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1D core@shell M@CNRs nanocomposites fabricated via NTAC-based synthesis

strategy, designed for achieving microwave absorption, corrosion resistance, and

antibacterial properties.
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Abstract: Simultaneous achievement of high-performance microwave absorption,

antibacterial activity, and corrosion resistance remains a key challenge for

multifunctional materials in real-world application scenarios. Herein, one-dimensional

core@shell FeCo@carbon nanorods (CNRs), FeCoNi@CNRs, and

FeCoNiMn@CNRs consisting of magnetic alloy nanoparticles as core confined in the

shell of CNRs are fabricated through a nitrilotriacetic acid chelation (NTAC)-assisted

hydrothermal route, phenolic-resin coating, and carbonization treatment. The

increased annealing temperature promotes graphitization of carbon shell, yielding the

improved impedance matching and dielectric/magnetic synergy. The optimized

FeCoNi@CNRs deliver a minimum reflection loss of -52.57 dB and an effective

absorption bandwidth (EAB) of 5.60 GHz. Successive Ni and Mn incorporation

further enhances complex permittivity, attenuation constant, and impedance matching.

The acquired FeCoNiMn@CNRs display an EAB of 6.40 GHz, a radar cross-section

reduction up to 39.59 dB·m2, a bacteriostatic rate approaching 100% against E. coli,

and the highest corrosion potential with the lowest corrosion current density in

simulated seawater. The functionally complementary core@shell design with

magnetic alloy core for loss/ROS generation and graphitic carbon shell for interfacial

polarization/barrier protection establishes a facile and universal NTAC-derived

strategy for advanced wave-absorbing materials with integrated antibacterial and

environmental durability.

Keywords: NTAC-derived strategy, core@shell magnetic CNRs, microwave
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absorption, antibacterial, corrosion resistance

1. Introduction

The exponential proliferation of fifth-generation (5G), radar detection systems and

Internet-of-Things (IoT) devices not only bring unprecedented convenience to modern

society, but also simultaneously give rise to an omnipresent and increasingly severe

electromagnetic (EM) pollution issue [1, 2]. Consequently, microwave absorbing

materials (MAMs) have emerged as a critical technological solution, which can

convert incident EM energy into thermal dissipation through well-engineered

engineered dielectric and magnetic loss mechanisms [3]. Over the past two decades,

the design philosophy of MAMs has gradually evolved from the early pursuit of mere

“high absorption intensity” to a comprehensive demand for “thin thickness, low

density, broad effective absorption bandwidth (EAB), and strong environmental

adaptability” [4, 5]. This evolutionary trend has continuously driven the exploration

of novel structural configurations and compositional systems, ranging from traditional

ferrites and metallic micropowders to advanced carbon-based nanocomposites,

emerging two-dimensional material families, and metamaterials [6, 7].

Despite remarkable progress, the field of MAMs still faces several challenges that

fundamentally limit the practical deployment of absorbers in real-world scenarios [8,

9]. Firstly, there exists a long-standing trade-off between magnetic loss capability and

environmental stability for magnetic MAMs, especially those based on Fe-Co-Ni

systems. Their surfaces are highly susceptible to oxidation and acidic/marine

corrosion, which rapidly degrades both absorption performance and mechanical

Ju
st

 A
cc

ep
te

d



4

integrity [10]. Secondly, the majority of existing MAMs are designed with a singular

functionality mindset: microwave absorption only. In many practical application

scenarios, such as marine vessel anti-corrosion coatings, offshore wind-turbine

nacelles, and public electronic enclosures in humid environments, materials are

simultaneously exposed to salt-spray corrosion, biofilm colonization by bacteria, and

intense EM radiation. Conventional MAMs completely lack intrinsic antibacterial

activity and offer little resistance to electrochemical corrosion [11]. Thirdly, achieving

a rationally designed multi-scale architecture that synergistically integrates multiple

loss mechanisms remains a formidable synthetic challenge. Ideal MAMs should

possess a hierarchical architecture where nanoscale building blocks provide

polarization centers, mesoscale assemblies extend wave-propagation paths, and

macroscale morphologies ensure mechanical robustness [12]. One-dimensional (1D)

core@shell nanorods (NRs) represent a particularly attractive geometry because their

high aspect ratio facilitates multiple internal reflection and scattering of incident EM

waves, while the core@shell heterointerface creates strong interfacial polarization.

However, the scalable and composition-tunable fabrication of such 1D architectures

with precise spatial control over bimetallic or multimetallic alloy cores remains a

significant challenge.

To address these multifaceted challenges, researchers have devoted extensive

efforts to exploring various precursor-mediated strategies for fabricating metal/carbon

nanocomposites [13]. Metal-organic frameworks (MOFs), covalent organic

frameworks (COFs), and coordination polymers gain prominence as sacrificial
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templates due to their uniform porosity and molecular-level metal dispersion [14].

However, most MOF-derived routes are restricted by the limited availability of 1D

MOF topologies, complex ligand-exchange or surfactant-assisted growth steps, and

poor compositional flexibility when targeting multicomponent transition-metal alloys

[15]. Acting as a small, inexpensive, and environmentally benign multidentate

chelator bearing one tertiary amine and three carboxylate groups, nitrilotriacetic acid

(NTA) offers a refreshingly simple yet powerful alternative [16]. NTA forms

extremely stable water-soluble chelates with a broad spectrum of transition-metal ions

(Fe2+, Co2+, Ni2+, Mn2+, Cu2+, etc.) through its tripodal coordination geometry,

enabling the molecular-level confinement of single or multiple metal species within a

single coordination complex [17]. Hydrothermal treatment of such NTA-metal

complexes readily yields 1D metal-nitrilotriacetic acid chelate (NTAC) NRs, which

serve as ideal 1D precursors for subsequent thermal transformation. Nevertheless,

direct carbonization of metal-NTAC often leads to agglomerated metal nanoparticles

or collapsed carbon frameworks due to the rapid release of chelated water and

structural reorganization at high temperatures [18]. Introducing an intermediate

protection layer such as a phenolic resin (PR) shell is critically needed to encapsulate

the precursor, buffer the thermal decomposition, and supply an additional carbon

source for the in-situ formation of a continuous graphitic carbon nanorods (CNRs)

shell [19, 20].

Motivated by the above considerations, this work presents a scalable

NTAC-derived strategy for constructing 1D core@shell metal alloy (MA)
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nanoparticles@CNRs (MA=FeCo, FeCoNi, FeCoNiMn) with triply integrated

functionalities: high-efficiency microwave absorption, potent antibacterial activity,

and superior seawater corrosion resistance. The meticulously designed 1D core@shell

MA@CNRs nanocomposite, in which the inner alloy core provides magnetic loss,

ROS-mediated antibacterial action, and catalytic activity, while the outer graphitic

carbon shell contributes dielectric loss, interfacial polarization, and a physical barrier

against corrosive agents, can concurrently deliver outstanding EM wave absorption

properties (EMWAPs) (EAB >6.0 GHz), a near-100% bacteriostatic rate, and

excellent electrochemical corrosion resistance.

2. Experimental section

2.1 Controllable Production of Metal-NTAC and Metal-NTAC@PR NRs

Typically, different categories of metal-NTAC including FeCo-NTAC,

FeCoNi-NTAC and FeCoNiMn-NTAC NRs could be selectively produced by a

hydrothermal method. Taking FeCo-NTAC as an example, as summarized in Table S1

(Supporting Information), CoCl2·6H2O, FeCl2·4H2O and NTA (1.20 g) were dissolved

in the mixed solution consisting of water (40 mL) and isopropyl alcohol (30 mL). The

resulting solution was stirred continuously for 1.5 h and subjected to subsequent

hydrothermal treatment at 180 °C for 7 h. FeCo-NTAC NRs could be acquired after

the washed and dried processes. Equally, FeCoNi-NTAC and FeCoNiMn-NTAC NRs

were also efficiently fabricated by regulating the kinds of starting reactants (Table S1).

Subsequently, the obtained metal-NTAC (200 mg) was ultrasonically dispersed into a

mixed solvent containing anhydrous ethanol (210 mL), deionized water (30 mL) and

ammonia (9 mL). After the addition of resorcinol (0.4 g) and formaldehyde (0.56 mL),

the resulting mixture was magnetically stirred for 24 h. Finally, FeCo-NTAC@PR,
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FeCoNi-NTAC@PR and FeCoNiMn-NTAC@PR could be obtained after the washed

and dried treatment, respectively.

2.2 Fabrication of FeCo@CNRs, FeCoNi@CNRs and FeCoNiMn@CNRs

As summarized in Table S2, FeCoNi-NTAC@PR was successively subjected to

heat treatment under an argon atmosphere in a tubular furnace at different annealing

temperatures (900 °C, 950 °C and 1000 °C) for 2 h. The corresponding samples were

labeled as FeCoNi@CNRs-1, FeCoNi@CNRs-2 and FeCoNi@CNRs-3, respectively.

Equally, the heat treatment of FeCo-NTAC@PR and FeCoNiMn-NTAC@PR was

conducted under an argon atmosphere at 1000 °C for 2 h to yield FeCo@CNRs-3 and

FeCoNiMn@CNRs-3 (for easy description), respectively.

3. Results and Discussion

3.1 Microstructure, composition, EM properties, and EMWAPs of

FeCoNi@CNRs

Figure 1 provides the schematic diagram for preparing MA@CNRs and

microstructures of FeCoNi@CNRs. As described in Figure 1a, NTA serving as an

efficient multidentate ligand displays the strong chelation capability toward

Fe2+/Co2+/Ni2+/Mn2+ because of its abundant tertiary amine and carboxylate groups

[21]. And the hydrothermal treatment enables these metal ions to be confined at the

molecular level, contributing to the formation of metal-NTAC [22]. Benefiting from

the excellent coordination capability of NTA toward various transition-metal ions, this

strategy can be universally extended to produce multicomponent metal-NTAC [23,

24]. As displayed in Figure 1b and c, the FeCoNi-NTAC precursor exhibits a typical

1D rod-like morphology with a smooth surface. And the comparison scanning

electron microscopy (SEM) investigations (Figure 1b and d) suggest that the acquired

NRs after PR coating display the evidently rough surfaces. Typical transmission
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electron microscopy (TEM) observation (Figure 1e) confirms that the FeCoNi-NTAC

NRs is fully enwrapped by PR layer, which confirms the formation of core@shell

FeCoNi-NTAC@PR NRs [25]. After the heat treatment of FeCoNi-NTAC@PR NRs

at 1000 °C, SEM investigation (Figures 1f, S1a and b) reveals that the acquired

FeCoNi@CNRs-3 still remains the rod-like morphology with the rough surface. And

TEM observation (Figures 1g, S1c and d) verifies that the typical rod-like

morphology and core@shell structure of FeCoNi@CNRs-3. Different from

FeCoNi-NTAC@PR, TEM image also reveal that abundant black nanoparticles are

formed and uniformly embedded throughout the CNRs, displaying a typical

core@shell structure. Equally, the typical SEM (Figures S2a-c and S3a-c) and TEM

(Figures S2d-f and S3d-f) images confirm that the acquired FeCoNi@CNRs-1 and

FeCoNi@CNRs-2 also present the typical rod-like morphology and core@shell

structure, which are composed of CNRs as shell and inner black nanoparticles with

large quantities as core. And these black nanoparticles should originate from the

reduction and alloying of coordinated metal ions during the high-temperature

treatment, leading to the generation of FeCoNi alloy nanoparticles confined within the

CNRs [26, 27]. As labeled in Figure 1h, three different lattice fringes of ca. 0.18, 0.20

and 0.34 nm are clearly observed in the high-resolution TEM image of

FeCoNi@CNRs-3, which are assignable to (200) plane of Ni3Fe, (110) plane of

Co7Fe3, and (002) plane of graphitized carbon, respectively [28, 29]. Moreover, the

TEM elemental mapping results (Figure 1i and j) of FeCoNi@CNRs-3 reveal that the

C element is uniformly distributed throughout the whole nanorod. And Fe, Co and Ni

elements are concentrated in the nanoparticle regions and exhibit the highly

overlapping distributions, further demonstrating the formation of FeCoNi alloy

nanoparticles [30].
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Figure 1. (a) Schematic diagram for preparing multicomponent alloy@CNRs, SEM

and TEM images of (b, c) FeCoNi-NTAC, (d, e) FeCoNi-NTAC@PR and (f, g)

FeCoNi@CNRs-3, respectively. (h) HRTEM and (i, j) element mapping images for

FeCoNi@CNRs-3.

To confirm their compositions, Figure 2 provides the XRD, Raman and XPS

spectra for FeCoNi@CNRs samples. As marked in Figure 2a, all the FeCoNi@CNRs

Ju
st

 A
cc

ep
te

d



10

samples carbonized at 900, 950, and 1000 °C exhibit the similar diffraction peaks,

indicating their same compositions. And all the marked XRD characteristic peaks can

be assigned to (111), (200), and (220) planes of Ni3Fe alloy (PDF#88-1715), (110),

(200), and (211) planes of Co7Fe3 (PDF#50-0795), and (002) plane of carbon

(PDF#50-0795), respectively [31, 32]. The acquired XRD results are fully consistent

with those from HRTEM, which implies that FeCoNi alloy nanoparticles are

composed of Ni3Fe and Co7Fe3 phases. The formation of these phase-separated alloys

is attributed to the competition between entropy stabilization and enthalpic

interactions among different metallic species, which induces the local compositional

fluctuations and ultimately drives the phase separation during alloy evolution [33]

The Raman spectra (Figure 2b) of FeCoNi@CNRs samples exhibit two characteristic

bands at ca. 1339 cm-1 and 1579 cm-1, which correspond to the disorder-induced D

band and graphitic G band, respectively [34]. And the FeCoNi@CNRs samples

display the gradually decreased intensity ratio of these two bands (
D GI I )when the

carbonization temperature increases from 900 to 1000 °C, indicating a progressively

increased degree of graphitization [35]. The enhanced degree of graphitization for

carbon-based composites is beneficial for improving the electrical conductivity,

thereby promoting the conduction loss and EM wave attenuation [36, 37].

Furthermore, the survey spectra (Figure 2c) of FeCoNi@CNRs samples

demonstrate the presence of C, O, Fe, Co, and Ni elements, implying their same

elemental compositions. As marked in Figure 2d, all the FeCoNi@CNRs samples

display similar Co 2p high-resolution spectra consisting of several characteristic peaks,

which correspond to Co0, Co 2p3/2, Co 2p1/2 and their satellite peaks, respectively [38].

Equally, all the Fe 2p (Figure 2e) and Ni 2p (Figure 2f) high-resolution spectra of

FeCoNi@CNRs samples are divided into several characteristic peaks assignable to
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Fe0/Ni0, Fe 2p3/2/Ni 2p3/2, Fe 2p1/2/Ni 2p1/2 and their satellite peaks, respectively [39,

40]. Generally, the acquired XPS results demonstrate the generation of Co0, Fe0, and

Ni0 in the acquired FeCoNi@CNRs samples. The C 1s high-resolution spectra of

FeCoNi@CNRs samples are deconvoluted into three peaks corresponding to

C-C/C=C, C-O, and C=O bonds, respectively (Figure S4a) [41]. And XPS quantitative

analysis (Figure S4b) clearly shows that the proportion of C-C/C=C bonds steadily

increases from 41% to 51% and the contents of C-O and C=O oxygen-containing

groups decrease from 47% and 12% to 42% and 7% with the annealing temperature of

FeCoNi@CNRs increasing from 900 °C to 1000 °C. The continuous rise in the

C-C/C=C ratio reflects a significant improvement in the crystallinity of carbon. In

summary, the SEM, TEM, HRTEM, XRD, Raman and XPS results demonstrate that

core@shell structure FeCoNi@CNRs consisting of CNRs as the shell, Ni3Fe and

Co7Fe3 nanoparticles as the core can be produced in large scale by our proposed route.

Generally, the results suggest that the enhanced carbonization temperature contributes

to the progressively increased degree of graphitization for FeCoNi@CNRs, which is

beneficial to optimize the EM and EMWAPs [42].
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Figure 2. (a) XRD, (b) Raman, (c) survey XPS, and Co 2p, Fe 2p, Ni 2p high

resolution XPS spectra for FeCoNi@CNRs samples.

Figure 3 presents the complex permittivity ( i     ), attenuation constant

(  ), impedance matching ( Z ), Reflection loss (RL) and EAB results for

FeCoNi@CNRs samples. And the   (Figure 3a) and   (Figure 3b) values of

FeCoNi@CNRs samples exhibit the gradually decreasing tendency within 2-18 GHz,

which is attributed to typical frequency-dependent dielectric dispersion [43, 44].

Furthermore, both   and   values follow this order:

FeCoNi@CNRs-1<FeCoNi@CNRs-2<FeCoNi@CNRs-3, implying that the increased

annealing temperature contributes to the boosted values of complex permittivity [45].

The enhanced   and   values of FeCoNi@CNRs samples are mainly attributed

to the increased graphitization degree and improved electrical transport at the elevated

temperature, which facilitate the electron migration and conductive loss [46]. To

evaluate the attenuation and impedance matching abilities, the  and Z values of

FeCoNi@CNRs samples are calculated by the Equations S1 and S2. The acquired

FeCoNi@CNRs samples present the evidently enhanced � values (Figure 3c) with

increasing the annealing temperature, indicating their improved EM wave energy

dissipation [47]. Equally, the comparison Z values (Figure 3d) also demonstrate the

progressively improved impedance matching characteristics of FeCoNi@CNRs

samples with the annealing temperature increasing from 900 to 950 and 1000 °C,

indicating the efficiently entry of EM waves into FeCoNi@CNRs-3 [48].

To further verify their EM wave absorbing performance, their RL values are

calculated by Equation S3. And the minimum RL (RLmin) and EAB values of

FeCoNi@CNRs-1, FeCoNi@CNRs-2 and FeCoNi@CNRs-3 are -18.02 dB at 6.84

mm and 4.80 GHz at 2.78 mm, -28.84 dB at 7.00 mm and 4.80 GHz at 2.78 mm,
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-52.57 dB at 3.32 mm and 5.60 GHz at 2.23 mm (Figure S5), respectively. As

summarized in Figure 3e, the results confirm that the acquired FeCoNi@CNRs

present the improved RLmin and EAB values with the carbonized temperature

increasing from 900 to 950 and 1000 °C, implying the boosted EMWAPs. And the

acquired c (Figure 3f) and p values (Figure 3g) suggest the key contribution of

polarization loss [49]. The FeCoNi@CNRs-3 displays much higher c and p

values than those of FeCoNi@CNRs-1 and FeCoNi@CNRs-2, indicating their

boosted conductive and polarization loss capacities [50]. On basis of acquired results,

the enhancement of polarization loss mainly originates from two aspects: (1) dipole

polarization induced by the increased defects with rising the annealing temperature,

and (2) interfacial polarization effects resulting from the heterogeneous interfaces

between Co7Fe3 and Ni3Fe nanoparticles, as well as the core@shell structures [51]. In

summary, the EM, EM wave attenuation and impedance matching characteristics of

FeCoNi@CNRs are optimized by modulating the carbonized temperature, which

results in their excellent EMWAPs.
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Figure 3. (a)   , (b)   , (c)  , (d) Z (e) summarized RLmin and EAB values, (f)

c ~ f and (g) p ~ f curves for FeCoNi@CNRs samples.

3.2. Characterization, EM Properties, and EMWAPs of FeCo@CNRs and

FeCoNiMn@CNRs

At the annealing temperature of 1000℃, FeCo@CNRs and FeCoNiMn@CNRs are

also produced to comparatively study the effect of composition on EM parameters and

EMWAPs. And the typical TEM images for FeCo-NTAC (Figure 4a) and

FeCo-NTAC@PR (Figure 4b) also confirm their typical rod-like morphologies and

the uniform encapsulation of PR layer around FeCo-NTAC, which are similar to

FeCoNi-NTAC and FeCoNi-NTAC@PR NRs. After the annealing treatment, SEM

(Figures S6a and b) and TEM observation (Figures 4c, S6c and d) demonstrate that

the acquired FeCo@CNRs-3 still maintains the typical configuration of NRs, which
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are also composed of CNRs as shell and black CoFe nanoparticles as core. And TEM

elemental mapping results (Figure 4d) of FeCo@CNRs-3 confirm the uniform

distribution of C, and Fe/Co elements across the whole gray nanorod and black

nanoparticles. Similar to those of FeCo@CNRs-3 and FeCoNi@CNRs-3, the typical

SEM (Figures 4e, S7a and b) and TEM (Figures 4f, S7c and d) investigations also

demonstrate that FeCoNiMn@CNRs-3 presents a typical 1D core@shell structure

rod-like morphology consisting of black nanoparticles with large quantities and gray

nanorod. As labeled in Figure 4g, the clear lattice spacings of 0.21, and 0.19 nm are

observed, which should originate from the generated MA [52]. And the lattice spacing

of 0.34 nm corresponds to (002) crystal plane of graphitized carbon. Similar to those

of FeCo@CNRs-3 and FeCoNi@CNRs-3, the TEM element mapping results of

FeCoNiMn@CNRs-3 demonstrate that the uniform distribution of C and

Fe/Co/Ni/Mn elements throughout the whole nanorod and inner black nanoparticles.
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Figure 4. TEM images of (a) FeCo-NTAC, (b) FeCo-NTAC@PR, (c) FeCo@CNRs-3,

(d) elemental mapping results of FeCo@CNRs-3, (e-h) SEM, TEM, HRTEM and

TEM element mapping images of FeCoNiMn@CNRs-3.

To verify their phases and chemical valence states, Figure 5 gives the XRD, Raman,

and XPS spectra of FeCo@CNRs-3 and FeCoNiMn@CNRs-3. The labeled XRD

peaks of FeCo@CNRs-3 (Figure 5a) are well matched with graphitized carbon and

Co7Fe3 (PDF#50-0795). Equally, all the diffraction peaks detected in XRD pattern of

FeCoNiMn@CNRs-3 (Figure 5b and c) shift to the lower angles compared with the
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standard diffraction peaks of Ni3Fe (PDF#88-1715) and Co7Fe3 (PDF#50-0795),

which is ascribed to the expanded Ni3Fe and Co7Fe3 lattices induced by the

incorporation of larger Mn atom [53]. Raman spectroscopy (Figure S8) further

elucidates the carbon structural characteristics of FeCo@CNRs-3 and

FeCoNiMn@CNRs-3. As marked in Figure 5d, C, O, Fe, and Co elements are

detected in FeCo@CNRs-3. The elements of C, O, Fe, Co, Ni, and Mn are observed

in FeCoNiMn@CNRs-3, demonstrating the successful incorporation of Mn. Similar

to FeCoNi@CNRs samples, the peaks assignable to C=O, C-O, and C-C/C=C bonds

are seen in Figure 5e. Notably, the peaks corresponding to Co0/Fe0, Co 2p3/2/Fe 2p3/2,

Co 2p1/2/Fe 2p1/2 and their satellite peaks are observed in the Co 2p (Figure 5f) and Fe

2p (Figure 5g) high-resolution spectra of FeCo@CNRs-3 and FeCoNiMn@CNRs-3,

respectively [54, 55]. Specifically, compared with FeCo@CNRs-3, both the peaks of

Co0 and Fe0 for FeCoNiMn@CNRs-3 presents the distinct shift toward the low

binding energies (Figure 5f and g). This is because the nucleus's pull on the outermost

electrons weakens, making the electron cloud denser [56, 57]. This high electron

density state usually brings two positive effects: higher electron mobility means better

conductivity, so incoming EM waves can more easily drive electron movement, losing

energy in forms like Joule heat, which boosts conductive loss. Having lots of

electrons also makes them more likely to accumulate at heterogeneous interfaces,

creating stronger interfacial polarization and dissipating EM wave energy, which

boosts polarization loss [58]. Furthermore, the Ni 2p (Figure 5g) and Mn 2p (Figure 5i)

high-resolution spectra of FeCoNiMn@CNRs-3 consist of several peaks

corresponding to Ni0/Mn0, Ni 2p3/2/Mn 2p3/2, Ni 2p1/2/Mn 2p1/2 and their satellite

peaks, respectively [59]. Generally, the acquired XRD and XPS results demonstrate
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the formation of FeCo and FeCoNiMn in the acquired FeCo@CNRs-3 and

FeCoNiMn@CNRs-3.

Figure 5. (a-c) XRD, (d-i) survey and high resolution XPS spectra of FeCo@CNRs-3

and FeCoNiMn@CNRs-3.

To further confirm their EM properties and MAPs, Figure 6 provides the complex

permittivity, RL diagram, EAB, Z and  of samples. As provided in Figures 3a,

3b, 6a and 6b, the acquired   and   values follow the order of

FeCo@CNRs-3<FeCoNi@CNRs-3<FeCoNiMn@CNRs-3, implying the evidently

boosted complex permittivity. As shown in Figure 6c and d, the FeCo@CNRs-3 and

FeCoNiMn@CNRs-3 display the RLmin values of -17.65 dB at 9.95 mm, and -19.72

dB at 1.92 mm. As summarized in Figure 6e, the acquired samples from

FeCo@CNRs-3 to FeCoNi@CNRs-3 and FeCoNiMn@CNRs-3 present the evidently
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boosted EAB value with the decreased matching thickness. Especially, the EAB value

of FeCoNiMn@CNRs-3 reaches the 6.40 GHz at 2.16 mm. As shown in Figure S9,

the values of c and p for FeCoNiMn@CNRs-3 are much higher than those for

FeCo@CNRs-3, which implies the significantly improved loss capability. In addition,

the Z values of FeCoNiMn@CNRs-3 close to 1 over a wide frequency range,

demonstrating its superior impedance matching characteristics compared with

FeCo@CNRs-3 and FeCoNi@CNRs-3 (Figure 6f-h). Notably, as smmarized in

Figure 6i, the acquired α values are as follows:

FeCo@CNRs-3<FeCoNi@CNRs-3<FeCoNiMn@CNRs-3, which indicates the

progressively enhanced EM wave attenuation capability [60]. Generally, the acquired

outcomes suggest that the successive introduction of Ni and Mn simultaneously

improve impedance matching and EM wave attenuation characteristics of

FeCo@CNRs, which collectively contribute to the excellent MAPs of

FeCoNi@CNRs-3<FeCoNiMn@CNRs-3. More importantly, compared to other

representative MAMs (Table S3) [12-15, 20, 31-33, 61-63], the optimized 1D

core@shell M@CNRs exhibit significant advantages including low density, strong

attenuation capability, wide absorption bandwidth, and a thin matching thickness.
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Figure 6. (a, b) Complex permittivity, (c, d) RL diagrams, (e) EAB, (f-h), and (i) 

values of FeCo@CNRs-3, FeCoNi@CNRs-3 and FeCoNiMn@CNRs-3.

As shown in Figure 7a, 3D radar cross- section (RCS) spatial scattering

distributions of bare PEC substrate and PEC substrates coated with FeCo@CNRs- 3,

FeCoNi@CNRs- 3, FeCoNiMn@CNRs- 3 are obtained from CST simulation. The

bare PEC substrate exhibits intense specular reflection. After coating with the

designed materials, the full‑ space scattering intensity of targets is significantly

suppressed. With the continuous introduction of various metals, the acquired

FeCoNiMn@CNRs‑ 3 shows further reduction of high‑ scattering regions and

optimal echo suppression, demonstrating the excellent radar‑ stealth performance

[64]. And the FeCoNiMn@CNRs-3 sample exhibits even lower RCS values, reduced

by 39.59 dBm2 and 37.06 dBm2 at 48° and 64° (Figure S10), respectively.

Furthermore, the material’s antibacterial activity against E. coli is also evaluated. The
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results (Figure 7b) show that the colonies in the blank control group (CK) were dense

and evenly distributed. The number of colonies is drastically reduced in the

experimental group when treated with the FeCoNiMn@CNRs-3 sample. The

designed FeCoNiMn@CNRs-3 exhibits an exceptionally strong antibacterial effect,

with a bacteriostatic rate approaching 100%. Based on previous studies and our

results, the outstanding antibacterial performance of FeCoNiMn@CNRs-3 originates

from two main mechanisms: (i) Its relatively high aspect ratio and rough surface

significantly enhance the ability to capture bacteria, thereby penetrating them and

allowing bacterial proteins and other substances to leak out [65]. This result was

verified by measuring the absorbance of bacterial suspension at a wavelength of 280

nm, which yielded a value of 0.32 (Figure S11). (ii) The MA nanoparticles

(FeCoNiMn) generate reactive oxygen species (ROS), which damage bacterial nucleic

acid structures and deactivate the bacteria [61]. Its relative absorbance measured at

260 nm is 0.42, which aligns with our conclusions.

To further verify their reliabilities, the electrochemical tests on the corrosion

resistance in a simulated seawater environment were performed [66]. The

FeCoNiMn@CNRs-3 exhibited much higher open-circuit voltage values than those of

FeCo@CNRs-3 and FeCoNi@CNRs-3 (Figure 7c). The Tafel curves in Figure 7d

demonstrate that the corrosion potential (Ecorr) values follow the order:

FeCoNiMn@CNRs-3>FeCoNi@CNRs-3>FeCo@CNRs-3. The corrosion current

density (Icorr) can also be obtained according to the Tafel curve [67]. As summarized

in Figure 7e, the acquired samples from FeCo@CNRs-3 to FeCoNi@CNRs-3 and

FeCoNiMn@CNRs-3 present the progressively boosted Ecorr and decreased Icorr

values, implying the evidently improved corrosion resistance in a simulated seawater

environment [68]. In general, the outcomes confirm that the FeCoNiMn@CNRs-3
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simultaneously present the outstanding EM wave absorption performance,

antibacterial activity and corrosion resistance.

On the basis of acquired results, the designed FeCoNiMn@CNRs-3 presents the

outstanding EM wave absorbing, anti-corrosion, and antibacterial abilities, which

originate mainly from the complementary mechanism formed at the microscopic level

between the internal metal particles and the external carbon layer (as illustrated in

Figure 7f). The 1D rod-like morphology forms a continuous conductive network,

which facilitates the enhancement of conductive and interfacial polarization loss.

Metal particles have a natural advantage in microwave absorption and have magnetic

losses. At the same time, the surface of metal particles is rich in active sites and

catalytic centers, which efficiently activates oxygen and water in the environment to

continuously generate ROS [69]. On one hand, a heterojunction interface forms

between metal and carbon layer, which generates the interface polarization [62]. On

the other hand, it forms a natural barrier on the surface that effectively prevents

external moisture, oxygen, and corrosive chloride ions from coming into direct

contact with the metal. The higher aspect ratio of 1D structure greatly enhances its

ability to capture bacteria and also extends the EM wave propagation path [63]. This

functionally complementary core-shell design precisely satisfies the diverse and

critical requirements for EM protection, environmental durability, and hygiene and

safety across a wide range of application scenarios.Ju
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Figure 7. (a-e) RCS, antibacterial, and corrosion resistance results for FeCo@CNRs-3,

FeCoNi@CNRs-3 and FeCoNiMn@CNRs-3, (f) diagram of the mechanisms for

wave absorption, antibacterial action, and corrosion prevention of

FeCoNiMn@CNRs-3.
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4. Conclusion

Using metal-NTAC NRs as precursors, 1D core@shell FeCo@CNRs,

FeCoNi@CNRs and FeCoNiMn@CNRs with MA nanoparticles encapsulated in

graphitic CNRs shell are efficiently and selectively produced through a continuous PR

coating and thermal treatment. The study shows that the carbonization temperature

from 900 to 1000 °C contributes to the progressively increased graphitization degree

of outer CNRs layer, which significantly optimizes impedance matching and boosts

both conduction and polarization loss. The optimized FeCoNi@CNRs present a

superior RLmin of -52.57 dB and an EAB of 5.60 GHz. Furthermore, sequential

incorporation of multiple metal components (Ni and Mn) further boosts their

impedance matching and EM wave attenuation characteristics. Thanks to the unique

structure and the synergistic effect of multiple components, the designed

FeCoNiMn@CNRs simultaneously exhibit outstanding EMWAPs with the EAB of

6.4 GHz, strong antibacterial effect with a bacteriostatic rate approaching 100% and

excellent corrosion resistance. The microscopic complementarity between the inner

MA (magnetic loss and ROS catalysis) and outer carbon (interface polarization and

physical barrier) underpins the triple-function synergy. Therefore, this study provides

a facile, scalable, and composition-tunable metal-NTAC-derived strategy for

designing 1D core@shell MA@CNRs as a novel multifunctional materials for

microwave absorption, antibacterial protection, and corrosive-environment durability.
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2. Experimental Section

2.1. Characterization and Measurement

The samples were systematically analyzed to investigate their morphology, structure,

composition, and chemical states through advanced techniques, including scanning

electron microscopy (SEM), transmission electron microscopy (TEM), X-ray

diffraction (XRD), Raman spectroscopy (Raman), and X-ray photoelectron

spectroscopy (XPS). Electrochemical performance, particularly corrosion resistance,

was assessed using a electrochemical workstation. Additionally, the electromagnetic

properties were determined via a vector network analyzer utilizing the coaxial-line

method. Furthermore, the annealing of the samples was performed in a tube furnace

(model BTF-1200C-S, Anhui BEQ Equipment Technology Co., Ltd.).

Table S1. Experimental Procedures for the preparation of FeCo-NTAC,

FeCoNi-NTAC and FeCoNiMn-NTAC.

FeCl2·4H2O

(mmol)

CoCl2·6H2O

(mmol)

NiCl2·6H2O

(mmol)

MnCl2·4H2O

(mmol)

Categories of

Metal-NTAC

0.3 0.3 − − FeCo-NTAC

0.2 0.2 0.2 − FeCoNi-NTAC

0.15 0.15 0.15 0.15 FeCoNiMn-NTAC

Table S2. Main conditions for the synthesis of FeCoNi@CNRs, FeCo@CNRs and

FeCoNiMn@CNRs
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Precursor Intermediate product Temperature Sample

FeCoNi-NTAC FeCoNi-NTAC@PR 900 °C FeCoNi@CNRs-1

FeCoNi-NTAC FeCoNi-NTAC@PR 950 °C FeCoNi@CNRs-2

FeCoNi-NTAC FeCoNi-NTAC@PR 1000 °C FeCoNi@CNRs-3

FeCo-NTAC FeCo-NTAC@PR 1000 °C FeCo@CNRs-3

FeCoNiMn-NTAC FeCoNiMn -NTAC@PR 1000 °C FeCoNiMn@CNRs-3

Ju
st

 A
cc

ep
te

d



S4

Table S3. Comparison table about MAPs with the recently reported representative

works.

Materials EAB

(GHz)

Thickness

(mm)

RLmin

(dB)

Thickness

(mm)

Reference

CF@Ni-6 5.92 2.20 -49.87 2.10 [12]

C/Fe3O4@Fe2SiO4@DC 6.03 2.20 -17.86 2.20 [13]

Co@C/CF 3.24 1.50 -55.70 2.80 [14]

C@ZnO/Sn@GaN 6.32 2.20 -48.07 2.60 [15]

SAC-3 5.80 2.20 -45.90 1.88 [20]

FeCoNi@NCMs 5.34 1.70 -34.30 1.70 [31]

H-Co7Fe3/Co@NC 6.01 2.10 -59.70 3.00 [32]

FeCo@C-3 2.58 4.00 -35.90 4.00 [33]

Co/CeO2@NC 5.10 1.90 -52.70 1.90 [61]

Mo2C 3.44 2.50 -49.50 2.50 [62]

FNC/RGO/MDCF 3.84 1.50 -66.44 2.29 [63]

FeCoNiMn@CNRs-3 6.40 2.16 -19.72 1.92 This work

3. Equations:

     2 22 f
c
                            

(S1)
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0

2tanhin fdZZ j
Z c

 


 
    

 

(S2)

0

0

20log in

in

Z ZRL
Z Z





(S3)

Where  ,  ,   ,   ,  ,  , d , c , f , 0Z and inZ represent complex

permittivity ( j     ), complex permeability ( j     ), real and imaginary

parts of complex permittivity, real and imaginary parts of complex permeability,

thickness of sample, velocity of light, frequency of EM wave, impedance of air and

input impedance of MAs, respectively.
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Figure S1. (a, b) Typical SEM and (c, d) TEM images of FeCoNi@CNRs-3.
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Figure S2. (a-c) SEM, (d-f) TEM images of FeCoNi@CNRs-1.

Figure S3. (a-c) SEM and (d-f) TEM images of FeCoNi@CNRs-2.
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Figure S4. (a) C 1s spectra, (b) proportion of C–C/C=C, C–O, and C=O bond

contents of FeCoNi@CNRs-1, FeCoNi@CNRs-2 and FeCoNi@CNRs-3.

Figure S5. Typical three-dimensional and two-dimensional RL curves of (a, b)

FeCoNi@CNRs-1, (c, d) FeCoNi@CNRs-2 and (e, f) FeCoNi@CNRs-3.Ju
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Figure S6. (a, b) Typical SEM and (c, d) TEM images of

FeCo@CNRs-3.
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Figure S7. (a, b) SEM, (c, d) TEM images of FeCoNiMn@CNRs-3.
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Figure S8. Raman diagram for FeCo@CNRs-3 and FeCoNiMn@CNRs-3.

Figure S9. (a) c ~ f  and (b) p ~ f  curves for FeCo@CNRs-3 and

FeCoNiMn@CNRs-3.
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Figure S10. RCS simulation curves for FeCo@CNRs-3, FeCoNi@CNRs-3 and

FeCoNiMn@CNRs-3.
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Figure S11. Optical Density value of FeCoNiMn@CNRs-3
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