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Promoting electromagnetic wave absorption for
conductive metal—organic frameworks through
crystal morphology controllingt

Xueling Wang, Xuan Zhang, Jiagi Lu and Zhiliang Liu @=*

Conductive metal—-organic frameworks (cMOFs) with n-d conjugation that can effectively promote the
transport and migration of free electrons and improve electrical conductivity are considered as potential
high-efficiency electromagnetic wave (EMW) absorption materials. However, the microstructural regu-
lation of cMOFs with highly efficient EMW absorption remains a challenge due to the complexity of
organic ligands and the uncontrollability of self-assembly reactions. Herein, two distinctly different micro-
structures or morphologies of Ni-TABQ cMOFs are synthesized by assembling the 2,3,5,6-tetraaminoben-
zoquinone (TABQ) ligands and Ni?* ions through the manipulation of different reaction environments.
The synergistic effect between the intrinsic conductivity and bulk microstructure of the obtained Ni-
TABQ-1 optimizes electromagnetic parameters, displaying outstanding EMW absorption performance,
with an RLyi, value of —62.68 dB at 2.94 mm and an EAB of 5.12 GHz. These results demonstrate that the
microstructural and conductivity control of cMOFs could offer an accessible and positive guide to devel-
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Introduction

Electromagnetic wave (EMW) absorption materials that possess
the capability to transform electromagnetic energy into thermal
or other forms of energy are becoming increasingly popular in
functional coating materials™> and are widely used in civilian
technology and military fields, promising to solve the
problem of electromagnetic pollution and realize radar stealth
technology.>* In general, the high performance of EMW
absorption materials should satisfy the requirements of ideal
impedance matching and strong attenuation capacity as much
as possible. Meanwhile, the EMW absorption materials should
also meet the qualities of thin thickness, light weight, good
absorption capacity (reflection loss (RL) < —10 dB), and
effective absorption bandwidth (EAB, RL < —10 dB frequency
range).>® Metal-organic frameworks (MOFs), which are crystal
materials formed by self-assembly of bridging ligands and
metal ions/clusters,””® are among the most notable multifunc-
tional materials. Particularly, composites derived from the
pyrolysis products of MOF precursors have excellent advan-
tages of EMW absorption properties by virtue of the character-
istics, including a large specific surface area and a controllable
chemical composition and microstructure.’ Since the structure
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oping superior EMW absorption materials.

or composition of the precursor may be destroyed during the
pyrolysis process or dangerous gases resulting in secondary
pollution may be produced, it is highly desired to develop
novel MOF-based EMW absorption materials without any
pyrolysis.

Conductive MOFs (cMOFs), as a new type of MOF with
intrinsic electron conductivity, not only have the character-
istics of traditional MOFs but also have amazing conductivity
with intrinsic electron mobility, expecting to emerge as an out-
standing EMW absorption material without requiring an exten-
sive pyrolysis process.'®* For example, Miao et al. successfully
synthesized a semiconductive Cu-S-MOF with an RL,;, value
of —52.8 dB and an EAB of 6.72 GHz."> The conductive Cu-
HHTP with a nanorod-like structure that was reported by
Zhang et al. has an RLy,;, value of —63.55 dB."® The controlla-
ble chemical composition and morphological structures of
c¢MOFs play an important role in EMW absorption perform-
ance.'® On the one hand, bridging ligands with conjugate
systems and metal nodes with various valence states can act as
polarization sites to provide dipole polarization loss.'” On the
other hand, the special morphology of cMOFs can provide
multiple channels for scattering and reflection, causing some
amount of interface polarization loss.'® Unfortunately, it is
still difficult to regulate the conductivity and morphology of
c¢MOFs and then to achieve excellent EMW properties, owing
to the complexity and unpredictability of deprotonation
and redox reactions of polydentate ligands with high
n-conjugation, as well as coordination modes between metal
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Fig. 1 Synthesis route of Ni-TABQ cMOFs.

centers and bridging ligands in the self-assembly process.'®
Therefore, the fabrication and development of ¢cMOFs with
regulated conductivity or microstructure can provide potential
reference opportunities for effective EMW absorption
materials.

2,3,5,6-Tetraaminobenzoquinone  (TABQ) with strong
n-conjugated systems, as a redox-activity ligand, may generate
in situ redox reactions by simultaneous deprotonation, leading
to the bidentate functional groups of ligands that may display
various chemical valence states under certain conditions
(Fig. 1a)."®° Herein, two Ni-TABQ cMOFs assembled from
TABQ as a bridging ligand and nickel were successfully pre-
pared in different solvent environments, while obviously
different microstructures due to the manipulation of the reac-
tion environment. Then, the EMW absorption performance of
Ni-TABQ cMOFs was studied systematically. The synergistic
effect between the intrinsic conductivity of the obtained Ni-
TABQ-1 and bulk morphology optimizes electromagnetic para-
meters, provides abundant conduction loss and polarization
loss, and displays excellent EMW absorption performance,
with an RL,;, value of —62.68 dB at 10.16 GHz at a thickness
of 2.94 mm and EAB reaching 5.12 GHz at 2.5 mm. This work
may provide a simple and useful reference for designing con-
ductive MOFs with superior EMW absorption performance.

Experimental

Materials and reagents

Tetrachloro-1,4-benzoquinone (C¢Cl,0,, 98%), phthalimide
potassium salt (CgH,KNO,, 99%), nickel acetate tetrahydrate
(Ni(OAc),-4H,0), nickel nitrate hexahydrate (Ni(NO3),-6H,0),
aqueous ammonia solution (NH;-H,0, 25%), hydrazine (N,H,,
50%), hydrochloric acid (HCl, 4 M), N,N-dimethyl formamide
(DMF, 99%), ethanol (EtOH, 99%), methanol (MeOH, 99%),
acetonitrile (C,H3N, 99%) and dimethyl sulfoxide (DMSO,
99%) were used in the experiments and were obtained from
commercial sources without further purification. Deionized
water (H,O) was generated by a laboratory purification system
and utilized in the studies.
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Synthesis of Ni-TABQ-1

According to previously reported literature,” TABQ (0.060 g,
0.357 mmol), Ni(OAc),-4H,O (0.132 g, 0.530 mmol), H,O
(1.5 mL) and NH3-H,O (7.2 mL) were added to a pressure tube
and then the tube was screwed tightly and moved to an oven at
120 °C for 48 h. A black crystalline powder was obtained by fil-
tration after cooling to room temperature, followed by washing
with a large amount of H,O and MeOH, and then drying at
room temperature for at least 24 h.

Synthesis of Ni-TABQ-2

According to previously reported literature,” Ni(NO;),-6H,0
(0.097 g, 0.033 mmol) and NH;-H,O (1.0 mL) were dissolved in
10.0 mL DMSO to obtain solution A. Under vigorous stirring,
solution A was gradually added to solution B which was
obtained by dissolving TABQ (0.056 g, 0.033 mmol) in 10.0 mL
DMSO drop by drop, and then continued to stir for 3 h. The
resultant black powder was filtered under decreased pressure,
washed with H,O, acetone, and EtOH until the filtrate was
colorless, and then dried in a vacuum at 60 °C.

Characterization

The microstructure of the obtained MOFs was characterized by
scanning electron microscopy (SEM, HITACHI S-4800, Japan).
Fourier transform infrared (FT-IR) spectroscopy was used for
analysing the chemical bonds of the samples. The crystal
structure of the as-prepared MOFs was characterized by
powder X-ray diffraction (PXRD, Empyrean Panalytical, 40 kV,
40 mA) in the range of 5-50° with Cu Ko radiation. The
thermal stability measurements were performed under an air
atmosphere with a heating rate of 20 °C min™" from room
temperature to 800 °C using a simultaneous thermal analyzer
(HITACHI STA200). Using the Brunauer-Emmett-Teller (BET)
method (Quantachrome Autosorb-iQ), which is based on nitro-
gen adsorption branches recorded at 77 K, the surface area
and porosity were examined. Before the BET measurements,
the samples were degassed at 120 °C for 8 h. The surface
chemical composition of the samples was assessed using X-ray
photoelectron spectroscopy (XPS, SMART APEX II) with
284.8 eV as the line position of amorphous carbon. The con-
ductivities of the as-prepared samples were measured using a
four-point probe instrument. The as-prepared samples were
uniformly mixed with paraffin (the mass ratio is 4:6) and
pressed into a coaxial ring with an outer diameter of 7.0 mm
and an inner diameter of 3.04 mm. The electromagnetic para-
meters (e, = &' + je"; u, = p’ + ju") of the samples were deter-
mined using a vector network analyzer (VNA, Agilent
PNA-N5244A, USA) at 2-18 GHz. The CST Microwave Studio
was used to simulate the radar cross-section (RCS) value of the
as-prepared samples.

Results and discussion

The TABQ ligand with a strong n-conjugated system was syn-
thesized by a two-part coupling reaction.>*>* Then, two Ni-
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TABQ cMOFs with different microstructures were synthesized
using TABQ and Ni** through the manipulation of the reaction
environment during self-assembly (Fig. 1b). As shown in
Fig. 2a, the FT-IR spectra further demonstrate that the -NH, of
the TABQ ligand deprotonates to generate -NH- in alkaline
environments, and the N atom in the ligand coordinates with
Ni** ions to form a quadrangular n-n/z-d conjugated struc-
ture.>® Specifically, the stretching band of -NH, disappears at
3000-3500 cm™', and the characteristic absorption peak of
-NH- appears at 3250 cm™". The peaks at 1618 and 1420 cm ™"
are attributed to the C=N and C-N bonds.?® Besides, the peak
at ~3405 cm™' in Ni-TABQ c¢MOFs can be attributed to the
O-H stretching band. The thermogravimetric (TG) curves of
the two Ni-TABQ MOFs showed a similar change trend, and
the skeleton structure of Ni-TABQ MOFs began to break down
at approximately 350 °C (Fig. S2a and b, ESI}). Within the
range of 30-150 °C, the weight loss rate of Ni-TABQ-1 is about
3.1%, which might be due to the possible presence of
adsorbed water in the framework of Ni-TABQ-1. However,
within the same temperature range, the weight loss rate of Ni-
TABQ-2 is approximately 6.3%, further proving that in addition
to the presence of adsorbed water in Ni-TABQ-2, there might
also be the existence of bridging water molecules. This
suggests that the primary microstructure difference between
Ni-TABQ-1 and Ni-TABQ-2 is based on the presence or absence
of bridging water molecules. By causing the bridging water
molecules to cross-distribute, Ni-TABQ-2 increases the stacking
distance between the layers by interfering with the donor-
acceptor interaction between the ligand oxidation chains.*"??
The crystal structure of Ni-TABQ cMOFs was examined by
PXRD (Fig. 2b), and the as-synthesized Ni-TABQ cMOFs were
found to possess great crystallinity and purity, which are in
good agreement with the simulated spectra that have been
published.”™** In addition, the PXRD diffraction peaks of Ni-
TABQ-1 are sharper than those of Ni-TABQ-2, indicating that
the synthesized Ni-TABQ-1 sample has higher crystallinity. The
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Fig. 2 (a) FT-IR spectra and (b) the XRD patterns of the obtained Ni-
TABQ cMOFs, and SEM images of (c) Ni-TABQ-1 and (d) Ni-TABQ-2.
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Ni-TABQ cMOFs were used for the BET test (Fig. S2c, ESIT), dis-
playing a typical type IV isotherm, demonstrating that the com-
posite material had mesoporous properties.”” As shown in
Fig. 2c and d, it can be clearly observed that the difference in
the microstructure may be due to the manipulation of the reac-
tion environment. The obtained Ni-TABQ-1 has an observable
bulk microstructure in the aqueous solvent system, while the
as-synthesized Ni-TABQ-2 shows flower-like morphological
structures when DMSO is used as the reaction solvent.

The chemical components and valence states of the
samples were characterized by XPS, displaying the existence of
C, N, O, and Ni elements in Ni-TABQ (Fig. S2d, ESI}). In the
high-resolution C 1s spectrum, the characteristic peaks at
284.8, 285.6, 286.7, and 288.5 €V are attributed to C-C/C=C,
C-N, C=N, and C=O0, respectively (Fig. 3a).>*® As shown in
Fig. 3b, the peaks at 530.9 and 532.5 eV correspond to obvious
carbonyl diffraction peaks, such as C=0 and C-O in quinone,
respectively, indicating that the O atom of the bridging ligand
failed to participate in the coordination process with the tran-
sition metal. In contrast, the novel signal at 535.4 €V can be
ascribed to O-H in water molecules, which further indicates
the presence of interlayer water molecules in Ni-TABQ-2.>2%3°
In the N 1s spectrum, the characteristic peaks at 398.3 and
399.5 eV are attributed to imine C=N and amine C-N, respect-
ively. Furthermore, the peak at 401.2 eV belongs to -NH,
(Fig. 3¢).*"*? In the Ni 2p spectrum (Fig. 3d), it can be clearly
observed that there are four characteristic peaks. Specifically,
the peaks at 855.4 and 872.7 eV are attributed to 2p;3, and
2py/, of Ni**, and 863.2 and 881.7 eV are satellite peaks of Ni*",
respectively, which further proves that Ni** coordinates with
the N atom in the ligand.*

It is commonly recognized that the real part of the (¢, y')
electromagnetic parameter indicates the ability to store electri-
cal and magnetic energy, whereas the imaginary part of (&”, u")
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Fig. 3 High-resolution element spectra of the Ni-TABQ cMOFs: (a) C
1s, (b) O 1s, (c) N 1s, and (d) Ni 2p.
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represents the capacity to eliminate energy.>*** For examining
the EMW absorption characteristics of the Ni-TABQ cMOFs,
the electromagnetic parameters were measured over 2-18 GHz,
as shown in Fig. 4a-c and Fig. S3 (ESIf). Generally, due to the
non-magnetic properties of cMOFs, the p' and u” values of
Ni-TABQ c¢MOFs remain at 1 and 0, respectively, indicating
that the absorber has a low magnetic energy storage and
dissipation capacity (Fig. S3a and b, ESI{), which can be
negligible.*®?” It is clearly seen that the &’ and &" values of the
Ni-TABQ decrease with increasing frequency, which can be
attributed to the frequency dispersion effect, where the spin
motion of the polar molecule at the GHz frequency is not fast
enough to reach equilibrium with the applied electric field,
causing the dielectric constant to decrease with increasing
frequency.*®?° According to the free electron theory, the ima-
ginary part of the complex dielectric constant is directly pro-
portional to the electrical conductivity of the absorbers.*>*

View Article Online
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The electronic conductivity of Ni-TABQ cMOFs was character-
ized by the four-probe method (Fig. 4d). The conductivity of
Ni-TABQ-1 was calculated to be 1.6 x 107> S cm™", which may
be attributed to the oxidation-reduction of p-benzoquinone to
hydroquinone by water molecules during the reaction heating
process, facilitating charge transfer between the ligand centers
and n-n* excitation.*’ However, the conductivity of Ni-TABQ-2
(3.0 x 107* S em™) is significantly poorer than that of
Ni-TABQ-1. The low conductivity may make the conductive
network of the absorber develop abnormally, which is not con-
ducive to impedance matching, resulting in a low dielectric
constant for Ni-TABQ-2."> More specifically, the & values
reduce from 10.66 to 5.70 and 4.85 to 3.99, while the ¢" values
decrease from 4.17 to 2.79 and 1.30 to 0.57, respectively
(Fig. 4a and b). In addition, the loss tangent value (tan de;
tan du) plays a critical role in assessing the main mechanism
by which electromagnetic wave energy is converted to another
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Fig. 4 Frequency dependence of electromagnetic parameters of Ni-TABQ: (a) €', (b) £”, (c) tan &¢; (d) the conductivity of Ni-TABQ cMOFs; the RL
curves with different thicknesses of (e) Ni-TABQ-1, (f) Ni-TABQ-2, and (g) the RL.,, and EAB of similar conductive MOF-based EMW absorption
materials previously reported, whose detailed data are included in Table S1.1
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form of energy.*> The tan e value of the Ni-TABQ ¢MOFs is
much higher than the tan éu value, indicating that it mainly
achieves the purpose of attenuating electromagnetic waves
through dielectric loss (Fig. 4c and Fig. S3c, ESI{).**

The EMW absorption performance of absorbers is often
assessed by the RL value, in accordance with the transmission
line theory. When the RL value is less than —10 dB, it means
that 90% of the incident EMW is absorbed, and a value less
than —20 dB means that 99% of the incident EMW is
absorbed.*” The RL value of Ni-TABQ-2 is greater than —10 dB
in 2-18 GHz, which shows poor EMW absorption ability
(Fig. 4f and Fig. S3b, ESIY). In contrast, Ni-TABQ-1 has effective
EMW absorption performance. In particular, the optimal
RL,,i, value can reach —62.68 dB at 10.16 GHz with a thickness
of 2.94 mm, and the EAB is 5.12 GHz (10.24-15.36) at 2.50 mm
(Fig. 4e and Fig. S4a, ESIt). Furthermore, Table S11 summar-
izes a series of conductive MOF-based absorbers in recently
published literature studies. By comparing the filling ratio,
reflection loss value, absorption bandwidth, and so on, the
obtained Ni-TABQ-1 has a relatively strong absorption capacity
and a relatively thin thickness, indicating that the obtained
Ni-TBQ-1 is a potential absorbent with light weight and
effective absorption performance, suggesting that the obtained
Ni-TBQ-1 can be regarded as a potential absorption material
with light weight and effective absorption performance (Fig. 4g).

Impedance matching (|Z;,/Z,|) and attenuation constant (a)
play a key role in evaluating the performance of absorbers.
Practically, an appropriate |Z;,/Z,| value (0.8 < |Zin/Zo| < 1.2)
indicates that EMW are more likely to reach the interior of
the absorber than to reflect as little as possible from its
surface.*®*® Compared with Ni-TABQ-2, the optimal frequency
of the RL,;, of Ni-TABQ-1 is approximately in the range of
well-matched |Z;,/Z,|, indicating that a large number of EMW
can enter the interior of samples (Fig. S4c and d, ESIY). At the
same thickness (2.94 mm), the |Z;,/Z,| value of Ni-TABQ-1 is
closest to 1, indicating that it has the optimized impedance
matching at this thickness, and the EMW is easier to enter the
inside of Ni-TABQ-1.%° The « values are necessary to assess the
ability of the absorber to attenuate electromagnetic energy.
The obtained Ni-TABQ-1 has superior EMW attenuation capa-
bilities throughout the whole frequency range, as evidenced by
their higher a values than that of Ni-TABQ-2 (Fig. S5, ESIT).

In order to further analyze the dielectric loss of Ni-TABQ
cMOFs, the Cole-Cole curves are drawn according to Debye
theory. Typically, each semicircle represents a relaxation behav-
ior in the curves, as shown in Fig. S6a and b (ESI{). It can be
observed that at least one semicircle appears in all Ni-TABQ
cMOFs, indicating the existence of the Debye relaxation
process, which can be attributed to the inevitable interfacial
polarization caused by the contact between the massive struc-
tures of Ni-TABQ and the presence of a large number of unsa-
turated bonds and polar functional groups (for example, C=0
in benzodione, C=N in the imine structure, and C-N in the
amine structure) in Ni-TABQ, resulting in the formation of
dipoles and the induction of dipole polarization.’*”"' Besides,
there is a straight line extending to the upper right at the end
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of the Cole-Cole curve, indicating the presence of conduction
losses in all Ni-TABQ c¢MOFs, which is primarily responsible
for the loss in the high-frequency area. This phenomenon
can be attributed to the suitable intrinsic conductivity of
Ni-TABQ-1, indicating that free electrons can transfer and
jump along the n-d conjugated chemical bond plane structure
of Ni-TABQ, which is composed of the redox-active TABQ
ligand and metal centers under an electromagnetic field. At
the same time, the bulk microstructures of Ni-TABQ contact
each other to generate micro-capacitance caused by anisotropy
and form local conductive networks, providing transport chan-
nels for free electrons.”*® According to Debye relaxation
theory, dielectric loss can be further divided into conductive
loss (ef) and polarization loss (ef;).>>™>® The &f of Ni-TABQ-1
decreases with the increase of frequency, while the &/ of
Ni-TABQ-2 changes little with frequency due to low conduc-
tivity (Fig. Séc, ESIt). The e} of all samples showed an obvious
trend of fluctuation with the increase of frequency, and the
decrease was small (Fig. S6d, ESIt). By comparing e{ and e}, it
can be inferred that polarization loss plays a major role in the
dielectric loss mechanism of all samples.

Moreover, the relationship between the absorber thickness
and RL peak frequency is determined by the quarter-wave-
length (1/42) matching model. This is satisfied, as the corres-
ponding frequency position of the optimum RL,;, will shift to
a lower frequency as the absorber thickness increases. The
corresponding frequency of the optimal RL,,;, location will
shift to a lower frequency as the thickness of the obtained
Ni-TABQ-1 increases, satisfying the theoretical model (Fig. S7,
ESIT).** When the experimental thickness (%) of the optimal
RL,in is consistent with the theoretical thickness, it indicates
an interference-type loss.>®
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Fig. 5 (a) The RCS simulation curves at different scanning angles, and
3D radar wave scattering signals of (b) PEC, (c) Ni-TABQ-1, and (d) Ni-
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EMW absorption materials are often employed as substance
coatings in practical applications.>”® The radar cross-sec-
tional (RCS) simulation results are shown in Fig. 5 (Fig. S8,
ESIt). The resonance intensity of the perfect electrical conduc-
tor (PEC) that was coated by the absorber is lower than the
pure PEC at vertical incidence. The RCS values of PEC,
Ni-TABQ-1, and Ni-TABQ-2 are 12.29, —24.72, and 9.96, respect-
ively. It is important that the RCS values of Ni-TABQ-1 are less
than —20 dBm” in the —60°-60° range, suggesting that
Ni-TABQ-1 can effectively reduce the intensity of PEC metal
plate radar scattering, exhibiting excellent stealth perform-
ance. Moreover, the scattered signal intensity was in the order
of PEC > Ni-TABQ-2 > Ni-TABQ-1. The signal intensity of the
pure PEC is stronger than that of the PEC that was coated by
Ni-TABQ-1, indicating that the obtained Ni-TABQ-1 has signifi-
cant EMW absorption performance under real far-field con-
ditions, which can be regarded as a potential stealth material.

Based on the above analysis, the potential EMW absorption
processes of Ni-TABQ-1 may be proposed, as shown in Fig. 6.
First, the incident EMW may enter the absorber more easily
due to the good impedance matching, avoiding the majority of
the incident EMW being reflected into free space. Second, the
bulk-like morphology of Ni-TABQ-1 not only serves as a poss-
ible reflection and scattering channel for electromagnetic
waves but also generates micro-capacitance via contact with
each other to form a local conductive network, allowing free
electrons to be transmitted and jumped.

Additionally, Ni-TABQ-1 has rich chemical bonds with n-d
conjugation, allowing free electrons to transport and jump
within the plane structure of chemical bonds to provide
efficient conductive losses. Finally, the large amount of unsa-
turated bonds and polar functional groups in Ni-TABQ-1, as
well as the interface between the MOF, pores, air, and MOF/
free space, and micro-capacitors can also act as polarization
sites to induce polarization loss. The synergistic action of
various loss mechanisms has achieved the purpose of attenu-
ation of EMW. The synergistic effect between the intrinsic con-
ductivity and the bulk-like morphology structure of Ni-TABQ-1

1530 | Dalton Trans., 2025, 54, 1525-11532

optimizes the electromagnetic parameters to achieve the
purpose of EMW attenuation.

Conclusions

In summary, two Ni-TABQ ¢cMOFs with distinctly different mor-
phologies and conductivities were synthesized by assembling
simple and easy-to-make TABQ ligands and Ni** ions through
the manipulation of the reaction environment. Then, the
EMW absorption performance of Ni-TABQ was studied system-
atically. More specifically, the obtained Ni-TABQ-1 has rela-
tively higher electrical conductivity and regular bulk-like
microstructure, tuning electromagnetic parameters and opti-
mizing impedance matching, resulting in it displaying excel-
lent EMW absorption performance including an RL,, of
—62.68 dB and an EAB of 5.12 GHz. This result proves that the
regulation of the microstructure of cMOFs, which may lead to
the significantly different electrical conductivity of samples,
can be a crucial factor in regulating high-performance EMW
absorption, and further provides a reliable reference guide for
designing and improving cMOFs with efficient EMW absorp-
tion performance.
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