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Abstract

High absorption capacity and broad absorption badttiwelectromagnetic wave (EMW)
absorption materials (namely, EMW absorbers) agélfidesirable due to the interference with
electronics and harms on human beings’ healthe#émch for rational design on nanostructured
absorbers, we have synthesized and demonstrataddishape composites with Fe-containing
magnetic nanoparticles (#&, Fe&C and Fe NPs) embedded into nano-porous carbon )(NPC
through pyrolysis of Fe-based metal-organic franwo (MOFs). The morphologies,
compositions, and graphitization degree of the F2Hdl derived magnetic NPC nanorods can be
effectively controlled via adjusting the pyrolygismperatures. The graphitization level has a
significant influence on the permittivity of the roposites upon variation of pyrolysis
temperatures, thereby a tunable electromagneticewgwMW) absorption is observed.
Consequently, the resulting magnetic NPC nanorbtisireed at pyrolysis temperature of 600 and
700 [ exhibit the most remarkable EMW absorption perfance with a strong reflection loss of
-52.9 dB and broad effective bandwidtf) 6f 4.64 GHz at 3.07 mm. With a thickness of 31/5,m
thefe for the magnetic NPC nanorods at 60@overs the whole X-band from 7.92 to 12.48 GHz.
The noticeable EMW absorption performances have lggeatly enhanced compared to those
reported FgD, based absorbers, owing to the synergy of mulimoleponents and the porous

structures inherited from MOFs.



1. Introduction

The rapid penetration of portable electronics anm@less communication technology has
required our society to tackle the issues from timevanted electromagnetic wave (EMW)
pollutions [1-6]. It is well accepted that the meffective approach to address EMW interference
is to develop high performance EMW absorbing materiHence extensive attempts have been
made to synthesize EMW absorbers, emphasizingiiecteristics of low reflection values, thin
thickness, broad effective frequency bandwidth, #igbt weight [7-9]. Based on the loss
mechanism of the EM energy, the absorbers coultiviéed into three categories: the dielectric,
magnetic, and resistance loss types [10]. Generdiblectric loss materials own a strong
absorbing intensity, while the broad frequency eamgnnot be easy to reach due to their
unbalanced impedance matching, limited loss meshani etc [11]. Amongst the dielectric
materials, a variety of carbons have been the ctweeEMW absorbers owing to their low
density, strong dielectric loss, natural abundarened excellent chemical stability [12-14].
Various carbons including carbon nanofibers [15&phene [16], and carbon nanotubes (CNTS)
[17] have been at the forefront for EMW absorb&isvertheless, carbon materials are unilateral

dielectric materials with high permittivity valuend no magnetism resulting in impedance
mismatch. According to impedance matching cond#in= Zo(/Jr/fr )”2 [18], to improve the

impedance matching level between incident waved fege space, it is of great importance to

manipulate the relative permeabilityclose to the relative permittivity.

There are two strategies to improve the impedaenws bf carbon-based EMW absorbing
materials. One effective way is to increase themgability value by incorporating magnetic
particles,i.e. Fe, Co, Ni, FgD,, into carbon materials. On one hand, such comgmsan

effectively enhance the EMW absorption capabilitycarbon owing to the synergy of magnetic
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loss and dielectric loss. On the other hand, thir@ach is capable of significantly reducing the
density of magnetic materials because of light-Weigf carbon materials. Carbon nanofibers
incorporated with ferromagnetic metals have exbditremarkable EMW absorption
performances with a reflection loss (RL) below -@B from 4-18 GHz corresponding to a
thicknesses of 1.1-5.0 mm [15]. Céteal. reported an obviously enhanced EMW absorption than
pure CNT using Fe encapsulated CNT nanocompositepuding to the optimized EM
parameters [19]. Another effective way to achieumgeaedance matching is to decrease the
permittivity by introducing voids or pores into ban materials. Typically, porous structures,
with unique characteristics such as low density kmde surface area, would be a promising
candidate as light weight EMW absorbers [20, 21¢siBes, the massive pores can act as
polarization centers, and can further enhance iblearic loss ability by inducing polarization
relaxations [11, 12]. For example, porous Fe pagishowed stronger EMW absorption ability
than the non-porous structure due to the multifjdtions induced by the porous structure [22].
Fanget al. reported that the porous carbon foams owned sndibéectric constants but several
times larger dielectric loss than their correspogdiompact powders [23]. Hence, the fabrication
of porous structures is an effective method to myo&iM parameters of absorbers. Thus,
multiple-component absorbing materials obviouslypedorm the single component dielectric
absorbers to reach the goal of increasing maglesttcand improving impedance matching level.
To date, the challenges are that the magnetic smetaferrite particles tend to reunite at the
nanoscale and the deliberate control over porougtstes is quite difficult. Therefore, it is
highly desirable to develop a facile and cost-difecapproach to synthesize the composites of

magnetic particles and porous carbon with unifoartiple size and dispersion.



More recently, MOFs derived composites have beenodstrated to be the promising
candidates for ideal absorbers [24-27]. On one hgraphite carbon can be obtained with the
catalysis role of metals during the pyrolysis pss;e¢hereby a strong dielectric-loss ability of the
resulting materials [28-30]. On the other hand,agnetic metal can deliver noticeable magnetic
loss. The multi-component synergistic effects inwerothe impedance matching through
combination of magnetic and dielectric loss, andiieace more interfaces to enhance the
interfacial polarization [11]. Lwet al. reported excellent EMW absorption properties wath
minimum RL of -35.3 dB at 2.5 mm for the porous Cohanocompositevia thermal
decomposition of Co-MOFs [30]. Qiang al. have fabricated porous Fe/C nano-cubes by
pyrolyzing the Prussian blue, showing a broad aisor bandwidth 10.8-18.0 GHz with RL
values exceeding -10 dB [31]. On the other andpbd&ed MOF materials are extremely
attractive since Fe is an earth-abundant elemeahtFancontaining complexes have been widely
investigated for EMW absorbers owing to their ebaz@l magnetic properties, facile manipulation,
and low cost [13, 32, 33, 34]. To the best of oumowledge, porous magnetite-carbon
nanocomposiets derived from MOFks., Fe-MIL-88A [35-37], for EMW absorbing materials

has not been reported.

In this work, we demonstrated and synthesized iasef rod-shape composites with Fe-
containing magnetinanoparticles (R©,;, FegC and Fe NPs) embedded into porous carbon
through pyrolysis of Fe-MIL-88A. The structuresgaositions, and magnetic properties of the
composites obtained at pyrolysis temperature ramagjeS500-800 ] were investigated. The
compositions of the magnetic NPC nanorods sigmtfigaaffected the magnetic properties and
the graphitization degree was found to have a gmeflience on the permittivity of the

composites with the variation of pyrolysis temperas. Consequently, the EMW absorption



performances of the resulting magnetic NPC nanoooddd be tuned easily through changing
the pyrolysis temperatures. The EMW absorptiongrarnces for the magnetic NPC nanorods
obtained at 600! outperformed pure E®,and previously reported §@,/C EMW absorbers.
We thoroughly elucidated the contributions of sgmic effects from multi-components and

high porosity inherited from MOFs on the enhanc®\V¥absorption.
2. Experimental
2.1. Preparation of Fe-MIL-88A and Fe-MIL-88A derived magnetic NPC nanorods

The hexagonal rod-shape Fe-MIL-88A was first pregdahrough a facile hydrothermal
process according to a previous report with sligidifications [35]. Typically, 1 mmol
FeCk-6HO was dissolved in 20 mL deionized water at roomperature firstly. Then 1 mmol
fumaric acid was added into the above solutione@dtirred for 0.5 h, the resulting solution was
transferred into a Teflon-lined stainless-steebalatve with a capacity of 30 mL and sealed to
heat at 1101 for 10 h. The obtained yellow products were wast#ti deionized water and
dried under vacuum for 12 h. Then, the magnetic MB@rods were obtained by calcinating the
Fe-MIL-88A precursor in a tube furnace under nigodlow at 500-800 for 5 h with a heating
rate of 101 min™. The obtained products under different pyrolysimperatures were defined as

sample F5, F6, F7 and F8, respectively.

2.2. Preparation of samples for EMW measurements
For EMW absorption measurements, the samples werpaped by homogeneously
mixing the magnetic NPC nanorods into epoxy resih @& filling content of 40 wt%. Then the

mixture was cut into toroidal shaped samptes{ 7.00 mm®;,: 3.04 mm).

2.3. Characterization



The X-ray powder diffraction (XRD) of the magnehNdC nanorods was recorded on an
X-ray diffraction (XRD) instrument with Cu K radiah (A = 0.15406 nm, 40 kV, 40 mA). The
morphology and microstructures were characterizgdabfield emission scanning electron
microscope (FESEM, JSM-7500F, JEOL) and a JEOL 2HBD transmission electron
microscope (TEM). The specific surface area wasyaad using Brunner-Emmet-Teller method.
For the EM measurement, a vector network analyZBiA( Agilent PNA N5244A) was used to
measure the scatterin®)(parameters in 2-18 GHz. Then the complex pernigalfy,) and
complex permittivity §) were calculated from the measur8gparameters using the software
(Agilent Technologies 85071) installed in the VNA.

3. Results and discussions
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Fig. 1. (a) Synthetic process of magnetic NPC nanorod$/ 8&ages of (b) Fe-MOFs (Fe-MIL-88A)
precursor, and (c-f) Fe-MIL-88A derived magnetic ®ZN\fanorods obtained at different pyrolysis
temperatures undeerIow: (c) F5, (d) F6, (e) F7, and (f) F8. (g), (NEM images and (i) HR-TEM
images of sample F6.

Our synthesis route of the magnetic NPC nanorodessribed in Fig. 1a. The Fe-MIL-
88A was prepared using Fe@H,O and fumaric acid in an aqueous solution. The SElges
of the Fe-MOFs precursor [Fig. Sla (see supportifaymation) and Fig. 1b] show well-defined
hexagonal rod-like morphology with a length of 1.6-um and width of ca. 300 nm. After the
pyrolysis under B the samples F5, F6, and F7 display quite rougt wrinkled surfaces

compared with the Fe-MOFs precursor (see alsoFiih-d). In larger magnification images (Fig.

1c, d and e), numerousagnetimanoparticles are observed to disperse uniformlyhencarbon
9



framework. Furthermore, the morphology of the maigndPC nanorods depends clearly on the
pyrolysis temperatures. With increasing the tenpeea the particle size becomes larger and the
original structure tends to shrink and aggregateenremarkably. Up to 800!, the whole
structure collapses and aggregates, resultingarfdimation of irregular morphology (Fig. 1f).
TEM and HR-TEM have been further employed to obthi& detailed structural information.
Taking F6 as an example, the TEM images (Fig. Iggrpresent a porous rod-like morphology
with FgO,4 nanoparticles uniformly embedded in the amorpharban matrix. The length of
magnetic NPC nanorods @&. 1.2 um and the diameter of the J&& nanoparticles shows a
distribution between 25-50 nm. The HR-TEM imageg.(Ei) of the particles suggest the lattice
fringe of 0.254 nm fitted well with (311) plane tbfe crystalline cubic spinel g@;. From SAED
image (Fig. S2), the diffraction rings corresponellwith (111), (220), (311), (400), (422) and
(511) planes of B®, [13]. Consequently, the magnetic NPC nanorods W, nanoparticles
uniformly embedded into porous carbon matrix haerbsuccessfully fabricated by adopting the

facile Fe-MOFs derived methodology.

10
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Fig. 2. (a) XRD patterns, (b) Raman spectra, (c) nitrogdsorption-desorption isotherms, (d)
pore size distributions, (e) TG curves under anl &) room temperature magnetic hysteresis
loops of the magnetic NPC nanorods obtained ag¢mifft pyrolysis temperatures underfidw.

Fig. S3 shows the XRD pattern of Fe-MIL-88A anddtees well with previous reports [35,
36]. The XRD patterns have been further utilizedharacterize the structural information of the
magnetic NPC nanorods (Fig. 2a). Sample F5, F6,Fandere observed to display six peaks at
30.06°, 35.4°, 43.02°, 53.14°, 57.86°, and 62.@68jgned to the (220), (311), (400), (422), (511)
and (440) planes of the face-centered cubic streckgO, (JCPDS No. 19-0629), in good
agreement with HRTEM analysis. Particularly, th#érdction peak intensity becomes stronger
with the increase of pyrolysis temperature, impdyihe improved crystallinity of F®, particles.
No other diffraction peaks are present, suggestihggh purity for the magnetic NPC nanorods.
Up to 800L], most of the F¥ is reduced to Fe along with small amount ofGF€JCPDS No. 35-
0772). Meanwhile, no diffraction peaks of carboruldobe detected, suggesting the porous

carbon exists in an amorphous state. The average gizes of sample F5, F6, F7, F8 are

11



calculated to be 31.2, 49.0, 83.3 and 93.8 nm.ectsely, by applying the Scherrer’s equation

[16], in accordance with the SEM observations i Hi

In addition, the pyrolysis condition such as heaatiate has a great impact on the
compositions of the resultant products. If we iased the rate from 1 to[5 min and maintained
at 5001 with the heating time unchanged, the XRD patterhghe magnetic NPC nanorods
display characteristic peaks assigned to FeO &), which will weaken the magnetic loss
ability of the composites. The presence of FeO khbe associated with the reaction of ‘Fend
carbon during the pyrolysis of MOFs, and a fasttihgarate of 51 min™ could promote the
reduction of F& to F€* by carbon. Similarly, the diffraction peaks of Ce6uld be observed in
the XRD patterns of MOFs derived Co/C compositesmédopting the heating rate of 5min™
while high purity Co was obtained with a low hegtirate of 101 min™ [24]. The results show
that a rational pyrolysis condition has a good munbver the compositions and purity of the
MOFs derived products. These results indicate pigelyzing at 10] min™ is a better condition
to obtain high purity F#,/C composites. It is well-known that the graphitiza has a great
impact on the EMW absorption ability, thereforeg Raman analysis on the samples was carried
out. Fig. 2b shows that all samples exhibit twddgbpeaks at ca. 1330 €nfD band) and 1540
cm™ (G band). According to previous reports [38, 3]pand is related to the K-point phonons
of Aig mode and it becomes active with the presence surdiéer graphite or nano-graphite
crystals. The G band results from the scatterinthefkgvibration mode, corresponding to the
vibration of sp carbon dominant in graphene nanosheets. Genettadlyintensity ratio of the D
band to the G banddlg) is calculated as an index to evaluate the graglibn degree of
carbon materials [40, 41]. Thg/lgvalue for F5, F6, and F7 is 0.92, 1.31, and 1.83pectively.

The increasetb/lg value can be well explained by Ferrari and Robaisstheory [38], according

12



to which the transformation of amorphous carbomgriphite could be divided into two stages.
The first stage is amorphous carbon to nanocrystafiraphite and the second is nanocrystalline
graphite to graphite. The first one led to an imses Ip/lg value as the defects in the
nanocrystalline graphite would become active, whhe second stage tended to cause a
decreased/Ig value owing to the elimination of defects. Therefaan enhancelg/Is value can

be seen with increasing the temperature from 5000®( 1, suggesting the transformation of
amorphous carbon to nanocrystalline graphite. Tidhén verify this explanation, we also
calculated thep/lg value of the magnetic NPC nanorods pyrolyzed at 808 decreasedb/ls
value of 1.08 in Fig. 2b further confirms the egiste of the second stage. On the other hand,
from the TEM images of F8 (Fig. S5), a noticeald#tide fringe of carbon outside of Fe
nanoparticles was detected. The formation of gteptarbon should be mainly attributed to the
catalysis effect of Fe during the pyrolysis procd3sese results confirm the gradually enhanced
graphitization of the magnetic NPC nanorods accayipg with increasing the temperatures.
Previous studies have proved that the graphitizatiegree has a noticeable effect on the
permittivity and absorbing properties of the EMWsalbers [10, 31]. A rather high
graphitization degree will cause a largely enhanpednittivity, resulting in the impedance
mismatch. Thus, an appropriate graphitization degsea pre-requisite to obtain an excellent

absorber.

The porosity of F5, F6, F7 and F8 has been momltore BET analysis. As a result, all
four samples present a characteristic IV-type msoth (Fig. 2c), indicating the existence of
mesopores with the dominant pore size of 19.8 nign @) [42]. The BET specific surface area
(m? g% is 148.1 M g™ for F5, 121.1 rhg® for F6, 127.1 g™ for F7, and 86.6 g for F8,

respectively. The decreased specific surface aregd should be attributed to the aggregation of

13



particles and collapse of the structures, but #iees are still larger than the reported@¢C
composites including porous §&/C nanorods (45.2 fg™) [43], Fe&O4/C nano-rings (64.27 ™
g?) [13], mesoporous C-encapsulated@g51.72 nf g*) [44]. The large specific surface area
and mesopores will be of great importance to siwggptlee eddy current effect and modify the
permittivity of EMW absorbers [12]. To evaluate theight percentage of carbon and®gin
the magnetic NPC nanorods, the TGA measurementg warried out in air from room
temperature to 800, displayed in Fig. 2e. As carbon can be oxidizechgletely at 8007, the
final product should be only @;. Then the content of carbon for sample F5, Féamd F8 is

calculated by using Equation (1) and (2), respebtiv

—_ 0,
Wt%, = 3A-wt%carbon) 4 Me,o, (1)

2MFe30,4

_ (A-wt%carbon)
wt%), = BT R Mg, o0, (2)

wherewt%,_ is the weight percentage of leftJBg, andM represents the molecular weight of the
corresponding chemicals. Then the weight percent#gearbon for F5, F6, F7 and F8 is
confirmed to be 27.1%, 25.3%, 15.7% and 17.0%.Wéight percentage of @, for sample F5,
F6, F7 is ca. 72.9%, 74.7%, 84.3% and the weigttgoeage of Fe for sample F8 is about 83.0%.
Besides, it can be observed that the carbon codtreases at a high pyrolysis temperature of

700 and 8007 and the reason can be ascribed to the formatié;Gf [31].

To characterize the magnetic properties of the ssnpysteresis loops of F5, F6, F7 and
F8 were recorded using a vibrating sample magnetm&heMsvalue (emug?) is increased
from 42.1 of F5 to 52.4 of F6 and 63.6 of F7, 11&F8 (Fig. 2f). The increments Msvalue

are associated with the increased pyrolysis temyreravhich promotes the growth and improves

14



the crystallinity of FgO, nanoparticles. However, thdsvalue for F5, F6 and F7 is still much
lower than the bulk R©,(92 emug™) [43], attributing to the presence of non-magneticon.
The H¢ value (Oe) of F5, F6, F7, F8 is 110.4, 195.0, 9%4n@ 50.8, respectively (Fig. 2f).
According to previous reportsi; value owns a strong grain size dependent effect48h The
Hcvalue increases to the maximum at the critical aiz# then decreases. Herein, the critical size
of FeO, (about 25 nm) is close to the grain size of F5 B&dshown in Fig. 1) [13], and much

smaller than F7, F8, thus causing such a differehég value.

15
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The EMW absorption of an absorber is determinethbyrelative permittivity4 = ¢’ - j¢") and
relative permeability; = u' - ju"). Fig. 3 displays the changes of EM parameteraffasamples
with frequency. As displayed in Fig. 3a-d, tealue decreases from 4.8 to 3.4 for F5, 8.9t0 5.1
for F6 and 13.7 to 9.6 for F7 and 17.5 to 14.1H8y respectively. As far”, the resonance peaks
(marked by circles) have been recorded for all $asnfl-ig. 3a-d) The’ ande” can be described

by the Debye Equations [47]:

E.—€&
£=e,+ === 3
T l+ et 3)
e =g + & = (& — €0)wt/(1 + W?T?) + 0 /wey 4)

in which g, refers to the relative permittivity at the highdteency limit, & is the static
permittivity, 7 is the polarization relaxation timey («w=27f) represents the angular frequency.
According to Equation (3), the’ is inversely proportional to frequency, thus shaoyvia
decreasing tendency with the increase of frequedegording to Equation (4), the” is
determined by the polarization losg’J and conduction loss pa(). The conduction loss part
should decrease as the frequency increases. Howteiincreased” can be observed in a
specific frequency range, as shown in Fig. 3a-dicating that the resonance peaks:bfare
mainly caused by polarization loss. In order tdHar confirm the dielectric loss mechanisms for
the magnetic NPC nanorods, the Debye theory is@radland the relationships betweérand
¢” are illustrated as Equation (5) [47]:

[€' = (& + £0)/21% + (") = [(&; — £) /2] (5)
If ¢’ ande” satisfy Equation (5), then the plot of versus ¢” should present a semicircle which
represents a Debye relaxation process [47]. Fig-dS6hows that sample F5, F6, F7 and F8
present a straight line firstly, indicating thahdoction loss makes effect on dielectric loss [14].

Then several semicircles are observed, indicatimg éxistence of polarization loss [48].
17



Basically, the polarization mechanisms can be @&urttlassified into interfacial polarization,
dipolar polarization, ionic polarization, and elect polarization [48]. The ionic polarization and
electron polarization can be easily excluded edsigause they usually occur in much higher
frequency region (f010° GHz [48]. Therefore, the polarization mechanisinsutd be attributed

to interfacial polarization and dipolar polarizatidHerein, the polarization behaviors should be
strongly associated with the special structurenefrnagnetic NPC nanorods. The magnetic NPC
nanorods possess multiple interfaces otCge(Fe)/carbon, carbon/epoxy resin. The space
charges tend to accumulate at the heterointerfandsproduce dipole moments that lead to
interfacial polarization [49, 50]. On the other Hathe defects existed on the amorphous carbon
framework are capable of functioning as polarizatenters, generating polarization relaxations
[51, 52]. Additionally, the observed ande” values are enhanced with the increase of pyrolysis
temperatures. The improved graphitization degreecarbon with the increased pyrolysis

temperatures (Fig. 2b) leads to a higher conduygtiiaat contributes to enhanced permittivity on

o

the basis of free electron theogy= Py
0

[52].

Fig. 3e-h suggests that F8 owns the largéstalues of all samples attributing to the
strongest magnetism (Fig. 2g). With regard to thaginary parj”, all samples display similar
values with the presence of several resonance péskir the mechanisms of magnetic loss,
natural resonance, exchange resonance, hystemssisahd eddy current effect are widely
accepted as the main causes [31]. Normally, théelsas loss often occurred in the weak field
can be excluded [53]. Th&, value representing the eddy current loss can brilated by

Equation (6) [54]:

Co=p (W)™ = 2mpyd’s (6)
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whereyg is the permeability of vacuur, is the electric conductivity andl is the thickness of
absorbers. £should remain unchanged versus frequency if magloests only arises from eddy
current loss. Fig. S7 shows that bgvalues of all four samples vary with frequencylidating

the magnetic loss should dominantly derive fromuredtresonance and exchange resonance.
Aharoni put forward the theory that exchange resoeaxisted in the nanometer sized particles
and Toneguzzet al concluded that the exchange resonance occurretligher frequency range
than natural resonance [55, 56]. Therefore, thenasce peaks in Fig. 3e-h between 2-6 GHz are
attributed to natural resonance and the multi-rasoa peaks in the frequency range of 10-18

GHz are ascribed to exchange resonance.
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Table 1 EMW absorption properties of previouslyared pure Fg,, Fe&O,/C composites and this work.

Filling Optimal Optimal Bandwidth
Sample ratio RL Thickness Ref
(dB) (MM)  Thickness(mm) RL<-10dB(GHz)

Fe,0, nanoparticles 60 Wt% 212 6.0 2.0 3.6 (12810) (57
Fe,0, nanocrystals 30 vol% 211 5.0 2.0 [58]
Fe04/C nanospindles 60 wt% -36.5 5.0 2.0 2.3 (10.312. [5]
porous FgO, flower-like nanostructures 50 wt% -28.3 2.0 2.0 3.8 (11.7-15.5) [60]
core-shell FgO,/C composites 50 wt% -36.5 5.0 2.0 3.7 (11.8-15.5) [61]
FeO,/carbon core/shell nanorods 55 wt% -27.9 2.0 2.0 .0 (B3.0-18.0) [43]
F&0,/C nanotubes 66.7 wt% -22.6 1.7 2.0 4.8 (11.4316.2 [62]

RGO- FgO, composites 40 wt% -26.4 4.0 2.0 2.8(10.4-13.2) (341
MWCNT/ FeO, hybrid materials 70 wid% -18.2 2.0 2.0 [63]
F6 in this work 40 wt% -52.9 3.07 3.07 4.64 (9.44-14.68) This

F7 in this work 40 wt% -45.4 1.58 1.58 3.12 (14.48-17.6) This

On the basis of the measurgdnd 4., the RL values of the magnetic NPC nanorods amengi
using the transmission line theory [64]:
Z,, =Z,(u, /€, ) tanh{ j (278d /c)(p,£,)") (7)

RL =20log((Z,, - Z,)/(2,, + Z,) ) (8

in which Z, is the input impedance of free spaég, represents the input impedance of the
absorberf is the frequencyt is the light velocity, andl is the thickness of the magnetic NPC
nanorods. Fig. 4 a, ¢, e, g shows the three-dirarakirepresentation of RL values plotted
against frequency in the thickness ranges of 00¥iim for the magnetic NPC nanorods. Of all

four samples, F5 shows the weakest EMW absorptitensity of only -7.9 dB at 10.68 GHz
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corresponding to a thickness of 3.65 mm (Fig. ¥)en the pyrolysis temperature is up to 600
and 700, the optimal RL of F6 and F7 is -52.9 dB at 11G8z with the thickness of 3.07 mm
and -45.41 dB at 15.44 GHz corresponding a thickra#s1.58 mm (Fig. 4c and e) and the
effective absorption bandwidth (RL < -10 dB) caaale 4.64 GHz (9.44-14.08 GHz, Fig. 4d) for
F6 and 3.12 GHz (14.48-17.6 GHz, Fig. 4f) for F&§pectively. With a thickness of 3.5 mm, the
fe of sample F6 covers the whole X band (8 to 12 GMhich is of great significance for the
design of radars. Wide absorption frequency rarfigea 5.04-18.0 GHz for F6 and 3.92-18.0
GHz for F7 with RL < -10 dB can be obtained. Wheércomes to sample F8, the largely
enhanced permittivity brings about a rather lowd®lonly -20.2 dB at 16.48 GHz (Fig. 4g). The
more remarkable EMW absorption of F6 and F7 contpan¢h F5 should be attributed to the
improved magnetic loss arising from the enhancegtalinity of FeO, nanoparticles and
dielectric loss from increased graphitization degvécarbon. Nevertheless, too large permittivity
of F8 leads to the mismatch betweerandy,, resulting in a weak absorption. Compared with
previously reported BE®,based absorbers (Table 1), sample F6 and F7 dtsbitesignificantly
enhanced EMW absorption at a low filling ratio.contrast to those of MOFs-derived Co/C and
Fe/C composites [30, 31], the sample F6 displayshnstronger absorption (-52.9 dB to -35.3 dB
of Co/C, -22.6 dB of Fe/C) and broader bandwidti®44GHz to 4.2 GHz of Co/C, 3.0 GHz of
Fe/C at the same thickness of 3.0 mm). These segsuficate the magnetic NPC nanorods

pyrolyzed at 6007 present to be very promising as the EMW absorber.
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It becomes obvious in Fig. 4e-h that the absorptieaks shifted toward high frequency
range as the thickness decreases from 5.0 to 1.0Smah a shift can be explained by using the

quarter wavelength model [54]:

tm = ni/4 = TlC/(‘l-me I.ur”grl) (9)
in which n=1, 3, 5, ..., c is the light velocity, andf, represent the predicted thickness and

matching frequency of the optimal RL peaks, respelst Fig. 5a’-d’ shows the dependent
curves ofty, onf,, for three samples at a wavelengthié&f, in which blue open stars denote the
matching thickness directly obtained from the 2D ®itves in Fig. 5a-d. All the blue stars are
observed to locate around theA/4 curve, indicating excellent EMW absorption perfances

of the magnetic NPC nanorods in accordance withgtlseter-wavelength cancellation (interface

cancellation) model. When the absorbers satisfyqumater-wavelength model, the EM waves
reflected from air-absorber interfaces and abseretal surfaces are out of phase by °180
leading toa disappearance of each other on the air-absotvtces [40, 54]. However, the
interface cancellation is restricted by thicknesd &equency and an optimal RL peak can be

obtained at a specific frequency. Thus, more ingagons of the contributions to the enhanced

EMW absorption should be conducted.
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Dielectric tangent loss tand. =¢"/e' ) and magnetic tangens It=no,, = L'Iy/ ) are
calculated to reflect the attenuation mechanismbi@fsamples. The observed lowestdaand
tan oy of F5 indicate the weakest magnetic and dielettrss ability of all samples (Fig. 6a).
Upon increasing the pyrolysis temperature, an erdthdielectric loss ability is recorded (Fig. 6b,
c, d). The larger tade value than tady, over the whole frequency range for F6, F7, F8 satyg
that the dielectric loss is the dominant contribmtto EMW absorption for the magnetic NPC

nanorods. To evaluate the EMW attenuation abilitthe samples, the attenuation constat (

was evaluated by the attenuation value, expresgé&ajbation (10) [54]:

\/ECTEf X \/(‘u”g” —‘Ll’&") + \/(‘uugu _‘ulgl)z + (HISII +'ullgl)2 (10)

The sample F5 possesses the smallastlue, indicating the weakest attenuation capdg€ity.
6e). A similara value of F6, F7 and F8 suggests a strong attemuability, in accordance with

the results in Fig. 4. Apart from the magnetic lasd dielectric loss ability, impedance matching
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between the incident EMW and free spaZg/Ho|) has been considered as another crucial factor
in determining the EMW absorption performances. bigexhibits the curves oZ}/Z,| values
versus frequency from 1.0 to 18.0 GHz at the sdrnwkriess of 3.0 mm for all samples. As a
result, lowe, and g, values of F5 result in largeZ;JZ,| value than 1.0 whilezj}/Z,| value
remaining at 1 indicates perfect impedance matctiBgrossesses a propér/ko| range around
1.0 from 8-14 GHz, while F7 owns A,/Z| value close to 1.0 from 7.0-10.0 GHz. Furthermore
large permittivity value of F8 endows it with a dhem |Z/Zy| value than 1.0. F7 can still
maintain a strong absorbing ability, but the barmtlwiis not as broad as F6, owing to a lower
impedance matching level than F6. The extremelydbwf F5 results in the weakest dielectric
loss capacity and the worst impedance matching &wengst the studied samples. In case of F8,
a good attenuation can be achieved, whereas the lquges’ and¢” makes it possess a poor
impedance matching. Overall, thanks to the strotignaation ability and best impedance

matching level, F6 shows the most distinctive EMbgaption performances.

Compared with the reported 488 based absorbers, the enhanced absorbing capaibility
the Fe-MOFs derived magnetic NPC nanorods can iimenswized into two folds. On one hand,
the magnetic NPC nanorods can fully utilize theesgrstic effect of dielectric loss deriving from
carbon and strong magnetic loss from magnetimponents, giving rise to strong EMW
attenuation ability and excellent impedance matgh®n the other hand, the porous structure can

effectively regulate the effective permittivityf) and thus improve the impedance matching

based on the Maxwell-Garnett (MG) theory [12]:

MG _ (e2+2&1)+2p(e2—£4)
Eefr = &1 (e2+2€1)-p(e2—&1) (11)

wheree; and e, are the permittivity in the solid and gas statespestively.P represents the
volume fraction of gas state in the porous materi&ith enhancing the pore volume, the
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permittivity of the composites can be tuned to atemt. In addition, the porous structure can
contribute to enhanced EM wave attenuation capgtil inducing polarization relaxations [12,
65]. In summary, the facilely prepared magneticCNRanorods derived from iron based MOFs
possess significant potential as superior and ighght absorber.

4. Conclusions

In summary, a series of rod-shape composites werthesized with Fe-containing magnetic
nanoparticles uniformly embedded into porous cartbwough pyrolysis of iron-based MOFs.
The morphology, compositions and graphitizatiothef magnetic NPC nanorods can be tuned by
adjusting the pyrolysis temperatures. The grapdtitn degree can impact the permittivity level
significantly. Too low graphitization at 500 caused a low permittivity while the formation of
graphite carbon at 800 resulted in a largely increased permittivity, whiould hardly satisfy
an ideal absorber. The magnetic NPC nanorods medlat 600 and 700 presented the most
remarkable EMW absorption property with the minimBin of -52.9 dB and -45.4 dB located at
a thickness of 3.07 and 1.58 mm, and the effedtaredwidth reached as large as 4.64 GHz for
F6 and 3.12 GHz for F7. The complementary effeetsveen multiple components, conduction
loss, interface cancellation and highly porous cétmes contributed synergistically to the
enhanced EMW absorption compared with previousjyored FeO, based absorbers, and
MOFs-derived magnetic metals/carbon compositesghvhignificantly improved the impedance
matching. We believe those findings are sheddirgy lipht on elucidating the complex of
materials properties towards the EMW absorptioriegjions. Meanwhile, we believe this study
will open the door for the applications of the MGderived carbon/R©, composites in various
other fields such as batteries and supercapacltormparison with the heavy metals [66-72]
and ceramics [73-77], and the less thermally stablymers and their nanocomposites [78-81],

the obtained magnetic carbon nanocomposites h#ver @otential applications including
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polluted water treatments [82-85], energy storage/ersion [86,87], and multifunctional

nanocomposites [88-90].
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