. For the
higher frequency range of 1000 Hz to 4000 Hz, a 29 mm diameter
impedance tube with a measurement range of 500 Hz to 6.4 kHz
was utilized, testing 29 mm diameter composite samples.

The test samples completely lled the tube cross-sections,
with high-viscosity sealant (modeling clay) applied around the
edges to prevent any lateral sound leakage. All samples main-
tained uniform thickness and smooth surfaces to minimize
high-frequency (e.g., 4000 Hz) wave scattering caused by surface
irregularities, which could interfere with standing wave
formation in the tube. During installation, special care was
taken to ensure the samples remained perpendicular to the tube
walls without excessive compression that might alter thickness
or deform internal structures. The entire preparation process
preserved the samples' physical properties (density, porosity,
etc.) to match their actual application conditions.

All measurements were performed under controlled envi-
ronmental parameters, maintaining a temperature of 23 ± 1.5 °
C and relative humidity of 50 ± 20%. A B&K 4231 acoustic
calibrator was employed to verify system accuracy prior to
testing. The normal incidence sound absorption coefficient of
the materials was rigorously evaluated in compliance with the
ASTM E1050-98 standard, utilizing the two-microphone
Fig. 1 Schematic diagram and physical image of impedance tube
system for testing sound absorption performance of materials.

26846 | RSC Adv., 2025, 15, 26843–26859
impedance tube methodology to ensure precise characteriza-
tion of acoustic performance. During the testing process,
broadband signals emitted by the noise source produced plane
sound waves in the tube, and data acquisition and processing
were performed through a high-precision digital frequency
analysis system. The normal incidence acoustic characteristic
parameters of the samples were determined through precise
analysis of the experimental transfer function.

To ensure measurement reliability and accuracy, each
sample underwent triplicate testing. The results demonstrated
excellent repeatability in sound absorption performance, with
standard deviations remaining below 0.1 across the entire
frequency spectrum. Given this high consistency, error bars
were intentionally omitted from subsequent graphical repre-
sentations of sound absorption data to streamline data visual-
ization and enhance interpretability.
2.4. Calculation method of sound absorption coefficient

The sound absorption coefficient of a material can be deter-
mined using impedance tube testing, with two primary calcu-
lation methods: the standing wave ratio method and the
transfer function method.35,36 The standing wave ratio method
has the advantage of relatively simple measurement principles
but suffers from cumbersome operations when measuring
sound absorption coefficients at multiple frequency points. In
contrast, the transfer function method offers greater conve-
nience by allowing simultaneous measurement of all parame-
ters across the desired frequency range. Additionally, through
mathematical modeling and signal processing, this method
enables high-precision system characteristic analysis, making it
suitable for more complex systems and applications.37 There-
fore, this study employs the transfer function method for
calculating the sound absorption coefficient.

The transfer function, based on Laplace transform theory,
establishes a relationship between the input and output quan-
tities of a linear time-invariant system by describing its intrinsic
parameters.38 Even when the internal structure of the system is
unclear or entirely unknown, the system's functionality and
inherent characteristics can still be investigated by analyzing its
output in response to a given input. The ASTM E1050-98 stan-
dard denes the procedure for measuring sound absorption
coefficients and acoustic impedance using the transfer function
method in an impedance tube, providing a consistent and
accurate approach for determining the sound absorption
properties of materials.

The incident sound pressure PI and the reected sound
pressure PR can be expressed as:

PI = Pi e
jk0x (1)

PR = Pr e
−jk0x (2)

k0 ¼ k
0
0 � jk

00
0 (3)

where Pi is the amplitude of PI at the reference plane (x= 0), Pr is
the amplitude of PR at the reference plane (x = 0), k0 is the
complex wavenumber.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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If two microphones are positioned at distances x1 and x2
from the material, the sound pressures P1 and P2 at these
locations can be written as

P1 = Pi e
jk0x1 + Pr e

−jk0x1 (4)

P2 = Pi e
jk0x2 + Pr e

−jk0x2 (5)

The transfer function of the incident wave HI is

HI ¼ P1I

P2I

¼ ejk0ðx1�x2Þ (6)

The transfer function of the reected wave HR is

HR ¼ P1R

P2R

¼ e�jk0ðx1�x2Þ (7)

Since Pr= rPi, where r is the normal reection coefficient, the
transfer function of the total sound eld H12 is

H12 ¼ P2

P1

¼ ejk0x2 þ r e�jk0x2

ejk0x1 þ r e�jk0x1
(8)

From the expressions of H12, HR and HI, the reection coef-
cient r can be derived as

r ¼ H12 �HI

HR �H12

e2jk0x1 (9)

By determining the variables H12, x1 and k0 in the equation,
the sound reection coefficient r can be obtained. According to
the denition of the sound absorption coefficient, the normal
incidence sound absorption coefficient a is the ratio of the
sound power entering the specimen surface to the incident
sound power for a normally incident plane wave. The normal
reection coefficient r is the complex ratio of the reected wave
amplitude to the incident wave amplitude at the reference
plane. Thus, the expression for the normal incidence sound
absorption coefficient is

a = 1 − jrj2 (10)
3. Results and discussion
3.1. Physicochemical analysis

3.1.1. Scanning electron microscopy (SEM) analysis. As
shown in Fig. 2(a) and (b), aer loading with FeNi-MOF, the
color of Al-FM discs changed signicantly, transforming from
cyan-gray to yellowish-brown. Direct observation clearly shows
powder-like particles attached to the Al-FM surface. Fig. 2(c)–(e)
sequentially displays the attachment of FeNi-MOF in the Al-FM
channels at mass ratios of 5%, 10%, and 20%. With the
increasing proportion of FeNi-MOF attachment, particles on the
Al-FM framework noticeably increased, generally attaching
relatively uniformly to the channel walls and porous framework
without blocking the channels of the foam metal.
© 2025 The Author(s). Published by the Royal Society of Chemistry
During the process of increasing FeNi-MOF loading, the
open pores inside the Al-FM became surrounded, forming semi-
open pore structures. Considering the processing performance
and microstructure of this type of composite material, further
increasing the FeNi-MOF loading could have produced adverse
effects. For example, excessive loading risked blocking the
interconnected channel structures inside the Al-FM framework,
potentially creating blind holes and closed channel structures
that might have reduced sound damping effectiveness.

High-resolution SEM imaging revealed the microstructural
characteristics of synthesized FeNi-MOF particles. Fig. 2(g) and
(h) demonstrated that the material adopted hexagonal spindle-
like crystallites with uniform surfaces, morphologically anal-
ogous to the prototypical MIL-88(Fe) framework. Despite
retaining the hexagonal spindle morphology, limited nickel
doping concentrations induced localized structural imperfec-
tions, manifesting as reduced crystallite dimensions within
the spindles. This phenomenon was potentially attributable to
the partial formation of Ni-NH2-BDC complexes within the
matrix. Complementary XRD analysis corroborated these
observations, indicating either suppressed crystallographic
ordering or sub-resolution crystallite sizes below detection
thresholds.39

3.1.2. X-ray diffraction (XRD) analysis. In Fig. 3, the XRD
patterns of FeNi-MOF and simulated MIL-88(Fe) were exhibited.
Through comparative analysis, distinct crystalline structural
characteristics were clearly observed in the prepared FeNi-MOF
sample. The X-ray diffraction prole of FeNi-MOF exhibited
prominent peaks at 2q = 9.26°, 10.43°, 13.15°, 16.74°, and
20.96°, demonstrating strong alignment with the simulated
MIL-88(Fe) reference pattern. These reections corresponded to
the (002), (101), (102), (103), and (202) crystallographic planes,
respectively, conrming structural congruence with the MIL-
88(Fe) framework as documented in prior studies.40

Compared with the computer-simulated MIL-88(Fe), the
experimentally synthesized FeNi-MOF showed a small angular
shi of about 0.14° in the diffraction peak near 9.16°. This shi
phenomenon indicated that the doping of nickel elements led
to minor changes in lattice parameters, thereby affecting the
interplanar spacing. Additionally, the introduction of nickel
elements resulted in signicantly enhanced diffraction peak
intensities at 13.07° and 16.64° for FeNi-MOF, further con-
rming that nickel elements had been successfully incorpo-
rated into the MOF framework structure and exerted certain
effects on its crystalline structure.

XRD analysis veried the structural matching degree
between FeNi-MOF and MIL-88(Fe) prototypes, and claried the
modulation ability of Ni incorporation on crystallographic
parameters. The good correspondence of characteristic
diffraction peaks suggested that despite the introduction of
nickel elements, FeNi-MOF maintained the basic crystal struc-
ture of MIL-88(Fe), with only minor changes occurring in
specic crystal plane directions. These ndings provided
important evidence for subsequent research on the structure–
property relationship of bimetallic MOF materials.

3.1.3. Fourier transform infrared spectroscopy (FTIR)
analysis. The FTIR spectrum of FeNi-MOF shown in Fig. 4
RSC Adv., 2025, 15, 26843–26859 | 26847
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Fig. 2 Macroscopic images of Al-FM samples and SEM images of FeNi-MOF@Al-FM: (a) macroscopic image of Al-FM material without FeNi-
MOF loading; (b) macroscopic image of Al-FM material loaded with FeNi-MOF; (c) SEM of Al-FM with FeNi-MOF loading ratio of 5%; (d) SEM of
Al-FMwith FeNi-MOF loading ratio of 10%; (e) SEM of Al-FMwith FeNi-MOF loading ratio of 20%; (f) SEM of FeNi-MOF particles on Al-FM; (g) SEM
of FeNi-MOF crystallites; (h) SEM of a single FeNi-MOF crystallite.
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provided critical insights into its molecular composition
through characteristic vibrational signatures. Detailed analysis
of these spectral features revealed excellent agreement with
26848 | RSC Adv., 2025, 15, 26843–26859
reference MIL-88(Fe) patterns, thereby independently verifying
the crystalline framework structure initially identied by XRD
characterization.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD pattern of FeNi-MOF.

Fig. 4 FTIR curves of FeNi-MOF.

Fig. 5 TGA test results of FeNi-MOF.
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In the high-frequency range (3000–3500 cm−1), two prom-
inent bands at 3481.40 cm−1 and 3303 cm−1 arose from N–H
stretching modes, conrming the incorporation of amino
functionalities. The mid-frequency region displayed character-
istic carboxylate vibrations, with bands at 1573.88 cm−1

(asymmetric COO− stretch) and 1377.14 cm−1 (symmetric
COO− stretch),41 verifying the presence of carboxylate groups in
the organic linkers. Additional spectral features included: a C–N
stretching vibration at 1255.63 cm−1; aromatic C–H out-of-
plane deformation at 765.66 cm−1; and a metal–oxygen coor-
dination band at 513.07 cm−1 (Fe–O vibration), which provided
direct evidence of coordination bond formation between the
organic framework and metal centers.

The clear identication and attribution of various charac-
teristic functional groups in the FTIR spectrum provided strong
spectroscopic evidence for the successful synthesis of FeNi-
MOF, which mutually corroborated with the XRD results,
jointly conrming the successful preparation of the target
material.

3.1.4. Thermogravimetric analysis (TGA). The thermal
decomposition behavior of FeNi-MOF was systematically
© 2025 The Author(s). Published by the Royal Society of Chemistry
examined by TGA, as presented in Fig. 5. The obtained ther-
mogram and its derivative (DTG) prole demonstrated a step-
wise degradation mechanism occurring between 25-800 °C. The
rst mass loss event (Dm z 5%), observed below 100 °C, orig-
inated from the liberation of physisorbed water and trapped
solvent molecules within the porous architecture. Subsequent
thermal treatment (100–300 °C) induced framework modica-
tion through progressive elimination of surface-bound func-
tional moieties, accounting for an additional 5–10% mass
reduction.

The most signicant weight loss (approximately 30%)
occurred in the third stage (300–500 °C), where the DTG curve
showed a broad peak around 400 °C. This substantial mass
reduction implied the collapse of the FeNi-MOF framework as
organic ligands decomposed, leading to structural deteriora-
tion. Between 500–600 °C, a more moderate weight loss was
observed, indicating the formation of nitrogen-doped carbon
materials and partial reduction of metal salts to their elemental
states. A sharp DTG peak appeared around 600 °C, corre-
sponding to a rapid weight loss process, aer which the TG
curve gradually stabilized.

This nal decomposition step represented the complete
carbonization of remaining organic components and the
formation of stable metal/carbon composites. By 800 °C, the
weight loss had reached a plateau at approximately 35% of the
original mass, indicating complete transformation into ther-
mally stable products.

3.1.5. X-ray photoelectron spectroscopy (XPS). To gain
comprehensive insights into the surface chemistry of FeNi-
MOF, we performed high-resolution XPS analysis.42 This
advanced surface-sensitive technique enabled precise determi-
nation of both elemental distribution and oxidation states at
the material's interface. Fig. 6 presented the XPS results of the
FeNi-MOF sample, with all spectra tted using Gaussian–Lor-
entzian mixed functions.

Fig. 6(a) displayed the XPS full spectrum clearly showing
characteristic peaks of ve main elements in FeNi-MOF: C, N, O,
Fe, and Ni, conrming the successful synthesis of the bimetallic
MOFmaterial. The high-resolution C 1s XPS spectrum as shown
RSC Adv., 2025, 15, 26843–26859 | 26849
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Fig. 6 XPS spectra of FeNi-MOF over the spectral regions: (a) total spectra; (b) C 1s; (c) N 1s; (d) O 1s; (e) Fe 2p; (f) Ni 2p.
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in Fig. 6(b) revealed four chemically distinct carbon environ-
ments: a dominant peak at 284.0 eV (graphitic sp2 C]C),
accompanied by characteristic signatures at 284.9 eV (aliphatic
sp3 C–C), 285.3 eV (C–N coordination), 285.9 eV (C–O bonding),
and 288.4 eV (p–p* satellite transitions).43,44 The presence of the
C–N peak directly conrmed the successful doping of nitrogen
into the carbon framework structure, which was signicant for
enhancing the acoustic performance of the material.

The deconvoluted N 1s XPS spectrum as shown in Fig. 6(c)
demonstrated six chemically distinct nitrogen congurations:
metal-coordinated N (396.5 eV, Fe/Ni-Nx), pyridinic-N (397.7 eV,
N-6), pyrrolic-N (398.7 eV, N-5), graphitic-N (400.1 eV, N-Q),
oxidized-N (401.4 eV, N–O), and N–N dimers (402.2 eV).45,46

These diverse nitrogen species, especially pyridinic and
graphitic nitrogen, exhibited signicant interactions in alkaline
media.
26850 | RSC Adv., 2025, 15, 26843–26859
The deconvoluted O 1s spectrum as shown in Fig. 6(d)
resolved four distinct oxygen states in the FeNi-MOF: (i) metal–
oxygen coordination centers (529.2 eV for Ni–O and 530.0 eV for
Fe–O), (ii) oxygen-decient sites at 531.5 eV, (iii) carboxylate
oxygen (C]O) at 533.1 eV, and (iv) a minor contribution from
physisorbed H2O (535.5 eV).47,48 This distribution conrmed
successful formation of bimetallic coordination networks while
revealing defect characteristics.

The deconvoluted Fe 2p XPS spectrum as shown in Fig. 6(e)
exhibited multiple splitting features characteristic of iron's
oxidation states, with the 2p3/2 and 2p1/2 spin–orbit doublets
showing distinct satellite structures. Fitting analysis indicated
iron existed in three valence states: zero-valent iron (Fe0) with
a 2p3/2 peak at 706.6 eV, ferrous iron (Fe2+) with 2p3/2 and 2p1/2
peaks at 710.0 eV and 723.9 eV, respectively, and ferric iron
(Fe3+) with 2p3/2 and 2p1/2 peaks at 712.6 eV and 728.4 eV,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively.49 The spectrum further exhibited distinct satellite
features at 719.5 eV and 732.8 eV, which were diagnostic of Fe3+

species, consistent with reported shake-up transitions in iron
oxide systems.50

The Ni 2p high-resolution XPS spectrum in Fig. 6(f) similarly
showed nickel existing in multiple valence states: zero-valent
nickel (Ni0) with 2p3/2 and 2p1/2 peaks at 852.7 eV and 869.4 eV,
respectively, divalent nickel (Ni2+) with 2p3/2 and 2p1/2 peaks at
854.2 eV and 871.6 eV, respectively, and trivalent nickel (Ni3+)
with 2p3/2 and 2p1/2 peaks at 855.7 eV and 872.7 eV, respectively.
Peaks at 862.6 eV and 881.0 eV were satellite peaks of nickel. This
co-existence of multiple valence states of nickel might have
resulted from partial oxidation of Ni2+ to Ni3+ during the material
drying process, forming corresponding oxides and nitrides.51

The analysis results indicated that FeNi-MOF not only
successfully achieved synergistic doping of Fe and Ni dual
metals but also formed rich C–N coordination structures and
various nitrogen species. Critically, the coexistence of pyridinic-
N and graphitic-N moieties, coupled with Fe/Ni multivalent
synergism, engendered hierarchical spatial architectures that
fundamentally governed the material's exceptional acoustic
attenuation capabilities. These microstructural and electronic
state characteristics provided a theoretical foundation for
explaining the excellent acoustic properties of FeNi-MOF.
Fig. 7 Acoustic absorption coefficients of FeNi-MOF@Al-FM with
different thicknesses: (a) low frequency range; (b) high frequency
range.
3.2. Acoustic characteristics analysis

3.2.1. Acoustic performance of FeNi-MOF@Al-FM with
different thicknesses. The acoustic attenuation performance of
aluminum foammetals (Al-FM) and their FeNi-MOF composites
across varying thicknesses (5–15 mm) were systematically
investigated through impedance tube measurements in 100–
4000 Hz. The test results revealed signicant correlations
between material structure and acoustic performance as shown
in Fig. 7.

All investigated materials displayed pronounced frequency-
dependent acoustic behavior in the 100–1000 Hz range, exhib-
iting progressively enhanced sound absorption coefficients with
increasing frequency.52,53Notably, the 15mmFeNi-MOF@Al-FM
composite achieved optimal low-frequency performance, with
absorption coefficient rising monotonically from 0.01 (100 Hz)
to 0.085 (1000 Hz), demonstrating a 7.5-fold enhancement
across this spectral window. Particularly noteworthy was
a signicant sound absorption peak (approximately 0.09)
observed at around 600 Hz, indicating that this material
possessed resonant sound absorption characteristics at this
frequency.

FeNi-MOF@Al-FM-10 and FeNi-MOF@Al-FM-5 composite
materials also exhibited resonance peaks at similar frequencies,
but with peak intensities that decreased with reduced thick-
ness. The sound absorption coefficient curve of the single Al-
FM-5 material remained relatively at, showing the lowest
sound absorption performance. All materials exhibited a small
common peak in the 300–400 Hz range, which might have been
attributed to the acoustic characteristics of the testing appa-
ratus itself or the inherent structural features of the aluminum
foam metal.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The double-peak phenomenon observed in the 600–700 Hz
range for FeNi-MOF@Al-FM-5 was likely caused by localized
resonance coupling effects within the composite material.36,54

This bimodal structure resulted from the acoustic interaction
between MOF nanoparticles and the aluminum foam metal
skeleton. The FeNi-MOF nanoparticles, embedded as
a dispersed phase within the pores of the aluminum foam,
created microscopic heterostructures with distinct acoustic
impedances.55

The MOF particles (with micropore diameters <2 nm) acted
as distributed resonators, generating Helmholtz resonance at
their intrinsic frequency (∼680 Hz), while the cavity structure of
the aluminum foam (mesopore diameters: 100–500 mm)
induced localized resonance at a slightly lower frequency
(∼610 Hz). When the composite thickness was small (5 mm),
the sound wave penetration depth was comparable to the
material thickness, resulting in weak coupling between these
two resonance modes. This allowed them to manifest inde-
pendently while still interacting, leading to the coexistence of
two distinct but closely spaced resonance peaks. The coupling
strength depended on the sound wave propagation path and
RSC Adv., 2025, 15, 26843–26859 | 26851
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Fig. 8 Acoustic absorption coefficients of FeNi-MOF@Al-FM with
different mass ratios: (a) low frequency range; (b) high frequency
range.
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interfacial reection characteristics within the nite
thickness.56,57

As the material thickness increased to 10 mm and 15 mm,
the extended propagation path of sound waves within the
material enhanced multiple scattering and energy dissipation
effects. Consequently, the acoustic coupling between MOF
particles and the metal skeleton transitioned from weak to
strong coupling. Under strong coupling conditions, the origi-
nally independent resonance modes interacted and merged,
forming a single broadened resonance peak.18,58 Furthermore,
the increased thickness introduced longer propagation paths
and accumulated phase differences, reducing the coherence of
localized resonance modes and further promoting the transi-
tion from a double-peak to a single-peak prole. This shi from
bimodal to unimodal resonance reected a size-dependent
coupling mechanism between localized resonance units and
the overall structural resonance in the composite material.
These ndings provided critical insights for designing sound-
absorbing materials with tailored frequency responses.

Material thickness exerted a pronounced inuence on
acoustic attenuation performance in the high-frequency range
(1000–4000 Hz), with thicker specimens demonstrating
substantially enhanced sound dissipation capabilities.59 The
sound absorption coefficient of FeNi-MOF@Al-FM-15 increased
approximately linearly from 0.15 at 1000 Hz to 0.54 at 4000 Hz,
exhibiting the highest high-frequency sound absorption effi-
ciency. The 10 mm and 5 mm FeNi-MOF@Al-FM composites
achieved sound absorption coefficients of 0.33 and 0.27 at
4000 Hz, respectively, while unmodied Al-FM-5 demonstrated
inferior performance (coefficient = 0.22). All tested materials
exhibited gradually increasing, resonance-free absorption
curves in high frequencies (1000–4000 Hz), indicating domi-
nant viscous-thermal energy dissipation mechanisms within
the porous structures.

Comparative analysis of the sound absorption characteris-
tics of FeNi-MOF@Al-FM composite materials with different
thicknesses determined a positive correlation between thick-
ness and sound absorption performance. Increasing the Al-FM
thickness from 5 mm to 15 mm substantially enhanced the
composites' broadband sound absorption performance,
particularly in high frequencies. At 4000 Hz, FeNi-MOF@Al-FM-
15 exhibited a 100% greater absorption coefficient (about 0.54)
compared to its 5 mm counterpart (about 0.22), while low-
frequency improvements remained marginal.

The integration of FeNi-MOF substantially improved the
broadband acoustic performance of Al-FM, as evidenced by
comparative analysis of Al-FM-5 and FeNi-MOF@Al-FM-5. The
MOF-modied composite demonstrated enhanced sound
absorption coefficients across all frequencies, with particularly
notable gains at 600 Hz (low-frequency resonance) and above
2000 Hz (high-frequency damping). These improvements
correlated with the MOF's hierarchical porosity and intrinsic
acoustic resonance properties. The results demonstrated that
FeNi-MOF@Al-FM composites represented a promising class of
acoustic absorbers, particularly the 15 mm variant (FeNi-
MOF@Al-FM-15), which achieved exceptional broadband
noise reduction. The material synergistically combined low-
26852 | RSC Adv., 2025, 15, 26843–26859
frequency resonant absorption with high-frequency porous
damping, enabling effective attenuation across the entire
audible spectrum.

These ndings provided important references for further
optimizing the design of sound-absorbing materials. By
controlling the thickness of aluminum foam metal and the
method of MOF incorporation, functional materials with
excellent sound absorption performance for specic frequency
ranges could be designed.

3.2.2. Acoustic performance of FeNi-MOF@Al-FM with
different mass ratios. This research systematically investigated
the sound absorption characteristics of composite materials
consisting of aluminum foam metal loaded with different mass
ratios of MOF (5%, 10%, 20%) at a xed thickness (5 mm) in the
frequency range of 100–4000 Hz, as shown in Fig. 8. Through
detailed analysis of the variation of sound absorption coeffi-
cients with frequency, the regulatory mechanism of MOF
loading mass ratio on the acoustic performance of composite
materials and their potential application value were revealed.

Experimental results showed that in the low-frequency
region of 100–1000 Hz, all tested samples exhibited frequency-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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dependent sound absorption behavior. The 20FeNi-MOF@Al-
FM-5 composite exhibited optimal low-frequency acoustic
attenuation, showing a 6.5-fold enhancement in sound
absorption coefficient from 0.015 (100 Hz) to 0.098 (1000 Hz).
The composite demonstrated a pronounced resonance peak at
600 Hz (coefficient z 0.085), followed by monotonic enhance-
ment of acoustic absorption (0.072 to 0.098) across the 800–
1000 Hz range.

The 10FeNi-MOF@Al-FM-5 composite exhibited secondary
acoustic performance, demonstrating a 600 Hz resonance peak
(coefficient z 0.065) and achieving 0.072 at 1000 Hz. In
comparison, the 5FeNi-MOF@Al-FM-5 showed reduced
absorption capability, with a weaker resonance (coefficient z
0.050) and limited broadband performance (coefficientz 0.051
at 1000 Hz). Unmodied Al-FM-5 displayed the poorest low-
frequency attenuation, exhibiting a near-at absorption
prole (coefficient = 0.042 at 1000 Hz) throughout the
measured range.

All tested materials exhibited a small common peak around
350 Hz, which might have been related to the acoustic charac-
teristics of the test device or the inherent structural parameters
of the aluminum foam metal. Around 600 Hz, different mate-
rials exhibited resonant sound absorption behaviors of varying
intensities, indicating that the materials had specic resonant
sound absorption mechanisms at this frequency, and the
resonance intensity was positively correlated with the FeNi-MOF
loading mass ratio. As the mass ratio of FeNi-MOF to Al-FM
increased from 5% to 20%, the low-frequency resonant sound
absorption peak intensity and overall sound absorption
performance showed a signicant enhancement trend.

The 5FeNi-MOF@Al-FM-5 composite exhibited dual peaks at
610 Hz and 680 Hz in the 600–700 Hz frequency range, while
other materials only showed a single peak at approximately
620 Hz. This phenomenon was remarkably similar to the results
obtained from thickness-dependent experiments, with essen-
tially identical underlying mechanisms. The dual peaks were
primarily attributed to the combined effects of the Helmholtz
resonator mechanism from MOF particles and the local struc-
tural resonance mode dominated by the aluminum foam skel-
eton.55 At low MOF content, the relatively weak acoustic
coupling at the material interface allowed both components to
maintain their independent resonance characteristics, result-
ing in two distinct resonance peaks. As the FeNi-MOFmass ratio
increased to 10% and 20%, the distribution density of MOF
particles within the aluminum foam pores signicantly
increased, leading to improved acoustic impedancematching at
the interface. This enhancement strengthened the resonance
coupling effect between the two components. The high-
concentration MOF lling modied the overall acoustic
impedance characteristics of the composite material, causing
the originally independent resonance modes to gradually merge
into a single coupled resonance system with a stabilized
frequency around 620 Hz. During this transition from bimodal
to unimodal behavior, the acoustic performance of the
composite material evolved from a superposition effect of local
resonators to a unied response of an integrated resonance
cavity.56 These observations clearly demonstrated the regulatory
© 2025 The Author(s). Published by the Royal Society of Chemistry
role of interfacial coupling strength in determining the acoustic
properties of composite materials.

The high-frequency acoustic performance (1000–4000 Hz)
exhibited strong dependence on FeNi-MOF loading concentra-
tion, with greater mass ratios yielding substantially enhanced
sound attenuation. The 20FeNi-MOF@Al-FM-5 composite
material exhibited excellent high-frequency sound absorption
capability, with its sound absorption coefficient increasing
approximately linearly from 0.15 at 1000 Hz to 0.82 at 4000 Hz.
The 10FeNi-MOF@Al-FM-5 composite demonstrated secondary
high-frequency attenuation capability (coefficient= 0.43 at 4000
Hz), while the 5FeNi-MOF@Al-FM-5 variant showed interme-
diate performance (coefficient = 0.28). Unmodied Al-FM-5
exhibited the most limited acoustic damping (coefficient =

0.22), conrming the critical role of MOF loading concentration
in high-frequency sound absorption. The sound absorption
curves in the high-frequency region generally showed a smooth
upward trend, with no obvious resonance peaks observed,
indicating that high-frequency sound absorption mainly relied
on viscous consumption and thermal loss mechanisms within
the porous structure of the material.

Through systematic comparison of composite materials with
different MOF loading mass ratios, a quantitative relationship
between loading mass ratio and sound absorption performance
was established. Systematic enhancement of broadband
acoustic performance was observed with increasing FeNi-MOF
loading from 5 to 20 wt%, particularly in high-frequency
range. The 20 wt% composite achieved a 2.9-fold greater
absorption coefficient of 0.82 at 4000 Hz compared to its 5 wt%
counterpart (coefficient = 0.28), demonstrating concentration-
dependent acoustic optimization. The regulatory effect of
FeNi-MOF loading mass ratio on high-frequency sound
absorption performance was signicantly greater than its effect
on low frequencies, with differences in sound absorption coef-
cients of materials with different loading mass ratios reaching
0.6 at 4000 Hz, while the difference at 600 Hz was only about
0.035.

As the FeNi-MOF loading increased, the improvement in
sound absorption performance exhibited a non-linear rela-
tionship. When the mass ratio increased from 5% to 10%, the
high-frequency 4000 Hz sound absorption performance
improved by approximately 53%; while from 10% to 20%, the
improvement was about 91%. This phenomenon suggested the
possible existence of a critical loading amount, beyond which
the improvement in sound absorption performance became
more signicant, providing an important reference for opti-
mizing composite material design.
3.3. Sound absorption mechanism analysis

To elucidate the inuence of MOFs on the macroscopic acoustic
properties of materials, the Johnson–Champoux–Allard (JCA)
parameter model is established in this research, which
currently represents the most accurate generalized acoustic
model for characterizing the sound absorption properties of
rigid-frame porous metallic materials across a broad frequency
range.60,61 The JCA model, combining the advantages of both
RSC Adv., 2025, 15, 26843–26859 | 26853
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Johnson–Allard and Champoux–Allardmodels, describes sound
transmission in porous materials by considering acoustic wave
propagation and absorption mechanisms, enabling the
prediction of sound absorption performance. In the JCA model,
sound propagation occurs through two primary mechanisms:
intra-pore and inter-pore wave transmission.62,63 The model
assumes porous materials consist of interconnected pores and
solid pore walls, with key macroscopic acoustic parameters
including porosity (f), tortuosity (c), characteristic length (d),
and acoustic impedance.

The porosity was calculated as:64

f ¼
�
1� rm

rb

�
� 100% (11)

where rm and rb represented the composite and strut densities,
respectively.

For 5FeNi-MOF@Al-FM-5 and 20FeNi-MOF@Al-FM-5, the
porosities were calculated as 82.76% and 83.21%, respectively,
based on measured densities (FeNi-MOF: packing density
0.22 g cm−3, strut density 1.81 g cm3; Al-FM: block density
0.47 g cm−3, strut density 2.70 g cm−3).

Tortuosity was derived from porosity using

c ¼ 2þ 2 cos

�
4p

3
þ 1

3
cos�1ð2f� 1Þ

�
(12)

yielding values of 1.528 and 1.520 for the 5% and 20% MOF-
loaded composites, respectively.

The characteristic representative unit cell (RUC) dimension
was determined by

d ¼ 3ð3� cÞðc� 1Þ
3:18

w

l2
� 0:61

w2

l3

(13)

where l and w represented the opening side length and matrix
skeleton width, respectively, as measured from electron
microscopy as shown in Fig. 9 (5% MOF: l = 28.21 mm, w =

87.62 mm; 20% MOF: l = 45.50 mm, w = 99.58 mm). This yielded
RUC dimensions of 212.68 mm and 173.52 mm for the respective
composites.

Fluid permeability (K) and ow resistivity (s) were
calculated as
Fig. 9 SEM image demonstrates the measurement of side length l and
side width w of FeNi-MOF@Al-FM: (a) 5FeNi-MOF@Al-FM-5; (b)
20FeNi-MOF@Al-FM-5.

26854 | RSC Adv., 2025, 15, 26843–26859
K ¼ f2d2

36cðc� 1Þ (14)

s ¼ m

K
(15)

where m was the viscosity of air at 25 °C with a value of 1.84 ×

10−5 N s m−2, resulting in permeabilities of 1066.38 m2 and
732.05 m2, and ow resistivities of 17 254 Pa s m−2 and 25 135
Pa s m−2 for the 5% and 20% MOF composites. The incorpo-
ration of FeNi-MOF strongly enhanced the uid contact area.
Thus, the increase in ow friction at solid–liquid interfaces
leads to larger amount of energy dissipation when sound travels
through the structure.

The composite's acoustic attenuation was governed by two
mechanisms:65,66 (1) low-frequency resonance absorption
(<1000 Hz) from structural vibration modes, and (2) high-
frequency porous damping (>2000 Hz) through viscothermal
energy conversion. The viscothermal absorption mechanism
involves viscous and thermal boundary layer effects near pore
walls, where velocity and temperature gradients convert
acoustic energy to heat through viscous friction and thermal
conduction.

A characteristic resonance peak at ∼630 Hz originated from
microstructural features formed by FeNi-MOF particles and Al-
FM framework, with efficiency positively correlating with MOF
loading due to increased resonance units. In 5 mm-thick
samples, limited material thickness restricted cumulative
boundary layer effects, making viscothermal dissipation local-
ized in MOF micropores (<2 nm, complete viscous domination)
and Al-FM mesopores (100–500 mm, boundary layer-limited
dissipation).

Thicker samples exhibited enhanced viscothermal absorp-
tion through:67,68 (1) increased pore channel complexity gener-
ating turbulent ows, and (2) prolonged propagation paths
amplifying boundary layer effects. At low MOF loading (5%),
discrete “island” distributions of MOF particles created local-
ized high-dissipation zones with bypass routes, as shown in
Fig. 2(c), limiting overall efficiency. The 20% MOF loading
formed continuous networks establishing a hierarchical pore
system (mm-scale Al-FM macropores / mm-scale MOF inter-
particle voids / nm-scale MOF intrinsic pores), as shown in
Fig. 2(e), enabling progressive energy dissipation through three-
length-scale ltration.

This transition from bimodal to unimodal behavior reected
a shi from superimposed local resonators to unied cavity
response, demonstrating interface coupling's regulatory role.
High-frequency dissipation (2000–4000 Hz) occurred through
coupled viscous friction at gas–solid interfaces and thermal
conduction in tortuous pores.69 The multi-scale pore architec-
ture (nm to mm) provided matched dissipation channels across
frequencies: Al-FM mesopores dominated 2000–3000 Hz, while
MOF micropores controlled 3000–4000 Hz absorption.

The exceptional high-frequency performance stemmed from
FeNi-MOF's intrinsic properties: ultrahigh specic surface area
(1000–1500 m2 g−1) and tunable nanoporosity. Abundant
interfaces provided vast dissipation areas, while precisely
© 2025 The Author(s). Published by the Royal Society of Chemistry
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adjustable pore sizes enabled frequency-selective absorption
matching boundary layer thicknesses. Heterogeneous inter-
faces between MOF and Al-FM created additional dissipation
sites through scattering, reection, and mode conversion, with
surface roughness and chemical heterogeneity further
enhancing losses.

Increasing MOF loading created more complex hierarchical
pores, generating synergistic effects for broadband absorption.
The optimized 20FeNi-MOF@Al-FM-5 composite achieved
a peak absorption coefficient of 0.82 at 4000 Hz, demonstrating
exceptional performance in the crucial 2000–4000 Hz range for
practical noise control applications. This work establishes
a viable strategy for designing next-generation acoustic mate-
rials through precise MOF/metal foam ratio control.

From an application perspective, the efficient viscothermal
sound absorption performance made the FeNi-MOF@Al-FM
composite particularly suitable for broadband acoustic appli-
cations. In architectural acoustics, this material could be
employed in demanding environments such as concert halls
and recording studios, where its broadband absorption
Fig. 10 Sound absorption performance comparative analysis of FeNi-
MOF@Al-FM composite vs. conventional materials: (a) sound
absorption coefficient at 2000 Hz; (b) sound absorption coefficient at
4000 Hz.

© 2025 The Author(s). Published by the Royal Society of Chemistry
characteristics effectively mitigated standing waves and echoes
to create optimal acoustic environments. For transportation
noise reduction, the composite's lightweight properties
rendered it ideal for weight-sensitive applications in aerospace
and high-speed rail systems.

Fig. 10 presented a comparative analysis of sound absorption
coefficients between the FeNi-MOF@Al-FM composite and
conventional architectural absorbers (melamine foam,55 poly-
styrene foam,70 polyurethane foam,71 polycarbonate material,72

Zr-MOF/PVA/M,55 coconut ber,9 wood,73 polymer-porous
cement mortar74). The developed composite demonstrated
exceptional acoustic attenuation performance in high-
frequency regions. While conventional wisdom suggested that
thicker materials were typically required to achieve sufficient
energy dissipation through increased surface area, the FeNi-
MOF@Al-FM composite surprisingly exhibited superior
acoustic attenuation at signicantly reduced thicknesses
compared to standard absorbers like polyurethane foam,
mineral wool, wood, and natural bers. Remarkably, at 4000 Hz,
the composite achieved sound absorption coefficients more
than double those of melamine foam. This ultrathin FeNi-
MOF@Al-FM composite demonstrated substantial application
potential for both architectural and transportation sectors.

The material's exceptional performance was attributed to its
unique hierarchical pore structure, which enabled efficient
viscothermal energy conversion across multiple length scales.
Unlike traditional absorbers that relied primarily on thickness-
dependent dissipation mechanisms, the composite's nano–
micro–macro pore architecture facilitated broadband absorp-
tion through optimized interfacial interactions and boundary
layer effects. This breakthrough in thin-lm acoustic material
design addressed critical challenges in space-constrained
applications where conventional thick absorbers proved
impractical.

4. Conclusions

This study developed FeNi-MOF@Al-FM composite materials
with optimized acoustic performance through structural engi-
neering. SEM analysis revealed that increasing FeNi-MOF
loading (0–20 wt%) enhanced surface particle density while
maintaining open channels, forming semi-open porous archi-
tectures. The hexagonal spindle-like FeNi-MOF crystals exhibi-
ted MIL-88(Fe)-type structure conrmed by XRD, with peak
shis indicating successful Ni doping. FTIR and XPS veried
characteristic functional groups (N–H, C–O, Fe–O) and
conrmed bimetallic coordination environments. TGA
demonstrated three-stage thermal degradation involving
solvent loss, ligand decomposition, and framework collapse.

Acoustic testing revealed thickness-dependent performance,
with 15 mm samples achieving optimal broadband absorption.
The composite displayed dual absorption mechanisms: low-
frequency resonance (z600 Hz) from MOF-framework interac-
tions, and high-frequency viscous/thermal dissipation through
hierarchical porosity. Notably, 20FeNi-MOF@Al-FM-5 (20%
loading, 5 mm thickness) exhibited exceptional performance
with 0.82 absorption coefficient at 4000 Hz – 3.7× enhancement
RSC Adv., 2025, 15, 26843–26859 | 26855
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over unmodied Al-FM. The synergy between MOFs' nanoscale
pores (high surface area) and Al-FM's macroporous structure
enabled full-spectrum sound attenuation.

Structure–performance relationships established that
acoustic properties could be tuned through thickness control
and MOF loading optimization. The composite's multi-scale
porosity (nano-to-macro) combined with bimetallic coordina-
tion effects facilitated simultaneous resonant absorption and
broadband dissipation. These ndings provide a design blue-
print for advanced acoustic materials, particularly valuable in
noise control applications requiring thin-prole solutions with
full-frequency effectiveness. The material demonstrates signif-
icant potential for architectural acoustics, precision instrument
protection, and industrial noise mitigation, offering a balanced
combination of structural stability, thermal resistance, and
tunable sound absorption performance.
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