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A B S T R A C T

The development of high-performance microwave absorbing materials poses a significant challenge due to the 
complex balance required between dielectric and magnetic losses, structural integrity, and impedance matching. 
Conventional NiO/Ni composites, though promising, face several limitations Nickel demonstrates significant 
magnetic loss but inadequate impedance matching, whereas nickel oxide, functioning as a dielectric, provides 
minimal attenuation and restricted conductivity. Moreover, particle aggregation, elevated material density, and 
limited absorption bandwidth further constrain their utility in contemporary electromagnetic interference (EMI) 
shielding systems. This study presents a unique 3D hierarchical NiO/Ni/Borophene (NNB) nanocomposite syn
thesized by a scalable, solution-based method to address these inherent limitations. Borophene, a lightweight, 
metallic, and anisotropically conductive two-dimensional substance, serves as a structural and functional 
enhancer. Its integration accelerates charge transport, increases dielectric loss through interfacial polarization, 
and facilitates impedance matching by reducing excessive conductivity. The freeze-dried design presents a foam- 
like structure that enhances multiple scattering and effectively attenuates incident waves. Of the compositions 
analyzed, NNB-20 (20 wt % borophene) demonstrated superior performance, with a minimum reflection loss of 
− 55.5 dB at 12.8 GHz and a wide absorption bandwidth. This study emphasizes borophene’s synergistic roles in 
overcoming the limitations of traditional NiO/Ni systems, establishing NNB nanocomposites as a novel category 
of lightweight, broadband, and high-efficiency microwave absorbers for sophisticated EMI shielding 
applications.

1. Introduction

The rapid proliferation of electromagnetic (EM) technologies in 
communication, radar, and electronic gadgets has heightened the 

necessity for sophisticated microwave-absorbing materials that can 
alleviate electromagnetic interference (EMI) and pollution [1–4]. 
Optimal absorbers must integrate lightweight construction, extensive 
bandwidth, robust absorption, and structural integrity; nonetheless, 
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attaining this synergy continues to pose a significant problem [5,6]. 
Conventional materials, such as ferrites and carbon-based composites, 
frequently prove inadequate due to their elevated density, restricted 
tunability, or inadequate attenuation over broad frequency ranges 
[5–12]. Recent advancements in nanotechnology and two-dimensional 
(2D) materials have created new opportunities for the development of 
next-generation absorbers, utilizing their extensive surface area, 
adjustable electrical characteristics, and compatibility with hierarchical 
structures to improve electromagnetic wave dissipation [13–24] (see 
Scheme 1).

Heterostructured composites that incorporate metal oxides, metallic 
phases, and two-dimensional materials have emerged as viable options. 
Nickel oxide (NiO), a p-type semiconductor exhibiting dielectric char
acteristics, combined with metallic nickel (Ni) in a heterojunction, il
lustrates this methodology by integrating dielectric loss with magnetic 
effects to enhance impedance matching and absorption efficiency. NiO/ 
Ni systems, when supported on porous carbon, have exhibited the 
capability to produce urchin-like morphologies that enhance wave 
scattering and interfacial polarization [25–30]. Likewise, 2D materials 
such as MXenes (e.g., Ti3C2Tx) have garnered interest due to their 
metallic conductivity, surface functionality, and capacity to immobilize 
magnetic or dielectric nanoparticles, resulting in multi-phase compos
ites with improved electromagnetic attenuation [31–33]. These com
posites frequently utilize flower-like or foam-like architectures to 
enhance porosity and interaction with incident waves, attaining reflec
tion losses as little as − 50 dB in the gigahertz spectrum [34–37]. 
Inspired by these findings, the integration of borophene into such a 
heterostructure presents an unexplored yet highly promising avenue for 
next-generation electromagnetic wave shielding materials [38–41].

Borophene, a novel two-dimensional substance comprised of boron 
atoms, offers a new perspective in this domain [42–44]. In contrast to 
graphene or MXenes, borophene presents a distinctive amalgamation of 
metallic conductivity, minimal weight, and structural anisotropy, 
rendering it an attractive option for electromagnetic applications [45,
46]. Although its incorporation into functional composites is less 
investigated than other 2D materials, initial research on 
borophene-functionalized magnetic nanoparticles indicates its potential 
to improve charge transport and interfacial interactions [47–49]. Inte
grating borophene with NiO/Ni heterojunctions in a three-dimensional 
(3D) configuration may provide synergistic loss mechanisms—di
electric from NiO, magnetic from Ni, and conductive from bor
ophene—while utilizing a hierarchical structure to enhance wave 
trapping and dissipation. This work presents a new 3D hierarchical 
NiO/Ni/Borophene nanocomposite engineered for enhanced microwave 
absorption. In contrast to traditional methods that depend on expensive 

vapor-phase procedures, we suggest a scalable, solution-based approach 
utilizing hydrothermal synthesis and liquid-phase exfoliation, suc
ceeded by freeze-drying to maintain the three-dimensional architecture 
[50]. This approach utilizes adjustable foam-like structures by inte
grating borophene as a lightweight, conductive enhancer. The resultant 
nanocomposite seeks to overcome the constraints of current absor
bers—namely, elevated density or restricted bandwidth—by providing a 
porous, multi-interface architecture that optimizes polarization, con
duction, and scattering losses [51,52]. This research broadens the uti
lization of borophene in electromagnetic materials and reconfigures the 
design of hierarchical composites, facilitating the development of 
lightweight, high-performance microwave absorbers suited to contem
porary technical requirements.

Integrating borophene into 3D hierarchical NiO/Ni/Borophene 
nanocomposite for enhanced microwave absorption presents significant 
benefits compared to more prevalent 2D materials such as MXenes (e.g., 
Ti3C2Tx) or graphene [53,54]. The benefits arise from borophene’s 
distinctive structural, electrical, and physical characteristics, such as 
ultralight weight, metallic conductivity with anisotropy, higher surface 
area and structural flexibility. Borophene, composed of boron atoms 
(atomic mass ~10.81 u), is lighter than graphene (carbon, ~12.01 u) 
and considerably lighter than MXenes (containing heavy metals as ti
tanium (~47.87 u) in Ti3C2T low density (~2.3 g/cm3 vs. ~2.2 g/cm3 

for graphene and ~4–5 g/cm3 for MXenes) decreases the weight of the 
NiO/Ni/Borophene composite as well as this, Unlike graphene (isotropic 
semi-metal) and MXenes (metallic, termination-moderated), bor
ophene’s puckered lattice makes it metallic with anisotropic conduc
tivity, allowing adjustable charge transport along particular directions 
[42,55–57]. In a 3D hierarchical structure, borophene’s anisotropic 
conductivity could match electron routes with incident EM waves, 
increasing conductive loss and outperforming graphene or MXenes. 
Tunability may enhance impedance matching and absorption band
width [58–61].

2. Experimental

2.1. Chemicals and materials

Nickel (II) chloride hexahydrate (NiCl2⋅6H2O, 98 %), urea (CO 
(NH2)2, 99 %), sodium borohydride (NaBH4, 98 %), magnesium dibor
ide (MgB2, 99 %), N-methyl-2-pyrrolidone (NMP, 99.5 %), poly
vinylpyrrolidone (PVP, MW ≈ 40,000), isopropyl alcohol (IPA, 99.8 %), 
ethylene glycol (EG, 99 %), and porous carbon (specific surface area 
~500 m2/g, pore size ~10–50 nm) were acquired from Sigma-Aldrich. 
Deionized water (DIW, resistivity 18.2 MΩ cm) served as the solvent 
unless specified differently. All reagents were of analytical quality and 
utilized without additional purification.

2.2. Synthesis of NiO/Ni on porous carbon

The NiO/Ni heterostructure was prepared via a solvothermal tech
nique, thereafter undergoing partial reduction. In a standard process, 
1.19 g of NiCl2⋅6H2O (0.1 M) and 0.60 g of urea (0.2 M) were dissolved 
in 50 mL of ethylene glycol under vigorous agitation at ambient tem
perature for 30 min until a clear green solution was obtained. Subse
quently, 0.5 g of porous carbon was introduced into the solution and 
subjected to ultrasonication (100 W, 40 kHz) for 15 min to achieve 
uniform dispersion. The suspension was placed in a 100 mL Teflon-lined 
stainless-steel autoclave, sealed, and held at 175 ◦C for 14 h in an 
electrically heated oven. Upon natural cooling to room temperature, the 
black precipitate (NiO/porous carbon) was harvested using centrifuga
tion (5000 rpm, 10 min), rinsed thrice with DI water and ethanol, and 
then vacuum-dried at 80 ◦C for 14 h. To create the NiO/Ni hetero
junction, 0.5 g of dried NiO/porous carbon was suspended in 50 mL of 
deionized water, and 0.19 g of NaBH4 (0.05 M) was gradually intro
duced while stirring at 25 ◦C for 1 h. The resultant NiO/Ni/porous Scheme 1. Schematic preparation process of NNCBs composites.
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carbon was filtered, washed with DI water till reaching neutral pH, and 
afterward dried at 60 ◦C for 6 h under vacuum conditions.

2.3. Synthesis of borophene nanosheets

Borophene nanosheets were produced from boron crystal powder by 
a liquid-phase exfoliation technique. Initially, 1 g of high-purity boron 
powder was suspended in 100 mL of N-methyl-2-pyrrolidone (NMP), to 
which 0.1 g of polyvinylpyrrolidone (PVP) was incorporated as a sta
bilizing agent to inhibit nanosheet agglomeration. The mixture under
went high-power ultrasonication (500 W, 40 kHz) in an ice bath for 6 h. 
The sonication procedure supplied adequate energy to surpass the 
interatomic forces in bulk boron, facilitating the delamination and 
exfoliation of few-layer borophene sheets. Following exfoliation, the 
dispersion was subjected to centrifugation at 3000 rpm for 20 min to 
eliminate unexfoliated particles, and the resultant clear supernatant 
containing borophene nanosheets was collected. The nanosheets were 
redispersed in 50 mL of isopropyl alcohol using mild sonication (100 W, 
40 kHz) for 10 min to enhance dispersion and compatibility. The 
resultant borophene dispersion, with an estimated concentration of 
around 4 mg/mL, exhibited stability and was appropriate for incorpo
ration into nanocomposite structures.

2.4. Development of 3D hierarchical NiO/Ni/borophene nanocomposite

The 3D hierarchical NiO/Ni/borophene nanocomposite was syn
thesized by a solution assembly and freeze-drying technique. 0.5 g of 
NiO/Ni/porous carbon powder was suspended in 20 mL of deionized 
water under magnetic agitation for 30 min 50 mL of borophene 
dispersion (~0.2 g borophene in isopropyl alcohol) were added drop
wise to the NiO/Ni suspension, and the mixture was agitated at ambient 
temperature for 2 h to ensure homogenous integration. The resultant 
slurry was transferred into a cylindrical Teflon mold (diameter 5 cm, 
height 2 cm) and promptly frozen in liquid N2 (− 196 ◦C) for 10 min to 
stabilize the structure. The solidified material was subsequently placed 
in a freeze-dryer (Labconco FreeZone) and lyophilized at − 50 ◦C and 
0.1 mbar for 48 h. The ultimate product, a lightweight 3D hierarchical 
NiO/Ni/borophene nanocomposite, was acquired in the form of a 
porous monolith. Samples with different borophene concentrations were 
created by modifying the volume of borophene dispersion to attain 0 wt 
%, 20 wt %, and 40 wt % borophene in relation to NiO/Ni, designated as 
NNB-0, NNB-20, and NNB-40, respectively.

2.5. Characterization of materials

The crystalline phases of the nanocomposite were examined via X- 
ray diffraction (XRD, Rigaku D/Max-2500, Cu Kα radiation, λ = 1.5406 
Å) at a scanning rate of 5◦/min over the range of 10◦–80◦ 2θ. The 
morphology and microstructure were examined using field-emission 
scanning electron microscopy (FE-SEM, Hitachi S-4800) and trans
mission electron microscopy (TEM, JEOL JEM-2100F), which included 
energy-dispersive X-ray spectroscopy (EDS) for elemental mapping. The 
chemical composition and bonding states were analyzed using X-ray 
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD) with an Al Kα 
source. The specific surface area and pore structure were ascertained by 
nitrogen adsorption-desorption isotherms (Micromeritics ASAP 2020) 
utilizing the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda 
(BJH) methodologies.

2.6. Electromagnetic performance evaluation

The nanocomposite samples were combined with paraffin wax at a 
filler loading of 30 wt % (70 wt % paraffin), heated to 80 ◦C, and molded 
into toroidal rings with an external width of 7.0 mm, an internal width of 
3.04 mm, and a depth of about 2 mm to evaluate microwave absorption 
capabilities. Electromagnetic characteristics, comprising complex 

permittivity (ε_r = ε′-jε’’) and permeability (μ_r = μ′-jμ’’), were assessed 
utilizing a vector network analyzer (Agilent N5230A) across the fre
quency spectrum of 2–18 GHz. Reflection loss (RL) was determined 
utilizing transmission line theory, employing the measured εr and μr 
values for sample thicknesses between 1.0 and 5.0 mm.

3. Result and discussion

The SEM in Fig. 1 provides insights into the morphological charac
teristics of the 3D hierarchical NiO/Ni/borophene (NNB) foam, 
emphasizing its interconnected architecture, porous configuration, and 
surface properties. The highly porous nature facilitates multiple scat
tering effects for electromagnetic wave absorption. The pink arrows 
highlight NiO/Ni nanoparticles anchored on borophene nanosheets, 
forming a heterostructure interface. The porous 3D B exhibited 
numerous voids, with the majority of the monolayer B oriented in the 
direction of water crystallization following freeze-drying. 2D B inter
laced to create a 3D network. The monolayer B can intersect in a three- 
dimensional configuration or on a planar surface. The diverse, over
lapping techniques effectively endowed B with a three-dimensional ar
chitecture resembling a permeable scaffold. Fig. 1c demonstrates that, 
alongside the holes in the parallel orientation, there were also pores in 
the vertical orientation resulting from minimal overlap between B 
layers. The three-dimensional structured framework formed by 2D B 
resulted in the distribution of NiO (shown by the pink arrows in Fig. 1d) 
on its surface.

The geometry and crystalline arrangement of the NiO/Ni/C- 
Borophene (NNCB) composite are examined using TEM, HRTEM, and 
SAED characterizations, as illustrated in Fig. 2. The TEM images of NiO- 
Borophene (Fig. 2a) and Ni-Borophene (Fig. 2d) demonstrate that the 
NiO and Ni nanoparticles are roughly 9 nm in diameter and are uni
formly dispersed throughout the borophene nanosheets. The borophene 
structure in both composites displays a distinct and well-defined border, 
facilitating an increased surface-to-volume ratio for the dispersion of 
NiO/Ni nanoparticles. Moreover, borophene’s inherent high electrical 
conductivity promotes efficient electron transport, hence improving the 
composite’s total conductivity. The HRTEM pictures of NiO-Borophene 
(Fig. 2b) and Ni-Borophene (Fig. 2e) exhibit a uniformly aligned lat
tice patterns, indicative of crystalline NiO and Ni, respectively. The 
interplanar spacing of the (111) face of NiO is 0.241 nm, indicative of its 
cubic phase (space group: Fm-3m (225), PDF card no. 47–1049), as 
evidenced by the HRTEM image of NiO. The interlayer spacing of the 
(111) plane of Ni is 0.203 nm, aligning with its face-centered cubic 
(FCC) structure (space group: Fm-3m (225), PDF card no. 04–0850). The 
SAED patterns of NiO and Ni are presented in Fig. 2c and f, respectively. 
The circular diffraction patterns match with the (111), (200), (220), 
(311), and (222) facets of NiO, which are in agreement with the NiO’s X- 
ray diffraction pattern (Fig. 3b). Similarly, the (111), (200), and (220) 
planes of Ni match the observed SAED diffraction circles, confirming 
their consistency with the XRD results of Ni (Fig. 3b). These findings 
validate the successful synthesis of NNBcomposites, ensuring the for
mation of a well-integrated NiO/Ni heterostructure on borophene. For 
validating consistent distribution” of NiO and Ni on the borophene 
nanosheets, TEM-EDS elemental mapping was conducted, as illustrated 
in Fig. 2g–j. The dark field images of NiO-Borophene (NNB–O) and Ni- 
Borophene (NNB–Ni), combined with the respective elemental maps 
for Ni, O, and B, demonstrate that NiO and Ni nanoparticles are ho
mogeneously dispersed throughout the borophene framework.

The EDS of NNB-40 analysis additionally differentiates between NiO 
and Ni phases. The atomic ratio of O in NNB-O and NNB-Ni were 
determined to be 25.2 % and 36.2 %, respectively. The results validate 
the effective synthesis of the 3D NiO/Ni-Borophene heterostructure.

The phase composition of the Bulk B, exfoliated borophene, and 3D 
hierarchical NiO/Ni/Borophene nanocomposites (NNB-0, NNB-20, 
NNB-40) was confirmed by X-ray diffraction (XRD) [34]. The XRD 
pattern of bulk boron is distinguished by strong peaks within the 
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10◦–80◦ 2θ range. Significant peaks are detected at roughly 27.8◦, 41.8◦, 
50.2◦, 62.3◦, and 74.5◦ 2θ, corresponding to the rhombohedral 
β-rhombohedral boron structure (PDF#31–0207) (Fig. 3a) [62,63]. The 
pronounced peaks signify a highly crystalline, three-dimensional lattice 
characteristic of bulk boron materials, exhibiting long-range order and 
few defects. The liquid-phase exfoliated pattern exhibits a notable 

decrease in peak intensity and a broad, diffuse characteristic between 
20◦ and 30◦ 2θ, with very slight residual peaks at elevated angles. The 
extensive peak indicates a reduction in long-range crystallinity, aligning 
with the development of few-layer or amorphous borophene nanosheets. 
The reduced intensity and absence of sharp reflections signify effective 
exfoliation, wherein the layered architecture of the precursor (e.g., 

Fig. 1. SEM pictures of (a) 3D porous borophen, (b) framed structure, (c) wall pores, and (d) 3D porous NNB heterostructure at a mass fraction of 2:1.

Fig. 2. (a) TEM images of NiO/B, (b) HRTEM image of NiO/B (c) Selected-area diffraction (SAED) of NiO/B (d) TEM images of Ni/B (e) HRTEM image of Ni/B (f) 
SAED of SAED (g–j) EDS mapping of NNCB-40.
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MgB2) has been fragmented into thinner, less organized sheets. Fig. 3b 
depicts NiO, exfoliated boron (exfoliated B), and a NiO@B (NNB) 
composite, with an additional reference to B2O3. The pronounced peaks 
signify a highly crystalline structure, characteristic of NiO produced by 
solvothermal processes, as outlined in our experimental procedure. The 
peak at 43.3◦ is notably pronounced, indicating the robust (200) 
reflection. The XRD pattern of NBB retains the principal NiO peaks (e.g., 
37.2◦, 43.3◦, 62.9◦ 2θ) with somewhat diminished intensity, signifying 
that the NiO crystalline structure remains predominant [62,64]. 
Furthermore, a prominent characteristic akin to exfoliated B emerges 
between 20◦ and 30◦ 2θ, corroborating the existence of borophene in the 
composite. The intersection of NiO and borophene signals indicates a 
potential physical or chemical interaction, possibly including the 
coating or integration of borophene onto NiO surfaces. The relative in
tensity of the borophene characteristic is diminished compared to the 
pure exfoliated B pattern, perhaps due to dilution by the NiO matrix [49,
65,66].

To analyze the chemical composition, oxidation states, and surface 
interactions within the NiO/Ni-Borophene (NNB) composite, XPS 
spectra were collected, as shown in Fig. 3c–f. The survey and high- 
resolution spectra elucidate the oxidation states of Ni, B, and O, 
thereby validating the effective synthesis of the NiO/Ni-Borophene 
heterostructure. The XPS survey spectrum (Fig. 3c) exhibits distinct 
peaks for Ni 2p (~855.8 eV, ~873.1 eV), O 1s (~530.13 eV), and B 1s 
(~188.0 eV, ~189.2 eV), thereby affirming the existence of nickel, ox
ygen, and boron in the composite [67,68]. The lack of supplementary 
peaks indicates the high purity of the synthesized NNB compound [69]. 
The high-resolution Ni 2p spectrum (Fig. 3d) displays two principal 
peaks associated with Ni 2p3/2 (~855.8 eV) and Ni 2p1/2 (~873.1 eV), 
accompanied by their corresponding satellite signals at ~861.3 eV and 
~879.6 eV, thereby affirming the existence of Ni2+ in NiO. A minor 
contribution is also found at around 856.5 eV (Ni 2p3/2) and 874.8 eV 
(Ni 2p1/2), indicative of metallic Ni (Ni0). This validates the establish
ment of the NiO/Ni heterojunction, which enhances charge transport 

Fig. 3. (a) XRD pattern of commercial B and exfoliated B, (b) XRD pattern exfoliated B, NiO and NNB-40, (c) XPS survey spectra of NNB-40, (d)High -resolution 
deconvoluted XPS spectra of (d) Ni 2p; (e) B 1s; (f) O 1s.
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capability and interfacial charge transfer [70,71]. The B 1s spectrum 
(Fig. 3e) shows two distinct peaks at ~187.9 eV and ~189.2 eV, 
matching with B–B and B–O bonding states, respectively. The peak at 
~187.9 eV represents the B–B bond, confirming the presence of pristine 
borophene in the composite. The signals at ~189.2 eV is ascribed to B–O 
bonds, indicating partial oxidation of borophene, likely due to interac
tion with NiO [34,72]. The O 1s spectrum (Fig. 3f) exhibits a dominant 
peak at ~530.1 eV, corresponding to lattice oxygen in NiO [56,73,74]. A 
secondary peak at ~531.5 eV is attribued to surface oxygen species 
(B–O, hydroxyl groups, or adsorbed oxygen). The presence of 
NiO-related oxygen confirms the stable integration of NiO into the NNB 
composite [49,64,75]. The B–O contribution suggests strong interfacial 
interactions between borophene and NiO [76,77].

The Nitrogen sorption isotherms and corresponding pore size dis
tribution profiles for the NNB composites (NNB-0, NNB-20, NNB-40) and 
NiO are illustrated in Fig. 4. These findings elucidate the surface area, 
porosity, and textural characteristics of the materials. All samples show 
a classic type IV isotherm with a pronounced hysteresis loop, symp
tomatic of mesoporous materials [57,78,79]. The specific adsorption 
capacity rises with the borophene concentration in the composite, 
signifying an augmented surface area and porosity in borophene-rich 
samples. Among the evaluated materials, NNB-40 demonstrates the 
greatest nitrogen absorption, indicating a superior pore capacity and 
improved textural characteristics relative to NNB-0 and pure NiO. The 
adsorption at elevated relative pressure (P/P0 > 0.8) indicates the ex
istence of bigger mesopores or macropores. The integration of bor
ophene nanosheets enhances porosity by creating interconnected 
two-dimensional channels, resulting in improved surface accessibility. 
The pore size distribution curve (Fig. 4b) further validates the existence 
of mesopores throughout the 2–50 nm range across all samples. NNB-40 
has the greatest cumulative pore volume, succeeded by NNB-20 and 
NNB-0, thereby substantiating the augmented porosity correlated with 
elevated borophene content [31].

The magnetic hysteresis loops of the NNCB composites demonstrate 
the influence of borophene incorporation on magnetic characteristics 

and EMWA efficacy. The NNCB-0 sample (NiO/Ni/C without bor
ophene) demonstrates the highest saturation magnetization (Ms = 35 
emu/g) attributable to its elevated Ni content, which greatly influences 
magnetic loss mechanisms but may result in increased reflection losses if 
impedance matching is not properly tuned. With the increasing bor
ophene content in NNCB-20 (20 % B) and NNCB-40 (40 % B), the 
magnetization diminishes due to the breakdown of long-range Ni/NiO 
magnetic ordering, with NNCB-40 exhibiting the lowest Ms (~25 emu/ 
g). The coercivity (Hk) escalates with the increment of borophene con
tent, with NNCB-40 demonstrating the highest Hk (~220 Oe) attributed 
to robust interfacial polarization and charge accumulation, which con
strains domain wall movement [80].

The magnetic hysteresis loops of the NNCB composites (Fig. 4c) 
illustrate the influence of borophene incorporation on magnetic prop
erties and, subsequently, electromagnetic wave attenuation (EMWA) 
efficacy. The NNCB-0 sample (NiO/Ni/C devoid of borophene) demon
strates the highest saturation magnetization (Ms = 35 emu/g), princi
pally attributable to its elevated metallic Ni concentration. This robust 
magnetic response amplifies magnetic loss through domain wall move
ment and intrinsic resonance, although it may also lead to significant 
reflection losses if impedance matching is inadequate. As the borophene 
content increases in NNCB-20 (20 wt %) and NNCB-40 (40 wt %), the 
saturation magnetization steadily diminishes, with NNCB-40 exhibiting 
the lowest Ms (~25 emu/g). The decrease is ascribed to the disruption of 
long-range magnetic ordering among Ni/NiO particles due to the 
intercalation of borophene nanosheets into the structure. Concurrently, 
coercivity (Hc) escalates with increased borophene concentration, with 
NNCB-40 attaining a maximum Hc of around 220 Oe. The increase in 
coercivity is associated with interfacial polarization and localized 
charge accumulation at the borophene–Ni/NiO interfaces, which 
impede domain wall motion and enhance magnetic anisotropy [81]. 
NNCB-20 exhibits a balanced magnetic profile characterized by mod
erate Ms and relatively high Hc, which collectively enhance effective EM 
attenuation. A moderate Ms enables adequate magnetic dipole align
ment while ensuring impedance matching, however a heightened Hc 

Fig. 4. (a) N2 adsorption-desorption isotherm, (b) pore size distribution of NNB-0, NNB-20, and NNB-40 (c) magnetic hysteresis loops fabricated composites.
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signifies increased energy dissipation via magnetic hysteresis and reso
nance mechanisms. Moreover, the embedded Ni nanoparticles create 
supplementary eddy current loss, especially at elevated frequencies, as a 
result of circulating currents generated in conductive regions. The 
interplay of natural resonance, magnetic hysteresis, and eddy current 
loss mechanisms in NNCB-20 leads to enhanced magnetic loss charac
teristics. The magnetic characteristics, when coupled with its excep
tional dielectric performance and structural uniformity, elucidate the 
minimal reflection loss (RL) and the widest effective absorption band
width (EAB) noted in the NNCB-20 composite.

The electromagnetic properties of the NNCB-0, NNCB-20, and NNCB- 
40 nanocomposites were systematically analyzed to evaluate their po
tential for microwave absorption. The EMWA of microwave absorbing 
materials (MAMs) is primarily governed by their EM parameters, spe
cifically the complex permittivity (ε = έ − jεʹ́ ) and complex perme
ability (μ = μʹ − jμʹ́ ). Here, the real parts (έ , μʹ) represent the storage 
capability of EM energy, while the imaginary parts (εʹ́ , μʹ́ ) correspond to 
energy dissipation, contributing to dielectric and magnetic losses [82,
83]. The dielectric characteristics and loss mechanisms of the NNCB 
composites were examined to evaluate their potential for EMWA. The 
obtained results are shown in Fig. 5 The trends in real permittivity (ε′) 
(Fig. 5a), imaginary permittivity (ε′′) (Fig. 5b), permeability (μ′, μ′′), 
dielectric loss tangent (tanδε) (Fig. 5c), and throughout the 2–18 GHz 
frequency range demonstrate the influence of borophene integration on 
charge transport, dipole relaxation, and interfacial polarization phe
nomena. According to Debye theory [84–86]: 

εʹ
τ(ω)= ε∞ +

(εs − ε∞)

(1 + jωτ) (1) 

εs: Static permittivity (low-frequency limit, peak polarization).
ε∞: High-frequency permittivity (when polarization fails to syn

chronize with the field).
Angular frequency of the electromagnetic wave (ω = 2πf).
τ: The relaxation time, a time constant for dipole reorientation.

Splitting into real and imaginary components: 

έ (ω)= ε∞ +
(εs − ε∞)ωτ
1 + ( ωτ)2 (2) 

εʹ́ (ω)= (εs − ε∞)ωτ
1 + ( ωτ)2 (3) 

This produces a semicircular curve (Debye relaxation peak) when 
graphing ε′ against ε’’, referred to as the Cole-Cole plot. The peak’s 
breadth and position are contingent upon τ, indicating the material’s 
relaxation dynamics. Furthermore, conductive loss contributes to ε’’, 
represented as [87–89]: 

εʹ́
cond =

σac

ωfε0
(4) 

where σ is the electrical conductivity and ε0 is the permittivity of open 
space (8.85 × 10− 12 F/m). The total ε’’ comprises the aggregation of 
relaxation and conductive losses.

The real and imaginary components signify a material’s capacity for 
storing and dissipating electromagnetic energy, while their ratio in
dicates the dielectric loss tangent 

tan δε = εʹ́
/έ and the magnetic loss tangent tan δμ = μʹ́

/μʹ (5) 

[90, 91].
As seen in Fig. 5a, the real permittivity (ε′) of NNCB-20 is lower than 

that of NNCB-0 and NNCB-40, indicating a reduction in excessive con
ductivity losses, hence preventing unnecessary reflection of incident 
electromagnetic waves. In Fig. 5b, the imaginary permittivity (ε′′) of 
NNCB-20 is inferior to that of NNCB-0 but superior to NNCB-40, signi
fying an ideal equilibrium between energy storage and dielectric loss. 
NNCB-40 exhibits a markedly reduced ε′′, potentially resulting in inad
equate microwave attenuation. Fig. 5c shows the dielectric loss tangent 
(tanδε), where NNCB-20 exhibits a moderate loss factor compared to 

Fig. 5. Electromagnetic characteristic of the NNCB-40,NNCB-20, NNCB-0 (a) έ , (b) εʹ́ , (c) tan δε (d) μʹ, (e) μ́ , (f) tan δμ
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NNCB-0 and NNCB-40. NNCB-40 has a lower dielectric loss tangent, 
meaning it may not be as efficient in converting electromagnetic energy 
into heat. NNCB-0, on the other hand, shows excessive dielectric loss, 
which can lead to impedance mismatch and unwanted wave reflection 
instead of absorption. In Fig. 5d, the real permeability (μ′) of NNCB-20 is 
marginally superior to that of NNCB-40, signifying enhanced magnetic 
energy storage capabilities. Fig. 5e demonstrates that the imaginary 
permeability (μ′′) of NNCB-20 exhibits greater stability than that of 
NNCB-40, indicating that NNCB-20 maintains effective magnetic loss 
processes, such as natural resonance and eddy current effects. The 
presence of dielectric and magnetic loss guarantees that NNCB-20 at
tains enhanced attenuation of incident electromagnetic waves. Fig. 5f 
shows that the magnetic loss tangent (tanδμ) for NNCB-20 is more 
optimized compared to NNCB-40, where the fluctuations in NNCB-40 
suggest an unstable loss mechanism. The presence of dielectric and 
magnetic loss guarantees that NNCB-20 attains enhanced attenuation of 
incident electromagnetic waves.

Reflection Loss (RL), the frequency range in which the return loss 
(RL) falls below a certain threshold (often − 10 dB), indicating that a 
minimum of 90 % of incoming electromagnetic waves are absorbed, and 
effective absorption bandwidth (EAB), measures the amount of elec
tromagnetic wave energy reflected from the surface of an absorber, are 
critical metrics for assessing the microwave absorption characteristics of 
materials. Transmission Line Theory is extensively employed to evaluate 
the microwave absorption characteristics of materials. The effectiveness 
of an absorber depends on its ability to minimize reflection and maxi
mize energy dissipation through dielectric and magnetic losses. Efficient 
absorption occurs when the input impedance of the material (Zin) is 
close to the characteristic impedance of free space (Z0 = 377Ω).

Utilizing the transmission line model, one can identify the interac
tion of an absorbing material with incident microwaves and appropri
ately design impedance-matched materials for improved absorption. 

Zin =Z0 tan h
(

j
2πf
c

d ̅̅̅̅̅̅̅̅μrεr
√

)

(6) 

Where Zin is the input impedance of the absorbing material, Z0 is the 
characteristic impedance of free space (377 Ω), f = Frequency of the 
incident wave (GHz), C= Speed of light in vacuum (3.0 × 108 m/s), d =
Thickness of the absorber (mm), μr = Relative permeability of the 

material, εr = relative permittivity of the material. 

RL=20 log10|Γ| (7) 

where Γ is the reflection coefficient. 

Γ =
Zin − Z0

Zin + Z0
(8)

When the RL was below − 10 dB, almost 91 % of electromagnetic waves 
were effectively attenuated, and the associated frequency band is 
designated as the EAB.

Fig. 6(a–f) illustrate the RL characteristics of the NNCB-0, NNCB-20, 
and NNCB-40 nanocomposites across a broad frequency range (2–18 
GHz) and varying thicknesses. These results are critical for evaluating 
the EMA capability of each composition and determining the optimal 
material for practical applications such as EMI shielding and stealth 
technology. As seen in Fig. 6a, RLmin reaches − 25.1 dB at 16.8 GHz with 
a thickness of 1.6 mm. This composition exhibits significant absorption 
in the Ku-band, although its overall absorption intensity is inferior to 
that of NNCB-20. The corresponding 3D RL surface plot (Fig. 6d) dem
onstrates that NNCB-40 displays comparatively inferior absorption 
characteristics, with the RL minimum attaining merely − 25.1 dB, 
signifying inadequate attenuation of electromagnetic waves. The NNCB- 
20, (Fig. 6b), demonstrates the highest absorption efficacy, attaining 
RLmin = − 55.5 dB at 12.8 GHz with an optimum thickness of 1.97 mm. 
The absorption bandwidth, with RL below − 10 dB, is wider, encom
passing several frequency ranges, so affirming that NNCB-20 offers 
optimal impedance matching and attenuation. 3D reflection loss anal
ysis shows the deepest absorption valley is observed for NNCB-20. The 
broader absorption region confirms its superior microwave absorption 
efficiency, making it the optimal composition for EMI shielding. The 
minimum RL is − 48.5 dB at 11.8 GHz, achieved with a thickness of 2 
mm. Though it shows significant absorption, the absorption intensity 
and effective bandwidth are slightly inferior to NNCB-20. While NNCB- 
0). Fig. 6c and f demonstrates significant absorption at − 48.5 dB, its 
absorption bandwidth and peak performance are slightly lower than 
NNCB-20, indicating that 20 wt % borophene content offers the best 
balance between dielectric and magnetic losses. The enhanced perfor
mance results from the combination of various electromagnetic loss 

Fig. 6. RL and 3D RL mappings of (a,d) NNCB-40; (b,e) NNCB-20; (c,f) NNCB-0.
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processes inside the hierarchical NiO/Ni/Borophene composite. 
Dielectric loss, resulting from dipole and interfacial polarization, is 
amplified by the heterogeneous interfaces among NiO, Ni, carbon foam, 
and borophene nanosheets. These interfacial areas function as polari
zation centers that capture and discharge electromagnetic energy via 
relaxation processes. Furthermore, the conductive network established 
by nickel and borophene induces conduction loss, as alternating current 
produces Joule heating through charge transport channels. This mech
anism is notably evident in NNCB-20, where the conductive filler con
tent is tuned to sustain impedance matching without causing excessive 
reflection, in accordance with the findings reported by Wu et al. [90] 
and Feng et al. [91]. Simultaneously, magnetic loss mechanisms are 
initiated by the presence of Ni nanoparticles, which display soft ferro
magnetism. These losses result from natural resonance, hysteresis loss, 
and eddy current phenomena. The amalgamation of Ni and NiO induces 
various magnetic relaxation processes, whilst the mild saturation 
magnetization (Ms) of NNCB-20 facilitates impedance compatibility. 
This aligns with the magnetic attenuation contributions outlined in 
Ref. [92] where Ni-based composites exhibited multi-resonance 
behavior attributable to multiple magnetic phases.

Moreover, the RL peak shifted to lower frequencies as the sample 
thickness increased; this phenomenon can be accounted for using the 
quarter-wavelength matching model as follows [7,93]: 

d=
λ
4
=

c
4f ̅̅̅̅̅̅̅̅μrεr
√ (9) 

d = thickness of the absorber (mm), λ = wavelength of the electro
magnetic wave in the absorber, c = light velocity in vacuum (3.0 × 108 

m/s), f = resonant frequency of absorption (GHz), μr = relative 

permeability of the absorber, εr = relative permittivity of the absorber. 
Meeting the criteria outlined in fulfilled Eq. (3), the phase shift between 
the received and reflective electromagnetic waves was 180◦, resulting in 
complete cancellation of the reflected waves at the interface between the 
absorber and air, thereby attaining the minimal reflection loss value. 
The measured thickness values corresponded well with the simulation 
results depicted in Fig. 7a–c, demonstrating that the material complied 
to the model. Targeted impedance synchronization (Z) is essential for 
obtaining effective microwave absorption. Optimal impedance match
ing takes place when the input electromagnetic wave is entirely absor
bed by the material with Z = 1. NNCB-40 exhibited Z values under 0.9 
(Fig. 7d), signifying inadequate impedance matching. The Z value of the 
NNCB-20, NNCB-0 composite significantly surpassed that of CCS, 
showing that the higher concentration of the magnetically active sub
stance reduced the impedance mismatch (Fig. 7e). The Z value of the 
NNCB-20 composite varied around 1 across a far broader spectrum of 
frequencies and thicknesses (Fig. 7f), indicating optimal impedance 
matching.

Another key parameter that quantifies the ability of a material to 
absorb and dissipate electromagnetic waves is the attenuation coeffi
cient (α) It delineates the attenuation of an electromagnetic wave’s 
amplitude as it traverses a medium, attributable to energy dissipation 
mechanisms like dielectric loss, magnetic loss, and scattering [100,101]. 

α=

̅̅̅̅
2

√

c
πf
[

μʹέ
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
tan δe tan δm

μʹέ

√

− 1
)]1 /2

(10) 

f = frequency of the electromagnetic wave (Hz), c = speed of light in 
vacuum (3.0 × 108), μ real part of the relative permeability (magnetic 

Fig. 7. Quarter-wave matching layer approach (a)NNCB-40, (b) NNCB-20, (c) NNCB-0 (d) 2D contour data representing Z values of NNCB-20, (e) attenuation 
coefficients of the composites, (f) comparison of effective absorption bandwidth and related width among various absorbing materials [94–99].
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property), ϵ′ = real part of the relative permittivity (dielectric property), 
tan δe = εʹ́

/έ  (dielectric loss tangent), tan δm = μʹ́
/μʹ (magnetic loss 

tangent).
The α-values of NNCB-0, NNCB-20, and NNCB-40 composites 

exhibited a rise with frequency (Fig. 7e). NNCB-40 demonstrated the 
highest α-value owing to its greater conductive loss; yet, it showed 
inefficient microwave absorption capability because to a disparity be
tween dielectric and magnetic losses. The NNCB-20 composite demon
strated a superior attenuation coefficient compared to the NNCB- 
0composite, consistent with the RL findings. While NNCB-40 shows 
the highest α, it suffers from poor impedance matching, leading to 
reflection at the interface. NNCB-0 lacks sufficient dielectric polariza
tion centers, limiting its absorption capability despite acceptable 
matching. Only NNCB-20 strikes a balance between attenuation strength 
and wave penetration depth, achieving a Z value approaching 1 across a 
broad frequency range—an essential criterion for ideal absorbers, as 
emphasized in Ref. [102]. Thus, tuned impedance matching, ensuring 
maximum energy dissipation and minimal reflection.

The comparison of the NNCB-20 composites, which exhibits the 
broadest effective absorption bandwidth (EAB) and optimal thickness 
against other Nickel-derived microwave absorbing materials (Fig. 7f), 
substantiates its superior microwave absorption efficacy.

Mechanisms of dielectric energy dissipation employing Cole-Cole 
plots Fig. 8a-c according to the Debye relaxation theory, as outlined: 
The Cole-Cole plots depicts the polarization relaxation process as a 
semicircle [32]. The semicircle width indicating relaxation strength 
polarization loss. Dipolar polarization loss occurs due to the realignment 
of dipoles in response to an alternating electromagnetic field [27,80]. 

έ = ε∞ +
(εs − ε∞)

1 + (ωτ)2 (11) 

εʹ́ =
(εs − ε∞)

1 + (ωτ)2 (12) 

ϵs is the static permittivity (low-frequency limit), ϵ∞ = is the high- 
frequency permittivity (at infinite frequency), ω = 2πf is the angular 
frequency, τ is the relaxation time (time taken for dipoles to reorient).

The presence of defects, vacancies, and heterostructures (NiO/Ni 
interfaces and borophene layers) enhances dipolar relaxation, particu
larly in the NNCB-20 sample. Furthermore, the conductive loss can be 
seen as a straight line. As seen in Fig. 8. The number of semicircles is 
directly correlated with the Ni concentration. This is evident in Fig. 8c, 
which reveals a higher number of relaxation processes in the NNCB- 
0 composite. As depicted in the Cole-Cole plot in Fig. 8c, the NNCB- 
0 composite exhibits an arc with increased curvature, representing 
enhanced dielectric polarization loss primarily attributed to the 
interface-induced phenomena between the NiO and Ni phases. The 
enhanced slope of the extended linear tail line in NNCB-20 and NNCB-40 
relative to the NNCB-0 composite may be ascribed to the incorporation 
of the B/NiO/Ni heterostructure, which altered the arrangement of 
electrons and improved electrical conductivity, supporting the findings 
from the analysis of the ε" value variation with incidence and XPS 
studies’ findings.

Magnetic losses in microwave-absorbing materials are mostly due to 
phenomena including natural resonance, exchange resonance, domain 
wall resonance, and eddy current loss [85,103]. Eddy current loss 
significantly impacts conductive and magnetic materials, especially at 
elevated frequencies. Eddy currents are circulating electrical currents 
generated in a conductor subjected to a time-varying magnetic field. 
These currents generate a counteracting magnetic field, resulting in 
energy loss by Joule heating. The eddy current loss coefficient (C0) 
evaluates whether the magnetic loss in a material is predominantly 
attributable to eddy currents or alternative causes, such as intrinsic 
magnetic resonance or domain wall motion.

The coefficient of eddy current loss is expressed as [104]: 

C0 =
μʹ́ (f)

(μʹ(f))2
.f
=

2
3

πμ0D2σ (13) 

Fig. 8. Cole–Cole plots of (a) NNCB-40, (b)NNCB-20, (c)NNCB-0; (d) frequency dependence C0 of fabricated composites.
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Where μ′′ = imaginary part of permeability (magnetic loss component), 
μ = real part of permeability (magnetic storage component), f = fre
quency (GHz), D is the particle size of magnetic grains.

Fig. 8d illustrates that the C0 curves of all samples exhibited fluctu
ations between 2 and 14 GHz, demonstrating that magnetically induced 
energy loss primarily stemmed from intrinsic magnetic resonance within 
that frequency range. As the frequency grew, C0 remained rather con
stant, suggesting that eddy current losses at elevated frequencies 
contributed to the magnetism-related dissipation phenomena.

The radar cross-section (RCS) measures the magnitude of the back
scattered echoes a target when exposed to radar waves, indicating the 
object’s detectability by radar [82]. An increased RCS indicates that the 
entity is more detectable by radar systems. The cross-sectional radar 
signature is affected by the target’s geometry, dimensions, composition, 
and material properties, in addition to spectral, polarization, and 
directional properties of the incoming EM radiation [105]. To evaluate 
potential uses of NNCB-20 composites in electromagnetic wave ab
sorption, we conducted radar cross-section simulations utilizing Com
puter Simulation Technology (CST) software. The actual in-situ 
electromagnetic wave absorption properties were assessed for NNCB-0, 
NNCB-20, NNCB-40 on 100 × 100 mm2 coated plates, as seen in 
Fig. 9a–d. The angle at which the EM wave strikes the surface varies 
from − 60◦ to 60◦ at an applied frequency of 6 GHz. Fig. 9a depicts the 
three-dimensional radar wave scattering map of the perfectly electri
cally conductive surface devoid of any absorber covering. In Fig. 9b–d, 
there is almost no dispersed electromagnetic wave seen at the incident 
backside of the coated plate, signifying near-total attenuation of the 
incoming wave. Fig. 9 e illustrates that the disparity in RCS values be
tween the PEC and NNCB-20 is 29.95 dB m2. The superior RCS sup
pression capability of NNCB-20 underscores its significant promise for 
practical applications.

The potential electromagnetic wave absorption mechanism of NNGA 
composites is depicted in Fig. 10. Initially, the flower-like NiO/Ni in
tegrated into the 3D B forms an organized porous framework, facili
tating an improved transmission pathway for electromagnetic waves, 
hence enhancing multiple reflection and scattering [104]. Due to su
perior impedance matching, the electromagnetic waves can rapidly 
penetrate the heterostructures with minimal reflection, facilitating 
effective absorption. Secondly, the conducting pathways can generate 
increased microampere currents when an external electric field is 
applied to NNCB [106]. The presence of defects on borophene 

nanosheets results in defects and curvature, which facilitate 
defect-driven polarization decay and enhance electron transport veloc
ity. The presence of a heterogeneous junction among NiO, Ni, and B 
could improve interfacial polarization. Moreover, a dynamic magnetic 
field will generate currents, resulting in the conversion of electromag
netic waves into thermal energy. Lastly, the NiO/Ni incorporated into B 
can induce magnetic loss due to various causes, resulting in improved 
impedance matching.

Currently, enhanced stability is essential to ensure long-term efficacy 
in realistic service conditions. The NNCB-20 composites magnetic 
absorber will interact with corrosive agents, such as oxygen and acidic 
solutions, leading to corrosion and degradation of absorption properties, 
which hinders practical implementation. Fig. 11 systematically illus
trates the chemical resilience and enduring electromagnetic (EM) ab
sorption efficacy of the NNB-20 nanocomposite during extended 
exposure to a corrosive acidic milieu, specifically 1 M HCl. The collec
tion of photos and graphs provided provide a thorough assessment from 
macroscopic integrity to functional performance preservationFig.11a 
displays an image of the NNB-20 nanocomposite submerged in 1 M HCl 
for a duration of 24 h. The nanocomposite stays clearly intact, exhibiting 
no substantial evidence of breakdown, dispersion, or precipitation. The 
unique black layer indicates that the material preserves structural 
integrity despite the harsh acidic environment. This observation in
dicates robust chemical bonding and acid-resistant interfaces among the 
components of NiO, Ni, and borophene. Notably, borophene, despite 
being a two-dimensional material, appears to gain from hybrid stabili
zation with metal or metal oxide phases, which mitigates oxidative or 
proton-induced deteriorate. Fig. 11b displays an image of the water 
contact angle for the NNB-20 sample following acid exposure. The 
elevated contact angle verifies the maintenance of hydrophobicity on 
the composite surface. This indicates that the surface functional groups 
and morphology are mainly unchanged by HCl treatment, which is 
essential for practical applications where material wettability is linked 
to corrosion resistance, durability, and performance reliability. Hydro
phobic surfaces can reduce water absorption and postpone degradation 
processes, hence improving the material’s durability in humid or 
chemically hostile settings. Fig. 11c presents a 3D reflection loss plot of 
the acid-treated NNB-20 throughout an extensive frequency range of 
2–18 GHz and a thickness range of 1–5 mm. The measurements indicate 
a significant minimum reflection loss value of − 50.5 dB at 13.7 GHz 
with a thickness of 1.2 mm, exemplifying highly efficient microwave 

Fig. 9. 3D Radar Cross Section (RCS) simulations: for a rectangular perfect electrical conductor (PEC),(a) without coating, with an absorber coating (b) NNCB-0, (c) 
NNCB-20, (d) NNCB-40 and (e) RCS simulations of NNCB-0, NNCB-20, NNCB-40 at different scanning angles (f) rectangular PEC covered with an absorber coating.
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absorption. This performance metric is either identical to or significantly 
enhanced compared to the untreated NNB-20 (as indicated in baseline 
investigations), suggesting that the acidic environment has not under
mined the microwave attenuation properties of the material. Fig. 11d 
confirms the observation via a 2D contour map, emphasizing the 
frequency-thickness domain where maximal absorption transpires. The 
blue contour line at − 50.5 dB and 1.2 mm is distinctly delineated, 
signifying a pronounced and narrowband absorption peak. This in
dicates that the material maintains its absorption capacity while 
demonstrating negligible widening or frequency response shifts, which 
may otherwise signify partial degradation or modified permittivity/ 

permeability profiles resulting from acid exposure.

4. Conclusion

A novel 3D hierarchical NiO/Ni/Borophene (NNCB) nanocomposite 
was successfully synthesized using a scalable, solution-based approach 
that combines solvothermal synthesis, liquid-phase exfoliation, and 
freeze-drying processes. The integration of borophene into the NiO/Ni 
framework mitigates the intrinsic drawbacks of conventional composi
tes—namely high density, impedance mismatch, and restricted dielec
tric loss—by providing lightweight conductivity, anisotropic charge 

Fig. 10. Multifaceted synergistic energy dissipation within the NNCB absorbers.

Fig. 11. (a) Photograph of the NNB-20 nanocomposite after 24 h of soaking in 1 M HCl, (b) Water contact angle measurement of NNB-20 post-HCl treatment, (c) 3D, 
and (d) 2D reflection loss (RL) plot of NNB-20 after acid exposure.
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transport, and improved interfacial polarization. The NNCB-20 compo
sition exhibited the most advantageous electromagnetic wave absorp
tion characteristics among the synthesized materials, attaining a 
minimal reflection loss of − 55.5 dB and a wide effective absorption 
bandwidth due to its balanced dielectric and magnetic losses. Structural 
investigations validated the homogeneous distribution of NiO/Ni 
nanoparticles on borophene nanosheets, whereas surface and magnetic 
characterizations disclosed synergistic mechanisms encompassing con
duction loss, dipole polarization, interfacial contact, and multiple scat
tering. This study demonstrates borophene’s capability as a 
multifunctional additive in electromagnetic absorbing materials and 
provides a design framework for advanced, lightweight, and high- 
efficiency EMI shielding materials applicable in communications, aero
space, and stealth technologies.
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