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HIGHLIGHTS

e Non-magnetic bimetallic MOF-derived porous carbon-wrapped TiO,/ZrTiO, composites are firstly used for efficient electromagnetic

wave absorption.

® The electromagnetic wave absorption mechanisms including enhanced interfacial polarization and essential conductivity are intensively

discussed.

ABSTRACT Modern communication technologies put
forward higher requirements for electromagnetic wave
(EMW) absorption materials. Metal-organic framework
(MOF) derivatives have been widely concerned with its
diverse advantages. To break the mindset of magnetic-
derivative design, and make up the shortage of monome-
tallic non-magnetic derivatives, we first try non-magnetic
bimetallic MOFs derivatives to achieve efficient EMW
absorption. The porous carbon-wrapped TiO,/ZrTiO, com-
posites derived from PCN-415 (TiZr-MOFs) are qualified
with a minimum reflection loss of —67.8 dB (2.16 mm,
13.0 GHz), and a maximum effective absorption bandwidth
of 5.9 GHz (2.70 mm). Through in-depth discussions, the

synergy of enhanced interfacial polarization and other

attenuation mechanisms in the composites is revealed.
Therefore, this work confirms the huge potentials of non-

magnetic bimetallic MOFs derivatives in EMW absorption applications.
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1 Introduction

The deterioration of electromagnetic environment caused by
modern communication technologies has put forward higher
requirements for electromagnetic wave (EMW) absorption
materials in physical protection and electronic equipment
anti-interference [1-4]. Among various selectable materi-
als, the carbon-based metal-organic framework (MOF)
derivatives have been gradually considered as a significa-
tive category for efficient EMW absorption because of the
superiorities in porosity, uniformity, alterable composition,
controllable microstructure, and so on [5-7]. In addition, the
flexible preparation and mild conditions in synthetic process
qualify them with huge potentials in practical production. In
the nascent stages, the researchers have already confirmed
their performance advantages in EMW absorption. For exam-
ple, Wang et al. [8] prepared porous Co—C core—shell nano-
composites derived from Co-MOF-74, achieving the synergy
of magnetic and dielectric loss to enhance the absorption
intensity (—62.12 dB). Wu et al. [9] testified the improved
impedance matching condition in Fe-containing magnetic
nanoparticles embedded carbon rods by carbonizing the
Fe-MIL-88A, and a thin matching thickness (—45.4 dB,
1.58 mm) was obtained. Liao et al. [6] synthesized Co/ZnO/C
microrods derived from bimetallic CoZn-MOFs. Making use
of the enhanced interface polarization, the effective absorp-
tion bandwidth (EAB) was broadened evidently (4.9 GHz,
3.0 mm). As these examples indicated, most researchers
focused on the investigation of magnetic MOF derivatives
because high permeability arising from magnetic components
would optimize the impedance matching characteristics,
which is beneficial to strengthen the absorption intensity and
reduce the matching thickness [10—13]. However, the mag-
netic nanoparticles such as Fe, Co, Ni, and their alloys are
suffering from high material density and low chemical sta-
bility [14], which limited their further practical application.

Exactly for above reasons, non-magnetic MOF derivatives
ignored previously were revived. In recent time, some spo-
radic reports about non-magnetic composites derived from
monometallic MOFs emerged, such as the ZnO/N-doped
porous carbon derived from ZIF-8 [15], and the octahedral
ZrO, embedded carbon derived from UIO-66 [16]. These
studies proved the non-magnetic compositions in carbon base
would also regulate the impedance matching characteristic,
and epitomized a promise as EMW absorption materials.

© The authors

However, the restrictions such as high filling rate and low
absorption intensity still hinder the wide applications of MOF
derivatives for efficient microwave absorption. Thus, to pre-
pare double-metallic-oxide composites derived from bime-
tallic MOFs is worth while trying. Through this strategy,
more species of metal oxide/carbon interfaces could further
enhance the interfacial polarization to strengthen the attenua-
tion capacity [17, 18]. Combined with the essential conductiv-
ity property, strong EMW attenuation characteristics could be
achieved. Therefore, the obtained MOF derivatives would not
only inherit the superiority in density and stability, but also
overcome the weakness in filling rate and absorption intensity.

TiO, and ZrTiO, as microwave dielectric ceramic mate-
rials exhibited huge application potentials due to the huge
abundance, environmental friendliness, and corrosion resist-
ance. Meanwhile, different from other metallic ions, Ti** and
Zr** qualified superior high-temperature stability, which
ensured that they would form stable oxides rather than be
reduced into metallic state in the direct carbonization. This
advantage could notably simplify the synthetic process.
Therefore, the bimetallic PCN-415 (TiZr-MOFs) was chosen.

In this work, we first applied non-magnetic bimetallic
MOF derivatives to achieve efficient EMW absorption. The
porous carbon-wrapped TiO,/ZrTiO, composites derived
from PCN-415 (TiZr-MOFs) exhibited a minimum reflec-
tion loss (RL) value of —67.8 dB (2.16 mm, 13.0 GHz),
and a maximum effective absorption bandwidth (EAB) of
5.9 GHz (2.70 mm). The performance advantages were
originated from the synergy of structures and functions,
which ensured the optimized impedance matching, rational
conductive loss, and enhanced interfacial polarization.
This work confirmed the EMW absorption potential of
non-magnetic bimetallic MOF derivatives and manifested
the superiorities of the TiO,/ZrTiO,/carbon composites in
practical EMW absorption applications.

2 Experimental Section

2.1 Synthesis of MIL-125-Derived TiO,/C
Nanocomposites (TC-7)

Firstly, 3.0 g of p-phthalic acid (CgH¢O,) was dissolved

in the mixture of 6 mL of methyl alcohol (MeOH) and
54 mL of N,N-dimethylmethanamide (DMF) to obtain

https://doi.org/10.1007/340820-021-00606-6
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a homogeneous solution. Subsequently, 1.56 mL of
titanium(IV) isopropoxide (Ti(OiPr),) was dissolved in the
solution with continued stirring for several minutes. Then,
the solution was transferred into a Teflon-lined stainless-
steel autoclave to heat at 150 °C for 24 h. The MIL-125
was collected after centrifugation, washing by MeOH, and
drying at 60 °C. Finally, the MIL-125 powders were car-
bonized at 700 °C under N, atmosphere for 2 h.

2.2 Synthesis of UIO-66-Derived ZrO,/C
Nanocomposites (ZC-7)

Firstly, 8 mmol of ZrCl, was dispersed into the mixture of
200 mL of DMF and 110 mL of acetic acid (HAc), and
8 mmol of p-phthalic acid was dissolved in 200 mL of DMF,
respectively. Subsequently, the two kinds of solutions were
mixed with vigorous stirring. Then, the obtained solution
was separated by several glass vials and heated at 120 °C for
24 h. The UIO-66 was collected after centrifugation, wash-
ing by DMF, and drying at 60 °C. Finally, the UIO-66 pow-
ders were carbonized at 700 °C under N, atmosphere for 2 h.

2.3 Synthesis of PCN-415-Derived TiO,/ZrTiO,/C
Nanocomposites (TZC)

0.5 g of ZrCl, was dispersed in the mixture of 50 mL of DMF
and 5 mL of HAc, and subsequently, 1 mL of Ti(OiPr), was
dissolved in the solution with stirring for several minutes. Then,
the obtained solution was separated by several glass vials and
heated at 100 °C for 24 h to obtain the Ti-Zr cluster solution.

4 g of p-phthalic acid was dissolved in the mixture of
50 mL of DMF and 5 mL of trifluoroacetic acid (CF;COOH).
Subsequently, the whole Ti-Zr cluster solution was poured
inside, and the final mixture was separated by several glass
vials to heat at 140 °C for 24 h.

The PCN-415 was collected after centrifugation, washing
by DMF, and drying at 60 °C. Then, the obtained precursor
was carbonized under N, atmosphere for 2 h at 600, 700,
800, and 900 °C, respectively. The obtained black powder
samples were marked as TZC-6, TZC-7, TZC-8, and TZC-9.

2.4 Synthesis of Toroidal Paraffin Composite Samples

The abovementioned powder samples were, respectively,
mixed uniformly with melted paraffin wax at the mass ratio
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of 35:65, and then shaped into annulus (®;,, 3.04 mm; @

7.00 mm) at room temperature by a special mold to measure

out’

the electromagnetic parameters.

2.5 Characterizations

The crystalline structure was characterized by powder X-ray
diffraction (PXRD; DMAX-2500PC). The micromorphology
was obtained by using the field-emission scanning electron
microscopy (FE-SEM; Hitachi Model SU-70) coupled with
an energy-dispersive X-ray spectroscopy (EDS; X-max), and
the high-resolution transmission electron microscopy (HR-
TEM; JEM-F200). The contents of carbon were evaluated
by thermogravimetric analysis (TGA; HCT-1). The Raman
spectra were obtained through a Raman spectrometer (Hor-
iba LabRAM HR). N, absorption—desorption isotherms were
recorded by a chemisorption analyzer (Quantachrome Auto-
sorb 1Q). The specific surface area and pore-size distribution
were calculated by the Brunauer—Emmett—Teller model and
Barrett-Joyner—Halenda method, respectively. The surface
electronic properties were investigated by X-ray photoelec-
tron spectroscopy (XPS; Thermo ESCALAB 250XI). The
Fourier transform infrared (FT-IR) spectra were recorded by
a FT-IR spectrometer (VERTEX-70). The conductive prop-
erties were recorded by Hall Effect Measurement System
(Ecopia HMS-5000). The electromagnetic parameters in the
2.0—18.0 GHz were measured by a vector network analyzer
(VNA; Agilent PNA N5244A).

3 Results and Discussion
3.1 Composition and Structure

The schematic illustration for synthesis processes of car-
bon-based MIL-125, UIO-66, and PCN-125 derivatives was
shown in Fig. 1a, which mainly including the solvother-
mal reaction and carbonization. Though different metallic
clusters were applied, all MOFs utilized the same organic
ligands, p-phthalic acid as the frameworks to ensure simi-
lar compositions. The internal structures of different MOFs
were further discussed, which were illuminated in Fig. 1b-i.
In terms of metal oxide clusters, the TiZr-oxo clusters
([TigZr,0,(CO0)¢]) in PCN-415 were more similar to the
Zr-oxo clusters ([ZrO4(CO0),,]) in UIO-66, rather than the
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Fig. 1 Schematic illustrations for a synthesis of MIL-125, UIO-66 and PCN-125 derivatives, b Ti-oxo cluster in MIL-125. ¢ Crystal structure
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plane-like Ti-oxo clusters ([TigO,,(COO);,]). The TiZr-oxo
cluster was consisted of a Tig-cube ([TigO,]***) and two Zr-
pyramid ([ZrO,]*") on the top and bottom. Each of the eight
415-O on the top and bottom connected the Zr** with two
Ti** to form two rectangular pyramid structures, while each
of the four u,-O in the middle bridged two Ti*" to make
them as a whole. Thus, compared with Zr-oxo clusters, the
TiZr-oxo clusters could be obtained through replacing the
Zr,-square by the Tig-cube. Furthermore, the four carboxy-
late ligands within the equatorial plane were replaced by
eight perpendicular carboxylate ligands [19].

The PXRD patterns shown in Fig. 2a were well in accord-
ance with the Bragg positions from simulative calculation
[19], confirming the preparation of pure PCN-415 MOF
precursor. The PXRD patterns of TZC-6, TZC-7, TZC-8,
and TZC-9 are delineated in Fig. 2b, and those of TC-7
and ZC-7 are shown in Fig. S1. TC-7 composites derived
from MIL-125 were consisted of TiO, and carbon, and
the TiO, was composed of anatase (JCPDF No. 21-1272)
and rutile (JCPDF No. 21-1276) phases. The mixed TiO,
phases resulted from the incomplete transition from anatase
completely to rutile in high temperature [20]. There was
no EMW absorption performance discrepancy between the
two types of TiO, [21]. And the experimental evidences
and details are shown in Figs. S2 and S3. ZC-7 compos-
ites derived from UIO-66 were consisted of tetragonal ZrO,
(JCPDS No. 50-1089) and carbon. However, the derivatives
of PCN-415 were not a simple combination of TC and ZC.
For TZC-8 and TZC-9, the obvious peaks at 24.6° and 30.4°
could be identified as the (011) and (111) lattice planes of
orthorhombic ZrTiO, (JCPDS No. 34-0415). According to
the patterns, all the zirconium ions existed in the form of
ZrTiO,. The redundant titanium ions transformed into the
rutile TiO,. However, for TZC-6 and TZC-7, only one wide
peak could be identified at round 20-35° in the PXRD pat-
terns, corresponding to the amorphous carbon. The peaks of
TiO, and ZrTiO, could not be distinguished, which may be
due to the pretty low crystallinity.

In the TGA curves under air atmosphere (Fig. S4), the
initial decomposition temperature of TZC composites was
higher than TC-7 and ZC-7, demonstrating the superior ther-
mostability of the TZC composites. Neglecting the absorbed
water, the carbon contents of TC-7 and ZC-7 were 22.3%
and 25.4%, respectively. And the carbon contents of TZC-
6, TZC-7, TZC-8, and TZC-9 were 21.2%, 17.1%, 14.9%,
and 9.2%, respectively. The reduced carbon content resulted
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Fig. 2 a PXRD patterns of PCN-415 and b PCN-415 derivatives. ¢
Raman spectra of all MOF derivatives

from more carbon escaping from the carbon base at higher
temperatures in forms of small molecules. The TiO, contents
for TZC-6, TZC-7, TZC-8, and TZC-9 were 42.7%, 44.9%,
46.1%, and 49.2%, while the ZrTiO, contents were 36.1%,
38.0%, 39.0%, and 41.6%, respectively. The detailed calcula-
tion equation and analysis were supplied in the supplemen-
tary material. Besides, the EDS was also applied to estimate
the component contents, which were in good agreement with
the above results (Table S1).
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For carbon-based materials derived from organic ingre-
dients, the graphitization degree was an essential factor to
affect the carbon properties. According to Ferrari and Rob-
ertson’s theory [22], the D band was originated from the
active A, mode of carbon crystallite boundaries, reflecting
the defects and disorders. The G band was attributed to the
active E,, mode of the infinite crystal, corresponding to the
perfect graphite lattices [23, 24]. As the Raman spectrum
shown in Fig. 2c, the I/l values for TZC-6, TZC-7, TZC-
8, and TZC-9 were 0.93, 1.06, 1.18, and 1.25, respectively.
This indicated the higher carbonization temperature pro-
moted the formation of small carbon crystallites, enhanc-
ing graphitization degrees. And this phenomenon could be
observed in many carbon-based composites, especially for
MOF derivative [9, 25, 26]. The I/l values for TC-7 and
ZC-7 were 1.08 and 1.09, similar to TZC-7, illuminating
similar graphitization degrees under same carbonization
conditions. Generally, the enhanced graphitization degree
could directly improve the conductivity, leading to a larger
permittivity. Though the larger permittivity would enhance
the electrical loss capacity, an over-high conductivity would
also result in impedance mismatch to reflect EMWs [16,
27]. Thus, the graphitization degree should be kept within
a rational range.

Benefited by the high porosity from framework structures,
porous carbon was expected to obtained by in situ carboniza-
tion process. The porosity and surface area were determined
from the N, absorption—desorption isotherms (Fig. 3a—f).
The specific surface areas of TZC-6, TZC-7, TZC-8, and
TZC-9 were 483.1, 207.8, 201.5, and 218.7 m* g~!, respec-
tively, and those of TC-7 and ZC-7 were 171.6 and 205.5
m? g_'. The dominant pore sizes of TZC-6, TZC-7, TZC-
8, and TZC-9 were~3,~5,~6, and ~ 12 nm, respectively,
increasing with the carbonization temperature. Those of
TC-7 and ZC-7 were ~ 6 and ~ 3 nm, respectively. The air
inside the pores would reduce the effective permittivity
according to the Maxwell-Garnett theories [28].

Due to the absence of characteristic peaks for TZC-7
in PXRD patterns, XPS was applied for further detection.
TZC-7 and TZC-8 exhibited perfectly identical survey spec-
trum with each other (Fig. S5). In O 1 s spectrum (Fig. 3g),
the two deconvolution peaks at 529.8 and 530.2 eV were
recognized as Ti—O and Ti—O-Zr species, reflecting the
existence of TiO, and ZrTiO,, respectively [29]. The two
deconvolution peaks at 531.9 and 533.2 eV represented O—C
and O=C bonds, respectively [17, 30, 31], originating from

© The authors

the small number of functional groups such as oxhydryl and
carbonyl in carbon base, which could also be elaborated by
the FT-IR spectra (Fig. S6). In Fig. 3h, the signals located at
458.5 and 464.3 eV were identified as Ti 2ps, and Ti 2p,,
species, respectively, confirming the Ti—O bonds [32, 33].
In Fig. 3i, the signals located at 182.2 and 184.6 eV were
recognized as Zr 2ps, and Zr 2ps, species, respectively, cor-
responding to the Zr—O bonds [16, 29]. Thus, we could con-
firm the component categories of TZC-7 were constituted by
carbon, TiO,, and ZrTiO,, the same as TZC-8.

The micro-morphologies of all carbon-based composites
were characterized by FE-SEM and depicted in Fig. 4. All
TZC composites showed up octahedral microstructures with
an average edge length of 1 pm. The surface appearance and
contour of TZC-9 were different from the other three due
to the reduced carbon content and strongly sintered oxide
nanoparticles. ZC-7 was also octahedral, but the average
edge length was only 600 nm. Besides, it possessed a smooth
and sunken surface because the higher crystallinity of ZrO,
than ZrTiO, would increase the compactness and reduce
the pore sizes. Therefore, even with similar structures, TZC
composites would be easier to achieve the impedance match-
ing. Incidentally, TC-7 sample exhibited much larger pie-
like particles with an average diameter of 1.5 pm.

Taking TZC-7 and TZC-8 as examples, the interior
structures are delineated in Fig. 4g, h. The ZrTiO, and TiO,
nanoparticles with a diameter of 5-10 nm were uniformly
embedded inside the solid octahedral particles. Amorphous
carbon was coated around the nanoparticles. The crystal lat-
tices were ambiguous for TZC-7, reconfirming the pretty
low crystallinity of ZrTiO, and TiO,. For TZC-8, the inter-
planar spacings of 0.29 and 0.36 nm were ascribed to the
(111) and (011) lattice planes of ZrTiO,; the interplanar
spacings of 0.25 nm were assigned to the (101) lattice planes
of TiO,. Numerous nanoparticles with carbon base forming
huge contact areas would signally promote the interfacial
polarization to enhance attenuation capacity.

3.2 Electromagnetic Performance and Parameter

The EMW absorption performances were evaluated by
RL values, and calculated based on the transmission line
theory in the metal backboard model by Eqgs. (1) and (2)
[13, 34, 35]:
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permittivity and permeability; ¢ and were the vacuous light

6] velocity and absorber thickness, respectively. The three-
dimensional RL representations (Fig. 5) intuitively revealed
the minimum RL values for TC-7 and ZC-7 were —9.7 dB

() at 4.4 mm andd — 1.2 dB at 4.8 mm, signifying poor absorp-

tion rates and large thickness. Some reports proved these
MOF derivatives could exhibit a better absorption intensity,
but higher filling rates were required [16, 36], meaning a
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larger material density. The unsatisfactory RL values for
TZC-6 were — 1.4 dB (4.8 mm, 10.3 GHz), resulting from
the poor conductivity of low-temperature-treated carbon
[27]. However, the RL values for TZC-7, TZC-8, and TZC-9
were —56.0 dB (3.28 mm, 10.5 GHz),— 67.8 dB (2.16 mm,
13.0 GHz), and —58.3 dB (2.37 mm, 12.0 GHz), respec-
tively, attesting the huge potential in absorption intensity.
The maximum EAB for TZC-7, TZC-8, and TZC-9 was
5.9 GHz at 2.70 mm, 4.8 GHz at 1.95 mm, and 5.2 GHz
at 2.10 mm, respectively. Thus, TZC-7 exhibited the opti-
mum bandwidth performance, which was superior than
many reported EMW absorption materials as well. A rea-
sonable thickness comparison required a fixed frequency, as
the thickness should reduce inevitably with the increasing
frequency. The minimum thickness to guarantee RL values
less than— 10 dB at 10.0 GHz was 2.85 mm for TZC-7,
2.35 mm for TZC-8, and 2.40 mm for TZC-9, respectively.
The smaller matching thickness of TZC-8 was attributed
to stronger loss capacities and more optimized impedance
matching characteristics.

To expose the inner mechanisms of the excellent absorp-
tion performances, the crucial electromagnetic parameters
(e,=¢'—je", yy=p’—ju’’) were measured out and shown
in Fig. 6a—f. In general, the real parts and imaginary parts

© The authors

of electromagnetic parameters were on behalf of the EMW
energy shortage and dissipation, respectively [17, 37, 38].
For all composites, the real parts () and the imaginary
parts (u’”) of permeability kept 1 and O over the whole
frequency range measured, reflecting their non-magnetic
natures. The real parts of permittivity (¢”) of TC-7 and
ZC-7 decreased from 6.2 to 4.5, and 4.1 to 3.2, while
the imaginary parts (¢’’) decreased from 1.9 to 0.5, 1.0
to 0.2, respectively. Especially for TZC-6, the ¢’ and ¢’
values were below 3.2 and 0.3, respectively, due to the
pretty small conductivity, which corresponded to the low
graphitization degree in Raman analysis. Though the low
permittivity was usually regarded as the prerequisites for
EMWs entering absorbers, it would lead to a weak attenu-
ation ability as well. And the latter was the primary rea-
son for the weak absorption intensity for the three studied
samples. Nevertheless, the permittivity of TZC-7, TZC-8,
and TZC-9 achieved many enhancements. Precisely, the ¢’
values declined from 8.7 to 4.5 for TZC-7, 12.2 to 8.1 for
TZC-8, and 12.1 to 7.4 for TZC-9. In the meantime, the
e’’ values declined from 6.0 to 1.0 for TZC-7, 8.8 to 2.2
for TZC-8, and 8.1 to 1.6 for TZC-9. Thus, the dielectric

https://doi.org/10.1007/340820-021-00606-6
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storage and attenuation capabilities of TZC-7, TZC-8, and
TZC-9 were signally enhanced. The enhancements were
mainly attributed to the increased graphitization degrees.
Besides, TZC-8 possessed the largest imaginary part,
which guaranteed its optimal absorption intensity and
matching thickness. Though TZC-9 exhibited the largest
graphitization degree, no improvement in permittivity was
achieved due to the reduction of carbon content.

SHANGHAI JIAO TONG UNIVERSITY PRESS

3.3 EMW Absorption Mechanism

Generally, the polarization loss (e, and conductive loss
(e.”’) were regarded as the two essentials in dielectric dis-
sipation. And the &’ was usually expressed as Eq. (3) [34,
39, 40]:

E,— & o
'=¢" + 62’ = T2 2002 + 3)
P 1+ w?r NG
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at electrostatic field and high-frequency limit, respectively.
Considering the inverse relation between conductivity and

where w, 7, and o referred to the angular frequency, polari-
zation relaxation time, and conductivity; g, represented the

permittivity of vacuum; &, and e stood for the permittivity ~ frequency, the overall downward trends in &’ curves pointed

© The authors https://doi.org/10.1007/340820-021-00606-6
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out the conductivity were conspicuous and the conductive loss
actually made sense in electromagnetic energy attenuation. The
conductivity came from the electronic migration in graphite
plane and the electron transition between nanocrystalline graph-
ite [41]. For all TZC composites, two broad resonance peaks at
around 9.5 and 15.5 GHz could also be observed, which were
usually considered to be connected with the polarizations. Due
to the nonnegligible conductivity, the original Debye polariza-
tion—relaxation model was not suitable any more. Therefore,
combined with above equation about " value, the semicircle
equation should be modified as Eq. (4) [17, 21]:

r & T Ex 2 " o 2 Eg— € \?
(5_ 2 >+<5 _.go_a)> _( 2 ) @

Thus, in the €’ vs. €’ curves (Cole—Cole plots), the stand-

ard downward semicircles to represent the polarization relax-
ation process would be distorted, and the end of the curves
would extend to the upper right like a “tail” [42]. All TZC
composites exhibited two obvious semicircles while TC-7
and ZC-7 only plotted one (Fig. 6g), which illuminated TZC
composites were qualified with more polarization-relaxa-
tion processes. These processes originated from the more
electronegativity differences between heterogeneous particles
and carbon bases to induce more interface polarization pro-
cess. To verify this point, CST Microwave Studio was applied
to simulate the electromagnetic behaviors on a particle. The
animation (Suppporting Information) records the changed
surface current intensity and indicated that the surface cur-
rent intensity on the ZrTiO,/carbon and TiO,/carbon inter-
faces got much enhanced under the excitation of alternating
electric fields. And the more evident effect on the ZrTiO,/
carbon surfaces signified a stronger interfacial polarization
behavior as shown in the captured images (Fig. S7). Besides,
the microstructure of fine nanoparticles dispersing in car-
bon base would strongly enlarge the polarization effect to
strengthen the electric field attenuation. The “tail” gradient
on the £’ vs. €’ curves of TZC-7 was much larger than these
of TC-7 and ZC-7, clarifying the conductive loss superiority
of TZC composites. Additionally, the absence of the tail for
TZC-6 and the smaller slope of TZC-7 than TZC-8 reflected
the conductivity discrepancies of carbon bases, following the
rule that high carbonization temperature promoted the gra-
phitization to enhance conductivity [43, 44]. The measured
conductive properties (Table S2) implied that TZC-8 and
TZC-9 possessed higher conductive loss than TZC-7, TC-7,

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

and ZC-7. And the conductive loss in TZC-6 was negligible.
These results were well accordant with the gradient on the €’
vs. €’ curves as well. Furthermore, the attenuation coefficient
() was calculated according to Eq. (5) to compare the overall
attenuation capacity (Fig. 6h) [45].

V2af
=

X \/(/1”8” -We)+ \/(M”E” — WV + (e — We"y
®)

TZC-7, TZC-8, and TZC-9 possessed much higher a val-
ues than the other three composites, confirming their strong
electromagnetic energy attenuation abilities again. With all
dielectric behaviors being analyzed, we drawn the conclu-
sion that the excellent attenuation performances of TZC
composites benefited from the synergies of the enhanced
polarization losses and strong conductive loss, and this fun-
damentally stemmed from the specific microstructures and
rational component collocation.

Besides the attenuation capacity, the impedance match-
ing characteristic was the other crucially important factor
to determine the EMW absorption performance, because it
directly affected the EMW behaviors on the incident inter-
face. To ensure all incident waves entering inside the absorb-
ers and not being reflected, a perfect impedance matching
condition commands the input impedance (Z;) is equal to
free space impedance (Z;) [3]. To compare the discrepancies
between Z;, and Z, Z values (Z=Z,, / Z,)) were calculated,
and the two-dimensional projection mappings of the real
parts (Re(Z)) and imaginary parts (/m(Z)) for all composites
were delineated in Fig. 7. In this case, a good impedance
matching required the Re(Z) value and Im(Z) value was equal
to 1 and O, respectively (purple areas on the mappings). For
TC-7,ZC-7, and TZC-6, no purple area could be observed,
indicating an impedance mismatching. However, it did not
fit the general perception that materials with low permittivity
possessed better impedance characters. The key reason was
the weak attenuation abilities. In this situation, though most
EMWs could enter into absorbers, it would not be effectively
consumed. After the reflection on absorber—metal interface,
the EMWs passed through the front surface again. TZC-7,
TZC-8, and TZC-9 possessed the more optimized imped-
ance matching characteristic. The purple areas of TZC-8 and
TZC-9 located on the thin-thickness regions than TZC-7,
but their narrow regions also resulted from the imperfect
EAB performances than TZC-7. The maximum of (I Z,,/Z,
[) values at 3.0 mm (Fig. S8) for TZC-8 and TZC-9 could not
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reach 1.0 but that for TZC-7 was much closer to 1.0 within
certain frequency range, which also indicated TZC-7 was
qualified with a better impedance matching characteristic.
The quarter-wavelength model (Eq. (6) could be used to
explain the EMW absorption performances [11, 46, 47].

e n=1,3,5..

4/ le ||| ©

try =

The theoretical matching thickness (1)) curves for TZC-
7, TZC-8, and TZC-9 were drawn on the two-dimensional
RL projection mappings (Fig. S9). The tp,, curves were well
accordance with the strong absorption regions, indicating the
EMW absorption behavior followed the quarter-wavelength
law [48]. The description of absorption behaviors from the
view of the EMWs was as followed. When EMWs were inci-
dent into the air—absorber interface, most EMWs enter into
the absorber and a small amount were reflected. During the
process that EMWs are totally reflected by absorber—metal
interface and subsequently come back to the front surface,
the EMWs are consumed to make the amplitude reduced. If
these EMWs in the absorber and the reflected waves in the

© The authors

air are equipped with equal amplitude and opposite phase on
the air—absorber interface, the destructive interference will
lead to the disappearance of reflected waves and enhance the
waves which are back into the absorber.

As a summary of all above analysis, the EMW absorption
behaviors and mechanisms of TZC composites are deline-
ated in Fig. 8 and stated as followed. Firstly, the carbon
base provided essential conductivity. Its conductive attenu-
ation capacity could be directly affected by graphitization
degrees, and finally regulated by carbonization tempera-
tures. Secondly, the TiO, and ZrTiO, were introduced to
optimize the inherent impedance mismatching of carbon,
and their uniformly distributed nanoparticles provided
abundant phase interface to enhance the interfacial polari-
zation loss. Thirdly, the matching thickness and absorption
bandwidth were determined by impedance matching char-
acteristic, which could also be adjusted by carbonization
temperatures. Additionally, the dipole polarization induced
by functional groups, and the impedance adjustment aris-
ing from porosity would contribute to the EMW absorption
performances as well.
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4 Conclusions

Porous carbon-wrapped TiO,/ZrTiO, composites derived
from bimetallic MOFs (PCN-415) were successfully
prepared for efficient EMW absorption. The ZrTiO, and
TiO, nanoparticles with the diameter of 5-10 nm were
uniformly embedded inside the solid amorphous carbon
octahedral particles. The EMW absorption performances
could be regulated by carbonization temperature. The
composites treated at 800 °C were qualified with a strong
absorption intensity of —67.8 dB (2.16 mm, 13.0 GHz),

SHANGHAI JIAO TONG UNIVERSITY PRESS

o
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and those treated at 700 °C possessed a wide EAB of
5.9 GHz (2.70 mm). The essential conductive loss from
carbon base and the enhanced interfacial polarization
from TiO, and ZrTiO, nanoparticles achieved the syn-
ergy among compositions, structures, and functions, which
ensured the satisfactory performances. This work exhib-
ited performance advantages of PCN-415 derived TiO,/
ZrTiO,/carbon composites and certified a huge potential
of non-magnetic bimetallic MOF derivatives in EMW
absorption applications.
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