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Abstract Kinetics of defects formation, reaction process

and formation of solid solution in powder mixtures of ZnO

and MnO2 induced by prolonged mechanical treatment

(MT) have been investigated (X-ray, FTIR, EPR). At MT

in zones of deformation-destruction the different defects

(V�Zn : Zn0
i (I), V�Zn (II), and (V�Zn)�2 (III) centers at all) are

forming. The defects have various physical and chemical

properties, and have different activation energies of

annealing, Eact The part of these defects is responsible for

the processes of hydration and carbonation of samples. In

turn, the formation of defects is accompanied by devel-

opment of various mechanothermical processes, which

increase temperature of the sample, TMT, with the

increasing of duration of MT, tMT. The increasing of tMT

activates the reactionary processes: promotes a consecutive

annealing the «low-temperature» defects having small

values of Eact (I, II and III) and also leads to formation of

Mn2+-doped Zn(OH)2. With the further increase of tMT, the

process of MT is accompanied by an increasing of

temperature of samples up to equilibrium, Teq and accu-

mulation of ‘‘high-temperature’’ defects in the sample. As

a result, in the sample the conditions for intensification of

volumetric diffusion processes and formation of Mn2+-

doped ZnO were created.

Introduction

The doping of ZnO by various impurities, in order to

modify its electro conductivity, is used in formation of

nonlinear properties of varistor ceramics [1]. In the last

years interest in doping ZnO + transition group oxide

systems has increased in connection with the development

of diluted magnetic semiconductors [2]. A number of

studies have shown a marked solubility of Mn atoms in

ZnO using various doping methods (e.g., the use of

hydrothermal techniques) [3]. Thin Zn1–xMnxO films have

been prepared by: pulsed-laser deposition [4–6], laser

molecular-beam epitaxy [7, 8], sol-gel method [9],

hydrolysis and condensation reaction [10], RF magnetron

sputtering [11], and solid state reaction at different tem-

peratures [12–14]. It has been shown that the solubility of

Mn in ZnO at 600 �C is 12% and at 800 �C is 25% [3]. In

another study [5, 6], the solubility of Mn in the ZnO matrix

was increased (x £ 35%), and these samples showed high

temperature ferromagnetism [5, 6]. However, it has been

shown [14, 15] that the solubility limit for Mn in the ZnO

matrix is ~10%, and that the high temperature ferromag-

netism [5, 6] is attributable to second phase formation.

Moreover note that in 1966 it was shown that Mn solubility

in ZnO is low, less than 2 mol% in the 600–1,450 �C

temperature range [16].

In this study, we report formation of a solid solution of

ions Mn2+ in ZnO lattice by a method of mechanical

treatment (MT) of mixtures of ZnO and MnO2. This study

provides information about the production and behavior of

native defects in ZnO with increasing time. Defects in

zones of destruction are subjected to: the local hyper-rapid

ultrahigh-temperature spike (in moment of destruction), the

significantly prolonged collective high-temperature influ-

ences (in moment of loading by balls), and accumulative
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thermal effects. The increase of concentration of defects in

ZnO, temperature of the sample with the increasing of MT

duration, tMT, creates favorable preconditions for

‘‘mechanical’’ doping of ZnO by ions of manganese.

Experiments

The starting materials were commercially available ZnO

(>99% purity, Reasol, Milan, Italy; Corresponds to the

specification of the American Chemical Society) and MnO2

(99.26% purity; J. T. Baker; Mexico). Electron microscope

studies (Scanning electron microscopy, model LEO 1450

VP, LEO Electron Microscopy Inc., Thornwood, NY)

showed that the average size of particle was

dZnO � 0.25 lm and dMn2O3 � 0.3 lm. Mixtures of pow-

ders with two different compositions, i.e., ZnO + 1 wt.%

MnO2 (sample a) and ZnO + 10 wt.% MnO2 (sample b),

were investigated.

MT of samples was carried out in Planetary Ball-Mill

(type PM 400/2, Retsch Inc.). Grinding jars of two types

were used: (1) jars of volume 250 ml and balls (10 of

20 mm, 15 of 12 mm, and 25 of 10 mm) from stainless

steel; (2) jars of ‘‘comfort’’ (volume 50 ml) and balls (3 of

20 mm and 10 of 10 mm) from tungsten carbide. The ratio

of the balls to powders was ~7:1 in weight. The MT was

carried out in air (in hermetically sealed jars) with a

maximal (for this mill) rotation rate of 400 rev min–1. It

was established that MT in jars of 250 ml (from stainless

steel) introduces in the samples small magnetic iron

particles. As the presence of such type of particles led to

distortion of EPR, SEM and IR-results, the maximal

duration of MT in these jars was limited to 1 h.

According to the results of quantitative spectral analysis

the content of contamination of iron in such sample was

about 0.2%.

Duration of the milling, tMT, of powders in jars from

tungsten carbide (50 ml) was: 1, 3, 6, 30, 90, 390, 750,

2,190, and 2,880 min. Note that the content of contami-

nation of tungsten in the samples processed in 50 ml the jar

during 2,880 min did not exceed 0.02%. In the work we

made supposition that such amount of the contamination do

not influence on observed changes.

X-ray difractometer (Siemens D-500, Siemens (now

Bruker AXS) Karlsruhe, Germany) with CuKa radiation

was used for phase identification of the milled powder

mixtures and determination of the average size of crystal-

lites, D, and microstress, e (Da/a). The average size of

crystallites was determined using the Scherrer formula

[17]:

Bpð2hÞ ¼ 0:9k=Dcosh, ð1Þ

where Bp(2h) is the line broadening (in radians) due to the

effect of small crystallites; k is the wave length of the X-

ray radiation and h is the Bragg angle. The broadening in a

peak due to microstress to be related to the residual strain e

by

Beð2hÞ ¼ 4etgh: ð2Þ

For interference Gaussian lines

B2
hð2hÞ ¼ B2

pð2hÞ þ B2
f þ B2

e ð2hÞ; ð3Þ

where Bh(2h) is the breadth of observed diffraction line at

its half-intensity maximum, and Bf is an instrumental

broadening (~0.003 rad). The experimentally observed

broadening of several peaks can be used to compute the

average size of crystalline D and the strain e simulta-

neously in ZnO samples.

Infrared (IR) spectrophotometer (Bruker Vector 22

FTIR, Karlsruhe, Germany, with resolution 4 cm–1), in

transmission mode was used for the present work. The

samples were mixed with KBr in the ratio 2:60 and the

resulting mixtures were pressed until obtaining transparent

plates.

Electron Paramagnetic Resonance (EPR, SE/X

2547—Radiopan, Poznan, Poland) at room temperature

were used for investigation of the formation different

paramagnetic centres during MT of the ZnO + xMnO2

powder mixtures.

Experimental results

The general supervision

Only on initial stage of MT (tMT ~ 3 min, jars of volume

50 ml) the particles of powder were not aggregated

noticeably and did not stick on walls of a jars and a surface

of balls. With the increasing of tMT the adhering of powder

on walls of jars was observed. And the adhering was non-

uniform. The bigger amount of the sample was localized in

the bottom part of jars. It indicated on existence in jars of a

zone with minimal crushing ability. Apparently, presence

of such zone is defined by a design of a mill, jars, a set and

the sizes of the balls, a treatment material. And balls are

rolling along the layer of powder.

X-ray

XRD patterns of a and b samples as a function of the

milling time are shown in Fig. 1. It can be seen that

the initial ZnO and MnO2 powders comprises primarily the
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zincite and the pyrolusite polymorphs, correspondingly.

Diffraction lines of ZnO and MnO2 (b-MnO2 tetragonal,

line (110)) are broadening with the increasing of tMT. This

caused by the decreasing of crystallites sizes, D, and with

appearance of internal strain, e. On the based of the

broadening of (100) and (103) peaks (Fig. 1) the size of

crystalline and microstress in ZnO was calculated (see (3)).

The value of D in initial ZnO is size of order of 180 na-

nometers. With the increasing of tMT value of D is

decreasing and value of e is increasing (Fig. 2, curves 1

(for b in jar of 250 ml) and curves 2 (for b in jar of 50 ml)).

Values D and e in the samples grinded in a jar of volume of

250 ml for 60 min are approximately the same as in sam-

ples treated in a jar of volume of 50 ml for 2,880 min

(Fig. 2). This result showed that intensity of crushing-

activation at MT in a jar of volume of 250 ml is consid-

erably higher than processing in a jar of volume of 50 ml.

The area under of the zincite reflections was constant.

But the area under diffraction (110) line of the MnO2

(sample b) decreases with the increasing of tMT. This may

be due to the phase transformation of b-MnO2 tetragonal to

other crystalline structures (MnO2 orthorhombic, Mn2O3 at

al.), or dissolution of MnO2 and ZnO, or formation of the

new phase product in system Zn–Mn–O. We did not

observe formation of X-ray peaks of new phase products.

Infrared spectroscopy

The obtained FTIR spectra are given in Fig. 3. The careful

analysis of spectra on Fig. 3 reveals several interesting

features:

(a) there are two strong absorption peaks in initial sam-

ple: the ZnO stretching mode at ~450 cm–1 and peak

at 3,500–3,300 cm–1 attributed to hydroxyl groups

(adsorption of H2O and formation of Zn(OH)2). Weak

peaks at m ~ 2,925 and 1,630 cm–1 belong to the

vibrations of –CH2 and C=O groups, respectively

[18].

(b) With the increasing of tMT (0–2,880 min) in sample a

the gradual increasing of intensity of peaks at 3,500–

3,300 cm–1, 2,925 and 1,630 cm–1, and formation and

the increasing of peaks at m ~ 1,480–1,390 cm–1

(–CO3 groups (ZnCO3)), 1,000–700 cm–1 (C–C–O

groups) is observed (see Figs. 3, 4); in sample b these

transformations take place only at initial stages of MT

(tMT ~ 0 ‚ 90 min). As shown in Fig. 4, the intensity

of the peaks decreases with the further increasing of

tMT:10 ‚ 2,880 min for adsorption of –CO3 groups

and 90–2,880 min for adsorption of H2O. Note that

curves in Fig. 4 reflect processes of quantitative

changes of number of the defects responsible for

hydration and carbonation (let’s designate them as H

and C defects) of a surface of MT particles ZnO.

Electron paramagnetic resonance

Figure 5 shows the EPR spectra of samples a and b after

MT, taken at room temperature. Fig. 5 (a2, b2) shows the

evolution of EPR spectra of electron-hole paramagnetic

centers (PC) [19, 20] induced in ZnO at beginning stage of

MT. Signal I is from the V�Zn:Zn0
i center with g^ = 2.0190,

g||<g^ [21]. Signal II is from V�Zn center with g^ = 2.0130,

g|| = 2.0140 [22]. Signal III is from (V�Zn)�2 center with

g1 = 2.0075, g2 = 2.0060, g3 = 2.0015 [21]. These centers

are formed in a zone of destruction. From the analysis of

width of signals I (DBI � 2.5 Gs), II (DBII � 3.0 Gs) and
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III (DBIII � 2.7 Gs) it is possible to estimate that local

concentration of I, II and III centers does not exceed 0.1

at.%. Note that unlike EPR-data for samples of pure ZnO

[19], in these the formation of the VþO-centers (F+-centre)

and small donor centers (SDC) was not observed.

Starting with tMT = 90 min in samples appears the

sextet of lines, which belongs to signal IV. And starting

with tMT = 390 min in the samples is detected the sextet of

signal V (see Fig. 5a1 and b1). Both spectra are connected

with paramagnetic Mn2+-centers. Similar spectra (SI and

SII, accordingly) were observed in ZnO nanocrystals, pre-

pared by reaction of Zn2+ and OH– in solution of alcohol,

with different surface conditions, modified by an annealing

process [23]. In the work [23] spectrum SI was attributed to

isolated substitution Mn2+ ions in ZnO lattice. The second

spectrum SII was attributed to Mn2+ ions in Zn(OH)2 lat-

tice, which is present as a surface shell of the ZnO nano-

particles. However such interpretation of these spectra is

incorrect.

EPR spectrum of Mn2+ ions in ZnO lattice is described

by the rhombic spin-Hamiltonian

H ¼ gbHSþ 1=6aðS4
x þ S4

y þ S4
zÞ

þ D½S2
z � 1=3 S(S + 1)] + ASI, ð4Þ

where S = 5/2 and all symbols have their usual meaning. In

crystal g = 2.0012, A = –76�10–4 cm–1, D = 236�10–4 cm–1

and a = 6.2�10–4 cm–1 [24]. Simulated [25] EPR spectrum

Mn2+ ions in the polycrystalline sample of ZnO (the con-

tribution of a member with parameter a was neglected) is

presented in Fig. 5a1 (curve Mn2+:ZnO). It is easy to see

that the simulated spectrum corresponds to an experimental

spectrum V. Hence, the spectrum V (SII in [23]) belongs to

isolated substitution Mn2+ ions in ZnO lattice. In Fig. 5a1

and b1 the calculated position of the central transitions

singularities [26] is shown below the spectrum. Let’s note

that sometimes these singularities, which belong to one

type of the centers, but for two different values of h
(h = 90� b h � 57�), are considered as signals from the

various centers.

The analysis of a spectrum IV (Fig. 5a1) shows that

parameters of its spin Hamiltonian are equal:

g = 2.0008 ± 0.0005, A = (74.1 ± 0.3)�10–4 cm–1 and

D = (30 ± 10)�10–4 cm–1. Such signal should be carried to

presence of the second phase in the samples. One of the

basic products accompanying superfine powders at storage

on air, are hydroxides, which form on surface of particles

[27]. Unfortunately, in the literature data of spin-Hamil-

tonian parameters for EPR spectrum Mn2+ ions in Zn(OH)2

lattice are absent. Crystal phases of Zn(OH)2 have rhom-

bohedral or trigonal symmetry. It is known that small

values of parameters of a ground-state splitting in crystal

field is typifying for Mn2+ ions in trigonal Mg(OH)2

(D = 7.8�10–4 cm–1 and a = 11�10–4 cm–1 [28]). The

Mg(OH)2 is isostructural to trigonal Zn(OH)2. Thus, most

likely, the spectrum IV is caused by Mn2+ ions in

core-shell of Zn(OH)2. EPR data allow to make a rough

estimation of the content of the phase. We consider that

linewidth, DB, for the ions Mn2+ (DB � 9 Gs for central

transition) is caused by the dipole–dipole widening.

Fig. 3 FTIR transmission

spectra of samples (a)

(ZnO + 1%MnO2), and (b)

(ZnO + 10%MnO2) depending

on duration of mechanical

treatment
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Fig. 4 The changes of intensities of peak at 3,500–3,300 cm–1

(Zn(OH)2) (1, 2) and peaks at 1,480–1,390 cm–1 (–CO3 groups

(ZnCO3)) (3, 4) for samples a (1, 3) and b (2, 4) as a function of

duration of mechanical treatment
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Between the width of a line and concentration, c, of the

centers with spin S = 5/2 exists correlation

DB ¼ 12.0(l0=4pÞbg(c=d3Þ; ð5Þ

where d is shortest distance between paramagnetic ions

[29]. From here follows that the concentration of Mn2+ ions

in the second phase is ~0.1 at.%. The content of ions of

Mn2+ (spectrum IV) in the 50 mg of sample after

tMT = 390 min. is N ~ 3�1015. The estimation was made by

comparison with an EPR signal from the standard sample.

Thus, in the sample the content of atoms of the second

phase is N/c ~ 3�1018. This corresponds to ~0.5% of the

general content of atoms in the sample. At localization of

such quantities of other phase on a surface of formed

particles of ZnO (d ~ 150 nm), the thickness of the surface

layer will be ~0.2 ‚ 0.4 nm. The presence of the Zn(OH)2

in initial and grinded samples of ZnO (the content of which

increases with an increase of tMT) is confirmed by data

of IR spectroscopy (see Fig. 3, the absorption band at

m ~ 3,400 cm–1). Note that presence of the ZnO/Zn(OH)2

core-shell structure was established in samples ZnO pre-

pared via the wet chemical method [23].

The strict measurement of quantitative changes of a

spectrum IV has appeared inconvenient both because of a

concentration widening of HFS-lines and because of

superposition with signal V, the intensity of which

intensively was increasing. Coarse estimates show that

intensity of a spectrum IV is little more in samples a than

in b.

The general character of change of an integrated inten-

sity of spectra I, II, III, IV, and V for the sample a is

shown on Fig. 6. The changes of spectrum V in samples a

and b, as a whole, are proportional to the content in them of

additives of MnO2.

Discussion

Let’s consider results with a point of view of consecutive

evolution of structure of defects in mixtures at prolonged

Fig. 5 EPR spectra obtained

during MT for samples (a) (a1,

a2) and (b) (b1, b2) samples.

(a2) and (b2) show the spectra

of electron-hole paramagnetic

centers I, II and III

Fig. 6 The dependence of the intensity in EPR spectra (I, II, III, IV,

and V) and the temperature of sample, TMT, on the MT duration of the

sample 99%ZnO + 1% MnO2
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MT. Generally, as it was marked above, a process of

grinding-activation represents the rolling of crushing balls

on a layer of a mixture of powders ZnO + xMnO2 in the

bottom part of jars. At the initial moment a mill (jars and

balls) and the sample are at room temperature. Let’s begin

from assumption that in a zone of destruction (and defor-

mations) there is a formation of a wide set of defects (both

in ZnO, and in MnO2), which have various physical and

chemical properties [30]. Some of formed defects can

interact with atoms of an environment even at room tem-

perature. For example, it is known that concentration of

PC, formed at VT of ZnO in vacuum, decreases in 10 times

at an admitting of air in jar [31]. Such changes reflect, at

least, 2 moments: (a) the high reactivity of PC, which is

localized on an external surface. PC in this case have

worked as the centers of absorption; (b) the presence in

particles of zones of defects formation, which are closed

from such contacts (for example, inside of microcracks). In

turn, the formation of defects is accompanied by devel-

opment of various mechanothermic processes (impulsive,

periodical, connected with rolling-process, and accumula-

tive) which actively modify an initial defect structure.

Thus, the set of defects and other formed states in an

end-product will be defined by a set of concrete conditions:

by regimes of MT, temperature condition, the environment

of processing and storage, etc.

X-ray data (Figs. 1, 2) reflect the general process of

accumulation of defects in samples with increase in dura-

tion VT whereas data FTIR (Figs. 3, 4) and EPR (Figs. 5,

6) allow differentiating a set of defect states.

Let’s estimate the temperature of the sample developed

during MT, using data in Fig. 6 and data on annealing

temperature of samples. So, it was established that signal II

disappeared after an annealing at Ttreat ~ 453 K; signal I

disappeared after treatment at Ttreat ~ 493 K; and signal III

disappeared after treatment at Ttreat ~ 533 K. We consider

that in the moment of disappearance of signals I, II and III

(tMT = tdis) in the sample the specified above temperature

are reached. It allows constructing the diagram of change

of average temperature of the sample from duration of MT,

TMT = f(tMT ) (see Fig. 6, curve TMT). Achievement of

equilibrium temperature, Teq � 543 K, at tMT > 750 min

reflects conditions, when the quantity of received and

dissipated heat by the sample is equal.

Considering variety of existing defect states and dis-

tinction of their annealing activation energy, Eact, it is

possible to conclude that a change of MT duration varies a

set of defects in the sample (especially at initial stage MT)

in a direction of accumulation of defects with greater

energy activation of annealing.

Consecutive (in all range of tMT) growth of intensity of

OH and CO bands of absorption in samples with small

concentration MnO2 (sample a) shows that the defect states

H and C (which are responsible for processes of hydration

and carbonation on surfaces of MT ZnO) have greater (than

for the centers of type I, II and III) values of Tact. The

analysis shows that the basic processes of hydration and

carbonation of samples take place at storage in air, instead

of at MT. It is caused by a low content of water vapor and

oxide carbon presents in a jars.

However, distinction in behaviors of curves of accu-

mulation of these defect states in samples a and b (Fig. 4)

also indicates on participation of these defects in reaction

of interaction with oxides of manganese. The centers,

which have formed as a result of such reaction, do not

interact any more with groups OH or CO2 at storage of the

samples on air. Such reaction is promoted with an increase

of tMT (growth TMT). In samples with bigger content of

MnO2 (sample b) comes the moment (tMT ~ 20–90 min),

after which the quantity of H and C centers starts to de-

crease (Fig. 4).

The occurrence of an EPR signal IV (Mn2+ in Zn(OH)2)

is observed at tMT ‡ 90 min. At that the temperature of

sample is ~453 K. Then the intensity, IIV, of the signal is

increased. Achievement of maximal value occurs at

tMT = 750 min. This corresponds to TMT ~ 493 K. The

appearance of this signal reflects interaction of superficial

defects of ZnO and MnO2 with each other and with groups

of OH of the gas environment and the formation of

Zn(OH)2. The absence in EPR spectra of signals from SDC

in samples a and b also is connected with process of

interaction of the superficial defects with oxides of man-

ganese.

The observed changes of V spectrum depending on tMT

are similar to the changes of the spectrum in samples

ZnO + xMn2O3 treated during different time at constant

temperature [32]. However is necessary to note that process

of mechanical doping ZnO by ions Mn2+ is accompanied

also by the continuous increase (or keeping the certain

level) of defects concentration in ZnO. Therefore the

rapidity of changes of concentration IV in case of MT

should be bigger than in case of thermal treatment at

T = Teq. It can be facilitated also by the local moving of

ZnO and MnO2 particles in the moments of loading-

unloading.

Computer simulations of EPR spectra carried out by a

previously described method [25] have shown that each

spectrum can be accounted for as a superimposition of two

spectra (‘‘narrow’’ and ‘‘broad’’) having the same spin-

Hamiltonian parameters but with different intrinsic line

width. The ‘‘broad’’ and ‘‘narrow’’ spectra can be attrib-

uted, respectively, to regions near and far with regard to the

diffusion sources (MnO2 particles). The average content of

Mn2+ ions on the boundary of the diffusion source (cal-

culated from magnitude of broad signal width, DB � 110

Gs (see (5)) for samples a and b corresponds to ~1.5%.
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These data are one more confirmation of the limiting low

solubility (~2–3%) of manganese atoms in a ZnO lattice.

Average concentration of ions of manganese in samples is

defined a dipole width of lines in a ‘‘narrow’’ spectrum

(see (5)). So for samples a and b after VT during 2,880 min

widths of hyper fine structure EPR-lines Mn2+:ZnO were:

DBa � 35 Gs and DBa � 90 Gs. It corresponds to 0.25%

at. Mn2+ ions in sample a, and is 0.8% at. in the sample b

(see (5)).

Conclusions

Presented results allows to propose a general evolution

scheme of defects formation and reaction process in mix-

tures ZnO + 1%MnO2, and ZnO + 10%MnO2 during pro-

longed MT. The initial powder and mill are at room

temperature. At MT in zones of deformation-destruction

different defects (V�Zn:Zn0
i (I), V�Zn (II), and (V�Zn)�2 (III)

centers at all) are forming. Defects have various physical

and chemical properties, and different activation energies

of annealing, Eact. Formed defects are interacting with each

other and with atoms from the environment (air, additives,

material of a grinder, cohesion processes). The part of these

defects is responsible for the processes of hydration and

carbonation of samples. In turn, the formation of defects is

accompanied by development of various mechanothermi-

cal processes, which increase temperature of the sample,

TMT. The increasing of TMT activates the reactionary pro-

cesses: leads to formation Zn(OH)2, doped with Mn2+ ions,

and also promotes a consecutive annealing the «low-tem-

perature» defects having small values of Eact (I, II and III).

With an increase of tMT, the process of MT is accompanied

by an increasing of temperature of samples up to equilib-

rium, and accumulation of ‘‘high-temperature’’ defects in

the sample. Teq is characteristic for concrete conditions of

the experiment (process conditions, the set of balls, quan-

tity of the sample, the jars and balls material and at all). As

a result, in the sample the conditions for an intensification

of volumetric diffusion processes, formations of Mn2+-

doped ZnO are created. It is possible to present that the MT

of powders mixtures can be an interesting technological

method of production of doped particles of different

materials.
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