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ABSTRACT

Double loss absorbers have attracted considerable attention due to their light-

weight, thin thickness and excellent absorption performance. Herein, double

loss Ti3C2/Ni absorbent was fabricated by decorating Ti3C2 MXene powders

with magnetic Ni particles. Electromagnetic and microwave absorption prop-

erties of the Ti3C2/Ni absorbent were investigated in the frequency range of

8.2–12.4 GHz. Combining magnetic Ni particles tailored not only the electro-

magnetic parameters but also the microwave absorption property. The sample

with Ti3C2/Ni powders exhibited favorable absorption performance. For the

mixture with a thickness of 2.2 mm, a frequency band range of below - 10 dB

reached over 8.66–11.26 GHz, with a minimum reflection loss value of

- 24.3 dB at 9.8 GHz. Therefore, novel Ti3C2/Ni powders are expected to be a

promising absorbent for thin and lightweight microwave-absorbing materials.

Introduction

Microwave absorption materials are widely used to

eliminate electromagnetic radiation pollution as well

as achieve radar stealth for military target. So the

research of microwave absorption material is very

important for both military and civilian application.

In recent years, a variety of absorbents have been

investigated to develop absorbers with excellent

microwave absorption performance, including car-

bon material [1–3], semiconductor [4–6], ferrite [7–9],

magnetic powders [10, 11] and their alloys [12–14].

Ever since the discovery of graphene (GP), scholars

have not only set off a research boom on various

types of GP composite materials, but also carried out

different kinds of two-dimensional (2D) materials.

Compared with traditional absorbents such as ferrite

and carbon black, 2D materials have some unique

advantages, including huge surface area, excellent

electrical conductivity and special border effects.

As we know, graphene has been proven to own

excellent properties in electromagnetic shielding and

microwave absorption fields. MXene, a new 2D-lay-

ered material with a graphene-like structure, combi-

nes metal and ceramic properties with excellent

electrical conductivity and special electronic proper-

ties. In addition, a large number of functional groups,

interfaces and intrinsic defects on the surface make

contribution to increase in dipole polarization. These

properties make MXene a potential candidate for

microwave absorption and electromagnetic shielding

materials. The preparation and microwave
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absorption properties of the MXene have been

reported [15, 16]. Compared with the parent phase

Ti3AlC2, Ti3C2’s unique 2D-layered structure, high

specific surface area and surface defects are beneficial

to the electromagnetic wave absorption performance.

However, just like graphene, the performance of

individual MXene is significantly different from the

expected values. So researchers combined MXene

with other phases to improve its microwave absorp-

tion performance, such as MXene/ZnO [17], MXene/

GP [18], MXene/Ni0.5Zn0.5Fe2O4 [19], MXene/CNTs

[20], MXene/Fe3O4 [21, 22] and MXene/carbonyl iron

[23], etch. And the results demonstrated the micro-

wave absorption performances of MXene were truly

enhanced by synergetic effect of the composites. But

the optimization of the preparation process of MXene

with excellent microwave absorption property has

been continuously explored.

Composite dielectric absorbent with magnetic ones

is still the main way to enhance microwave absorp-

tion properties. Both the input impedance and

attenuation constant can be adjusted by the coupling

effect of dielectric and magnetic loss mechanism. In

this work, we prepared a novel double loss Ti3C2/Ni

nanocomposite by a simple electroless plating pro-

cess. Considering the ferromagnetic and strong sat-

uration magnetization feature, we hope to enhance

the microwave absorption performance of Ti3C2 with

the introduction of Ni. The phase composition and

microstructure of the Ti3C2/Ni powders were iden-

tified. The electromagnetic wave absorption proper-

ties were investigated in the frequency range of

8.2–12.4 GHz. This study makes a contribution to

promoting the EM wave-absorbing property of

MXenes.

Experimental procedures

Preparation of Ti3C2 powders

Ti3C2 powders were prepared by etching Ti3AlC2

using HF acid. The Ti3AlC2 powders were weighted

and carefully added to 40% HF acid, and 1 g Ti3AlC2

is corresponding to 40 mL HF acid. Then the solution

was sealed up and ultrasonic oscillated at 60 �C for

8 h. After the reaction was completed, the solution

was centrifuged and the powders were washed until

the supernatant is neutral. Finally, the powders were

dried in an oven and the Ti3C2 powders were

obtained.

Preparation of Ti3C2/Ni powders

The preparation of Ti3C2/Ni powders was divided

into two stages: the surface pretreatment of Ti3C2

powders and the metallization process: firstly,

weighed 10 g Ti3C2 and added them into an appro-

priate amount of absolute ethanol with mechanical

stirring for 10 min at room temperature. The solution

was centrifuged, separated, and the powders were

rinsed with deionized water; secondly, soaked Ti3C2

powders to 100 mL roughening solution, stirred with

a speed of 300 rpm for 30 min. After washing until

the supernatant was neutral, the above powders were

immersed into 500 mL (20 g/L SnCl2, 40 mL/L HCl)

sensitizing solution. The sensitization process lasted

for 30 min accompanied with ultrasonic stirring.

Finally, the sensitized Ti3C2 powders were removed

to a 100 mL (0.1 g/L PdCl2) activation solution. After

30-min reaction, the activated Ti3C2 powders were

obtained after vacuum filtrated and washed to

neutral.

In the metallization process, the pretreated Ti3C2

powders were immersed in an electroless plating

bath. The solution was kept at 80 �C with continuous

stirring at a speed of 300 rpm. Then 0.1 mol/L

sodium hypophosphite solution was dropped slowly

to trigger the reaction, and 0.05 mol/L NaOH solu-

tion was added to keep the pH at 10 during the

plating process. After reacting for 30 min, the sus-

pension was centrifuged, washed and dried to obtain

Ti3C2/Ni powders. The scheme of preparation route

for Ti3C2/Ni powders is illustrated in Fig. 1.

Characterization

The crystal structures were identified by a X-ray

diffraction with a Cu Ka radiation (XPert Diffrac-

tometer, Philips, the Netherlands). The microstruc-

ture was investigated via scanning electron

microscopy ( Tescan China, Ltd., Shanghai, Tescan

Vega3 SBH) and transmission electron microscope

(JEOL JEM-F200). The electromagnetic parameters

were tested using a vector network analyzer (Agilent

Technologies Inc., E8362B: 10 MHz–20 GHz). The

sample for electromagnetic parameter testing was

prepared by mixing powders with paraffin. In a

typical procedure, the weighted powders were added
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in a melt paraffin. After uniformly mixing, the mix-

ture was pressed into a flange with a size of

22.86 mm 9 10.16 mm 9 2 mm. Then, the testing

specimen was obtained by removing the mixture

from the flange. The mass ratio of powders in the

mixture was fixed 60 wt%.

Results and discussion

XRD patterns of the prepared Ni, Ti3C2 and Ti3C2/Ni

powders are presented in Fig. 2. As shown in Fig. 2a,

the typical peaks at 44.48�, 51.84� and 76.47� are

indexed to the (111), (200) and (220) crystal planes of

face-centered cubic (fcc) Ni (JCPDS#65-2865). The

narrow bandwidth and sharp intensity of diffraction

peaks demonstrate the Ni powders with high degree

of crystallinity. In Fig. 2b, the peaks of Ti3AlC2 are

disappeared and the typical peaks of Ti3C2 are

indexed, indicating the Al atoms in Ti3AlC2 crystal

lattices have been selectively etched by HF acid.

Compared with the individual Ti3C2, the new peaks

of Ni at 2h = 44.48� and 51.84� are obviously identi-

fied, which indicates the hybrid Ti3C2/Ni powders

are successfully prepared.

Figure 3 shows the SEM, TEM images and EDS

analysis of the prepared Ni, Ti3C2 and Ti3C2/Ni

powders. From Fig. 3a, the Ni particles are spherical

with fine particle size, which is consistent with the

XRD results. In addition, the powders aggregate

together owing to the fine particle size. Figure 3b

illustrates the as-prepared Ti3C2 possessing an

accordion-like structure. The layers of Ti3C2 are

obviously separated from each other, exhibiting an

typical exfoliated morphology, which suggests the

successful exfoliation of Ti3AlC2 after HF acid

etching. After electroless plating, numerous Ni

nanoparticles load on the surface of Ti3C2 substrate is

shown in Fig. 3c, d. TEM image of the Ti3C2/Ni

powders is presented in Fig. 3e. We found that the

particle size of Ni is less than 100 nm, and the Ni

particles were attached on the surface of Ti3C2 but not

in the layers, which confirms the above discussion

that the nanoparticles are attached on the surface of

Ti3C2. EDS analysis shows that the detected area

exhibits strong peaks of Ti, C and Ni, as presented in

Fig. 3f. It certificates that the particles coated on the

surface of Ti3SiC2 powders are Ag.

The frequency dependence of complex permittivity

and permeability for the prepared Ni, Ti3C2 and

Ti3C2/Ni powders is presented in Fig. 4. The real

part of complex permittivity (e0) and permeability (l0)
represents the storage ability of electromagnetic

energy, while the imaginary part (e00 and l00) is related

to the dissipating capacity [24]. It can be seen that the

Figure 1 Scheme of preparation route for Ti3C2/Ni powders.

Figure 2 XRD patterns of a Ni; b Ti3C2; c Ti3C2/Ni powders.
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values of e0 and e00 for hybrid Ti3C2/Ni powders are

much larger than that of individual Ti3C2 and Ni

powders, and the real and imaginary part value of Ni

powders is the lowest. The complex permittivity of

Ni almost stays independent with the frequency,

which is about 9.0 and 1.2 for the real and imaginary

part, respectively. The dielectric loss, which is

defined as tan d ¼ e00=e0, reflecting the contribution of

polarization loss mechanism for electromagnetic

dissipation ability. The low complex permittivity of

Ni that may be ascribed to it is a magnetic particle,

and polarization loss is not the main dissipating

mechanism. The e0, e00 and tand of Ti3C2 are higher

than those of Ni. It is ascribed that the Ti3C2 is a

typical dielectric loss absorbent and its large specific

surface area and multiple dangling bonds are bene-

ficial to increase the dielectric loss. For the hybrid

Ti3C2/Ni powders, both the complex permittivity

Figure 3 SEM, TEM images and EDS analysis of powders: a Ni; b Ti3C2; c Ti3C2/Ni; d magnification of Ti3C2/Ni; e TEM image of

Ti3C2/Ni; f spectrum of zone 1.
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and dielectric loss are enhanced. The real part

increases to 13.1–11.9 and the imaginary part reaches

to 2.2–2.6 in the frequency range of 8.2–12.4 GHz.

Polarization effects determine the real part of com-

plex permittivity and include interfacial and relax-

ation polarization. After compositing Ni with Ti3C2, a

Figure 4 Frequency dependence of electromagnetic parameters for powders: a real part of complex permittivity; b imaginary part of

complex permittivity; c dielectric loss; d real part of complex permeability; e imaginary part of complex permeability; f magnetic loss.
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numerous of interfaces form between the Ni and

Ti3C2 particles. What’s more, the introduction of

Ni/paraffin interface also augments the quantity of

interfaces. So the increases of interfaces enhance the

interfacial and relaxation polarization effect, which is

beneficial to the higher e0 of Ti3C2/Ni.

Different from the real part of complex permittiv-

ity, imaginary part is not only affected by polariza-

tion effect, but also influenced by electric

conductivity. According to the Debye theory, the

imaginary part can be illustrated as e00 ¼
e0relax þ r

�
2pe0f [25, 26], where e’relax is the relaxation

polarization loss, r is the electrical conductivity, f is

frequency of electromagnetic wave, and e0 is the

dielectric constant of free space. As discussed above,

the polarization effect is enhanced for the hybrid

Ti3C2/Ni powders after compositing Ti3C2 with Ni. It

not only enhances the real part, but also helps to

improve the imaginary part. In addition, the electrical

conductivity of Ni is much higher than that of Ti3C2.

So the introduction of Ni should improve the electric

conductivity of Ti3C2/Ni powders compared with

the individual Ti3C2, which also makes contribution

to the improvement of imaginary part.

The complex permeability (l0 - jl00) of the pow-

ders is shown in Fig. 4d–f. It is observed that the

value of Ti3C2 is 1 - 0j, which indicates Ti3C2 is a

nonmagnetic material and dielectric loss is the main

dissipating mechanism. Ni is a typical magnetic

material with strong saturation magnetization. In this

case, the real part of complex permeability is

1.18–1.23 and the imaginary part is 0.17–0.13 after the

Ni powders are mixed with paraffin. The higher tand
value (0.14–0.1) demonstrates the magnetic loss is the

dissipating mechanism. After the Ni is composited

with MoS2, both the l0 and l00 of Ti3C2/Ni powders

are enhanced compared with bare Ti3C2. As dis-

cussed above, the Ti3C2 is a typical dielectric loss

absorbent, while Ni is a magnetic loss absorbent. So

the replacement of Ti3C2 by Ni can certainly improve

the complex permeability of Ti3C2 powders. In

addition, we can conclude that the electromagnetic

parameters can be adjusted by combining Ti3C2 with

Ni powders.

Generally, the dielectric loss mechanism can be

analyzed by the Cole–Cole curve. The above discus-

sion has illustrated the dielectric loss mainly depends

on dipolar relaxation polarization, interfacial polar-

ization and conductance loss. According to the Debye

theory, the relationship between the real and imagi-

nary part of complex permittivity is expressed as

follows [27–29]: e0 � es�e1
2

� �2þðe00Þ2 ¼ es�e1
2

� �2
. So the

Cole–Cole curve should be a semicircle if only dipo-

lar relaxation polarization contributes to the dielectric

loss. And it will deviate from the regular circle if

there are multiple loss effects. As can be seen from

Fig. 5a, the Cole–Cole curve of individual Ni is close

to a circle, indicating the polarization effect is sole,

while the Cole–Cole curve of Ti3C2 consists of several

semicircles, as presented in Fig. 5b. The main reason

is that large specific surface area and multiple dan-

gling bonds after etching by HF acid introduce dif-

ferent polarization effects. After combining Ti3C2

with Ni, not only the interfacial polarization effect

between Ti3C2 and Ni is added, but also the con-

duction loss mechanism is introduced which mainly

results in the irregular Cole–Cole curve of Ti3C2/Ni,

as shown in Fig. 5c.

The magnetic loss mechanism is further discussed.

The eddy current coefficient, which is expressed as

C0 = l00(l0)-2f-1, can be explained by the magnetic

dissipating mechanism. In theory, the loss effect to

dissipate electromagnetic wave consists of domain

wall resonance, hysteresis loss, eddy current reso-

nance and natural resonance [30]. However, in this

weak electromagnetic field (8.2–12.4 GHz), the hys-

teresis loss could be excluded [31]. What’s more, the

domain wall resonance only makes influence on the

properties at megahertz frequency range [32]. So it

can be concluded that the natural resonance and

eddy current resonance mainly contribute to the

magnetic loss. If C0 is a constant, the eddy current

loss should be the individual dissipating mechanism.

However, it can be seen from Fig. 6 that both the C0

of Ni and Ti3C2/Ni powders decreases with the

increasing frequency. So both the eddy current and

natural resonance loss make the contribution to the

magnetic loss.

Microwave absorption properties of the powders

are also investigated. Reflection loss (RL) is used to

evaluate the absorption performance of microwave

absorption material, which can be illustrated as fol-

lows according to the transmission line theory

[33–35]:

RL ðdBÞ ¼ 20 log ðZin � Z0Þ=ðZin þ Z0Þ
���

��� ð1Þ
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Z0 ¼
ffiffiffiffiffi
l0

e0

r
ð2Þ

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffi
lr=er

q
tanh j

2p
c

ffiffiffiffiffiffiffiffi
lrer

p
fd

� �
ð3Þ

where Z0 and Zin are the input impedances of free

space and microwave-absorbing material, respec-

tively. er is the relative complex permittivity, and lr is

the relative complex permeability. f is the frequency

of electromagnetic wave, d is the thickness of absor-

ber, and c is the velocity of light. Figure 7 shows the

RL values of the samples containing Ni, Ti3C2 and

Ti3C2/Ni powders with different thicknesses in the

frequency range of 8.2–12.4 GHz. 3D color mapping

displays the relationship between the reflection loss,

frequency and thickness. It can be seen from Fig. 7a

that the Ni powders display a weak reflection loss,

and the RL values for the samples with all thick-

nesses are above - 15 dB. The poor microwave

absorption property may be owing to its low complex

permittivity and dielectric loss, while the reflection

loss value of Ti3C2 is a little lower than Ni powders

(above - 20 dB), which indicates Ti3C2 owning a

better microwave absorption performance. As dis-

cussed above, the large specific surface area and

multiple dangling bonds help to increase the dielec-

tric loss. Although the magnetic loss makes no con-

tribution to absorption property, the higher dielectric

loss dominates and results in a better absorbing

performance. After Ti3C2 is composited with Ni, the

RL value further decreases and the absorption per-

formance of Ti3C2/Ni powders is enhanced. As

shown in Fig. 3, the Ni particles are attached on Ti3C2

powders, which inevitably increases the interface

polarization effect and dielectric loss. What’s more,

the introduction of magnetic Ni also helps to improve

the magnetic loss because Ti3C2 is nonmagnetic

Figure 5 Cole–Cole curves of a Ni, b Ti3C2 and c Ti3C2/Ni

powders.

Figure 6 l00(l0)-2f-1 values of powders in frequency range of

8.2–12.4 GHz.
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material. The synergistic loss mechanism of magnetic

and dielectric loss contributes to dissipating electro-

magnetic energy. So it can be concluded that the

double loss effect is more beneficial to dissipate

electromagnetic wave than single dielectric loss or

magnetic loss.

To clarify the microwave absorption performance

clearly, we analyze the RL values of the samples with

thicknesses of 1.6–2.6 mm, as shown in Fig. 7d–f. The

Figure 7 Microwave absorption performances of a, d Ni, b, e Ti3C2 and c, f Ti3C2/Ni.
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RL values of the samples are affected by the thickness

of the samples. As the thickness increases from 1.6 to

2.6 mm, the RL value decreases initially but increases

in the frequency range of 8.2–12.4 GHz. For the

sample containing Ni with a thickness of 2.2 mm, a

minimum RL value of - 12 dB at 10.24 GHz is

obtained and the effective absorption bandwidth

(EAB, RL\- 10 dB) is in the frequency range of

9.84–11.46 GHz. The EAB of the sample containing

individual Ti3C2 is much broader than Ni. And the

bandwidth reaches to 2.94 GHz in the frequency

range from 9 to 11.94 GHz for the sample with a

thickness of 2.4 mm. However, the lowest RL value is

achieved after compositing Ti3C2 with Ni powders.

As for the Ti3C2/Ni/paraffin mixture, the minimum

RL value reaches to the lowest - 24.3 dB at 9.8 GHz

for the sample with a thickness of 2.2 mm. Although

the EAB (8.66–11.26 GHz) is narrower than the indi-

vidual Ti3C2, the thickness of the sample is thinner. In

addition, the mixture with a thickness of 2.0 mm also

has an EAB in the frequency range of

9.67–12.34 GHz. It indicates that the microwave

absorption performance of Ti3C2/Ni/paraffin owns

favorable absorption performance with wider range

of thickness. Also, the microwave absorption perfor-

mance can be adjusted by changing the sample

thickness.

In order to achieve high efficiency absorption per-

formance, electromagnetic wave must enter the

absorber and be attenuated. So two key factors

should be satisfied. One is impedance matching

condition, and the other is electromagnetic wave

dissipating capacity. The former one dominates the

amount of electromagnetic wave entering into the

material directly, which requires the impedance of

absorber is approaching to that of the free space. And

the latter one determines the loss amount of electro-

magnetic wave in the internal material, which should

be as large as possible. Figure 8 shows the input

impedance of the paraffin mixture containing Ni,

Ti3C2 and Ti3C2/Ni powders. The value of 377 X is

designated as the free space impedance. The input

impedance of Ni lays in the range of 349–340 X,

deviating from the free space impedance, while the

impedance of Ti3C2 is lower than that of Ni, which is

little closer to the free space impedance. Such phe-

nomenon indicates Ni and Ti3C2. Both exhibit poor

impedance matching condition. Comparatively, the

Ti3C2/Ni presents relatively smaller input impedance

value which is closer to 377 X, so the reflection of

electromagnetic wave is less at the air-microwave

absorption material interface.

Attenuation constant (a) of absorber can be

expressed as [36–38]:

a ¼
ffiffiffi
2

p
pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l00e00 � l0e0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl02 þ l002Þðe02 þ e002Þ

qr

ð4Þ

Figure 9 shows the attenuation constant of paraffin

with Ni, Ti3C2 and Ti3C2/Ni powders. It is observed

that the a increases with the rising frequency, which

indicates the samples exhibit strong dissipating abil-

ity in higher-frequency region. Although the attenu-

ation constant (a) value of Ni (78.3–101.7 Np/m) is

larger than that of Ti3C2 (31.6–87.4 Np/m), the

absorption performance is worse. It is mainly attrib-

uted to the deviation of impedance matching condi-

tion results in stronger reflection. This phenomenon

indicates that high attenuation constant a is not equal

to the strong dissipating capacity. The attenuation

constant value of Ti3C2/Ni powders is

88.1–130.2 Np/m, which is the highest among the

powders. Figure 10 shows the schematic diagram of

microwave absorption mechanism for Ti3C2/Ni

powders. Combining the best impedance matching

condition, the Ti3C2/Ni powders exhibit the most

favorable microwave absorption performance.

Conclusion

In this work, we develop a new way to improve the

microwave absorption property of Ti3C2. A novel

composite of Ti3C2/Ni powders has been prepared

by a typical electroless plating method. Compared

Figure 8 Input impedance of Ni, Ti3C2 and Ti3C2/Ni powders.
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with the individual Ti3C2 and Ni powders, the hybrid

Ti3C2/Ni powders exhibit the most favorable micro-

wave absorption performance with a minimum

reflection loss (RL) value of - 24.3 dB at 9.8 GHz.

Both the impedance matching condition and dissi-

pating ability of Ti3C2/Ni powders can be tuned by

compositing with Ni. This work puts forward a new

way to enhance the electromagnetic wave-absorbing

property of MXenes.
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