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Abstract:

This research reports a novel porous disk-like M¥Kinary composite with the diameter of disk
ranged in 100-200 nm and the size of the porousildised in 5-10 nm. The absence of Ni was
generated by the partial reduction of NiO. This guar Ni/NiO product owns the matched
impedance matching and attenuation electromagnetie ability since the moderate complexed
permittivity and improved permeability value. Inghegard, this composite proves to be desired
electromagnetic absorber to treat the increasiatggtromagnetic interference issue (EMI). The
qualified absorption frequency bandwidth of theimpt Ni/NiO product covers 6.4 GHz
(11.2-17.6 GHz) under the coating layer thickneksd.6 mm. The excellent electromagnetic
absorption properties have been discussed in d&p#h.unique porous structure benefits to the
electromagnetic absorption performance which istdube suppressed eddy current effect.

Key words: porous disk-like, Ni/NiO, electromagnetic intedace, qualified absorption
frequency, eddy current effect.

1: Introduction:

Because of the exposure application of wireless neonication, local area networks, radar
detector devices, the problem of electromagnetarfierence (EMI) has possess a negative role on
our daily life. [1-2] Therefore, an available method to settle suchcablem is to explore a
high-performance electromagnetic absorber to efrirthis electromagnetic interference is$8g.
As we know, before to attenuate the electromagmedice, the electromagnetic absorption layer
can let the indent electromagnetic wave enter ith decrease the interface reflection. In this
regard, a good impedance matching performancepected to achieve for the absorldr5]
Based on the electromagnetic absorption mechaxisanease the complex permittivity parameter
or improve the permeability value are the efficistrategy to reach a good impedance matching
behavior[6] Based on the above consideration, a few ferifites have attracted intense interests.
The complex permittivity value of ferrites is ramigén the moderate region. Meanwhile, the
magnetic properties of ferrite will reach an impement complex permeability value as compared
to nonmagnetic absorbév-8] However, ferrites are suffered from the poor atéion ability and
limited their applications, especially the dieléctoss ability.[9-11] It is widely believed that the
dielectric loss behavior is resulting from the p@ation and conductive loss. The high-frequency

(>GHz) polarization form is primary resulting frotime interface polarizatioi12-13]. Owning to



the weakly conductive loss and polarization ahilttyus ferrites are hard to present the good
performance on the electromagnetic absorption ptiege Based on above consideration, design
of metal/metal oxide binary composites has beerngutdo be an efficient strategy to strong the
polarization intensity with the below advantagdel]. On the one hand, the absence of metal in
metal/metal oxide benefits to the conductive logerisity since the improved conductive value.
On the other hand, the interface between metahaetd! oxide is enable to boost the polarization
intensity. As a result, the dielectric loss carbbested.['15] Zn/ZnO product was prepared by the
reduction strategy and the R} value was -23.0 dB[16] Zhao et.al. used the hydrothermal
method to prepare Ni/Sn@bsorber and the minimum reflection loss value wat be -37.6 dB.
[17] Recent findings revealed that these types of rne¢shl oxides are suffered from the eddy
current[18] According to the electromagnetic absorption thetbry eddy current effect happens at
magnetic absorber and prevents the electromagwetiie enter into the absorption layer which
should be suppressétP] Design of porous metal/metal oxide composite i® ablsuppress this
unwanted eddy current effect, according to Ji'sewy20] For example, the porous 3-dimentional
flower-like Co/CoO composite was synthesized byelt\al and the optimal reflection loss value
was up to -50.0 dB1] The electromagnetic absorption properties of pprowbe-like Fe/Si©
also have been researched by Yang et.al and tireab@bsorption value was approximately -50
dB.[22]

In this research, the electromagnetic absorptioopgties of porous disk-like Ni/NiO was
investigated. NiO was obtained at the initial stagd subsequently followed reduction process,
the Ni was generated and resulted in the Ni/NiCalyircomposite. This product presented the
novel electromagnetic absorption properties.

2: Experimental Section:

2.1 Fabrication of porousdisk-like NiO sample.

Porous disk-like NiO was synthesized by a simplérbthermal method. In a typical proceS60

mg anhydrous nickel chloride (Niglwas dissolved in 50 ml of distilled water withtrakonic
treatment for 30 min. Then, ammonia solution waspdise into the solution and the control the
PH value to 10. Afterward, the transparent solutias added into the autoclave (100 mL) for
hydrothermal reaction at 16C for 10 h. The obtained precipitate was collected then washed

3-5 times. Finally, the precipitate was dried af@dor 24 h. Porous disk-like NiO (denote as S1)



was obtained by annealed in a tube furnace at@ao6r 5 h in air.
2.2 Preparation of Ni/NiO composite:
"The Ni/NiO composite was prepared by another hydnonal method. Typically, 100 mg of
disk-like NiO and a certain volume of ammonia weissolved in 30 mL distilled water and
stirring 30 min. The PH value should be rangedhim egion of 12~14.Then, hydrazine hydrate
was added into the above solution as the reducd &gé&ansfer the NiO into metal. After 5 mins,
the mixture solution was transferred into a 100 amtoclave and heated at 1%D for 20 h. The
samples obtained with 5, 10,15 mL of hydrazine aiglrwere denoted as S2 S3 and S4,
respectively.”
2.3 Characterization

The power X-ray diffraction (XRD) patterns spettngere obtained by a Bruker D8 X-ray
diffraction using Cu K radiation £=0.154178 nm). The magnetic properties of coertivee
and magnetization were examined by a vibrating $ampagnetometer (VSM, Lakeshore,
Model 7400 series) at 298 K. The XPS spectrum waaimed with a PHI 5000 VersaProbe
systems which an Al &X-ray source operating at 150 W. The magnetizatigsieresis curves of
the samples were conducted by a vibration sampgneteation (VSM, Lakeshore, Model 7400
series). The electromagnetic parameters of thes#dupts were measured using the coaxial-line
method utilizing an Agilent Network Analyzer N5230d the tested frequency was in the range of
2-18 GHz. The sample was prepared by homogenousgingrthe paraffin wax with 50 wt% of
the sample and then compressing into toroidal-shapeples with 7.0 mm in outer diameter and
3.04 mm in inner diameter. In this way, the eletiagnetic parameters (include'se”, p', u'")
could be obtained. The reflection loss curves cdadddrawn by inputting the electromagnetic
parameters into the below formulas (1) and [(23:26]

Zn=Zo( ) tanhij(2efd(ue) c)] (1)
RL(dB)=20l09|(#-Zo)/(Zin+Zo)| 2

Wherez;, is the input impedance of the absorlbés, the frequency of electromagnetic wasiés
the coating thickness of the absorber while the velocity of electromagnetic wave in freasn
& (e=¢'-je") andy, (U, =p-ju") are the complex permittivity and permeabilitytloé absorber.
3: Resultsand Discussion:

Figure la shows the XRD patterns of the as prepacedposite under addition of 10 mL



hydrazine hydrate. The diffraction peaks at 37224and 62.8can be assigned, respectively to
(101), (012) (110) crystal planes of the NiO (JSPE&ard no: 44-1159). Whereas, the sharply
diffraction peaks at 44.5, and 5 .8an be indexed to the (111) and (200) crystal glarfemetal

Ni (JSPDF card no: 04-0850). There are no any aitneurities peaks could be observed. In
Figure 1b, the porous disk-like shaped structurédcbe observed in the TEM images. The size of
each disk ranges in 80-100 nm. Magnify the imalge,diameters of these porous are distributed
in the range of 5-10 nm, as seen in the Figurd'the.HR-TEM images reveals that there are two
types of lattice fringes, with the lattice spacthgalues of 0.241 and 0.202 nm, which are ascribed
to the (111) plane of NiO and (111) plane of mblialrespectively.

The atomic ratios of Ni/NiO are easily controlleg tuning the volume of hydrazine hydrate.
Without addition of the reduction agent, the okgdirproduct is NiO (denoted as S1), as seen in
the Figure 2a. If more the hydrazine hydrate (V#20 was added, the initial porous NiO was
totally converted into metal Ni (S4), as provedthy XRD patterns (Figure 2a). If the volume of
reduction agent is fixed at 5 and 10 mL, the phasapositions of obtained samples are Ni and
NiO. The TEM images of S1, S2 and S4 were showédgare S1(Support information). Actually,
all of these products show disk-like structure. Bime of porous is larger with more volumes of
hydrazine hydrate.

In this research, the Ni/NiO products reduced bwrel 10 mL are denoted as S2 and S3,
respectively. To analyze the atomic ratios of N@INX-ray photoelectron (XPS) technique as an
efficient way to analysis the composite and valastage, as presented in Figure 2 b-c. [27-30]

By fitting the Ni 3/2p peak, the metal Ni and Ni@acacterized peaks can be obtained with the
binding energy value of 852.0, 854.2 eV, respebtiy81] The surface area ratios of Ni and NiO
peaks are estimated to be 1:4 and 2:1 for S2 angdug@esting their atomic ratios. It is widely
believed that the larger magnetization value \e#id to the bigger magnetic loss and improvement
impedance matching behavior, since the enhanceaferdmplex permeability value. [32] The
magnetization values were obtained on a vibratiagy@e magnetometer. In Figure 3, the
magnetization values are 0, 14.2, 32.8, 48.2 effan/fipe S1, S2, S3 and S4 products

3.2: The Electromagnetic Absor ption Properties:

The electromagnetic absorption properties of tipesducts are shown in Figure 4. To evaluate the

electromagnetic absorption property of one absorther qualified frequency bandwidth (also



called as effective absorption frequency regiofgrrang to the region oRL, value less than -10
dB should be as broader as possible. At the sang & good electromagnetic absorption property
should be obtained within a small absorption lai@kness ). [33] To see the Figure 4a, all the
RLnin values calculated at 1.5-3.0 mm are smaller tta@ dB for S1, indicating the poor
electromagnetic absorption properties. As for S&dpct, the effective absorption bandwidth at
1.5 mm reached 2.2 GHz (15.8~18 GHz). When therpbsa layer thickness more than 2.0 mm,
the absorption frequency bandwidth is smaller ttanGHz. The qualified absorption frequency
bandwidth at 1.5 mm improves to 6.4 GHz (11.2~1Gl8z) for S3. Even so, the qualified
absorption bandwidth of S3 still are larger thad @Hz at 2.0 and 2.5 mm. While for S4, the
minimum reflection loss values are all bigger tha@ dB and thus have no qualified absorption
region.

To better understanding the difference in the sdethagnetic absorption properties, the
electromagnetic parameters have been given in itperd-5-6. It is widely believed that the
electromagnetic parameters influence both the impee matching and attenuation (including
dielectric and magnetic loss ability) ability. Blig way, the final electromagnetic absorption
properties can be achieved and thus indirectly ddscithe final electromagnetic absorption
properties.[34] Figure 5 lists the permittivity parameters/q’) of S1-S4 products. The
electromagnetic absorption theory reveals thatrdad part permittivity valueg() refers to the
storage electrical ability while the imaginary paftpermittivity value £") means the dielectric
loss ability which composed by the polarization andductive loss behaviog"]. [35] In Figure
5a, thes' value of S1 is ~3.2 at whole frequency region tred" value is almost approximately 0.
In Figure 5b, due to the presence of Ni, the valu&2 improves to 8.4-8.0. Meanwhile, tile
value improved to 1.9-3.3 which probably attributesthe stronger conductive loss ability. At
higher frequency region (12-18 GHz), two obviouaksecan be seen. These two peaks may relate
to the interface polarization effect at the Ni &i@® interface [36-37] As for S3, the" value also
further increases to 12.2-12.0. Similar two pedke aan be found at S3 (seen Figure 5c¢). After
the NiO totally be reduced to Ni, both the and ¢" values present the sharply increase,
representing the strongest conductive ability. @esi the two peaks disappeared which probably
due to disappeared Ni and NiO interface, as shavigure 5d.

The permeability parameters have been given inr€igu Similarly, the real part of permeability



(v value means the storage magnetic ability andrttagjinary part of permeability refers to the
magnetic loss ability[38] For nonmagnetic material, the value is ~1.0 and thg" value is
almost 0, liking carbon materialg39-41] As seen the Figure 6b, tipevalue of S2 is larger than
1.0 (1.23-1.15). For S3, the value is further increases to 1.31-1.18 ghdalue in the region of
0.5-0.1 (seen Figure 6¢). In Figure 6d, thevalue of S4 is 1.4-1.2 and' value is nearly 0.25.
One conclusion can be made that the improvememi @tomic ratio will lead to the stronger
magnetic loss ability.

Generally, the attenuation constamepresents the integral attenuation ability incigdnagnetic

and dielectric loss ability which can be expredsgthe below equatio42]

aJi’fo(us’ ) +|(g ~pie P +{uté +418F

®3)

It could be observed from Figure 7 that S4 pres#mgslargest attenuation value among these
samples which is due to the contribution of condecand magnetic loss ability. S1 owns the
lowest attenuation constant valaevalue. This is primary reason why S1 shows thergxio
electromagnetic absorption properties. However, W& suffered from the poor impedance
matching ability which is due to the larggrvalue €=¢"-j¢"). S3 with the optimal absorption
properties can be attributed to the matched impsslaratching and attenuation ability.

The porous structure also benefits to the electgomiic absorption properties since the
suppressed eddy current. As we know, eddy currfectegenerally happens at the magnetic
material.[43] Although eddy current loss is one of the magrfetim, the generated circle current
will prevent the incident electromagnetic wave entdo the absorption. For example, the
microwave absorption properties of flaky carbormgni were no more than -10 dp44] The
optimal reflection loss value of spherical-shapeisNalso bigger than -10 dB45] The poor
electromagnetic absorption properties of these eiagmaterials all attributed to the current eddy
effect. Design porous structure has been considarelde an efficient route to prevent the
fabrication of circle eddy, according to curretedature[46] To best of our knowledge, the eddy

current effect could be expressed in the below tamud47]
Compt" (') *F ' =2mp0d’s
Whered is the electric conductive. If the eddy currerfeef happens at the magnetic material

the C, will be a constant at tested frequency. If notmigans the current effected did not



happened on this material. As seen in Figure 8 thelC, values of the four samples are
changeable at 2-18 GHz.

4: Conclusion:

The Ni/NiO binary composite with porous disk-likeusture has been introduced in this research.
Firstly, porous disk-like NiO was prepared by a @enhydrothermal process and followed by
another hydrothermal reduction route, partial N&h e converted into metal Ni and resulted in
magnetic Ni/NiO porous disk-like structure. Thisndyiy composite presented the moderate
impedance matching and attenuation ability if sggplas electromagnetic absorber to treat the
electromagnetic interference issue. The calculatectromagnetic absorption results revealed that
the qualified absorption frequency of this optild@NiO composite was up to 6.4 GHz (11.2-17.6
GHz) which was much better than single componemio¥ or Ni. The excellent electromagnetic
properties were proposed in this research whicte a#ributed to the probable conductive loss. At
the same time, the interface between Ni and NiQGp ddenefited to the attenuation of
electromagnetic wave.
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Captions:

Figure 1. (a): The XRD patterns of the Ni/NiO porous digkeli composite; (b-c): The
low-resolution TEM images of the Ni/NiO composite&): The High Resolution TEM
(HRTEM) image of the Ni/NiO composite;

Figure 2. The XRD patterns of the samples prepared with d 51 mL hydrazine hydrate; (b):
The XPS spectrum of Ni/NiO sample obtained with5hypdrazine hydrate; (c): XPS spectrum
of Ni/NiO sample obtained with 10 mL hydrazine reygy,

Figure 3: The magnetization values of the four samples-38}

Figure 4: The reflection loss images of the samples prepaittdvarious of hydrazine hydrate; (a)
S1 (0 mL); S2(5 mL); (c) S3(10 mL); (d) S4 (15 mL);

Figure 5. The reallimaginary part permittivity values of tsamples prepared of the S1-S4
samples: (a) S1; S2; (c) S3; (d) S4;

Figure 6: The real/imaginary part permeability values of #damples prepared of the S1-S4



samples: (a) S1; S2; (c) S3; (d) S4;
Figure 7: The attenuation constant of the S1-S4 samples;

Figure 8: The Co-fcurves of the four samples; (a) S1; S2; (c) SBS@



Highlights:

1) The porous disk-like structure is able to suppress the unwanted eddy current effect.

2) The partial reduction of NiO benefits to the impedance matching and attenuation
electromagnetic ability;

3) The electromagnetic absorption performance was tunable by adjusting the reduction degree.

4) The optima qualified absorption frequency bandwidth could up to 6.2 GHz while the
thickness was only 1.5 mm.



