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Raman spectroscopy is used to evidence both the nature of the interphase reaction between ZnO and

MnO2 particles and its kinetic evolution. Zn cations migrate from the ZnO grains during oxygen

vacancies formation process and diffuse into the MnO2 particles leading to an interphase region with an

intermediate valence Mn+3–O–Mn+4. Large amounts of desorbed Zn cations promote the formation of

ZnMn2O4 structure, in addition to the intermediate valence state. The system evolves towards complete

formation of the spinel phase at higher thermal treatment times. The reactivity of the ZnO plays an

important role in the formation of this interphase. Low-reactivity ZnO powder, in which the oxygen

vacancies are previously produced, shows a stabilization of the intermediate valence state with very

limited formation of the spinel phase. A clear correlation between the amount of the intermediate state

interphase and the magnetic properties has been established.

Crown Copyright & 2009 Published by Elsevier Inc. All rights reserved.
1. Introduction

It has been observed that the interphase created after a partial
reaction of two oxides exhibits new and interesting properties due
to proximity and diffusion phenomena [1,2] which become
relevant at the nanoscale range. An interesting example of these
interphase-related properties is the appearance of ferromagnet-
ism after a partial reaction of ZnO and MnO2 despite the
diamagnetic and paramagnetic character at room temperature,
respectively, of these oxides [3,4]. After some initial controversy
about the origin of this magnetism, which was early ascribed to
the formation of a diluted magnetic semiconductor [5], it is clear
that this effect appears only after a partial reaction while both
initial constituents (ZnO and MnO2) are present [6,7]. It has been
proposed that the magnetism is due to a partial reduction of Mn+4

to Mn+3 sites, leading to the formation of regions where both
oxidation states coexist promoting double exchange [7]. However,
no experimental proof of this coexistence has been given and the
kinetics of the reaction is still not well described. Therefore, the
ultimate origin of this magnetism is still to be elucidated. The
nature and structure of the interphase is hard to characterize;
X-ray diffraction (XRD) that supplies average structural informa-
009 Published by Elsevier Inc. All

rcos).
tion fails to point out the presence of interphase reactions and it is
not sensitive to the oxidizing states of the ions. This means that if
local diffusion had happened it would not be detected by this
technique.

In this work, we use Raman spectroscopy as a novel
methodology to study the reactivity and the interphases of the
ZnO–MnO2 system. Low temperature treatments promote a
partial reaction, but not a proper solid solution and sintering
(i.e., the situation in which ferromagnetism is experimentally
observed); this is used to understand the kinetics of the reaction.
X-ray photoelectron spectroscopy (XPS) is also used to determine
oxidation states of Mn atoms during the process. With this
method, the diffusion of Zn cations into MnO2 particles is
revealed, as well as the coexistence of different manganese
oxidation states. Furthermore, we also address how the nature
and reactivity of the ZnO powder affects the interphase reaction.
2. Experimental

The compounds with weight nominal composition 2%
MnO2–98% ZnO were prepared following the low-temperature
method previously described [3,8]. The compounds were synthe-
sized using two different ZnO’s. A first set of compounds was
prepared using as raw material commercial ZnO (hereafter, it will
be named regular-ZnO), with high purity (499.99%). In general,
rights reserved.
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low particle size ZnO powders were used because of their higher
reactivity. In a second set, the zinc oxide was pre-calcined at
950 1C for 8 h (hereafter, it will be named calcined-ZnO) and the
resulting powders were attrition-milled for 3 h. The average
particle sizes measured were 0.4, 2.2 and 2.8mm for regular-
ZnO, calcined-ZnO and MnO2, respectively. The 2% MnO2–98% ZnO
mixtures were homogenized by attrition-milling for 3 h in water.
The mixtures were dried overnight and then sieved through a
60mm nylon mesh. The use of nylon mesh is critical to avoid
contamination by cations from standard metallic mesh. These
powder samples were annealed in air at 500 1C during different
times, ranging from 30 min to 36 h.

Particle size and agglomeration state of calcined-ZnO powder
were evaluated by means of a particle size analyzer Malvern
Instrument Ltd. Powder morphology was observed by field
emission scanning electron microscopy, FE-SEM, Hitachi S-4700.

The Raman scattering was measured in air atmosphere and at
room temperature, using 514 nm radiation from an Ar+ laser
excitation line operating at 10 mW. The signal was collected by a
microscope Raman spectrometer (Renishaw Micro-Raman System
1000) in the 100–1100 cm�1 range.

Photoelectron spectra (XPS) were acquired with a VG ESCALAB
200R spectrometer provided with an AlKa X-ray source
(1486.6 eV). Kinetic energies of the photoelectrons of interest
were measured using a hemispherical electron analyzer operating
in the constant pass energy mode. The base pressure along the
analysis was maintained below 5�10�9 mbar. Prior to analysis,
the samples were cleaned by ion-bombardment with an Ar+ beam
(2 kV) for 2 min. The XPS data were signal-averaged and taken in
increments of 0.1 eV with dwell times of 30 ms. Binding energies
were calibrated relative to the C1s peak from residual carbon
contamination of the samples at 284.8 eV. High-resolution
spectral envelopes were obtained by curve fitting synthetic peak
components using the software package XPS peak. Raw data were
used with no preliminary smoothing. Symmetric Gaussian–Lor-
entzian product functions were used to approximate line shapes
of the fitting components.
3. Results and discussion

3.1. ZnO samples

Fig. 1 shows the microstructure of the regular ZnO, and
calcined ZnO. These micrographs point out an increase in the
grain size for the calcined-ZnO and a morphology change. While
the regular ZnO shows more prismatic particles, the morphology
of the calcined powder corresponds to more spherical particles,
with sintering necks. This causes a reduction in the specific
Fig. 1. FE-SEM photographs of the ZnO sampl
surface area and, therefore, a decrease in the active area
susceptible to generate interphase reactions.

Fig. 2 shows the Raman spectra for the regular-ZnO and
calcined-ZnO samples treated at 950 1C for 8 h. ZnO has a wurzite
structure, with two formulae per primitive cell with C3u

symmetry. For this structure, the group theory shows that Raman
active modes are A1+E1+2E2 [9]. These different Raman active
modes of ZnO were observed in the spectra. Fig. 2b, shows in
detail the A1(LO) that corresponds to local vibration modes
associated with intrinsic lattice defects that may be favored by
the crystal growth conditions [10]. This mode is present in both
samples and is more intense for calcined-ZnO. The anomalous
enhancement of the LO mode has also been reported in doped ZnO
[11–13], and ascribed to oxygen vacancies and interstitial Zn.

The Raman spectra were fitted to a sum of Lorenzian lines. The
full width at half maximum (FWHM) of the E2 mode (at 440 cm�1)
narrows after the calcination process. The measured FWHM for
this mode are 9.470.6 and 7.870.4 cm�1, for the regular-ZnO and
calcined-ZnO, respectively. The narrowing induced by the calcina-
tion process is consistent with the increase in grain size [14]
during the calcination step, which is evidenced by SEM micro-
graphs.

As a consequence of the calcination steps, two factors affect the
reactivity of the ZnO powders (i) the defect generation and (ii) the
reduction of the specific surface. The phenomena associated to
the generation of defects by the heat treatment in the ZnO
powders are related to the loss of oxygen that promotes the
formation of (Vo

+)s defects. The consequent electron availability
induces back shift of process and gradual titration of Zni

+ defects.
During thermal processes in vacuum, desorption of Zni

+ and O�2

was observed in ZnO powders [15]. Although, the diffusion
mechanism of Zn presents controversy, it is established on ZnO
single-crystal that zinc diffusivity, in air, may be also controlled by
a zinc vacancy mechanism [16].

Therefore, the reactivity of the ZnO powders in presence of
another material will be different for both studied powders,
regular and calcined powders. For regular ZnO the thermal
desorption of Zni

+ and the formation of (Vo
+)s favors the zinc

diffusivity in other material and thus promoting the reaction. On
the contrary, the reactivity of calcined-ZnO would be smaller
because the previous process has already occurred during the
calcination step in addition to the surface area reduction.

The Fig. 3a shows the O1s core-level spectra with a binding
energy of 531.2 eV. The binding energies of various core-levels
match well with XPS spectrum of bulk ZnO. The experimental
spectra can be fitted to the sum of two components centred at
530.2 and 532.0 eV, which are ascribed to O–Zn–O and to the
Zn–OH configuration, respectively. From the fitting, the OH/O
ratio was calculated (see Table 1). For regular-ZnO sample, the
OH/O ratio (0.31) is larger than for calcined-ZnO (0.26). This is
es: (a) regular ZnO and (b) calcined ZnO.
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Fig. 2. Raman spectra of the ZnO samples: (a) comparison between the regular-ZnO and the calcined-ZnO, (b) magnified Raman spectra in the ranges of the wavenumber

from 550 to 610 cm�1 and (c) line shapes of the E2 mode (at 440 cm�1), were the circles are Lorentzian fits of individual peaks.
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Fig. 3. (a) O1s core-level spectra for ZnO samples: regular-ZnO, calcined-ZnO (before milling) and calcined-ZnO and (b) TEM photographs of the calcined-ZnO samples.

Table 1
Binding energies (eV) of core-electrons of ZnO samples; regular-ZnO, calcined-ZnO

(before milling) and calcined-ZnO.

Sample Zn2p3/2 O1s (%) OH/O at ratio

Regular-ZnO 1021.7 530.3(69) 0.31

532.0(31)

Calcined-ZnO (before milling) 1021.7 530.2(74) 0.26

532.0(26)

Calcined-ZnO 1021.7 530.2(62) 0.38

532.0(38)
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reasonable since OH will be absorbed in the sample surface, and
the specific surface area is reduced during calcination. After
milling, the calcined-ZnO the OH/O ratio increases up to 0.38 due
to the generation of new active surfaces which are able to absorb
OH. The TEM micrograph in Fig. 3b confirms the appearance of
new reactive surfaces after the milling process.
3.2. ZnO/MnO2 samples

Fig. 4 shows the Raman spectra of the 2% MnO2–98% ZnO
samples, prepared with regular-ZnO and with calcined-ZnO after
different times of thermal treatment. In addition to the ZnO peaks,
Mn compounds give rise to new peaks located in the range
between 600 and 750 cm�1 [17]. A detail of this region is
presented in Fig. 5, where the spectrum is fitted to the sum of
three lorentzian functions centered at 645, 660 and 685 cm�1, and
ascribed to MnO2, MnO2–Mn2O3 and ZnMn2O4, respectively,
according to literature [7,17]. For the samples prepared with
regular ZnO the peak at 660 cm�1 (MnO2–Mn2O3) dominates after
only 30 min treatment, confirming the high reactivity of these
samples that favors partial Mn reduction, even at the first stages
of the process. Upon longer annealing time, this peak intensity
decreases and the peak associated to the spinel (ZnMnO4) at
�681 cm�1 emerges concomitantly. Actually, at annealing times
as short as 1 h, the formation of the spinel is clearly observed and
it becomes more intense than the peak at 660 cm�1 after 4 h
treatment.
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For the sample prepared with calcined-ZnO, the peak asso-
ciated to the intermediate species Mn2O3–MnO2 is the most
intense at any annealing time, despite the lower reactivity
expected after calcination. However, for large annealing times,
the formation of the spinel is limited, even after 36 h, and the peak
associated to the Mn oxides (660 cm�1) remains dominant. The
milling process performed to mix ZnO and MnO2 creates new
reactive surfaces (as evidenced by TEM and XPS) that can favor the
initial reduction of manganese sites. Despite this initial high
surface reactivity, the previous calcinations process reduced the
presence of interstitial Zni

+ in the particle. The formation of the
spinel requires a large diffusion of Zn atoms (not only those at
the particle surface) and therefore is more limited if the samples
contains calcined ZnO.

In summary, both regular ZnO and calcined ZnO have an initial
high surface reactivity that favors the reduction of Mn+4-Mn+3,
but the reactivity to diffuse Zn atoms to form the spinel phase is
much lower in the calcined ZnO; this is due to the reduction of
concentration of interstitial Zni

+ ions during the calcination step.
In order to perform an in depth analysis of the reaction
kinetics, a quantitative analysis of the Raman spectra was done.
Peak position, area and width of the E2

high peak were determined
from the mathematical fit of the Raman data. The area of the E2

high

peak (Fig. 6) exhibits rather different trends, depending on the
ZnO used. In general, the E2

high peak area decreases with annealing
time. This reduction runs parallel to the decrease in the FWHM
values (inset Fig. 6); both parameters have been normalized for
comparison purposes. Decreasing FWHM values evidence increas-
ing particle sizes [13]. At short annealing times, p4 h, the area of
both samples is essentially the same, confirming a similar initial
reactivity due to reactive surfaces. However, these samples exhibit
different trends at larger annealing times: the regular ZnO
samples exhibit a linear decrease in FWHM values, while these
remain stable above 8 h for the samples prepared with calcined
ZnO. Furthermore, the total decrease in FWHM is 12–13% for the
regular ZnO and only 5% for the calcined ZnO. This result indicates
that the amount of Zn capable to react is bigger in regular ZnO.
Therefore, the manganese interphase reacts with the Zn generated
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and quickly evolves towards the formation of the spinel phase in
regular ZnO. The restricted amount of Zn cations in the calcined
ZnO precludes the intermediate state phase.

The analysis of the Raman peaks from Mn is presented in
Fig. 7a. The area of the peak at 660 cm�1 (ascribed to MnO2/
Mn2O3) as function of the annealing time, demonstrates again, a
trend that depends on the ZnO source. The decrease in the area of
the Raman band at 660 cm�1 with annealing time is faster for
regular-ZnO samples. On the other hand, Fig. 7b shows the
annealing time evolution of 681 cm�1 peak (ascribed to
ZnMn2O4). A clear correlation between the intermediate manga-
nese state and the spinel phase is derived from Fig. 7a and b. The
rapid formation of the spinel consumes the intermediate valence
state. As expected, the spinel phase formation is faster for the
regular-ZnO samples on the base or more Zn2+ cation availability.
Actually, the intermediate valence state almost disappears at
annealing times longer than 12 h for the regular-ZnO based
samples. Surprisingly, at large annealing times, the Raman band
associated with MnO2 appears in the spectrum. This effect could
be related to the large presence of spinel restricting the Zn
diffusion because of the high cation density of this phase against
the manganese ones. Recently, it was reported in this system the
formation of the different spinel phases at high temperature [18],
which could be related to the differences in Zn cation diffusion.
3.3. Magnetic characterization

The magnetic characterization of as cast MnO2 and of the
ZnMn2O4 spinel revealed the typical paramagnetic behavior at
room temperature (RT), with a magnetic susceptibility of
1.7�10�5 emu/(g Oe) for MnO2 and 2.7�10�5 emu/(g Oe) for
ZnMn2O4. This is the expected result since both compounds are
antiferromagnetic with Neel temperatures of 84 (MnO2) and 42 K
(ZnMn2O4). ZnO is diamagnetic with susceptibility
X ¼ �6.4�10�7 emu/(g Oe). Magnetization curves were measured
for 2% MnO2–98% regular-ZnO and 2% MnO2–98% calcined-ZnO
samples at room temperature. After the thermal treatments at
500 1C, the two samples showed magnetization curves with a FM
signal superimposed to a paramagnetic component as those
previously reported [7,16]. Fig. 8 presents the evolution of the
saturation magnetization (MS) as a function of the annealing time
for the 2% MnO2–98% regular-ZnO and 2% MnO2–98% calcined-
ZnO samples. MS decreases with time similarly to the area of the
Mn+3/Mn+4 Raman (Fig. 7), underlining a close relationship
between the manganese oxidation state and the appearance of
magnetism. Larger magnetic signals are found for the calcined
ZnO samples. The higher reactivity of regular ZnO may promote a
higher availability of Zn cations to diffuse into MnO2 grains, and
thus the stable spinel phase is rapidly formed. Less reactive
calcined ZnO renders a slower reaction and therefore the
intermediate manganese state persists even for long annealing
times, which is claimed to be the origin of this ferromagnetism. A
former study determines the absence of room temperature
ferromagnetism in the thermally treated MnO2 that gave a
mixture of Mn2O3–MnO2 with the coexistence of Mn+3 and
Mn+4 in the sample [17]. So the mixed valence is required the
presence of Zn cations in order to produce room temperature
ferromagnetic signal.
4. Conclusions

In summary, Raman spectroscopy proves to be a powerful tool
to study the kinetics of the reaction between ZnO and MnO2. This
reaction consists of a diffusion of Zn atoms in the MnO2 grains to
form ZnMn2O4. The results show that the kinetics of the reaction
is determined by the reactivity of the ZnO; it can be limited with a
calcination pretreatment. Both regular and calcined ZnO exhibit
high initial reactivity due to the highly reactive surfaces created
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when milling ZnO and MnO2. However, subsequent solid-state
reactivity is strongly reduced by the calcination pre-treatments;
these decrease the concentration of interstitial Zn sites, which are
the main source of Zn diffusing atoms into the MnO2 grains. The
magnetic properties associated to the reaction interphase can be
controlled by tuning the reactivity of the ZnO.
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