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ABSTRACT: Conductive  metal-organic  frameworks
(MOFs) have emerged as promising electromagnetic
wave absorption (EMWA) properties materials due to
their  tunable  dielectric  properties  and straightforward
synthesis.  Nevertheless,  achieving  broad  effective
absorption  bandwidth  (EAB)  at  ultrathin  thickness
remains  a  significant  challenge.  Herein,  a  series  of
rod-haped bimetallic CuM-HHTP (M = Mn, Co, Ni, and
Zn)  were  synthesized  via  a  hydrothermal  approach.
Remarkably,  all  fabricated  samples  demonstrated
wide  EAB  values  at  ultrathin  thickness.  The  EAB
performance was found to correlate positively with the
electron transfer capability of metal ions, following the order: CuNi > CuCo > CuZn > CuMn. This trend can be attributed to
subtle  variations  in  charge  carrier  concentrations  and  dipole  moment  modifications  induced  by  the  coordination  of
heterogeneous  metal  ions  to  hydroxyl  groups,  which  arise  from  the  coordination  tendency  and  bond  strength  of  the
heterobimetallic  binding  to  the  ligands.  The  EAB value  of  CuNi-HHTP reached  up  to  7.12  GHz  (10.88–18.00  GHz)  at  a
matching  thickness  of  only  1.78  mm.  The  outstanding  EMWA  performance  was  originated  from  optimized  impedance
matching,  synergistic  dipole and defect  polarization,  interface polarization,  and conductive loss.  Additionally,  radar  cross-
section  simulation  confirmed  the  material's  practical  applicability  in  EMWA.  This  study  presents  a  novel  strategy  for
designing high-performance bimetallic conductive MOFs absorbers with tailored electromagnetic properties.
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 1    Introduction
The  rapid  development  of  electronic  devices  and  communication
technologies  has  led  to  the  widespread  utilization  of
electromagnetic  wave  (EMW)  in  modern  society.  However,  the
electromagnetic  pollution  has  brought  about  potential  threats  to
both  human  health  and  environmental  sustainability.  In  military
applications, electromagnetic interference can severely disrupt radar
systems  and  communication  devices,  compromising  operational

effectiveness  [1−3].  To  mitigate  these  challenges,  significant
research efforts  have been directed toward designing high-efficient
EMW  absorbing  (EMWA)  materials  with  optimal  characteristics,
including thin thickness,  wide bandwidth,  light weight,  and strong
absorption  capabilities  [4−6].  Conventional  EMWA  materials,
including  magnetic  materials  (such  as  ferrites  [7]  and  magnetic
metals  [8]),  carbon-based  materials  (e.g.,  graphene  [9]  and carbon
nanotubes [10]), and ceramics [11] and their composites, have been
extensively  employed.  Nevertheless,  their  practical  applications  are
often  hindered  by  intrinsic  limitations,  including  poor  absorption
bandwidth  and  inadequate  absorption  intensity.  These
shortcomings  underscore  the  pressing  demand  for  innovative
EMWA materials with enhanced performance.

Metal-organic  frameworks  (MOFs)  are  crystalline  porous
materials constructed by inorganic metal nodes bridged by organic
ligands  [12].  Owing  to  their  exceptional  features  such  as  large
specific  surface  area,  well-defined  porosity,  diverse  topologies,  and
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tunable  structural  units,  MOFs  have  garnered  widespread
applications  in  various  fields  including  catalysis  [13],
supercapacitors [14], energy storage [15], sensors [16], and EMWA
[17−19],  etc.  However,  their  limited  electrical  conductivity  and
structural  collapse  upon  high-temperature  carbonization
significantly  impair  their  EMWA  performance  [20, 21].  In  this
context, the conductive MOFs have emerged as promising EMWA
materials [12].  These materials offer three key advantages.  1) They
maintain  the  original  morphology  without  requiring  high-
temperature  calcination.  2)  They  exhibit  enhanced  electron
mobility  for  improved  conducive  loss  [22].  3)  The  rich  functional
groups  within  the  ligands  enable  strong  polarization  loss  through
coordination  with  transition  metals  [23].  The  aromatic  functional
ligands  employed  in  conductive  MOFs  primarily  include:
1) polycarboxylic acid ligands (e.g., BTC), 2) polyhydroxy aromatic
ligands (e.g., HHTP), and 3) sulfurcontaining ligands (e.g., TTFTB)
[24].  Particularly,  the  HHTP ligand possesses  abundant  functional
groups  and  outstanding  thermal  stability.  Moreover,  its  extended
conjugated  π-system,  with  an  intrinsic  π–π  conjugation  system,
facilitates  efficient  electron  transport  and  readily  forms  porous
frame-works  through  metal  coordination  [25].  Notably,  the
conductive  MOFs  based  on  HHTP  ligands  represent  ideal
candidates  for  EMWA  materials.  For  instance,  Shan  et  al.
demonstrated  the  Cu3(HHTP)2 achieving  a  minimum  reflection
loss  (RLmin)  value  of −56.45  dB  and  the  effective  absorption
bandwidth  (EAB,  RL  < −10  dB)  value  of  5.76  GHz  at  the
thicknesses of 2.00 mm [12]. This work marked the first application
of  conductive  MOFs in the  field  of  EMWA through a  simple  and
influential  strategy.  However,  due  to  monometallic  conductive
MOFs,  suffer  from  limited  tunability  in  EMWA  performance.  To
further  enhance  EMWA  performance,  Qu  et  al.  developed
bimetallic  Co/Cu  conductive  MOFs  achieving  an  RLmin value  of
−61.00  dB  at  a  thickness  of  2.26  mm  [26].  The  absorption
performance  was  significantly  enhanced  by  modulating  the  metal
ion  ratio,  highlighting  the  promise  of  bimetallic  systems.
Nevertheless,  the  fundamental  relationship  between  bimetallic
composition  and  EAB  modulation  remains  unclear,  presenting  a
critical research gap.

In  this  work,  we  successfully  prepared  a  series  of  CuM-HHTP
(M = Mn, Co, Ni, and Zn) bimetallic MOFs using a modified one-
step  hydrothermal  method.  The  study  was  conducted  in  two
phases:  First,  Zn2+ was  gradually  incorporated  into  a  Cu-based
system  to  systematically  evaluate  the  effects  of  varying  Cu2+/Zn2+

ratios on electromagnetic properties. Subsequently, we explored the
influence of different metal ions (Mn2+, Co2+, and Ni2+) substituted at
the optimal  ratio on dielectric  loss  modulation.  Guided by Hund's
rule and the Pauli exclusion principle, we observed that the distinct
electron donation and acceptance abilities of these transition metals
significantly  modulated  electron  transfer  capabilities,  thereby
engineering  polarization  loss  characteristics.  This  atomic-level
control  strategy  allows  for  precise  compositional  optimization  to
tailor  EMWA  performance.  Notably,  the  exceptional  EAB
performance  originates  from  the  delicate  equilibrium  between
attenuation  performance  and  impedance  matching,  enhances
EMWA  capability.  Concurrently,  the  synergistic  impact  of  the
bimetallic system, π–π interactions induced by charge transfer, and
anisotropy  of  the  interlayer  structure  provide  absorption  sites  for
EMW,  promoting  multiple  scattering  and  reflections  that  further
enhance EMWA. The results indicate that CuNi-6 achieves an EAB
value  of  7.12  GHz  (10.88–18.00  GHz)  at  a  matching  thickness  of

only  1.78  mm.  Additionally,  for  the  CuZn-1,  the  RLmin value
reaches −66.20 dB at 3.24 mm matching thickness at a frequency of
7.44  GHz.  This  innovative  strategy  of  composition-tunable  MOFs
establishes  a  versatile  platform  for  designing  next-generation
EMWA materials.

 2    Experimental
Synthesis  of  the  CuM-HHTP:  A  series  of  bimetallic  conducting
MOFs were prepared by a hydrothermal method. The samples were
first  prepared  by  control-ling  different  molar  ratios  of  Cu2+,  Zn2+

(2:1, 1:1, and 1:2) with the ligand HHTP noted as CuZn-X (X = 1,
2,  and 3).  Sample CuM-Y (M = Mn, Co, and Ni; Y = 4,  5,  and 6)
was obtained by replacing the Zn2+ element with M2+ (M = Mn, Co,
and  Ni).  The  Electronic  Supplementary  Material  (ESM)  contains
details  of  the  synthesis  process,  characterization  and  test  methods
for all final products.

 3    Results and discussion

 3.1    The  composition,  morphology,  and  microstructure  of
CuM-HHTP
Figure 1(a) illustrates the synthesis process of the rod-shaped CuM-
HHTP  (M  =  Mn,  Co,  Ni,  and  Zn)  via  a  hydrothermal  method.
Following  a  previously  reported  procedure  [27],  equimolar
amounts of (CH3COO)2Cu·H2O, (CH3COO)2M·4H2O, and HHTP
underwent  a  coordination  reaction  to  form  conductive  CuM-
HHTP nanostructures. During the hydrothermal process, the –OH
groups  of  the  HHTP  coordinated  with  Cu2+ and  M2+ ions  to
construct  a  planar  structure  featuring  hexagonal  pores  [28].  These
planar  structures  subsequently  assembled  via  π–π  stacking  into
uniform  rod-like  morphologies,  where  numerous  benzene  rings
established  an  extended  π-conjugated  structure  and  three-
dimensional  conductive  network  throughout  MOFs  crystals.
Notably,  HHTP  features  multiple  functional  groups  that  readily
coordinate  with  transition  metal  ions,  generating  a  layered  π–π
conjugated  system  [29].  The  resulting  π–π  interactions  not  only
directed  ensured  planar  growth  but  also  guided  longitudinal
stacking  of  the  conductive  MOFs  [30].  Structurally, each  metal
node bridged two adjacent  HHTP ligands forming interconnected
π  stacking  and  conjugated  networks,  that  collectively  enhanced
conductivity for optimized EMWA performance [31].

X-ray diffraction analysis of the CuM-HHTP (M = Mn, Co, Ni,
and  Zn)  are  presented  in Fig.  1(b).  All  samples  exhibited
characteristic  peaks  at  9.5°,  12.7°,  and  27.6°,  indexed  to  the  (200),
(201), and (002) crystalline planes, respectively, in good agreement
with previous literature reports [22]. The observed diffraction peaks
at 9.5° and 12.7° confirm a hexagonal layer structure oriented along
the  ab  plane  for  the  CuM-HHTP.  Furthermore,  the  strong
diffraction peak at 27.6° verifies the preferred longitudinal assembly
of  rod-like  structures  within  the  sample  [32].  Notably,  all  samples
displayed well-defined diffraction peaks without detectable impurity
phases,  demonstrating  a  high  level  of  crystallinity  in  the  prepared
samples.  Comparative  analysis  revealed  that  CuZn-X and  CuM-Y
showed  enhanced  peak  intensity  at  an  angle  of  27.6°  relative  to
other  samples,  suggesting  their  highest  degree  of  longitudinal
stacking  crystallinity  realized  among  all  investigated  compositions
examined in  this  study [33].  This  combination of  crystallinity  and
structural  integrity  promotes  efficient  electron  transport  processes
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thereby  enhancing  both  electrical  conductivity  and  ultimately
improving EMWA performance.

FT-IR  analysis,  as  shown  in Fig.  1(c),  confirmed  identical
functional  groups  across  all  samples.  The  characteristic  peaks
observed  at  wavenumbers  of  3430  and  990  cm−1 are  attributed  to
the  stretching  vibrations  of –OH  and –C–OH  in  HHTP,
respectively [26]. Notably, the appearance of –C=O vibrational peak
at 1633 cm−1 indicates partial  oxidation of ligands during synthesis
to  achieve  charge  equilibrium  [30].  Furthermore,  the  weak

absorption  band  at  530  cm−1 confirms  the  formation  of  metal-
oxygen coordination bonds coordination bonds [30].

XPS  characterization  using  the  CuZn-1  as  a  representative
example, the survey spectrum (Fig.1(d)) confirmed the presence of
C,  O,  Cu,  and  Zn  elements. Figure  1(d) displays  the  total  C  and
metal ion spectra. The XPS spectrum of C 1s in Fig. 1(e) categorizes
into three peaks at 284.80, 286.19, and 288.59 eV, corresponding to
the  C–C/C=C,  C–O,  and  C=O  bonds  [34],  respectively.  The
dominant C–C/C=C signal reflects the abundance of benzene rings

 

Figure 1    (a) Schematic illustration of the preparation process of the CuM-HHTP (M = Mn, Co, Ni, and Zn). (b) XRD patterns of all samples. (c) FT-IR spectra of all
samples. XPS spectra of the CuZn-1: (d) full spectrum, (e) C 1s, (f) Zn 2p, and (g) Cu 2p. XPS spectra of the CuM-Y: (h) Mn 2p, (i) Co 2p, and (j) Ni 2p.
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present  in  the  CuZn-1,  which  significantly  contribute  to  their
excellent electrical conductivity and enhance EMWA performance.
In  the  Zn  2p  region  (Fig.  1(f)),  1022.57  and  1045.69  eV  were
assigned to  Zn 2p1/2 and Zn 2p3/2,  respectively  [12],  while  those  at
934.76  and  954.60  eV  in Fig.  1(g) correspond  to  Cu2+ binding
energies for their respective spin-orbit components (Cu2+ 2p1/2 and
Cu2+ 2p3/2) [12]. The peaks at 933.14 and 952.82 eV are assigned to
Cu+ 2p1/2 and  Cu+ 2p3/2,  respectively  [22].  Additionally,  the  small
peaks at 940.75 and 944.17 eV are related to the satellite peaks of Cu
2p3/2, while the small peak at 963.00 eV belong to the satellite peak
of  Cu  2p1/2 [22].  Furthermore, Figs.  1(h)−1(j) present  the  XPS
spectra of Mn 2p, Co 2p, and Ni 2p in the CuM-Y, samples [31, 33],
with  other  samples  shown  in  the  supporting  information  (Figs.
S1(i)  and S1(j)  in  ESM).  The  binding  energy  of  Cu varied  slightly
for all  samples in XPS,  resulting from the different charge transfer
abilities  of  metal  ions.  Collectively,  both  XPS  and  FT-IR  analyses
confirm the successful formation of CuM-HHTP materials.

Nitrogen  adsorption–desorption  analysis  in  Fig.  S2  in  the  ESM
revealed  typical  type-IV  isotherm,  confirming  the  presence  of  the

mesoporous  structure  [5].  Quantitative  data  are  summarized  in
Table  S1  in  the  ESM.  The  Brunauer–Emmett–Teller  (BET)  for
CuM-HHTP (M = Mn, Co, Ni, and Zn) are calculated to be 228.56,
189.17, 169.23, 160.66, 187.84, and 209.99 m2·g−1, respectively. With
corresponding pore volume (Vpore) values are 0.51, 0.44, 0.45, 0.35,
0.36,  and  0.40  m3·g−1,  respectively.  According  to  the  Maxwell-
Garnett  theory,  larger  specific  surface  area  provides  the  EMWA
sites  and  improve  the  electron  transfer  rate,  while  the  porous
structure  simultaneously  reduce  the  complex  dielectric  constant
and enhances the impedance matching [5]. Notably, the mean pore
size  (Dpore)  values  for  CuZn-2,  CuMn-4,  CuCo-5  and  CuNi-6  are
comparable at 11.71, 12.74, 12.36, and 12.08 nm, respectively. These
structural  features  collectively  enhance  multiple  scattering  and
reflections  of  the  incident  EMW  through  interfacial  polarization
[8]. Moreover, the porous structure not only reduce material weight
but also contribute to superior EMWA performance.

Morphological  characterization  of  CuZn-1,  CuZn-2,  CuZn-3,
CuMn-4,  CuCo-5,  and  CuNi-6  was  performed  using  SEM
(Figs.  2(a)–2(f)).  All  samples  exhibited  well-defined  rod-like

 

Figure 2    SEM images of (a) CuZn-1, (b) CuZn-2, (c) CuZn-3, (d) CuMn-4, (e) CuCo-5, and (f) CuNi-6. (g) and (h) HRTEM images, and (i)−(m) TEM-EDS elemental
mapping images of CuZn-1.
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morphologies,  confirming  that  bimetallic  composition  variation
preserves  the  morphology  with  slight  nanorod  aggregation
observed,  attributed  to  the  high  surface  energy  characteristic  of
nanoscale  bimetallic  conductive  MOFs  promoting  aggregation  of
nanoparticles  through  mutual  attraction.  Notably, Figs.  2(a)–2(c)
reveals  that  CuZn-1  displays  uniform  size  distribution  and  good
dispersion,  which  maximizes  EMWA  active  sites  for  enhanced
performance.  As  can  be  seen  from Figs.  2(a)–2(f),  there  is  no
significant  change  in  rod  diameter  and  size  for  all  samples.  This
observation suggests  that  changing the metal  ions does not have a
significant outcome on the size change, thus indicating that EMWA
performance  is  not  significantly  affected  by  morphology.  The
structure  of  HHTP  incorporates  numerous  groups  bound  to
transition metal ions to form a layered π–π conjugated system. The
two-dimensional laminar structure aligns longitudinally, promoting
the formation of rod-like samples. In this scenario, the robust π–π
interaction  ensure  planar  growth  and  longitudinal  stacking  of
conductive  MOFs.  A  network  with  π-stacking  and  π-conjugate
network is established between adjacent HHTP ligands centered on
one  metal  in  each  stratum,  which  enhances  conductivity  while
facilitating  EMWA  through  increased  the  conductive  loss.
Furthermore, these 1D nanostructures promote multiple scattering
and  reflections  of  EMW,  while  their  shape  anisotropy  EMWA
capacity  [35].  The  intrinsic  shape  anisotropy  of  these  2D-derived
nanorods  contributes  to  EMWA  performance  by  generating
localized EMWA sites under electromagnetic excitation [36].

Advanced microstructural characterization was conducted using
transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM),  as  depicted  in Figs.  2(g)−2(m).  The  well-defined  rod-
like  morphology  of  the  CuZn-1  is  clearly  shown  with  an  average
diameter  of  about  100  nm and a  stack  length  of  1  µm (Fig.  2(g)).
Additionally, from Fig. 2(h), lattice fringe distances of 1.75 nm were
observed,  corresponding  to  the  diameter  of  a  hexagonal  pore
formed  by  the  metal  ion  and  ligand  in  the  conductive  MOF.
Elemental  distribution  analysis  (Figs.  2(i)−2(m))  confirmed
uniform dispersion  of  elements  C,  O,  Cu,  and  Zn throughout  the
architecture. The C and O elements originate from organic ligands
while Cu and Zn are de-rived from inorganic metal salts.  Notably,
successful  preparation  of  bimetallic  conductive  MOFs  is
unambiguously demonstrated by copper and zinc co-distribution.

 3.2    EMWA performance of the CuM-HHTP
The  electromagnetic  parameters  were  characterized  from
2.00–18.00  GHz  using  a  vector  network  analyzer.  Based  on  the
transmission line theory, the EMWA properties are quantified by a
reflection loss (RL) using Eqs. (1) and (2) [37, 38]

RL = 20lg
∣∣∣∣Zin −Z0

Zin +Z0

∣∣∣∣ (1)

Zin = Z0

√
μr

εr

tanh
(

j
2πfd√μrεr

c

)
(2)

where Zin represents the input impedance of the sample, Z0 denotes
the free-space impedance of the sample. The μr = μ' − jμ" and εr = ε'
− jε" are the relative complex permeability and the relative complex
permittivity, respectively. Additionally, d represents the thickness of
the coating of the sample, f denotes the frequency of the EMW, and
c symbolizes the speed of light in vacuum. Typically, when the value
of  the  sample  RL  falls  below −10  dB,  it  signifies  that  90%  of  the
EMW is absorbed [39, 40]. Optimal EMWA performance requires

both  strong  absorption  and  broad  bandwidth  [1]. Figures  3(a1)–
3(c3) present  the  2D  and  3D  plots,  illustrating  the  RL  values  at
different  thicknesses  for  the  CuZn-X  with  various  ratios.
In Figs.  3(a1)–3(a3),  the  CuZn-1  demonstrates  an  RLmin value  of
−66.20  dB  at  7.44  GHz  with  a  matching  thickness  of  3.24  mm.
However, when the matching thickness is 2.00 mm, the EAB value
reaches  4.88  GHz  (13.12–18.00  GHz).  The  CuZn-2  (Figs.  3(b1)–
3(b3))  exhibits  an  EAB  value  of  6.16  GHz  (11.84–18.00  GHz)  at
2.29 mm and an RLmin value of −27.55 dB at 2.55 mm. As for the
CuZn-3,  it  can  be  viewed  clearly  from Figs.  3(c1)–3(c3) that  the
RLmin value  is −14.90  dB  and  the  EAB  value  is  3.12  GHz
(7.52–10.64 GHz) at a matching thickness of 4.00 mm. Notably, the
CuZn-1 exhibited the strongest RL value, suggesting excessive Zn2+

impede  electron  migration  in  conductive  MOFs,  reducing  EMW
loss  [12].  Fascinatingly,  the  EAB  shows  a  distinct  non-monotonic
trend with increasing Cu2+ incorporation. The phenomenon can be
attributed  to  the  synergistic  effect  of  the  bimetallic  system,  where
the coexistence of Zn2+ and Cu2+ enhances electron transfer, thereby
significantly improving the EMWA performance [23]. However, an
excessive  Cu2+ content  compromises  broad-band  absorption.  To
elucidate  the  relationship  between  the  EAB  value  and  bimetallic
composition  in  the  samples,  the  resulting  CuM-Y (M  =  Mn,  Co,
and  Ni)  samples  are  prepared,  and  their  EAB and  RLmin values  at
different  thicknesses  are  systematically  studied  and  evaluated.
Figures 3(d1)–3(f3) depict the 2D and 3D RL profiles of the CuM-Y
at different thickness. The CuMn-4 demonstrates an EAB value of
6.00 GHz (12.00–18.00 GHz) at  a  matching thickness  of  1.83 mm
(Figs. 3(d1)–3(d3)). The CuCo-5 shows an EAB value of 6.48 GHz
(10.96-17.44  GHz)  at  1.76  mm  (Figs.  3(e1)–3(e3)).  The  CuNi-6
exhibits  the  EAB  value  of  7.12  GHz  (10.88-18.00  GHz)  at  a
matching thickness of  only 1.78 mm, covering the entire Ku-band
and part of the X-band (Figs. 3(f1)–3(f3)). Remarkably, all samples
demonstrate  broadband  absorption  capabilities  at  thin  matching
thicknesses.  Nonetheless,  the  performance  discrepancies  are
observed among the samples with distinct metal ions. The order for
EAB characterization is as follows: CuNi-6 > CuCo-5 > CuZn-2 >
CuMn-4, which is inextricably linked to the synergistic effect of the
bimetals [23]. Consistent with Hund's rule and the Pauli exclusion
principle,  the  electron  donation  capacity  follows:  Ni  >  Co  >  Zn  >
Mn [41], directly correlating with their EAB performance. Based on
this  phenomenon,  the  analysis  reveals  that  the  varying  abilities  of
different  elemental  ions  to  donate  and  accept  electrons  result  in
different  charge  transfer  capabilities  between  metals  and  ligands
[41]. The variation in dipole moments induced by the coordination
tendencies  and  bond  strengths  of  heterobimetallic  ions  with
hydroxyl  ligands.  This  leads  to  differences  in  dipolar  polarization
abilities,  consequently  affecting  the  EMWA  capabilities  of  the
synthesized  samples.  Stronger  electron  donating  ability  leads  to
more intense dipole polarization between metal and ligand, and the
sample  with  more  unpaired  electrons  typically  exhibits  better
conductivity,  resulting  in  stronger  EMW  loss  capability.  These
findings highlight the potential for composition-tuned the materials
for wideband absorption.

In  summary,  based  on  the  variation  in  EMWA  persuasively
across  all  samples,  it  is  evident  that  the  absorption  peak
systematically  shifts  towards  lower  frequencies  with  an  increase  in
the  matching  thickness  of  the  sample,  as  governed  by  the  quarter
wavelength model (Eq. (3)) [9, 42]
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tm =
nc

4fmRe
√

|εr| |μr|
(n= 1, 3, 5, . . .) (3)

where the n denotes  the mode number,  the Re represents  the real
part  of  the  complex  value,  the tm is  the  matching  thickness  of
material, and fm corresponds to the peak frequency. From the above
Eq.  (3),  it  is  recognized  that  the  matching  thickness  is  inversely

proportional to the corresponding frequency. Figure S3 in the ESM
illustrates  the  quarter  wavelength  theory  plots  for  all  samples,
demonstrating  their  adherence  to  the  quarter  wavelength  theory
and  exhibiting  phase  cancellation  of  EMW  at  the  air-sample
interface  when  both tm and fm of  the  sample  satisfy  the
aforementioned equation [43].

As  the  conductive  MOFs  primarily  function  as  dielectric

 

Figure 3    The 2D and 3D plots of (a1)–(a3) CuZn-1, (b1)–(b3) CuZn-2, (c1)–(c3) CuZn-3, (d1)–(d3) CuMn-4, (e1)–(e3) CuCo-5, and (f1)–(f3) CuNi-6.
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materials, we focus on the εr characteristics of the samples. The real
part  (ε')  and  imaginary  part  (ε")  components  of  the  complex
dielectric  constant  represent  the  storage  and  dissipation  capacities
of  the  EMW  energy,  respectively  [44].  The  ratio  of  the  real  and
imaginary parts of the complex dielectric permittivity represents the
dielectric  loss  tangent  (tanδε).  Consequently,  the  tanδε serves  as  a
critical  parameter  for  assessing  dielectric  loss  and  determining
EMWA properties [6]. Frequency-dependent variations of ε' and ε''
for  the  samples  are  presented  in Figs.  4(a) and 4(b),  revealing  a
direct correlation between the electron gain and loss capabilities of
metal  ions  and  the  dielectric  parameters  in  different  types  of
conductive MOFs. As illustrated in Fig. 4(a), the ε' values for CuZn-1,
CuZn-2,  and  CuZn-3  diminished  from  9.83  to  6.33,  7.95  to  5.20,
and  6.32  to  4.73,  respectively.  This  could  be  attributed  to  the
frequency  dispersion  effect  of  the  sample  under  the  action  of

alternating  electromagnetic  fields  [45].  Notably,  the  proportion  of
Cu ions increases,  the samples exhibit  higher ε' values. Figure 4(b)
shows  fluctuations  in ε'' values  across  frequency,  indicating  the
existence  of  multiple  polarization  phenomena  [46].  The  CuZn-2
demonstrates the highest values of both ε' and ε'', highlighting that a
Cu:Zn  ratio  of  2:1  optimizes  dielectric  storage  and  dissipation
capabilities [44]. The results demonstrate precise bimetallic element
ratio  can  control  the  electromagnetic  parameters  and  change  the
EMWA  performance.  Notably,  the  CuM-Y samples  prepared  by
changing the bimetallic species possess higher ε' values, while all the
tractions  show  a  decreasing  trend  due  to  the  polarization  lagging
behind  the  frequency  of  the  EMW  [45].  Specifically, ε' initially
ranges  from  14.58  to  6.59,  16.63  to  8.30,  and  15.53  to  7.22,
respectively,  illustrating  that  adjusting  the  bimetallic  fraction
enhances  dielectric  storage  capacity  in  these  samples.  All  samples

 

Figure 4    (a) εꞌ, (b) ε", (c) tanδε, and the Cole–Cole plots of (d) CuZn-1, (e) CuZn-2, (f) CuZn-3. The |Δ| values of (g) CuZn-1, (h) CuZn-2, and (i) CuZn-3. The α values
of (j) CuM-HHTP (M = Mn, Co, Ni, and Zn) and (k) Opti-mal EAB bar charts for different samples.
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consistently  shows  slight  fluctuations  after  tracking  frequencies
above  8.00  GHz.  Meanwhile, Fig.  4(b) demonstrates  that  all ε''
values  of  CuM-Y display  vibrational  peaks  attributed  to  dielectric
material  polarization  relaxation  contributing  significantly  to
dielectric  loss  [47].  Therefore,  modulating  electromagnetic
parameters  by  varying  the  different  metals  is  feasible.  The  tangent
values  of  the  dielectric  loss  of  CuZn-X with  different  ratios  are
displayed in Fig. 4(c). It can be seen that the tan δε values for CuZn-
X fall  within  the  range  of  0.25–0.5.  Among  them,  the  CuZn-1
exhibits  the  highest  values  in  the  frequency  bands  of  6.56–10.48,
14.72–15.76,  and  16.48–18.00  GHz,  where  its  dielectric  loss
significantly  contributes  to  performance  enhancement  [6].  The
CuZn-2  possesses  a  relatively  high  value  of  tanδε in  the  high-
frequency band consistent  with its  EAB range.  Clearly,  the sample
exhibits  a  broad  EAB  value.  Similarly,  all  the  CuM-HHTP  (M  =
Mn,  Co,  and  Ni)  samples  have  higher  tanδε values  within  the
corresponding  EAB  range.  It  is  further  emphasized  that  precise
adjustment of the ratio and components of the bimetallic is crucial
for achieving desirable EMWA properties. In addition, due to the in-
corporation  of  bimetallic,  there  are  an  improvement  in  the
magnetic  properties.  Although  the  magnetic  property  remain
relatively  weak  but  cannot  be  disregarded.  Figure  S4  in  the  ESM
gives  the  real  part  of  the  permeability  of  the  samples  (µ'),  the
imaginary part of the permeability (µ"), and the variation curves of
the complex permeability and magnetic loss tangent (tanδμ) curves
for each sample. The µ' and µ" values of CuZn-X and CuMn-4 both
remain approximately constant at 1 and 0, respectively, while CuCo-
5  and  CuNi-6  display  significant  fluctuations  in  both µ' and µ"
values  owing  to  the  synergistic  impact  induced  by  bimetals.
Negative  values  observed  for µ" can  be  owing  to  internal  charge
movement  generating  alternating  electric  field  which  subsequently
creates  internal  magnetic  field,  excess  magnetic  energy  is  radiated
when these internal magnetic field surpasses original ones, multiple
fluctuation peaks seen in waveform are a result of natural resonance
at low frequencies as well as exchange resonance at high frequencies
[48].  From Fig.  4(c) and  Fig.  S5  in  the  ESM,  it  becomes  apparent
that  tan δμ values  for  all  samples  are  lower  than  tanδε values,
inferring  that  dielectric  loss  remains  as  predominant  governing
EMW loss.

The  dielectric  loss  of  dielectric  materials  comprises  conductive
loss and polarization loss, which can be characterized using Debye
relaxation  theory  [10, 49].  The  Cole–Cole  relationship  between ε'
and ε'', is expressed as Eq. (4)(

ε′ − εs + ε∞

2

)2

+(ε′′)2 =
(
εs − ε∞

2

)2

(4)

where εs and ε∞ denote the static dielectric constant and there lative
dielectric  constant  at  the  high-frequency  limit,  respectively.
Polarization loss can be elucidated by the Debye relaxation theory,
the Cole–Cole semicircles obtained from the depiction of ε' and ε''
represent individual process of Debye relaxation [50]. Figures 4(d)–
4(f) displays  the  Cole–Cole  plots  of  CuZn-X samples.  Multiple
irregular semicircles appear in all samples, clearly indicating several
polarization relaxation processes occurring within the samples. The
Cole–Cole plots of CuM-Y reveal multiple semicircles in the same
region  (Fig.  S5  in  the  ESM),  indicating  significant  contributions
from  polarization  loss.  These  distorted  semicircles  reflect  various
dielectric  loss  mechanisms,  with  dipole  polarization  caused  by
electron  transfer  between  metal  ions  and  functional  groups  being
the  most  prominent.  As  the  curves  evolve,  the  Cole–Cole  plots

ultimately transform into a straight line, at which point conductive
loss  becomes  the  primary  loss  mechanism  of  the  samples  [51].
Concurrently, the Cole–Cole plots of ε' and ε'' reveal linear behavior
in  the  low-frequency  range  for  all  samples,  confirming  the
dominance  of  conductive  loss  at  these  frequencies.  The  CuM-Y
samples possess high dielectric constants, indicating that conductive
loss predominates at low frequencies. This explains their absorption
capability  in  the  low-frequency  range  and  further  suggests  that
conductive  loss  primarily  controls  EMWA  in  this  band.  The
presence  of  noncovalently  bonded  organic  segments,  such  as  π–π
stacking,  facilitates  charge  transport  pathways.  Electrons  migrate
and hop between layers of the rod-like samples and between metal
ions and ligands [52]. Moreover, free radicals within HHTP ligands
further  enhance  conductive  loss.  At  elevated  frequencies,  a  clear
transition  from  conductive  to  polarization  loss  is  observed.  More
Cole–Cole  semicircles  indicate  stronger  polarization  loss.  Various
polarization loss mechanisms exist in the samples, including defects
polarization  and  dipole  polarization.  Dipole  polarization  plays  a
major  role,  resulting  from  the  different  electron  donation  and
acceptance  abilities  of  various  bimetallic  elements,  leading  to
different  dipolar  polarizations  and  thus  varying  EMWA
performances. Collectively, both conductive and polarization losses
contribute substantially to the overall dielectric loss spectrum.

The conductivity measurements obtained by four-probe method
(Table S2 in the ESM) revealed values of 1.67, 1.44, 0.39, 1.86, 1.91,
and  1.95  S·m−1 for  CuZn-1,  CuZn-2,  CuZn-3,  CuMn-4,  CuCo-5,
and  CuNi-6,  respectively.  These  conductivity  values  stem  from
effective  overlapping  of  the  successful  orbitals  between  the  metal
and  the  π-conjugated  HHTP  ligands,  forming  a  continuous
conductive network that enhances the conductivity loss. Consistent
with  the  free  electron  theory  (ε'' = σ/(2πfε0)), ε0 represents  the
dielectric constant of the vacuum, the observed conductivity trends
correlate well with the value of ε'' variations. It is worth noting that
the  conductivity  of  several  samples  is  similar,  indicating  that  the
conductive  loss  gives  the  materials  excellent  dissipation  of  EMW,
while it is the polarization loss that distinguishes the performance of
the samples [11].

α

High-performance EMWA materials must simultaneously satisfy
two key conditions: (1) high attenuation constant (α)，(2) optimal
impedance matching. The  can be expressed as Eq. (5) [7, 53]

α=

√
2πf
c

√
(μ′′

r ε′′r − μ′
rε′r)+

√
(μ′′

r ε′′r − μ′
rε′r)

2
+(μ′

rε′′r + μ′′
r ε′r)

2

(5)

The  larger  the α value,  the  greater  the  ability  of  the  material  to
attenuate  [3, 4].  The  value  of α is  positively  correlated  with  the
imaginary  components  of  the  dielectric  constants.  As  shown
in Fig.  4(j),  the α values  for  all  samples  exhibit  an  upward  trend
with increasing frequency, and the values rise from 30.81 to 171.22,
38.02 to 167.69, 23.03 to 93.58, 55.89 to 258.97, 48.93 to 307.11, and
59.61  to  280.58  m−1,  respectively.  It  is  noteworthy  that  CuZn-1
exhibits significantly higher α values at 4.00–10.00 GHz com-pared
to  the  other  two  CuZn-X samples,  with  a  distinct  peak  observed
between  6.00–10.00  GHz,  where  the α values  is  238.61  m−1,
indicating  excellent  attenuation  capability.  This  trend  aligns
consistently  with  the  variation  in ε" values.  Correspondingly,  this
sample  demonstrates  the  best  RLmin performance  at  7.44  GHz.
Correspondingly,  as  presented  in Fig.  4(j) the α values  of  CuM-
HHTP  also  exhibit  an  increasing  trend,  with  the  distinction  that
they  are  higher  in  comparison.  An  elevated α values  enables  the
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material  to  achieve  critical  attenuation  across  broader  frequency
bands at reduced thicknesses. It is evident that impedance matching
serves  as  an  equally  important  criterion  for  evaluating  EMWA
materials.  The  supporting  information  contains  the  impedance
matching  equations. Figures  4(g)−4(i) and  Fig.  S6  in  the  ESM
presents  the  impedance  matching  values  for  different  samples.
Excessively  high  conductivity  may  also  lead  to  impedance
mismatch  [54].  When  the  value  of  impedance  matching  is  below
0.4,  more  EMW  can  penetrate  into  the  interior  of  the  material
without  being  emitted  at  its  surface,  thus  indicating  excellent
EMWA  characteristics  [55].  Notably,  Mn2+,  Co2+,  and  Ni2+

incorporation  substantially  improves  the  impedance  matching
capability  of  these  samples,  though  this  effect  diminishes  less
pronounced at higher conductivity levels. The broad EAB achieved
by CuZn-2, CuMn-4, CuCo-5, and CuNi-6 at ultrathin thicknesses
results from an optimal balance between attenuation capability and
impedance  matching.  Therefore,  achieving  a  productive  balance
between  impedance  matching  and  attenuation  is  essential  for
outgoing EAB applications. Notably, the equivalent CuNi-6 sample
exhibits an appropriate impedance matching range and an excellent
α value, accounting for its widest EAB range of 7.12 GHz.

Our systematic analysis reveals the EAB value increases with the
enhanced  electron  donation  and  acceptance  abilities  of  the
elemental  ions.  This  correlation  stems  from  intensified  electron
transfer capability between the metals and the functional groups of
the  ligands  as  the  electron  transfer  abilities  increase,  resulting  in  a
greater  dipolar  polarization  intensity,  which  promotes  EMWA.
Furthermore,  the  EAB  value  is  related  to  the  balance  between

attenuation and impedance matching. In this study, we achieved a
record  EAB  value  of  7.12  GHz  at  merely  1.78  mm  in  CuNi-6
demonstrating the efficacy of bimetallic composition engineering.

Figure 4(k) summarizes the optimal EAB performance and their
corresponding  thicknesses  for  all  sample,  enabling  clear  cross-
comparison.  Notably,  the  CuNi-6  stands  out  with  an  industry-
leading  EAB  of  7.12  GHz  at  just  1.78  mm.  When  benchmarked
against  (Fig.  S7  in  the  ESM)  recently  reported  EMWA  materials,
our  EAB  and  matched  thicknesses  and  thickness  metrics
demonstrate  superior  performance  [56−62].  Notably,  conductive
MOFs developed in this work achieve ultrawide bandwidth coupled
with strong absorption at ultrathin thicknesses, establishing them as
next-generation MOFs for advanced EMWA applications.

As  summarized  in Fig.  5(a),  the  EMWA  mechanism  operates
through  multiple  synergistic  effects.  The  porous  structure  is
advantageous  to  balance  the  impedance  matching.  Furthermore,
the  well-defined  structure  induces  multiple  scattering  and
reflections of the EMW entering the sample [57, 63]. Additionally,
strong  π–π  conjugate  interactions  within  the  sample  form  a  π-
conjugate conducting network, significantly enhancing conductivity
loss  [12].  Especially,  metal  ions  and  organic  ligands  consecutively
form delocalized conductive MOFs with matched energy levels and
overlapping  orbitals,  promoting  efficient  charge  transfer  [30].  The
bimetallic  composition  introduces  multiple  polarization  loss
mechanisms,  including  interface  polarization,  defects  polarization,
and dipole polarization, which all contribute to EMWA [2, 10, 23].
Particularly,  the  dipole  polarization  caused  by  the  interaction
between the metals and the functional groups of the organic ligands

 

Figure 5    (a) Schematic illustration of the EMWA mechanisms for CuM-HHTP (M = Mn, Co, Ni, and Zn) nano-materials.  (b) Simulated RCS values of the CuZn-1
under certain detecting angles. (c) RCS reduction values of all samples.
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improves  the  polarization  loss  [8, 23, 57].  In  summary,  the
combined effect of the rod-like morphology and internal optimized
structure collectively enable efficient EMW energy dissipation.

To  assess  real-world  applicability,  we  conducted  radar  cross-
section (RCS)  distributions  using  computer  simulation technology
(CST) Microwave Studio, quantifying the samples'  electromagnetic
stealth capabilities. The scattering direction of the RCS value (σ) for
a  specific  scattering  source  was  determined  by  the  spherical
coordinates θ and φ. The RCS distribution images, shown in Fig. S8
in  the  ESM,  illustrate  the  reflected  signals  from  models  of  metal
substrates coated with various materials. Notably, the configuration
featuring  a  CuZn-1  coating  on  the  PEC  substrate  exhibited  the
lowest  vertical  radar  scattering  intensity,  indicating  excellent
electromagnetic  energy  absorption  capabilities  [64].  The
corresponding  1D  RCS  curves  (Figs.  5(b) and 5(c))  further
emphasized the outstanding EMWA performance of CuZn-1 at all
angles,  achieving  an  impressive  RCS  reduction  of  45.75  dB·m2.
These  simulation  results  demonstrate  that  CuZn-1  exhibits
outstanding  potential  for  practical  EMW  attenuation  applications,
with  particular  effectiveness  in  minimizing  EMW  scattering  and
reducing electromagnetic reflection.

 4    Conclusions
A series  of  the CuM-HHTP materials  were synthesized via  a  one-
step  hydrothermal  method.  The  electron  transfer  capability  of  the
metal ions (Ni > Co > Zn > Mn) was found to positively correlate
with  EAB  value  at  ultrathin  thicknesses.  Notably,  the  CuNi-6
exhibited  an  exceptionally  wide  EAB  value  of  7.12  GHz
(10.88–18.00  GHz)  at  a  minimal  thickness  of  only  1.78  mm.  The
outstanding  performance  was  attributed  to  the  impedance
matching, dipole polarization, defect-induced polarization, interface
polarization, and conductive loss. Consequently, this work provides
a  novel  strategy  for  designing  high-performance  bimetallic
conductive MOF-based absorbers.
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