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Abstract: With rapid development of 5G communication and miniaturization of electronic devices, development
of lightweight, broadband and high-efficiency electromagnetic wave absorbing materials has emerged as a critical
solution to challenges posed by electromagnetic pollution and information leakage. However, traditional absorbing
materials face significant limitations, such as high density, narrow absorption bandwidth and poor environmental

compatibility, while the resource utilization of industrial solid waste provides an innovative path for the design of
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high-performance absorbing materials with both economic and ecological benefits. Here, magnetic fly ash (MFA)
microbeads were derived from solid waste of coal-fired power plants through magnetic separation. Additionally,
magnetic fly ash microbeads@carbon nanotubes (MFA@CNTs) composite wave-absorbing materials with a
three-dimensional interpenetrating network structure were successfully prepared by chemical vapor deposition
(CVD) using in situ-loaded Fe-based nanoparticles on surface of the MFA microbeads as catalysts. Microstructural
characterization showed that the bamboo-like CNTs grown on surface of the MFA microbeads formed a porous
structure by inter tubular winding and bridging with silicate framework. The composite material achieves a
minimum reflection loss (RL,,;,) of —44.52 dB at 8.8 GHz (with a thickness of 2.99 mm) and an effective absorption
bandwidth (EAB, RL<-10 dB) covering 4.72 GHz (with a thickness of 1.7 mm). The performance enhancement
mechanism can be attributed to the following aspects. (1) The magnetic component (Fe;0,) in the MFA microbeads
interacts with conductive network of the CNTs, thereby establishing a magneto-electrical coupling effect to
optimize the impedance matching. (2) The defective structure of bamboo-like CNTs induces multiple polarized
relaxation (including interfacial and dipole polarizations), significantly enhancing the dielectric loss. (3) The 3D
porous network extends the propagation path of electromagnetic wave, thereby promoting multiple reflection and
scattering loss. This study not only provides a new paradigm for high-value utilization of industrial solid waste, but

also lays a theoretical and technical foundation for the design of lightweight and broadband wave-absorbing materials.

Key wor ds: fly ash microbeads@carbon nanotube; 3D network structure; electromagnetic wave absorption
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Fig. 2 Microscopic morphologic structures of MFA and MFA@CNTs microspheres
(a-c) SEM images of (a) MFA, (b) MFA@CNTs and (c) CNTs on the surface of MFA@CNTs; (d) TEM image of
CNTs; (e, f) EDS elemental mappings of (e) C and (f) Fe in MFA@CNTs as shown in Fig. (b)

Rk, HAER-FIERZRZA N 20 pm, FHEHAEKK
CNTs BARMRE 20~60 nm 2 [8]. ##— K TEM
HE A (] 2(d)# B, CNTs I BEJEFE 28 25 nm, W
LA 15 nm, P I S () 35 I R 45
¥, [a1#E 9 20~50 nm. K 2(e, )« & S1 A S2 19
EDS 4iRiEsk, SEMERHERP I ESH C TE,
Fe J0& 25 & FHHE B e HE R4 . XRD K
(K 3(a) &£, ERSEIRLM R, MFA AL
BRI T T M Fes04 3] Fe T2 Fe/FesC HIYIAH %
AR FARMORHE B AR SO B
BRET. BERE R L% . AURTIUE RS, MFA
1 % S A P B 3 TR Dy Bk BT, L RR AAF 0 B TE
20=44.6°F1 65.0°4b . HAMEHE 20=26.5°4 tH I —

AT AT S, X R A SRR 19 (002) d T . UEAR, TR
260=37.84°. 39.88°. 40.70°. 43.00°. 43.88°, 45.10°.
45.96° Fll 49.24° 55 Ib 1) AT 5F W X )80 FesC, M £E
260=44.66° T ST 55 0 DI Kt 7 a-FelO i 2ok i
EI(E 3(b))45 5 XRD 45 RAH B EHIE, dEFNESLE T
A SRR 1) D)) 4%

4(a)’y MFA@CNTSs ] XPS 4, 25 R R0
2 CVD MG IIME R EEAEE C. O Juzk. Hrh,
Cls K54G (B 4(b)) Bt — 20 7 i R DU ANFRAEIE, 53
XTI C=C(284.40 eV).C-0(286.10 eV).C=0(287.37 V)
1 0=C-0(290.94 eV)P!l, X ULHEFIE R, HE5H
BEFRAAEE AT S0k, IEH M ANY) . EEM
BEr A Bk BA RIS Bk, A BT ik

20/ )

(a) +-Magnetite »-Maghemite +-Magnesioferrite (b)
v-Hematite *? A-Fe #-Graphite -Fe;C
- L] { ]
) s MFA@CNTs | & D 7
N = A 2D
& g N RI=0.94
g A g IS e et
= vovs Hydrogen-reduced MFA g MFA@CNTs
I X s by v Ve 249
. . . .  MFA . . . . .
20 30 40 50 60 70 80 500 1000 1500 2000 2500 3000

Raman shift / cm™

K3 (a) MFA il MEA@CNTSs % Ek 1 XRD Ei#; (b) MEA@CNTs I3 2 6 i &
Fig. 3 (a) XRD patterns of MFA and MFA@CNTs microspheres; (b) Raman spectrum of MFA@CNTSs microspheres



212 T AL M KB iR %41 %
(a) Cls 03) C=CN Cls (C) FeZp h
5 - - I
2 3 | 3
& & | N2
2 2 | “s ,%‘ V
z z “: z
5 5| oc-0 co ) | 8
= Fe2p Ols R REN ) \ k=
SRS —_— N
1200 1000 800 600 400 200 0 296 294 292 290 288 286 284 282 280 740 730 720 710
Binding energy / eV Binding energy / eV Binding energy / eV

4 MFA@CNTs f4EkIf] XPS 1% E
Fig. 4 XPS spectra of MFA@CNTSs microspheres
(a) Total XPS spectrum; (b) Cls XPS spectrum; (c) Fe2p XPS spectrum

P =1

L FHFE. N, AT S A e BA )
FAEAL AL RN . FE MFA@CNTs & & F1RHG £ 1
SHT, KREMZEM CNTs 283 K 72
RMBTEE, SEI XPS K40 & LI &1y 5
A5G ESPR (K 4(c). 15 XRD F1 EDS Jlik 7]
DAUE B AFAE 2k 0 3 S A AR A 7
22 E&WHBELE R EE

BT AERLET, KRG T MFA & MFA@
CNTs EA MR BRGSO ke et . SLi &
FKWH, 251 MFA BORME SR I W IS T T 2%
PR A W S(a~c)Frw, EMME Y 15.2 GHz.
FERLEREN 2.8 mm B2 R, RLyin {X9-4.38 dB,
R MFA SR DUA ORISR e, FETR
Wtk e fE ik — 8T, M LL MFA N3EER R A7

B scousssssssssasgsssssssomraptioons

=152 GHz
RL,..— —4.38 dB

[-+-1.7 mm-+2.0 mm--2.5 mm
+28 mm-»3.5 mm-e-4.0 mm

4 8 12 16

Frequency / GHz

4K CNTs JE B MFA@CNTs & &A1 RS, i
Wl v R kAR T R E AR . W B S5(d~D) TR,
MFA@CNTs & & #0E I H A 5 s e . 24
TAAT N 8.8 GHz I, RL i, N—44.52 dB(FE & )R JE
N 2.99 mm), EAB ik %] 4.72 GHz(Ft &5 JEE N
1.7 mm). X—45REH, WM 3D M2 L5 LK
SEIEAT AR CNTs ey K T RBEMEH . 3D %%
S5 Ky L T TEADRL N I AR R SR A T 2 1 AR
A5 FUTH, KT F R FE B R) r I B B B (D,
M8 58 1 R R 5 M R 2 TR AR EAE A o i
Itk CONTs #kE— B F5 7RO A5 #, Hoh
R PR T 25 R B 25 i R AT PR U8 E A 3R O 7R R R B
A R RSO 3E . L R SRR R AL, St
[FEH T iR O 2, BEHTH T MFA@CNTs
52 R i R 38 R AT

Frequency / GHz
® o o

N
'

Thickness / mm

[ +-17mm —+20mm-+-2.5mm
—60 | < 299mm » 35mm -e-40mm -50 > —40
4 8 12 16 1) g 12
; : )
Frequency / GHz Tzlckaes;’/ 4 5 4 oeﬁ\d‘ Thickness / mm
Iy, Q@‘X

K5 MFA Fl MFA@CNTs f33R 1 525 45 68
Fig. 5 Reflective loss diagrams of MFA and MFA@CNTs microspheres
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Fig. 6 Electromagnetic parameters of MFA and MFA@CNTSs microspheres
(a) Real part (¢') and imaginary part (¢”) of relative permittivity; (b) Real part (') and imaginary part (u") of relative permeability;
(c) Dielectric loss tangent (tand,); (d) Magnetic loss tangent (tand,); (e, f) Cole-Cole curves of (¢) MFA and (f) MFA@CNTs

¢ 0.6 N 1.4 250
EE 05 _(a) *;g mm -y- 2.0 mm -¢- 2.5 mm ;E 12 _03)+ 1.7 mm —v-2.0 mm—+—2.5 mm)| E © —— MFA
3 . 4 2.8mm -»- 3.5 mm -e 4.0 mm %.D 10 —<— 2.99 mm-—»-3.5 mm—e—4.0 mm| 2 200+ —o— MFA@CNTs
804} g 5]
5 5 08} 2 150} ‘//*"’JJ
2 03F 5] S
E o2 806 S 100}
gl % 041 &
_§0.1 S 02l g sol
R I YIS e e
8 2 4 6 8 10 12 14 16 18 2 4 6 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency / GHz Frequency / GHz Frequency / GHz
K7 MFA Fll MEA@CNTs fcRk (6 BH 470 UG Bic A5 ek 2R %
Fig. 7 Impedance matching and attenuation coefficients of MFA and MFA@CNTs microspheres

(a, b) Impedance matching of (a) MFA and (b) MFA@CNTs; (c) Attenuation coefficients
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Tablel Comparison of microwave absorption
per for mance[lS, 17, 22, 25, 35-37]

Microwave -

arlr)lsa(:zit;(l)*n RL/dB FE}‘/;B;/ d]ig?n / GJZIZ Ref.
CNTs/PyCHMs -56.0 4 3.0 122 [15]
Fe/C 210 63 25 128 [17]
TiC/Fe@NCNHs ~ -41.62 4.85 14  17.66 [22]
ZnFe,0,@PHCMS -51.43 352 4.8 72 [25]
Ni@CNT 444 43 15 135 [35]
CoFe,0,@CNTs  -34.6 7.1 2.5 134 [36]
FeCo/Cu/CNTs 481 576 18 152 [37]
MFA@CNTs 4452 472 1.7 8.8 3;1

*: CNTs/PyCHMs—Carbon nanotubes/pyrolytic carbon hollow micros-
pheres; NCNHs—Nitrogen-doped carbon nanohorns; PHCMS-Porous
hollow carbon microspheres. **: drap—Thickness corresponding to the
effective absorption broadband
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