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HIGHLIGHTS

e Inspired by the photoreception mechanisms of urchins, the urchin-like Ti;C,T,@ZnO hollow spheres are rationally designed as high-

performance microwave absorbents by constructing ZnO nanoarrays onto the surface of Ti;C,T, hollow spheres.

e Both experimental and theoretical simulation results demonstrate that the microstructure of urchin-like possesses giant advantages

in electromagnetic wave absorption performance, which is superior to most absorbers with similar components.

ABSTRACT Ingenious microstructure design and rational composition

selection are effective approaches to realize high-performance microwave

absorbers, and the advancement of biomimetic manufacturing provides ZnO nanoarrays

. . . Ti,C,T, hollow sphere
a new strategy. In nature, urchins are the animals without eyes but can

«

see”, because their special structure composed of regular spines and AL
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spherical photosensitive bodies “amplifies” the light-receiving ability. i

Herein, inspired by the above phenomenon, the biomimetic urchin-like

Ti;C,T,@ZnO hollow microspheres are rationally designed and fabri-

IS

cated, in which ZnO nanoarrays (length: ~2.3 pm, diameter: ~ 100 nm)
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as the urchin spines are evenly grafted onto the surface of the Ti;C,T,

. . . .- Ti,C,T @ZnO microwave absorbers
hollow spheres (diameter: ~4.2 pm) as the urchin spherical photosensitive :C.1.@2
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bodies. The construction of gradient impedance and hierarchical hetero-
structures enhance the attenuation of incident electromagnetic waves.
And the EMW loss behavior is further revealed by limited integral simulation calculations, which fully highlights the advantages of the
urchin-like architecture. As a result, the Ti;C,T,@ZnO hollow spheres deliver a strong reflection loss of —57.4 dB and broad effective
absorption bandwidth of 6.56 GHz, superior to similar absorbents. This work provides a new biomimetic strategy for the design and

manufacturing of advanced microwave absorbers.
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1 Introduction

Recently, increasingly unwanted electromagnetic pollution
has aggravated the demand for advanced microwave absorp-
tion (MA) materials [1-3]. Despite the fact that traditional
microwave absorbers (e.g., carbon materials, ceramics,
ferrites) have achieved satisfactory electromagnetic wave
(EMW) absorption properties to some extent, their wide
applications are still limited by the disadvantages of poor
impedance matching, high density, narrow effective absorp-
tion bandwidth (EAB), inferior stability, etc. [4, 5]. In gen-
eral, the design and fabrication of high-efficiency microwave
absorbers mainly focus on the following two aspects [6, 7].
(i) The selection of material components. Dielectric loss and
magnetic loss are well-known mechanisms for microwave
absorbers design [8]. Up to now, various composite materi-
als with enhanced MA performances have been obtained,
including carbon-based composites [9—11], conductive
polymer-based composites [12—14], ceramic-based com-
posites [15, 16], as well as ferromagnetic composites [4,
17-19]. (ii) The construction of specific architecture. Vari-
ous microstructures such as core—shell [20-22], yolk—shell
[17, 23], foam and/or aerogel [5, 24, 25], and hollow struc-
tures [26-28] have been developed to obtain superior MA
materials. Usually, these microstructures are considered to
reduce the density and improve the impedance matching of
microwave absorbers [29, 30].

Ti;C,T, MXene, as a novel two-dimensional (2D) layered
material, shows application potential in the MA field due to
its special layered structure, high specific surface area, high
electrical conductivity, and abundant terminal functional
groups [31-33]. However, the exceeding high electrical
conductivity of Ti;C,T, MXene results in strong conduc-
tion loss, which tends to cause a mass of surface reflection of
incident EMW [34-36]. Consequently, some effective strate-
gies have been adopted to optimize the impedance match-
ing to improve MA efficiency, such as surface modification,
integration with other components, and rational design of
microstructures. In addition, ZnO as a polarized semicon-
ductor with excellent properties of dielectric, wide bandgap,
long-term stability, and non-toxicity has attracted extensive
attention in the field of MA [37]. Particularly for the oriented
ZnO, the oriented polarization and planner defects greatly
promote polarization loss of EMW and improve MA perfor-
mance [38]. Accordingly, combining Ti,C,T, MXene with
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oriented ZnO may be a great strategy to achieve high-per-
formance EMW absorption through the reasonable micro-
structure design.

Advances in bio-inspiration and micro/nano manufac-
turing have made it possible to synthesize high-efficiency
microwave absorbers through biomimetic microstructure
design. In nature, urchins are reported to have no eyes but
still possess the ability to “see”, the key to which may arise
from their special structure consisting of regular spines and
photoreceptors around the spherical bodies [39]. First, the
spines of urchins are used as screening devices by screen-
ing off-axis light, thus giving themselves resolving vision.
And higher spines density leads to more acuminous spatial
vision [40]. Then, the residual light can be further trans-
mitted and processed by the photoreceptor cells located
around the spherical bodies of urchins [41]. As a result, the
light receiving and detecting capabilities of urchins can be
greatly “amplified”. This special photoreception enhance-
ment mechanism of urchins offers inspirations for the design
of high-efficiency microwave absorbers by taking advantages
of urchin-like microstructures.

Inspired by the above photoreception enhancement behav-
ior of urchins, we aim to design advanced EMW absorbing
materials with enhanced MA performance. Herein, we have
rationally designed and prepared urchin-like Ti;C,T,@ZnO
hollow microspheres by mimicking the structure of urchins,
in which ZnO nanoarrays (like urchin spines) are evenly
grown on the surface of Ti;C,T, MXene microspheres (like
urchin spherical photosensitive bodies). In this design, regu-
lar ZnO nanoarrays with plenty of oxygen vacancies, defects,
and abundance of void spaces can enhance the polariza-
tion, multiple reflection and scattering of incident EMW,
thus playing the role of “shielding” EMW similar to the
screening of incident light by urchin spines. And the Ti;C,T,
MXene hollow spheres, as urchin spherical bodies with pho-
toreceptors, can further “conduct and process” the incident
EMW that is not shielded by ZnO nanospines. Notes that,
the Ti;C, T, hollow spheres with high electrical conductivity
can enhance the conduction loss of incident EMW, and the
terminal functional groups induce local dipoles polarization
to reinforce the attenuation of EMW. Further, the hollow
structure of Ti;C,T, MXene not only facilitates the multiple
reflection and scattering of incident EMW but also improves
the impedance matching. Relying on the above advantages
and the construction of gradient impedance and hierarchi-
cal heterostructures between ZnO nanospines and Ti;C,T,
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hollow spheres, the urchin-like hollow microspheres achieve
a high-efficiency MA performance with a minimum reflec-
tion loss (RL._. ) of —57.4 dB and EAB of 6.56 GHz, which
is much superior to other absorbers with similar compo-

‘min

nents. This work provides a significant inspiration for the
biomimetic microstructure design of microwave absorbers.

2 Experimental Section
2.1 Fabrication of Ti;C,T, Hollow Spheres

Ti;C,T, MXene dispersion was prepared by selectively
etching Al component of Ti;AIC, MAX according to the
previous report [42]. Typically, 1 g LiF powder was dis-
solved in 20 mL 9 M HCI, and then 1 g Ti;AlC, powder
was slowly added into the above solution with vigorous
stirring. After stirring continuously for 24 h at 50 °C, the
mixed solution was centrifuged and washed with deionized
water several times until the pH reached neutral. Finally,
the Ti;C,T, MXene nanosheet dispersion was obtained by
ultrasonication and centrifugation. Whereafter, the PMMA
spheres ethanol dispersion was directly poured into the
Ti;C,T, MXene dispersion under stirring. The resulting
solution was sonicated and stirred for 3 h. And the products
marking as PMMA @Ti,C, T, were collected by centrifuga-
tion at 3500 rpm and drying under vacuum at 80 °C for 2 h.
The Ti;C,T, hollow spheres were constructed via a sacri-
ficial template method. Briefly, PMMA @Ti,;C,T, spheres
were placed in a tubular furnace at 450, 550, and 650 °C for
90 min under N, flow to obtain Ti;C,T,-450, Ti;C,T,-550,
and Ti;C,T,-650, respectively.

2.2 Fabrication of Urchin-Like Ti;C,T,@ZnO Hollow
Spheres

ZnO nanoarrays were grown in situ on PMMA @Ti;C,T,
spheres via a facile hydrothermal reaction. In detail, 20 mg
PMMA @Ti;C,T, spheres were dispersed into 40 mL aque-
ous solution containing 2.8 mmol Zn(NO,),-6H,0, and then
2.8 mmol hexamethylenetetramine was added into the above
dispersion after stirring for 6 h. Subsequently, 1 mL ammo-
nia was added to the above dispersion and stirred evenly.
Then, the obtained mixture was transferred into a 100 mL
Teflon-lined stainless-steel autoclave and heated at 105 °C
for 16 h. The resulting precipitate was washed several times
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with deionized water and ethanol, dried at 80 °C, and named
as PMMA @Ti,C,T,@ZnO. The preparation procedures of
the Ti;C,T,@ZnO hollow spheres were completely consist-
ent with Ti;C,T, hollow spheres. The hollow spheres were
respectively labeled as Ti;C,T, @Zn0-450, Ti;C,T,@ZnO-
550, and Ti;C,T,@Zn0-650 after removing PMMA spheres
by thermal treatment.

2.3 Characterization

The phase composition and surface chemical valence state
of the samples were recorded by powder X-ray diffraction
(XRD, LabX XRD-6100, Shimadzu, Japan) and X-ray pho-
toelectron spectroscopy (XPS, XSAM 800 spectrometer,
Kratos Co., UK). Scanning electron microscope (SEM, Nova
600i) and transmission electron microscope (TEM, JEM-
200CM, 20 kV) were employed to characterize the morphol-
ogy and microstructure of the products. Fourier transform
infrared (FTIR) spectra were performed by the Nicolet 6700
infrared spectrometer (Thermo electron corporation, USA).
Thermogravimetry analysis was recorded by a Netzsch ther-
mal analyzer (TGA 5500) in N, atmosphere with a heating
rate of 10 °C min~'. Electromagnetic parameters were meas-
ured by an Agilent N5230A vector network analyzer in the
frequency range of 2—18 GHz. The measured samples were
mixed with paraffin according to a certain mass fraction (5
wt% for Ti;C,T, hollow spheres and 40 wt% for Ti;C,T,@
ZnO hollow spheres) and pressed into a coaxial ring with
an outer diameter of 7.00 mm and an inner diameter of
3.04 mm. The electric field distribution and electric energy
loss distribution of the microwave absorbers are simulated
and calculated by the limited integral method using the
COMSOL software. The electromagnetic field in the simu-
lation domain was obtained by solving Maxwell equations
in the frequency domains, and the exact sizes of the samples
were used in the numerical model construction.

3 Results and Discussion

3.1 Fabrication of Urchin-Like Ti;C,T,@ZnO Hollow
Spheres

Scheme 1 illustrates the synthetic process of urchin-like

Ti;C,T,@ZnO0O hollow spheres, which mainly adopts facile
in situ self-assembly and template sacrifice strategies. 2D
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Scheme 1 Schematic illustration of the synthesis process of urchin-like Ti;C,T,@ZnO hollow spheres

flexible Ti;C,T, nanosheets are manufactured by selectively
etching the Al layers in Ti;AlIC, MAX by the fluoride salt
etching method (Fig. S1a), and the corresponding structural
evolution from Ti;AlC, MAX to Ti;C,T, MXene nanosheets
is displayed in Fig. S1b—e. The Ti;C,T, nanosheets could be
tightly attached to the surface of polymethyl methacrylate
(PMMA) microspheres via hydrogen bonds and Van der
Waals forces to form PMMA @Ti,C,T, spheres [43]. Simul-
taneously, the terminal functional groups (—F, —OH, =0) of
Ti;C,T, MXene provide abundant deposition sites for Zn*,
which further facilitate the growth of ZnO nanoarrays to
obtain the urchin-like PMMA @Ti;C,T,@ZnO micro-
spheres. Then the composite spheres are further pyrolyzed
to remove the PMMA spheres at varied temperatures under
N, atmosphere for 90 min to produce the ultimate urchin-
like Ti;C,T,@ZnO hollow microspheres. Ti;C,T, hollow
microspheres as contrast are also prepared via a similar
pyrolysis procedure.

The microstructure evolution and phase compositions
for PMMA microspheres, PMMA @Ti;C,T, composite
spheres, and Ti;C,T, hollow spheres are clearly illustrated
in Figs. S2-S6 and 1. The surface of PMMA microspheres
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becomes rougher after being evenly coated with Ti;C,T,
nanosheets (Fig. S2). The strong hydrogen-bond interac-
tion between PMMA and Ti;C,T, can be confirmed by the
fact that the FTIR characteristic peaks of PMMA @Ti,C,T,
generate red-shifts compared to those of PMMA (Fig. S3)
[44]. Further, PMMA will be completely decomposed above
450 °C as shown in Fig. S4, while the structure and proper-
ties of Ti;C,T, are also influenced by the high-temperature
treatment. Therefore, PMMA @Ti;C,T, composite micro-
spheres are pyrolyzed at 450, 550, and 650 °C to achieve the
Ti;C,T, hollow spheres, named Ti;C,T,-450, Ti;C,T,-550,
and Ti;C,T -650, respectively. The resultant Ti;C,T, hol-
low microspheres all maintain mutually independent
spherical structure without collapse from the SEM images
(Fig. 1a—d), indicating that 2D flexible Ti;C,T, nanosheets
possess a certain strength to form a self-supporting archi-
tecture after removing the PMMA spheres templates. And
the interior hollow structure can be powerfully certified by
TEM images (Fig. 1f~h), where the thin Ti;C,T, nanosheets
are assembled into uniform hollow spheres with a diam-
eter of ~4.2 pm. Figures le and S5 indicate that all Ti;C,T,
hollow spheres exhibit the (002) characteristic peaks in the

https://doi.org/10.1007/s40820-022-00817-5
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Fig. 1 SEM images for a Ti;C,T -450, b Ti;C,T,-550, and ¢ Ti;C,T,-650; d the corresponding elemental mapping of Ti;C,T,-650; e XRD Pat-
terns of Ti;C,T, and Ti;C,T, hollow spheres; TEM images for f Ti;C,T,-450, g Ti;C,T,-550, and h Ti;C,T, -650

XRD patterns, however, the corresponding 2 Theta val-
ues gradually shift from 5.9° for the Ti;C,T, nanoflakes to
higher angles of 6.2°, 6.4°, and 6.5° for the Ti;C,T,-450,
Ti,C,T,-550, and Ti;C,T,-650, respectively. In other words,
the interlayer spacing decreases with the increase of pyroly-
sis temperature, which is attributed to the removal of interca-
lated water and surface termination groups of Ti;C,T, [45].
X-ray photoelectron spectroscopy (XPS) spectra further
reveal the evolution of the surface composition and chemical
state from PMMA @Ti;C,T, composite spheres to Ti;C,T,
hollow spheres. Figure S6a shows the absence of O—C=0
in Ti;C,T, hollow spheres compared with PMMA @Ti,C,T,,
further indicating the complete pyrolysis of PMMA spheres
[8, 46]. High-resolution XPS spectra (Fig. S6b, c¢) of O 1s
and Ti 2p demonstrate that the contents of C-Ti—(OH), and

| SHANGHAI JIAO TONG UNIVERSITY PRESS

O-C—(OH), decrease with increasing the pyrolysis tempera-
ture, accompanied by the increase of TiO, content, which is
caused by the departure of hydroxyl-containing functional
groups [46—48]. The above structure evolution may have
an influence on the dielectric properties of Ti;C,T, hollow
spheres, leading to different MA performance.

As the design, the urchin-like Ti;C,T,@Zn0O composite
microspheres are further fabricated by growing ZnO nanoar-
rays on Ti;C,T, microspheres. However, ZnO nanoarrays
cannot be directly grown on Ti;C,T, hollow spheres due
to the departure of functional groups on the surface of
Ti;C,T, MXene during the pyrolysis and collapse of the
hollow structure caused by hydrothermal reaction. Con-
sequently, ZnO nanoarrays as the urchin spines are first
grown in situ on PMMA @Ti;C,T, microspheres to obtain

@ Springer
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urchin-like PMMA @Ti,C,T,@ZnO (Fig. 2a, b). And the
PMMA @Ti;C,T, core can be clearly observed from the
cracked PMMA @Ti;C,T,@ZnO spheres, marked with a
yellow circle, as depicted in Fig. 2b. The energy dispersive
spectrometer elemental Mapping confirms the uniform dis-
persion of Zn and O elements on PMMA @Ti;C,T, spheres
(Fig. 2d). It is worth noting that Ti,C,T, MXene serving
as Zn>* deposition sites play a key role in the ZnO growth,
while ZnO nanoarrays fail to be directly constructed on
PMMA spheres due to the weak interface interaction (Fig.
S7). After the growth of the ZnO nanoarrays, the PMMA
cores can still be completely removed by the thermal crack-
ing similar to those of PMMA @Ti,;C,T, microspheres (Figs.
S4 and S8). Upon thermal treatment at 450, 550, and 650 °C,
the urchin-like Ti;C,T,@ZnO hollow spheres are success-
fully manufactured. Figure 2g—i present the SEM images
of Ti,C,T,@Zn0-450, Ti;C,T,@Zn0-550, and Ti;C,T, @
Zn0-650, respectively. Compared with PMMA @Ti,C,T,@
Zn0, Ti;C,T,@Zn0O hollow microspheres have no apparent
alterations in appearance, and still present the urchin-like
architecture with an average diameter of ~ 8.8 pm. The struc-
tural evolution from PMMA @Ti,C,T,@ZnO to Ti;C,T,@
ZnO spheres is more clearly revealed in Fig. 2j, k The SEM
image of the cut Ti;C,T,@ZnO spheres verifies the typi-
cal hollow structure, where the ZnO nanospines with an
average length of ~2.3 pm and a diameter of ~ 100 nm are
evenly grown on the Ti;C,T, cores with an average diam-
eter of ~4.2 pm (Fig. 2j). Meanwhile, the elemental Map-
ping of Ti;C,T, @Zn0-650 displayed in Fig. 2k sufficiently
attests that its smooth inner surface is composed of Ti;C,T,
nanoflake and the external spines are ZnO. This special
hierarchical heterogeneous interface and hollow structure
can facilitate superior MA performance. The cavities and
defects emerge clearly on the ZnO nanospine (marked with
yellow circles) as displayed in Fig. 2e, which can promote
the polarization of incident EMW. And the lattice fringes as
illustrated in Fig. 2f are well matched with the (100) plane
of ZnO.

As-synthesized PMMA @Ti;C,T,@Zn0O and Ti;C,T, @
ZnO hollow spheres with distinct crystal structures are
identified by XRD patterns (Fig. 2¢). The diffraction peaks
at 31.77°, 34.43°, 36.26°, 47.55°, 56.61°, 62.87°, 66.39°,
67.96°, and 69.11° are indexed to the (100), (002), (101),
(102), (110), (103), (200), (201), and (112) crystal planes
of the hexagonal wurtzite ZnO (PDF No. 89-0510), respec-
tively. The absence of characteristic Ti;C,T, peaks is
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attributed to the fact that the dense ZnO nanoarrays grown
on the surface of Ti;C,T, spheres shield the signal. XPS
spectra are further applied to analyze the chemical state of
Ti;C,T,@ZnO0 spheres. In the Zn 2p spectra (Fig. S9a), the
peaks located at 1045.4 and 1022.2 eV correspond to Zn
2p,, and Zn 2p;,, respectively [38, 49]. In Fig. S9b, with
increasing thermal treatment temperature, the content of O
atoms near oxygen vacancies (531.9 eV) increases evidently,
which would promote the polarization behavior under micro-
wave frequency. Further, according to the evolution of the
surface chemical state of the Ti;C,T, hollow spheres, it is
reasonable to speculate that the Ti;C,T, surface in Ti;C,T, @
ZnO hollow spheres has undergone similar detachment of
hydroxyl-containing groups. The evolution of ZnO nanoar-
rays and Ti;C,T, spheres together affect the dielectric prop-
erties of Ti;C,T,@ZnO to achieve various EMW absorption
properties.

3.2 EMW Absorption Properties of Ti;C,T,@ZnO
Hollow Spheres

The microwave absorption performance of the
absorbers depends on the relative complex permit-
tivity (e, = e/ — j¢””) and complex permeability
(u, = p' — jyu'). Firstly, the electromagnetic parameters
of Ti;C,T, hollow spheres are measured in the frequency
range of 2-18 GHz via the coaxial line method, which are
presented in Fig. S10. The real parts of complex permittivity
(/) of Ti;C, T, hollow spheres exhibit a declining trend with
the increasing frequency, ascribing to the frequency disper-
sion behavior [50]. Taken as a whole, the higher pyrolysis
temperature, the lower ¢/ and ¢ values of Ti;C,T, hollow
spheres. This decrease variation is due to the reduction in
electrical conductivity according to the free electron the-
ory [51]. The electrical conductivity of the Ti;C,T, hollow
spheres decreases with the increase of pyrolysis tempera-
ture on account of the loss of interlayer water and loosely
adsorbed molecules on the surface, as well as the loss of
Ti;C,T, terminal functional groups and the formation of
minor amounts of TiO, crystal, resulting in the increase
of pores volume [45]. Meanwhile, the dielectric loss tan-
gent(tan 5, = £”/¢') is applied to evaluate the dielectric
loss capability, which is affected by both conduction loss
and polarization loss [4, 52]. As illustrated in Fig. S10c,
the Ti;C,T,-650 possesses the highesttan 6, value, which

https://doi.org/10.1007/s40820-022-00817-5
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Fig.2 a, b SEM images for PMMA@Ti;C,T,@ZnO and d the corresponding elemental Mapping; e, f high-resolution TEM images for
Ti;C,T,@Zn0O-650; SEM images for g Ti;C,T,@Zn0-450, h Ti;C,T,@Zn0-550, and i, j Ti;C,T,@Zn0O-650; k the elemental Mapping of
Ti;C,T,@Zn0-650; ¢ XRD patterns of PMMA @Ti,C,T,@ZnO and Ti;C,T,@ZnO hollow spheres

is the result of the competition between polarization loss ~ major role in dielectric loss when the thermal treatment
and conduction loss. The decrease of tan 6, value indicates ~ temperature rises from 450 to 550 °C. Then thetan &, val-
that the attenuated conduction loss plays a more important ~ ues increase when the pyrolysis temperature is further up
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to 650 °C, confirming that the polarization loss becomes
the major influencing factor. On the other hand, in view of
the Ti;C,T, hollow spheres as the dielectric loss-dominated
material, the complex permeability value is close to 1 — jO,
which will not be discussed.

The MA performance is generally evaluated by the reflec-
tion loss (RL) and effective absorption bandwidth (EAB,
the bandwidth of RL < — 10 dB). The RL curves of Ti;C,T,
hollow microspheres are plotted in Fig. 3a—f, which can be
calculated according to Egs. S1 and S2. The RL,;, value
of Ti;C,T,-450 hollow spheres reaches to —20.5 dB with
the matching thickness of 5.0 mm, and the broadest EAB
is 2.16 GHz at the thickness of 1.5 mm (Fig. 3a, b). The
MA performance of Ti;C,T,-550 hollow spheres is not
significantly improved compared with that of Ti;C,T -450
(Fig. 3c, d). When the pyrolysis temperature is further
increased to 650 °C, the RL_;, value of Ti;C,T,-650 hollow
spheres arrives to—25.6 dB at 10.72 GHz with a thickness
of 2.5 mm, and the broadest EAB can cover 5.84 GHz from
11.76 to 17.60 GHz with the thickness of 2.0 mm (Fig. 3e,
f). The Ti;C,T,-650 hollow spheres exhibit relatively opti-
mum MA properties stemming from the optimal dielectric
loss capability and impedance matching, as confirmed in
Figs. S10 and S11. The impedance matching is evaluated
by the delta function that is described as Eq. S3. The cal-
culated delta value should be as small as possible, which
means that more incident EMW could propagate to the inte-
rior of absorbers without being substantially reflected on the
surface. All the Ti;C,T, hollow spheres thermally treated
at various temperatures present relatively ideal impedance
matching (Fig. S11). This benefits from the hollow structure
that can induce more free space, thereby greatly improving
the impedance matching. Although Ti;C,T, MXene hollow
spheres as urchin photoreceptors exhibit relatively good
EMW absorption capacity to a certain extent, it remains the
imperfection of the instability and high reflection of EMW
caused by high electrical conductivity. As a consequence,
according to our design, the coordination of “urchin spines”
is necessary to further enhance the MA performance.

The frequency dependance of the complex permittivity
of urchin-like Ti;C,T,@ZnO hollow spheres consisting of
ZnO nanoarrays and Ti;C,T, spheres are manifested in Fig.
S12. Obviously, the £’ ande” values of Ti;C,T,@ZnO hollow
microspheres gradually increase with the increase of ther-
mal treatment temperature from 450 to 650 °C (Fig. S12a,
b). More specifically, the average value ofe’ increases from
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3.99 (Ti,C,T,@Zn0-450) to 4.70 (Ti,C,T,@Zn0-550), to
6.48 (Ti;C,T,@Zn0-650), while that ofe” value increases
from 1.16 (Ti;,C,T,@Zn0-450) to 1.79 (Ti;C,T,@ZnO-
550), to 3.23 (Ti;C,T,@Zn0O-650). The increased complex
permittivity can usually be ascribed to two aspects, one
is the increase in electrical conductivity, and the other is
the enhancement in polarization. However, as discussed
above, the electrical conductivity of Ti;C,T, hollow spheres
decreases with increasing pyrolysis temperature (Fig. S10).
Therefore, the increased complex permittivity of Ti;C,T, @
ZnO is mainly due to the enhanced polarization in defects
and oxygen vacancies on ZnO nanospines. The Ti;C, T, @
Zn0-650 exhibits the highesttan 5, value (Fig. S12c),
demonstrating the strongest EMW dissipated capability.
It’s worth noting that the complex permittivity curves of
Ti;C,T, @ZnO hollow spheres have no such obvious reso-
nant peaks compared with those of Ti;C,T, hollow spheres.
This resonant behavior in high frequency region is generally
considered to be caused by high electrical conductivity and
significant skin effect [53, 54].

Figure 3g-1 depict the RL values of urchin-like Ti,C,T @
ZnO hollow microspheres with various thickness at the fre-
quency range of 2—18 GHz. The RL values of Ti;C,T @
Zn0-450 are always > —10.2 dB, suggesting the negli-
gible MA performance because of weak dielectric loss
capability (Fig. 3g, h). When the pyrolysis temperature is
increased to 550 °C, the MA performance of the compos-
ite microspheres is obviously enhanced. Specifically, the
RL,,;, value reaches — 17.4 dB at 6.4 GHz with the match-
ing thickness of 5.5 mm. And the broadest EAB arrives to
4.56 GHz from 15.68 to 11.12 GHz with the thickness of
3.0 mm (Fig. 3i, j). Nonetheless, the thick matching thick-
ness makes it unable to satisfy the critical requirements of
high-performance MA materials. As shown in Fig. 3k, 1, it’s
notable that when the matching thickness is only 2.0 mm, the
RL,;, value of Ti;C,T,@Zn0O-650 hollow spheres reaches
as strong as—57.4 dB at 17.28 GHz (2.24 times that of
Ti;C,T, hollow spheres), accompanied by a broad EAB
of 4.16 GHz (13.84-18 GHz). Moreover, the RL_;, value
can arrive to—40.5 dB at 14.56 GHz with a thickness of
2.3 mm, while the EAB is as high as 6.56 GHz from 11.44
to 18 GHz, covering 41% of the entire measured frequency.
By tunning the coating thickness from 2.0 to 5.5 mm, the
RL,,;, values of Ti,C,T, @Zn0O-650 hollow spheres are all
less than — 20 dB, indicating that 99% of EMW can be dis-
sipated in the corresponding frequency. Ultimately, both

https://doi.org/10.1007/s40820-022-00817-5
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strong absorption capability and broad EAB are achieved.
The MA capability and EAB can be effectively adjusted by
constructing urchin-like core—shell heterojunctions and gra-
dient impedance between Ti;C,T, MXene and ZnO nanoar-
rays, as well as tailoring the thermal treatment temperature.
Subsequently, the EMW absorption properties of the pure
ZnO are investigated, as illustrated in Fig. S13. The RL ;,
is—14.4 dB at 17.84 GHz and EAB is 1.84 GHZ from 16.16

SHANGHAI JIAO TONG UNIVERSITY PRESS

to 18 GHz with a matching thickness of 1.5 mm. Overall,
the MA performance of ZnO is inferior to those of Ti;C,T,
hollow spheres and Ti;C,T,@ZnO hollow spheres due to
the weak dielectric properties (Fig. S14). All these results
provide abundant evidence that the unique urchin-like archi-
tecture presents giant advantages for EMW absorption.

To understand the MA behavior of Ti;C,T,@ZnO hol-
low microspheres, the Cole—Cole semicircle curves are

@ Springer
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plotted to verify the polarization relaxation associated with
complex permittivity according to the Deby theory (Eqgs.
S7-S10). As displayed in Fig. S15, the multiple semicircles
in Cole—Cole curves of Ti;C,T,@Zn0-650 confirm the die-
lectric loss dominated by polarization loss. While those of
Ti,C,T,@Zn0-450 and Ti;C,T @Zn0O-550 exhibit multiple
semicircles with a linear tail, indicating the simultaneous
presence of polarization relaxation and conduction loss. By
increasing the pyrolysis temperature, the enhancement of
polarization loss is greater than conduction loss. The imped-
ance matching of urchin-like Ti;C,T @Zn0O-650 hollow
microspheres is further investigated in Fig. S16. The hollow
structure of Ti;C,T, spheres and the void spaces between
ZnO spines effectively improve the impedance matching of
the composites. By contrast, the increase of thermal treat-
ment temperature is in favor of further improving the imped-
ance matching of Ti;C,T,@ZnO hollow spheres due to the
enhancement of polarization loss. The attenuation constant
a indicates the capability of microwave absorbers to convert
the EMW to thermal and/or other forms of energy, which
can be described as Eq. S6. Comparatively, Ti;C,T, @ZnO-
650 hollow spheres show the highest o value (Fig. S17),
which represents the strongest EMW attenuation ability.
The superior EMW attenuation ability of Ti;C,T,@ZnO
is mainly derived from the strong polarization loss caused
by defect-rich ZnO spines, moderate conduction loss from
Ti;C,T, hollow spheres, and interface polarization loss.
Both the optimal impedance matching and strong micro-
wave attenuation capability make Ti;C,T, @Zn0O-650 for the
high-efficiency broadband MA performance.

The RL,;, values and the broadest EAB for Ti;C,T, hol-
low spheres and urchin-like Ti;C,T, @ZnO hollow spheres
obtained at various temperatures are summarized in Fig. 4a
for a comparative analysis of the MA properties. On the
whole, 650 °C is the most suitable pyrolysis temperature
for the fabrication of the Ti;C,T, and Ti,C,T,@ZnO hol-
low spheres. The optimum MA performance of Ti;C,T,-650
is evidenced by —25.6 dB for RL,;, and 5.84 GHz for the
broadest EAB. And—57.4 dB of RL;, and 6.56 GHz of
the broadest EAB are achieved for Ti;C,T,@Zn0O-650. Both
the RL,;, value and the EAB of the urchin-like Ti;C,T,@
ZnO hollow microspheres are much smaller and broader in

min

comparison with those of the Ti;C,T, hollow microspheres,
suggesting that the construction of biomimetic urchin struc-
ture possesses a vital influence on the EMW absorption
capability. In general, the superior microwave absorbers

© The authors

should possess thin—matching thickness, light-weight,
broad EAB, and strong MA intensity, simultaneously [55].
In consequence, Yu et al. proposed the specific reflection
loss (SRL) to evaluate the MA performance of microwave
absorbers more clearly, which can be calculated according
to Eq. S11 [56]. Figure 4b compares the SRL values and the
corresponding EAB of the ZnO-based composite microwave
absorbers reported in previous literatures, and the corre-
sponding specific values are listed in Table S1. By contrast,
the Ti;,C,T,@Zn0-650 presents a relatively high SRL value
and broad EAB, indicating that the urchin-like Ti;C,T, @
ZnO hollow spheres take on a bright application prospect
as a kind of light-weight, ultrathin, and high-efficiency MA
materials.

3.3 EMW Absorption Mechanisms Analysis
of Ti;C,T,@ZnO Hollow Spheres

In order to intuitively explore the influencing mechanisms
of urchin-like architecture on MA, the electric field intensity
distribution and electric energy loss distribution of Ti;C,T,
hollow spheres, ZnO nanoarrays, and Ti,C,T,@ZnO hol-
low spheres are simulated by the limited integral method
(Fig. 4d, e). For the Ti;C,T, hollow spheres, the electric
field is concentrated inside the hollow structure, indicating
that part of the microwave can propagate to the interior of
Ti;C,T, hollow spheres, and be repeatedly reflected and
scattered in the cavity to excite the electrons on the Ti;C,T,
surface. At the same time, when EMW passes through
MXene, it will interact with the high-density electrons of
MZXene to induce electric current, which leads to a certain
power loss in EMW. As for the pure ZnO nanoarrays, the
electric field intensity distribution is relatively weak on
the whole, and the electric energy loss capacity is almost
negligible. Interestingly, when ZnO nanoarrays and MXene
spheres are assembled into unique urchin-like architecture,
significant electric field concentration can be both found in
the exterior nanospines and interior hollow spheres. And
the corresponding electric energy loss capabilities are also
largely improved (Fig. 4e). On one hand, the gradient imped-
ance formed after the growth of the ZnO nanoarrays on
the surface of Ti;C,T, hollow spheres allows more EMW
to propagate into the composite, and the repeated reflec-
tion and scattering occurred on the hierarchical interfaces
extend transmission path of EMW to achieve more energy

https://doi.org/10.1007/s40820-022-00817-5
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based composites; d Complex electric field intensity distribution and e electric energy loss distribution; ¢, f Schematic illustration of microwave
absorption mechanisms for urchin-like Ti;C,T,@ZnO hollow microspheres

dissipation. On the other hand, it can be observed that the
power loss of Ti,C,T,@ZnO is still intense in the external
ZnO spines region, which is rather different from the pure
ZnO nanoarrays. A key reason for this phenomenon should
be the disparity of electron motion between them, while the
excited electrons in Ti;C,T, migrate along the axis or jump

SHANGHAI JIAO TONG UNIVERSITY PRESS

)
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to the adjacent ZnO spines through interfaces, defects, etc.,
thereby significantly promoting the electric energy loss. The
simulation calculation results provide compelling evidence
that the unique urchin-like architecture has a vital positive
effect on enhancing EMW consumption.
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Based on the above experiment and theoretical simula-
tion results, the involved MA mechanisms of the urchin-
like Ti;C,T,@ZnO hollow microspheres are revealed as
illustrated in Fig. 4c—f. When the EMW is incident into the
Ti,C,T,@Zn0O hollow microspheres absorbers (Fig. 4c), the
attenuation and dissipation of EMW are mainly derived from
the synergistic reinforcing effect between ZnO nanospines,
Ti;C,T, MXene hollow cores, and hierarchical urchin-
like heterostructures. Specifically, the hollow structure of
Ti;C,T, cores, the abundance of void spaces among ZnO
nanospines, and the construction of gradient impedance
and hierarchical heterostructures can promote the multiple
reflection and scattering of incident EMW, extend its propa-
gation routes, and reinforce the dissipation of the EMW [57].
Meanwhile, the hollow structure and void spaces can also
be used as the impedance matching mediator to balance the
impedance of Ti;C,T,@ZnO and air [4, 58]. Secondly, under
the alternating electromagnetic field, the excited electrons
in Ti;C,T, hollow spheres migrate along the axial direction
or hop to the neighboring ZnO spines through the defects,
interfaces, heterojunctions, and conductive network, finally
converting the EMW into thermal energy [38, 59]. Thirdly,
the urchin-like Ti;C,T,@ZnO hollow microspheres provide
plenty of heterogeneous interfaces, which leads to the accu-
mulation of free electrons at interfaces to produce interface
polarization [54, 60]. The terminal functional groups on
Ti;C,T, MXene cores and the defects and oxygen vacan-
cies on ZnO spines can induce local dipoles polarization
[61]. In short, the high-efficiency MA performance of the
biomimetic urchin-like Ti;C,T, @ZnO hollow microspheres
benefits from the synergistic effects of the ZnO nanospines,
Ti;C,T, MXene hollow spheres, and specific urchin-like
architecture on incident EMW.

4 Conclusions

In summary, the biomimetic urchin-like Ti;C,T, @ZnO
hollow microspheres are designed and constructed for the
first time by the in situ self-assembly and template sacri-
ficial methods according to the photoreception principles
of urchins. The ZnO nanospines with an average length
of ~2.3 pm and diameter of ~ 100 nm have been success-
fully grown on the Ti;C,T, cores with an average diameter
of ~4.2 pm. In the urchin-like hollow spheres, the ZnO
nanospines primarily “shield” the incident EMW, while the

© The authors

Ti;C,T, hollow spheres further “conduct and process” the
EMW that cannot be dissipated by ZnO spines. The giant
advantages of urchin-like architecture on the EMW con-
sumption are innovatively revealed by the limited integral
simulation, which greatly boosts the power loss capacity.
Consequently, the urchin-like Ti;C,T,@ZnO hollow spheres
exhibit excellent MA performance with the absorption of
as strong as —57.4 dB and EAB of as broad as 6.56 GHz.
The experimental and theoretical simulation results dem-
onstrate that the construction of oriented ZnO nanospines,
highly conductive Ti;C,T, cores, hollow structures, gradient
impedance, as well as hierarchical urchin-like heterostruc-
tures are conducive to the manufacture of high-performance
MA composites. Therefore, it’s believed that this work will
provide a reference for the design and construction of high-
efficiency microwave absorbers with biomimetic hierarchical
microstructures in the future.
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