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Potassium-ion-doped MnO2 has been successfully synthesized using the hydrothermal method, and

the influence of the doped potassium ions on the electrical conductivity and permittivity is studied.

X-ray powder diffraction, scanning electron microscopy, electron-probe micro-analysis, and a vec-

tor network analyzer are used to perform characterization. The densities of states of doped and

undoped MnO2 tunnel structures are also discussed based on first-principles calculations. Results

show that the conductivity and dielectric resonance of MnO2 can be elevated by means of Kþ dop-

ing. The conductivity of Kþ-doped MnO2 prepared at different reaction times shows a decreasing

trend and is generally 1 order of magnitude higher than that of pure MnO2. The electrical conduc-

tivity of Kþ-doped MnO2 (R3) shows the highest value of 3.33� 10�2 S/cm at the reaction time of

24 h, while that of pure MnO2 is 8.50� 10�4 S/cm. When treated with acid, the conductivity of

samples remains basically stable along with the increase of treatment time. In addition, acid treat-

ment plays a very significant role in controlling the amount of Kþ ions in crystals. The Kþ contents

of acid-treated samples are 5 times lower than that of the untreated R1. The dielectric losses of the

samples with different reaction times are enhanced markedly with frequency increment. The com-

plex permittivity of pure MnO2 only exhibits a resonance at �12 GHz, while Kþ-doped MnO2

exhibits another resonance behavior at �9 GHz. The capacity of the dielectric property in the net

structure is enhanced by the interfacial polarization, dielectric relaxation, multiple internal reflec-

tions, and multiple scattering benefiting. Published by AIP Publishing.
https://doi.org/10.1063/1.5021614

I. INTRODUCTION

In recent years, the adverse impact of electromagnetic

radiation has caused increasingly serious deteriorations

owing to the widespread application of digital, high-

frequency electrical and electronic equipment, such as com-

puters, radio communication devices, etc., which not only

destroys the electromagnetic environment and restricts the

usage of precision instruments and machinery, but also

impairs people’s health. Thus, significant attention has been

focused on researching electromagnetic shielding and micro-

wave absorption (MA) technology.1–3 In particular,

microwave-absorbing materials have gained tremendous

attention, as they are the foundation of electromagnetic-

wave-absorbing technology. Therefore, exploiting new

microwave-absorbing materials has become imperative.4,5

Among various electromagnetic wave absorbents,

MnO2, as a transition-metal oxide, is one of the most promis-

ing candidates because of its attractive physical and chemical

characteristics. However, the practical application of MnO2

is limited by its intrinsically poor electrical conductivity

(10�6–10�5 S cm�1) and low structural stability.6,7 To be a

good electromagnetic wave absorbent, a material must have

an appropriate conductive property and excellent dielectric

or magnetic loss properties to meet the requirements for wider

absorption bands and higher absorption.8 The main measures

taken to address these problems are morphological tailoring

and metal doping, which are often taken in practical applica-

tions to achieve better performance.9 Incorporation of various

elements into MnO2 compounds, especially cationic doping,

has been deemed an efficient way of increasing the electrical

conductivity by 1 or 2 orders of magnitude.10 Wang et al.11

have demonstrated the rational design and delicate fabrication

of a nickel-foam-supported hierarchical mesoporous MnO2/

Ni(OH)2 nanosheet architecture, which combined metal oxide

and metal hydroxide nanostructures, and achieved possible

synergistic effects for excellent electrochemical performance.

Liu et al.12 indicated that doping MnO2 nanocrystals with

In3þ resulted in considerable improvement of the electro-

catalytic performance for the oxygen reduction reaction

(ORR) and changed the average oxidation state of Mn. Davis

et al.13 reported that Cu doping of MnO2 nanowires led to a

substantial increase in the current density and promoted stabi-

lization of O2 adsorption on the nanowire surface. Dong

et al.14 prepared Cr-doped Mn2O3 and obtained a specific

capacitance of 272 F g�1 at 0.5 A g�1, which was approxi-

mately 35% higher than that of the undoped Mn2O3.

Malankar15 synthesized uniform, round Li-doped MnO2 with

high electrochemical activity. Since the first report of MnO2

as a microwave absorbent,16 the rational design and
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fabrication of the MnO2 absorbent as well as its derivatives

have also attracted increasing attention due to its strong

dielectric loss and controllable crystal structures.17–19

MnO2-coated Ni Nano platelets with an average diameter of

75 nm and an average thickness of 10 nm have been pre-

pared by Huang et al.20 The composite with 17% volume

fraction of Ni Nano platelets showed an excellent micro-

wave absorption (MA) property with a minimum reflection

loss (RL) value of �31 dB at 9.1 GHz and a broad absorp-

tion bandwidth of 2.3–10 GHz when the thickness was

2 mm. MnO2/NiMoO4 composites21 have been successfully

synthesized, and the results show that the minimum RL

value was �31.4 dB at 11.2 GHz and the bandwidth was

9.6–14.1 GHz with a thickness of 3 mm, which out-

performed the pure MnO2 rods or NiMoO4 sheets and

showed potential to be a new type of MA material for varied

applications. So far, various cations like Fe3þ, Cr3þ, Agþ,

etc., have been introduced into a-MnO2 structures as dop-

ants.22–24 Furthermore, in recent years, the effects of doping

atoms (Fe/Co) on the microwave absorption property of

MnO2 have been studied by our group,25–27 which indicates

that the dielectric loss or magnetic loss ability has been

improved to some extent.

Although doped or compound MnO2 nanomaterials

have been investigated by many groups as microwave-

absorption materials, the vast majority of researchers have

only focused on the post-natal doped property and neglected

the pristine internal tunnels of MnO2. In fact, the internal

tunnels are generally occupied by the introduced cations

(NH4
þ, Ba2þ, Agþ, Kþ, etc.) during the synthesis process.28

Meanwhile, the influence mechanism of the cation-doped

channels on MnO2 has rarely been studied. In this work, a

Kþ-doped MnO2 nanorod was selected as the object of study,

and the influence of Kþ ions on the electrical conductivity

and permittivity of the doped MnO2 was investigated by

experimental and theoretical methods. The Kþ-Hþ exchange

mechanism and the Mn oxidation mechanism of Kþ-doping

tunnel-structured manganese oxides were also investigated

in order to get a full understanding of doping properties.

II. EXPERIMENTAL DETAILS

A. Synthesis

All the chemicals contained in the synthesis process

were of analytical grade and used without further purifica-

tion. In a typical synthesis process, 10 mmol of MnSO4 was

dissolved in 100 ml of distilled water. The obtained solution

was stirred vigorously until it was clear and uniform. Then,

10 mmol of (NH4)2S2O8 was added into the solution with

sequential stirring until the blended solution was translucent

at room temperature. Subsequently, the transparent solution

was transferred into a TeflonTM-lined stainless-steel auto-

clave and kept at 180 �C for 6 h. The vessel was then natu-

rally cooled to room temperature. Finally, the obtained

precipitate was filtered off and washed with distilled water

and absolute ethyl alcohol several times until the filtrate was

clear, transparent, and thoroughly neutralized, and then dried

at 60 �C for 24 h. The obtained pure MnO2 sample was

marked as P0. Similarly, Kþ-doped MnO2 was synthesized in

the presence of Kþ ions by replacing (NH4)2S2O8 with

K2S2O8, while the other parameters remained constant.

During the synthesis process, Kþ ions initially remained

trapped inside the tunnel structure. The resulting sample was

labeled as R1.

To discuss the effects of experimental parameter reac-

tion time and acid treatment time on the micro-structure,

morphology, and electromagnetic properties of the samples,

different experiments were designed. When the reaction time

was increased to 12, 24, and 48 h, the final products were

marked R2, R3, and R4, respectively. Acid treatment was per-

formed in order to control the doping concentration of Kþ

ions inside the 2� 2 tunnels.29 The aforementioned as-

synthesized samples were soaked in 1-mol/l HCl solution

with magnetic stirring at room temperature for 12, 24, and

48 h, respectively, and then rinsed with deionized water and

ethanol until the filtrate was thoroughly neutralized. Finally,

the samples were dried at 60 �C for 24 h and marked as T1,

T2, and T3, respectively.

B. Characterization

The crystal structures of the samples were studied by X-

ray powder diffraction (XRD) (XRD-6000, Shimadzu Corp.,

Japan) with Cu Ka radiation, using an operating voltage of

40.0 kV and a current of 30.0 mA, respectively. The scanning

range was from 20.00� to 80.00� (2h), and the scan speed

was 2.00�/min. The morphology analysis was carried out by

using scanning electron microscopy (Zeiss Supre 40, Carl

Zeiss GmbH, Germany) operated at an accelerating voltage

of 15.00 kV. Electron-probe microanalysis (EPMA) was

used to test the chemical composition of the as-synthesized

micro-structural material. The surface oxide states of sam-

ples were measured by a X-ray photoelectron spectroscope

(XPS; Thermo ESCALAB 250XI). The RTS-9 model four-

point probe detected the electrical conductivity. The samples

were pressed in the form of disc pellets with a diameter of

13 mm under a pressure of 5 MPa for 1 min in a hydraulic

presser and the average thickness was approximately 1 mm.

C. Electromagnetic measurements

The measurements of relative complex permittivity and

permeability were carried out by a coaxial reflection/transmis-

sion method using an Agilent 8722ES vector network analyzer

with a working frequency of 2–18 GHz. The cylindrical sam-

ple (with an outer diameter of 7 mm, inner diameter of 3 mm,

and thickness of 2 mm) was fabricated by uniformly mixing a

paraffin matrix with 30 wt. % absorbents, and then the com-

posite was pressed into a cylindrical compact.

III. RESULTS AND DISCUSSION

A. Structure and morphology

XRD was used to analyze the structure and composition,

and the result is shown in Fig. 1 with refined lattice parame-

ters. All the diffraction peaks can be assigned to a-MnO2

with tetragonal symmetry (I4/m, JCPDS Card No. 44-0141).

The structure of a-MnO2
30,31 consists of [MnO6] octahedral

214101-2 He et al. J. Appl. Phys. 123, 214101 (2018)



chains and can be described as an internal growth of pyrolu-

site (2.3� 2.3-Å2 tunnel structure) units. Mn atoms occupy

the octahedral sites. The original octahedral [MnO6] and the

constructed model of Kþ-ion-doped a-MnO2 of 2 � 2 tun-

nels are clearly shown in Figs. 2(a) and 2(b), respectively. It

is noticeable that the a-MnO2 phase is well maintained, with

no extra peak generation or elimination observed.

However, all the peaks gradually shift to a high angle

with the treatment of Kþ-ion doping. The inset image of the

peak at (211) clearly demonstrates this trend. The crystallite

size can be obtained by the well-known Scherrer formula32

D ¼ 0:9k
b cos h

; (3.1)

where D is the grain size, k is the wavelength of X-ray radia-

tion, b is the full width at half-maximum (FWHM) intensity

of the diffraction peak, and h is the diffraction angle. The cal-

culated results in Table I show that the lattice spacing of sam-

ple P0 is 2.3806 Å, and the lattice spacing of sample R1 is

2.3196 Å. The crystallinity of Kþ-ion-doped MnO2 is higher

than that of pure MnO2. These results indicate that the crystal

structure shrinks when the potassium ions are doped into the

2� 2 centered tunnels, and the Kþ ions show the stabilization

effect on the doped a-MnO2 crystal structure.

To further detect the chemical composition of the as-

synthesized samples, EPMA was carried out, and the results

obtained for P0 and R1 are shown in Fig. 3. The micro topog-

raphy, Mn mapping, O mapping, and K mapping of P0 are

shown in Figs. 3(a)–3(d), respectively. The EPMA results

with the micro topography, Mn mapping, O mapping, and K

mapping of Kþ-ion-doped MnO2 are shown in Figs.

3(e)–3(h). It is obvious that Mn and O elements show uni-

form distribution, but no elemental K is detected in P0, while

it can be seen that elemental K is detected in R1, although it

is relatively rare. Thus, MnO2 is confirmed to be doped by

Kþ ions.

X-ray photoelectron spectroscope (XPS) is carried out

to get the information of the chemical state and composition

of the samples. The results represent the surface situation of

samples P0 and R1. Figure 4 shows the Mn 2p peaks of sam-

ples, and the spin-energy separation is 11.1 eV, which indi-

cated the existence of MnO2. Two peaks located at 642.5

and 653.6 eV can be observed. And these peaks correspond

to the spin orbit doublet of Mn 2p3/2 and Mn 2p1/2. With

doping Kþ ions, Mn shows higher oxidizability because of

the higher binding energy. The special shapes of the peak of

Mn 2p represent that Mn exists as a mixture of various

valence states, including Mn(III) and Mn(IV), respectively.

The components located at 642.3 and 654 eV are ascribed to

Mn4þ. The other components are attributed to Mn3þ. Note

that, compared with the P0 shown in Fig. 4(a), the contents

of Mn(III) increase, while the tendency of Mn(IV) decreases

after doping Kþ ions into R1 as shown in Fig. 4(b).

Figure 5 presents typical SEM images of the as-

synthesized products. It can be observed that the as-

synthesized MnO2 products are all uniform nanorods with a

length of 0.5–1.6 lm. There are granules on the surface of

the pure MnO2 nanorods, as shown in Fig. 5(a). Compared

with pure MnO2, the Kþ-ion-doped MnO2 nanorods in Fig.

5(b) show smoother surfaces, and the nanorods are more

uniform and much longer. The difference in morphology

between pure MnO2 and Kþ-ion-doped MnO2 indicates that

the Kþ-ion has a tailored effect on the formation of the

MnO2 structure.

There are some speculations about the impact of Kþ ions

on the MnO2 microrods. First, the ionic strength and chemical

potential are increased by the appearance of Kþ ions in the

reaction system. The thermodynamic surface aggravates the

Ostwald ripening process, and the rods might grow at the

expense of the attaching grains, which makes the microrods

smooth. However, the external growth stage could be limited

by Kþ-ion chemisorption on the small MnO2 particles.

Moreover, the solubility of Mn species can be increased in a

highly acidic medium according to Portehault’s research on

FIG. 1. XRD patterns of pure MnO2 and Kþ-ion-doped MnO2 samples. The

inset is the enlarged view of the MnO2 (211) peak, where the peak shift

slightly towards a higher-angle direction is observed with Kþ-ion doping

treatment.

FIG. 2. The as-synthesized Kþ-ion doped a-MnO2 of 2 � 2 tunnels. (a) the

original octahedral [MnO6] in a-MnO2. (b) The constructed model of Kþ-

ion-doped a-MnO2. Mn atoms in spin-down states in purple spheres, O

atoms in red spheres, and K atoms in green spheres, respectively.

TABLE I. Lattice spacing of pure MnO2 (P0) and Kþ-ion-doped MnO2 (R1).

Sample Peak angle (deg) Lattice spacing (Å)

P0 37.0938 2.3806

R1 37.3445 2.3196

214101-3 He et al. J. Appl. Phys. 123, 214101 (2018)



the growth mechanisms of MnO2.33 Thus, this can promote

the growth stage. The ionic reaction chemical equation

below depicts the synthesis of Kþ-ion-doped MnO2 in the

experiments

Mn2þ þ S2O8
2� þ 2H2O! MnO2 þ 2SO4

2� þ 4Hþ:

(3.2)

The reaction process forms Hþ, and then, the acidity of the

reaction solution could limit the growth as well. Both of the

above factors might result in the refinement of the assem-

bling nanorods.

B. Effect of K1 ions on electrical conductivity

As the tunnel is contracted by Kþ-ion doping, it is rea-

sonably critical to know how the Kþ-ion concentration inside

the tunnels impacts electron and ion transport. To examine

this influence, the electronic conductivities of MnO2 nano-

rods with different Kþ-ion concentrations were character-

ized. The conductivities of all the MnO2 samples are listed

in Fig. 6. It can be seen in Fig. 6(a) that the conductivity

increases steadily with increasing reaction times less than 24

h, but it decreases slightly with reaction times greater than

24 h. It is obvious that the conductivity of Kþ-ion-doped

MnO2 is generally 1 order of magnitude higher than that of

pure MnO2. In particular, the conductivity of R3 is 39 times

greater than that of P0. It can be seen in Fig. 6(b) that the

FIG. 3. Analysis of the surface composition images of samples. P0: without Kþ ion doping of MnO2. R1: with Kþ-ion doping at 3.885 mol. %. (a)–(d) are

images of P0, Mn, O, and K with the corresponding elemental mappings, respectively. (e)–(h) are images of P1, Mn, O, and K with the corresponding elemental

mappings, respectively.

FIG. 4. The high-resolution XPS spectra of sample P0 and R1 for the element: Mn (2p1/2) and Mn (2p 3/2).

FIG. 5. SEM images of (a) pure MnO2 nanorods and (b) Kþ-ion-doped

MnO2 nanorods.
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conductivity dramatically increases after acid treatment.

When the treatment time is increased to 24 h, the conductiv-

ity tends to be approximately stable. The conductivities of

treatment samples are all higher than that of pure MnO2 (P0)

and MnO2 without acid treatment (R1). The conductivity of

T1 is 29 times higher than that of P0 and 1.6 times higher

than that of R1. In addition, the Kþ-ion content in the final

products varies with the reaction conditions. It is clearly

shown in Fig. 6(a) that the Kþ-ion content decreases with

increasing reaction time, except for 24 h. Acid treatment,

however, shows a very significant role in removing Kþ ions

in the tunnels, and the number of Kþ ions decreases mark-

edly after acid treatment. The Kþ-ion content of the acid-

treated sample shown in Fig. 6(b) is almost 5 times lower

than that of the untreated sample. And the Kþ-ion contents

of the samples are up to a steady equilibrium value with

extended treatment times.

From the information above, it can be inferred that the

conductivity is related to the Kþ-ion content. In order to

explain the influence of Kþ ions on the conductive property

mechanism, models of exchange and distribution are put for-

ward for the removal of Kþ ions from 2� 2 tunnels in acid

solutions. The Kþ-Hþ ion-exchange mechanism34 and Mn

oxidation mechanism29 are shown in Figs. 7(a) and 7(b),

respectively. Comparing R1 with P0, it is reasonable that the

enhancement of conductivity may be ascribed to Kþ ions.

However, the conductivity is not linearly dependent on the

Kþ-ion content, which is notable in R2, R3, and R4. Thus, the

Kþ-Hþ ion-exchange mechanism is identified as to exist. As

the hydrothermal reaction generates Hþ ions and the gener-

ated Hþ is swapped with the tunnel Kþ ions. Both Hþ and

Kþ ions have relationships with conductivity. The more ions

(Kþ or Hþ) are, the better the conductivity is. Test results

show that Kþ ions have the tendency to be constant with

increasing acid treatment time. Furthermore, there is a

degree of saturation in the reaction solution system. Herein,

this seems to offer the justification that the conductivity is

increased even though the Kþ-ion content exhibits a decreas-

ing trend with reaction time. Note that, during the treatment,

the Kþ-ion content is basically stable and becomes constant.

Their conductivity exhibits a similar variation trend to the

Kþ-ion content, which is higher than that of P0 and R1.

Hence, the acid-treatment process proceeds as follows. First,

the Kþ-Hþ ion-exchange mechanism plays the main role in

FIG. 6. Conductivity and Kþ-ion molar ratio of samples under different reaction conditions.

FIG. 7. Schematic of (a) the Kþ-Hþ ion-exchange mechanism and (b) Mn oxidation mechanism for Kþ-ion-doped MnO2.

214101-5 He et al. J. Appl. Phys. 123, 214101 (2018)



removing the Kþ ions from the crystal. Then, more Hþ ions

in the solution could motivate valence-state changes in the

manganese. This valence-state change aims to keep balance

of the electric charge in the crystal. The greater the number

of hydrogen ions and the longer the acid-treatment time, the

more the Mn4þ will be converted into Mn3þ. Meanwhile,

this is reasonable to explain the high conductivity of R3 and

R4 in turn, because the excessive number of Hþ ions which

are produced during the reaction in the solution will also

stimulate the onset of the manganese oxidation mechanism.

The conductivity of R3 and R4 is enhanced even though the

number of Kþ ions decreases. As a result, the Kþ-Hþ ion-

exchange and manganese oxidation mechanisms are present

simultaneously.

It is found that with the increase in reaction time, the

Kþ-ion content of R3 with reaction time 24 h does not appear

to present the same tendency to decrease consistent with R1,

R2, and R4. This can be illustrated by the above-mentioned

two mechanisms: Kþ-Hþ ion-exchange mechanism and Mn

oxidation mechanism. The acidity of the solution in the

reacting system is strengthened with the increase of reaction

time. Then, the Kþ-Hþ ion-exchange mechanism accompa-

nies to take place. And the stronger the acid is, the higher the

efficiency of Kþ-ion exchange is. Meanwhile, the degree of

manganese oxidation is enhanced when the acidity of the

solution in the reacting system grows gradually. These two

mechanisms interact with each other. Thus, there will be

three divided regions of Kþ-ion exchange based on the acid-

ity and degree of manganese oxidation. It divides into suffi-

cient Kþ-ion exchange region and insufficient Kþ-ion

exchange region. Obviously, the sufficient Kþ-ion exchange

region of R3 is lower than R2. Compared with R3, the degree

of manganese oxidation of R4 is larger. Hence, the Kþ-ion

content of R3 presents a particular trend. But it is noted that

the content of Kþ-ions is nearly equal. Since the Kþ-Hþ ion-

exchange mechanism plays the main role at the first stage of

acid treatment, Kþ-ions are almost displaced from the tunnel

structure. The Mn oxidation mechanism plays the main role

later.

In the Mn oxidation mechanism, the Mn oxidation dom-

inates the main role as Mn3þ ions have been reported to exist

in materials.35–37 Meanwhile, the Mn3þ ions are testified to

exist in change in the Mn chemical state, the results of X-ray

photoelectron spectroscopy (XPS) clearly demonstrate it as

shown in Fig. 4. There is a reasonable explanation for this,

namely that Kþ ions in tunnels can excite the electron hop-

ping between Mn4þ and Mn3þ valence states, leading to

higher electrical conductivity. Then, Kþ ions turn into the

MnO2 tunnels to maintain the basis of charge balance.

However, this is difficult to accurately test experimentally.

In order to further verify the existence of this mechanism,

first-principles calculations based on density-functional the-

ory (DFT) are performed to understand the mechanism of

the effect of Kþ ions on electrical conductivity of doping

MnO2. Electronic structure analysis is performed to examine

the effects.38 In this case, the effects, which are indicated by

the side-view iso-surfaces of the local electron-density distri-

butions shown in Figs. 8(a) and 8(b), cause an offset in the

electron center. And the charge flows from the oxygen atom

into the potassium ion, or from the oxygen atom to segmen-

tal manganese atom. It is notable that the local electron-

density distributions change significantly when Kþ ions are

doped into MnO2. The electron density is dense around the

Kþ-ion and further stimulates the polarity of the material.

The Kþ ions distribute in the tunnel cavity, and then, the

mixed valence states of Mn4þ and Mn3þ result from the

intercalated Kþ ions. The mixed valence state of Mn distrib-

utes randomly in the tunnels. The greater the number of Kþ

FIG. 8. (a) and (b) Side-view iso-surfa-

ces of the local electron-density distribu-

tions of pure MnO2 and Kþ-ion-doped

MnO2. (c) and (d) Calculated electron

density of states near the Fermi-level

region of pure MnO2 and Kþ-ion-doped

MnO2.
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ions that exist in tunnels, the greater the content of Kþ ions

that are taken into account in the strong electrostatic repul-

sion in which the crystals maintain electrical neutrality. Kþ

is not only regarded as an electronic acceptor, but also pro-

motes electron transition or even the movement of electron

holes. This phenomenon has been reported by Vicat.39 Thus,

the average valence state of Mn ions prefers to locate the Mn

sites close to the Kþ-ion and the vacancy.

Electron transitions have also been confirmed in the

density of states (DOS), as shown in Figs. 8(c) and 8(d).

The electron density of Kþ-ion-doped MnO2 is enhanced

in the conduction band compared with pure MnO2, because

it can be seen that the DOS is added in the energy range of

�12 to �10 and �7 to 0 GHz. Compared with pure a-

MnO2, newly formed occupied states appear in the energy

band of �12 to �10 eV in Kþ-ion-doped MnO2, indicating

the existence of mixed Mn4þ and Mn3þ, or even of Mn2þ

in the crystal. The result is in agreement with the result of

XPS above and is compatible with previous reports.40 And

this enlarges the electrical conductivity of the material.

Thus, it is in accordance with the fact that the electrical

conductivity is enhanced in the experimental results shown

in Fig. 6. These results provide direct evidence for the

electrical characteristics of the Kþ-ion in tunnels in the

MnO2 lattice.

C. Electromagnetic properties

The electromagnetic properties of the samples were

investigated in the frequency range of 2–18 GHz. The

frequency-dependent real part e0, imaginary part e00, and

dielectric loss tangent tan d are illustrated in Fig. 9. From

Figs. 9(a) and 9(b), the real part e0 and imaginary part e00 of

the Kþ-ion-doped MnO2 with different reaction times present

an overall decrease from 39.45 to 9.89 and 14.99 to 5.8,

respectively. Meanwhile, the real and imaginary parts of pure

MnO2 decrease from 40.92 to 15.85 and 14.03 to 10.4, respec-

tively. Figure 9(c) shows the dielectric loss of pure MnO2 and

the Kþ-ion-doped MnO2 at different reaction times. The

dielectric loss of the samples at different reaction times is

enhanced markedly with the frequency increment. Note that

the pure MnO2 only exhibits one resonance at �12 GHz,

while both the real part and dielectric loss tangent of Kþ-ion-

doped MnO2 present two overlapped resonances; that is,

another resonance appears at �9 GHz. Figures 9(d)–9(f)

exhibit the real part e0, imaginary part e00, and dielectric loss

FIG. 9. Complex permittivity of

(a)–(c) real part (e0), imaginary part

(e00), and dielectric loss tangent of pure

MnO2 (P0) and Kþ-ion-doped MnO2

(R1) with different reaction times, and

(d)–(f) pure MnO2, Kþ-ion-doped

MnO2, and Kþ-ion-doped MnO2 with

different acid treatment times.
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tan d, respectively, of pure MnO2 (P0), untreated MnO2 (R1),

and acid-treated MnO2 (T1, T2, and T3) with different treat-

ment times. Both e0 and e00 show a decreasing trend with

increasing frequency and monotonically decrease with

increasing acid-treatment time, except that e0 of T2 is slightly

larger than T1 after 12 GHz. The dielectric loss displays an

increasing trend with increasing frequency and monotonically

decreases with increasing acid-treatment time. Note that the e0

plots of P0, R1, and T1 are almost coincident. The plots of e00

and tan d of P0 and T3 are almost overlapped; in other words,

the influence of Kþ ions on e00 and tan d can be neglected, and

most of the Kþ ions have been saturated. The same trend of

variability, or even the same coincidence, could be evidence

of Kþ-ion decreasing and remaining stable after the acid treat-

ment. Overall, the effectiveness of Kþ-ions in dielectric loss

is not obvious in law with the increase in the content of Kþ-

ions. But the sample R1 with the most content of Kþ-ions

demonstrates the best dielectric loss with larger real and

imaginary parts of permittivity and tan d. However, the

dielectric properties of the samples R2, R3, and R4 exhibit an

irregular change, which may be ascribed to the influence of

Hþ. This needs further exploration in latter research. While

after treating with acid, the content of Kþ-ions is basic quanti-

tative, and the dielectric properties of the samples T1, T2, and

T3 reveal the consistent trend versus frequency. Meanwhile,

the sample T1 among acid treatments displays the best dielec-

tric loss with larger real and imaginary parts of permittivity

and tan d.

The dielectric resonance is generally aroused by electron

polarization, ion polarization, and electric dipolar polariza-

tion. The former two polarizations are correspondingly fee-

ble because their dielectric resonances occur in the infrared

region or at higher frequency. Dipolar polarization is

regarded to arise from the permanent dipole that results from

the asymmetric charge distribution on the heterogeneous

interfaces. Herein, the observation of the relaxation peaks

indicates the existence of relaxation behaviors, and these

relaxations are derived from the interfacial polarization.

Interfacial polarization occurs when the motion of migrating

charges is impeded, and they are trapped within the interfa-

cial region in the heterogeneous micro-structures,41 causing

a significant variation in permittivity. The electric fields pro-

vide the direct view of interfacial polarizations at the reso-

nance frequency as external fields rapidly change in the

MnO2 interfaces. The observed resonance at �12 GHz can

be attributed to the cooperative effect of configuration of

MnO2 particles. In addition, there is another polarization at

�9 GHz in the Kþ-ion-doped MnO2, and this polarization is

ascribed to the existence of permanent dipoles of the macro-

scopic dielectric polarization and dielectric loss (Fig. 10).

The permanent dipoles could be obtained through Kþ-ion

doping, which has been proved by many researchers.42,43

The experimental result is identical to that by Hebard,44 with

the observed resonance polarization being approximately

�9 GHz in Kþ-ion-doped MnO2 fullerenes. It is suggested

that substitutional ions will induce symmetry breaking in the

micro-structures and provide the electric dipole that is respon-

sible for the dielectric resonance at �9 GHz. Furthermore, the

MnO2 crystal structure is composed of octahedral chains. An

intrinsic polar moment exists on an unsaturated atom or ion.

When the electromagnetic wave acts on the MnO2 nanorods,

the displacement polarization plays the main role in the

dielectric property and leads to the permittivity increase. With

decreasing particle size, shown in Fig. 5, the orientation polar-

ization plays the important role in the dielectric property of

the MnO2 nanorods, owing to the increase in the number of

dangling-bond atoms and the unsaturated coordination on the

surface of the MnO2 nanorods. Based on the above experi-

mental phenomenon, the response dielectric loss is enhanced

by Kþ-ion doping in the MnO2 nanorods.

The dielectric loss tangent of these samples fluctuates

within a certain range. As shown in Figs. 9(c) and 9(f), the

electromagnetic wave dielectric loss property of T1 is more

favorable among these samples. The reasons may be as

follows:

IðxÞ ¼ I0 expð�nrexxÞ: (3.3)

The attenuation of the electromagnetic wave in the x

axis direction IðxÞ is given by Eq. (3.3),45,46 where IðxÞ is the

incident energy of the electromagnetic waves, n is the num-

ber of absorbent particles per unit volume, and rex is the

extinction cross-section of the particles. Based on the scatter-

ing theory by Kanygin,43 when the particle size and electro-

magnetic wave length are close, the value of rex fluctuates

with the increase in the particle. As the size, shape, polariza-

tion direction, etc., are different, the extinction characteris-

tics change obviously, the electromagnetic wave attenuates

rapidly, and the absorption rate of the scattered body is very

large. The extinction cross section of small particles

increases with the size of the fourth power, and that of large

particles or macroscopic objects is approximately equal to its

geometric cross section. According to Eq. (3.3), the larger n
and extinction cross-section rex are, the greater the electro-

magnetic wave attenuation of the particles is. Owing to the

smaller particle size of Kþ-ion-doped MnO2 in Fig. 5, com-

pared to pure MnO2, the extinction cross-section rex is

larger, which contributes to the improvement of the electro-

magnetic wave attenuation.

In addition, the nanorods disperse in the waveguide sam-

ple joint with each other, and the image of net structures is

shown in Fig. 11. When the electromagnetic wave travels

into the net structure, a distributed micro-current is gener-

ated, which also aids microwave-absorption. Furthermore,

the net structure increases the travel paths of electromagnetic

FIG. 10. Schematic of the dielectric resonance of an electric dipole and

interfacial polarizations under an external microwave field.
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waves in the sample and induces the formation of multiple

internal reflections and multiple scattering. Thus, the net

structure significantly accentuates attenuation capacity,

which contributes to microwave-absorption performance.

Typically, the interfacial polarization, dielectric relaxation,

multiple internal reflections, and multiple scattering collec-

tively benefit the enhancement of the capacity of the dielec-

tric property in the net structure.

Meanwhile, it is evident in Fig. 6 that the conductivity of

doping MnO2 has relation with the Kþ-ion content and is tun-

able with decreasing Kþ-ion concentration. It can be thought

that the Kþ ions in the nanostructure tunnels will result in posi-

tive charge migration and that the charge center of the oxygen

atom is changed, which will lead to internal charge repulsion

when ions are close enough. Therefore, it is important to estab-

lish equilibrium due to charge mobility and increase intrinsic

carrier concentration to enhance both electrical conductivity

and the corresponding dielectric loss. The varying concentra-

tions of Kþ ions in the final products may influence the com-

plex permittivity and dielectric loss, and, furthermore, exert an

effect on electrical performance. It is obvious that Kþ ions may

be saturated in the crystal structure with the effect of Hþ-Kþ

ion exchange and the Mn oxidation mechanism.

In a word, three different kinds of dielectric relaxation

mechanisms may be responsible for the peak phenomenon.

First, it is obvious from SEM images that it is the intercon-

nected nanorod that forms a network structure. The network

structure can provide mobile charge carriers and furnish con-

ductive channels for the transfer of charge carriers, simulta-

neously. When the electromagnetic field is applied to the

composite, the dielectric relaxation occurs in the material.

Second, fine grain boundaries or adjacent particles produce

space charge polarization, which contributes to the relaxation

process. Finally, an additional interfacial polarization gener-

ated at the interface between undoped MnO2 particles and

doped MnO2 particles in the crystal. The interfacial polariza-

tion plays a dominant role to endow the composite with

strong dielectric loss. On the one hand, the construction of a

heterojunction generates an energy level gradient and energy

barrier to accelerate or inhibit the flow of electrons. On the

other hand, the different electric distribution between the

multiple-interfaces in the heterojunction structure could lead

to abundant accumulation of electrons at the interfaces.47

IV. CONCLUSIONS

In summary, nanorods are fabricated by the hydrother-

mal synthesis method, and the dispersing rods construct net

structures. The potassium ions in the crystal are generated by

the accompanying reaction process. The Kþ-Hþ ion-

exchange and Mn oxidation mechanisms are reasonable to

explain the process of Kþ ions entering the crystal structure,

and they can appear in the reacting system at the same time.

In addition, the presence of the Mn oxidation mechanism is

also confirmed by DFT results. Meanwhile, the potassium

ions in the crystal play a significant role in the conductivity

and dielectric properties of the MnO2. The electronic con-

ductivity of Kþ-ion-doped MnO2 is enhanced compared with

that of pure MnO2. The value of the electrical conductivity

of Kþ-ion-doped MnO2 is approximately 39 times that of

pure MnO2. The vibration of a permanent dipole and the

interfacial polarization are generated by symmetry breaking

in the localized microstructure with Kþ-ion-doped MnO2.

The interfacial polarization, dielectric relaxation, multiple

internal reflections, and multiple scattering collectively bene-

fit the enhancement of the dielectric loss capacity of net

structures. Significantly, it is meaningful to explore the elec-

tromagnetic characteristics of doping configurations in Kþ-

ion-doped MnO2 and thus also provide a promising route to

designing microwave absorbers.
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