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ABSTRACT

The structural, morphological and optical properties of manganese oxides supported on
commercial ZnO, prepared by impregnation with manganese nitrate, were investigated.
The nominal compositions of Mn in the samples were 5, 10, 15 and 20 %w/w.The X-
ray diffraction (XRD) experiments revealed the presence of the ZnO wurtzite phase in
all the samples, and ZnMnOs; was also found in the samples with 15 wt%
and 20 wt% of Mn. X-ray photoelectron spectroscopy (XPS) showed the presence of

Mn*" and Mn*" in the xMnZnO samples. The results showed that the Mn*" ions had



substituted the Zn*" ions without changing the wurtzite structure of ZnO, while Mn*"
might be assigned to the ZnMnOs impurity phase. The optical band gap was found to be
3.3 eV for undoped ZnO samples and 3.10 eV for Mn-doped samples. The lattice defect
distribution was investigated using the positron annihilation method. The results
revealed that the average lifetime is a function of the Mn concentration and the

formation of the ZnMnOj phase.

1. Introduction

ZnO is one of the most important metal oxides due to its unique physical characteristics
of wide and direct band gap (3.37 eV at room temperature). It is used in various
applications such as optoelectronics [1-4], sensors [3—7] pharmaceuticals, etc.
Additionally, ZnO is used as photocatalyst [5,6] and in different catalytic reaction such
as steam reforming of alcohols [7,8], synthesis of methanol [9] and complete oxidation
of CO [10] and trichloroethylene [11]. Also, doping ZnO with transition metal such as
Mn and Cu could affect the electronic surface band structure of ZnO and change its
applications [10,12,13].

For synthesis of Mn doped ZnO bulk particles, several techniques such as reverse
micelle [14], solid state reaction [15], sol-gel [16], solvothermal [17] and co-
precipitation [18] have been employed. Compare to others, impregnation has some
advantages, for instance; easy synthesis, reproducibility, low temperature and
inexpensive.

Naturally, the interaction of doped atoms with the defects will modify the properties of
the material in different ways, depending on the nature and concentration of the doped
atoms. Positron annihilation spectroscopy (PALS) has been used to characterize surface

defects in nanoparticles, due to its extreme sensitivity to the presence of vacancies in the



material [19]. Positron annihilation spectroscopy has been used to study different metal
doped ZnO particles usually prepared by solid state reaction of ZnO and a metal oxide
[20], such as Fe,O; [21] and MnO, [22-24]. Chemical reaction forces the dopant
element to be introduced into the crystal structure of the compound.

The aim of this paper is to evaluate and discuss the effect of Mn doping on the ZnO
structure and its optoelectronic properties. The solids were prepared by impregnation of
ZnO with Mn(NO3),.4H,0, and the samples were characterized by a variety of
techniques including X-ray diffraction, scanning electronmicroscopy, UV-Vis, and

positron annihilation lifetime spectroscopy (PALS).

2. Experimental

2.1. Sample preparation.

Commercial ZnO (99.99%, Alfa Aesar, Johnson Matthey Co.) was previously
calcined in air at 500 °C during 2 hs.

The Mn-doped ZnO samples with nominal compositions (wt% = 5, 10, 15 and
20) of Mn were synthesized by the wet impregnation method. In a typical procedure, 5 g
of commercial ZnO was added to 50 mL of Mn(NOs),.4H,O solution with the
appropriate concentration, and the suspension was stirred at 30 °C for 1 h. The
products were filtered, washed with distilled water, and dried at 120 °C for 24 h.
Finally, the solids were calcined in air at 500 °C for 2 h. The samples were named
xMnZnO, where x is the nominal Mn wt% concentration of the sample. The
nomenclature of the samples is listed in Table 1.

The obtained powders were pressed into 8 mm diameter pellets for positron

annihilation lifetime measurements.



2.3. Characterization

The manganese content was measured in a Varian AA 240 spectrophotometer
after dissolving the catalysts in aqua regia.

The samples were characterized by X-ray diffraction (XRD) methods using a
Philips diffractometer. The diffraction patterns were recorded at room temperature from
15 to 80° of 28 using Cu Ky (A = 1.5406 A) radiation at 0.02° min scanning speed and
a counting time of 2 s per step.

The BET specific areas were measured by N, adsorption at liquid nitrogen
temperature (77 K) in a Micromeritics Accusorb 2100 D sorptometer.

The surface morphology of the samples was studied using scanning electron
microscopy (SEM) in a Philips SEM 505 microscope.

TEM measurements were performed with a JEOL 100 CXII microscope
operated at 100 kV.

X-ray photoelectron spectra (XPS) of the samples were obtained using a
multitechnique system, with a Mg X-ray source and a hemispherical PHOIBOS 150
analyzer operating in the fixed analyzer transmission mode. Binding energies (BE: £0.1
eV) were calculated using adventitious hydrocarbon (C 1s = 284.6 eV) as the internal
reference. Curve fitting was performed with the CasaXPS software.

Optical characterizations were carried out by measuring the diffuse reflectance
spectroscopy. All spectra were taken in the range of 200 - 800 nm using Perkin Elmer
Lamdba 35 UV-vis spectrophotometer with integrating sphere attachment and

spectralon reflectance standard.



Positron annihilation lifetime measurements were collected in a conventional
fast—fast coincidence system with two scintillator detectors (one BaF, and one plastic
BURLE), which provided a time resolution (FWHM) of 260 ps. The radioactive source,
#NaCl (10 nCi), was deposited onto a Kapton foil (1.42 g cm™) and sandwiched
between two sample specimens. The source contribution (386 ps of 15% intensity
assigned to the Kapton foil and a second one of around 1 ns with less than 1% intensity
due to annihilation in the surroundings of the source) and the response function were
evaluated from a reference sample (Hf metal) using the RESOLUTION code [25]. The
lifetime spectra (2-3x10° counts) were acquired at room temperature and analyzed with

the POSITRONFIT program [25].

3. Results

3.1. Catalysts Characterization

The nomenclature, along with the manganese content and the specific area of the
studied samples, is listed in Table 1. The sample specific surface area gradually
increases with the increase in manganese content.

A similar behavior was also observed when TiO, is impregnated with Mn(NOs),
precursor [26], and in several Mn-doped ZnO samples prepared by different routes
[5,27,28]. Also, Bhattacharyya and Gedanken [29] found that the surface area of
Ag/ZnO composites increases due to the formation of Ag cluster over ZnO. In our
work, the increment in surface area could be associated to the formation of a segregated
ZnMnOj; phase, or by the decreasing grain size [30].

XRD patterns of the samples are shown in Fig. 1. The diffraction peaks of the undoped
ZnO can be identified as belonging to a ZnO phase with a hexagonal wurtzite crystal

structure [JCPDF card 36-1451] in which the strong diffraction peaks appear in (1 0 0),
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(0 0 2) and (1 O 1) respectively [31]. Mn-doped ZnO samples also present the peaks
corresponding to hexagonal wurtzite. However, in samples 15MnZnO and 20MnZnO,
the appearance of additional peaks at 260 = 30 and 35.5°, matches well with diffraction
patterns of face-centered cubic ZnMnO; [JCPDF 19-1461]. This last compound has
been detected by other authors as an impurity phase. Its structure has not been clearly
reported, however recent works have demonstrated that the ZnMnO; phase has a
related-spinel structure [32,33]. Mn has a solid solubility limit of about 13% in ZnO
matrix [34]. The Mn concentration in the samples 15MnZnO and 20MnZnO are beyond
the solid solubility limit, which could be responsible for the presence of ZnMnOs
secondary phase. On the contrary, the Mn concentration of the samples SMnZnO and
10MnZnO are smaller than the solid solubility limit and the Mn ions were possibly
diluted in the ZnO host matrix.

Nevertheless, the existence of secondary phases in samples SMnZnO, 10MnZnO cannot
be excluded. Some secondary phases may be too small to be detected by XRD analysis

and microstructures could not be seeing by TEM [34,35].

As the Mn content increases, the diffraction intensity from ZnO (1 0 1) peaks drops,
possibly due to a decrease in the crystallite size and crystalline quality [27]. In addition,
a shift of (1 0 1) peak positions was observed. This is probably due to the substitution of
the relatively large ionic radius Mn®" (0.080 nm) ions at the smaller radius Zn>" (0.074
nm) sites [24,36,37]. On the other hand, the formation of ZnMnOs is attributed to the
much smaller radius of Mn*" (0.060 nm) than that of Zn*".

The average crystal size (D) of the ZnO and Mn doped ZnO samples, was estimated

using the Scherrer formula:
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where A is the X-ray wavelength, [ is the angular line width of half maximum intensity,
and 0 is Bragg’s diffraction angle. Results are shown in Table 2. The crystallite size (D)
in general has no change, except for the sample 20MnZnO. D has a little increment
when manganese concentration reaches 5%, and then decrease when more manganese is
added [38]. It means that some Mn ions may remain adhered to ZnO surface and not
associated with ZnO lattice [39]. When the manganese concentration reaches near 20%,
the decreases in the D value is more notorious, in coincident with other authors [40, 41].
The influence of different percentages of Mn on the surface morphologies of
commercial ZnO was studied by SEM (figure not show). With the increase in the
manganese amount, higher agglomeration is observed. Fig. 2 (a) and (b) shows the SEM
image of ZnO and 10MnZnO samples, respectively. Manganese addition to ZnO
generates irregular globular particles. Fig. 2 (c) shows the TEM image of 10MnZnO
sample. Different kinds of shape, such as irregularly shaped nanoparticles, larger
rectangular platelets and hexagonally shaped nanoparticles, are visible in the 10MnZnO
sample.

In order to know about the chemical bonding structure of Mn-doped ZnO samples, the
XPS spectra for the valence bonds of Mn 2ps/,, Zn 2ps;; and O 1s states were recorded.
The corresponding binding energies of the above states are summarized in Table 3. As
shown in Fig. 3, the spectra of Zn 2ps/; of the ZnO and Mn-doped ZnO samples exhibit
a symmetric single peak that could be nicely fitted to a single peak, ruling out the
possibility of existence of a multiple component of Zn in these samples.

The peak corresponding to Zn®" ions in ZnO, shifted to lower binding energies as a
function of the Mn concentration (see Table 3). This shift in binding energy is due to the
partial substitution of Zn in ZnO lattice by Mn”" ions and Zn—Mn bonding structure

[42]. In addition, as it was remarked by Ilyas et al., [43] the different bonding states of



the elements on the surface will result in a shift in the binding energy towards a lower
value. Zn atoms bonded to manganese (which are less electronegative than oxygen) will
contribute to the shift of the Zn 2p;, peak [44]. Another reason of the shift in the
binding energy could be the reduced average crystallite size, which is coincident with
the XRD results [45].

The Ols spectra of the samples are plotted in Fig. 4. In the Mn-doped ZnO samples the
O 1s peak could be reproduced by two components: a low binding energy peak (OI),
ascribed to lattice O and a high binding energy peak (OII), assigned to surface adsorbed
O, OH" groups and O vacancies [46]. Some authors have reported a correlation between
the surface concentration of the OII species and the catalytic activity, due to the higher
mobility of the OII species compared to the OI species [47]. The concentration of OI
and OII species are listed in Table 3. The pure ZnO presents higher concentrations of
OII species than OI species. When manganese is added to ZnO, in samples SMnZnO
and 10MnZnO, the OII/OI ratio change and reaches the 15 and 28%, respectively.
However, when the manganese solubility limit is surpassed (15MnZnO and 20MnZnO),
the percentage of OII species is much higher than OI species, suggesting the possibility
of the formation of too many oxygen defects in the oxide after the incorporation of
manganese in excess [48].

For the evaluation of the Mn valence state, the Mn2p;,; spectra were studied. Although
Mn 3s level is usually used for the determination of the Mn oxidation state, this energy
region was overshadowed by the presence of a very strong Zn 3p peak, and thus Mn 2p
lines were analyzed. The spectra of Mn 2p;3,, of the manganese supported samples are
presented in Fig. 5. In the manganese doped ZnO samples, the Mn2p spectral shape
could be related with two Mn2ps, components centered near 642 eV, which could be

associated to Mn®" and Mn*" species [49]. The presence of Mn”" is expected in Mn-



doped ZnO due to the replacement of Zn®" at the lattice site, while Mn*" might be
assigned to the ZnMnOs; impurity phase [50]. The area of the two different valence
bonds was calculated in order to estimate the atomic concentration of Mn®" and Mn*""
As it can be seen in Table 3, the Mn”" atomic percentage decreases with increasing the
manganese content, whereas the Mn*" concentration increases with increasing the
manganese content. Similar results were obtained by Duan et al. [50] and Singhal et al.
[51] over Mn-doped ZnO nanoparticles.

As the concentration of Mn*" jons increases, the percent of OII species also increases.
The presence of the Mn*" ions causes more oxygen vacancies in the surface region of
Mn-doped ZnO samples.

The absorption spectra for the manganese-doped ZnO nanoparticles are shown in Fig.6.
We plotted the Mn rich samples in Fig. 6(a) and the Mn poor ones in Fig.6 (b) for
clarity. There is a drastic change between them; when Mn concentrations reach the
solubility limit in ZnO, two different slopes are observed (arrows in Fig. 6(b)).

This phenomenon can be attributed to the formation of a new phase, ZnMnOQOs, as was
also reported by XRD results.

According to Tauc—Mott’s relation for allowed direct transitions, the photon energy (Ey)
dependence of the absorption coefficient (o) can be described by [50]:
(0Ep’=B(ErEg) ()

where B is a constant and Eg is the band gap of the material. From Eq. 2, by
extrapolating the linear portions to the x-axis and from the corresponding intercepts, the
direct energy band gap can be obtained (Fig. 7).

Table 1 lists the obtained values for the band gap energy [eV] as a function of Mn
concentration, as well as the values for different Mn oxides taken from the literature. As

can be seen, the results demonstrated that Egap changes with Mn concentration [52].



In order to characterize the defects induced by the preparation method, positron
annihilation lifetime measurements were performed. The lifetime spectra for all samples

were decomposed into three exponential decays according to:

n(t)=>_1,exp(-t/7,)

being the relative intensities [;, normalized, XI; =1. After background subtraction and
convolution with the resolution function, the parameters that characterized each positron
state, A;, annihilation rate (A; = 1/1;) and its intensity I; are obtained by means of
POSITRONFIT program [25].

The presence of two lifetime components is an usual feature for II-VI semiconductor
compounds, since intrinsic and extrinsic defects (such as vacancies, interstitials, etc.)
introduced during crystal growth and doping are unavoidable [54]. The two-state
trapping model [55] predicts a two-component fitting of the spectrum, the shorter one
(T1) from free annihilation of positrons and the other (t,) from trapped positrons at
defects. The longest component,ts, takes into account the ortho-positronium
annihilation formed in large voids present in the material. In the present study, this
component (~ 1500ps) maintains its intensity around 3-4% so that has not been included
in the forthcoming discussion.

The evolution of positron annihilation parameters with Mn concentration was analyzed.
(Fig. 7). The obtained value of t; for the un-doped ZnO (186 ps) is greater than reported
values for bulk lifetime but lower than mono-vacancy type defects lifetime for this
semiconductor [56]. So the observed first component can be assumed to be a mixed
state of positrons annihilating with free electrons in defect-free regions and at structural
defects as Vz,. As already mention, the second lifetime (~380 ps) is sensing positrons

trapped at vacancy clusters (nanovoids) or at intersection interfaces (i.e. triple lines) [56,
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57]. No high variation is observed in both lifetime components when Mn atoms are
added up to a concentration of 5 wt% (5MnZnO sample) from which a slightly increase
is observed in both T; and T,. On the contrary, their respectively intensities show a
different behavior. While I; maintains almost constant, I, increases for 1MnZnO and
5MnZnO indicating an increment in those trapping centers associated to larger open
volume defects. For higher Mn contents increase both lifetimes and I, which may be
due to the formation of a new phase with different positron trapping centers.

Since the above-mentioned point defects constitute positron trapping centers leading to
similar positron lifetime components that cannot be separated, we also evaluated the

average positron lifetime defined by

z.ave = zliTi
i

This statistical parameter displays positron trap behavior independently of the lifetime
components proposed for each spectrum. It can be seen from Fig.7 that the average
lifetime does not show a monotonic trend with increasing Mn content. This indicates
that new positron traps are being generated with doping. The average lifetime decreases
from 345 ps for pure ZnO to 323 ps for doped SMnZnO, showing an increase from this
concentration up to 348ps for the highest doped sample 20MnZnO. It is known that
Zn0O semiconductors present monovacancies in both sublattices, Vz, and Vo, the last
one being positively charged and unattractive to positrons. Also, the association of
different monovacancies can occur, such as divacancies (Vz,-Vo) or trivacancies (Vz,-
Vo-Vz) [58]. So, the pure ZnO sample has intrinsic point defects yielding a high value
for the average lifetime, which is even higher than the known value for single crystals
and powders due to its nanosized nature [55]. As doping increased, Mn®" atoms

occupied the Vy,, reducing the lifetime associated with defects, 7,, and in consequence,
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the average lifetime. This situation remains until the Mn concentration exceeds its
solubility limit in ZnO; thereafter, the average lifetime rises/increases again. This fact is
in agreement with the above XRD and XPS results, which showed the formation of an
impurity phase (ZnMnO3) and the increase of oxygen vacancies (OII species). At this
stage, positrons sense many electron densities inside the sample, i.e., two ZnO and
ZnMnOs; phases and their corresponding point defects (monovacancies, interstitials,
etc.), all of them with similar lifetime values. In consequence, an increment of the

average lifetime value is observed.

Conclusions

A series of manganese oxides supported on commercial ZnO were prepared. XRD data
showed that all the samples present the wurtzite structure. An impurity phase (ZnMnQOs)
was detected in samples 15MnZnO and 20MnZnO. The XPS experiment confirmed the
existence of Mn>" and Mn"*" species and the increase of oxygen vacancies in the Mn-
doped ZnO samples. The results showed that the Mn’" atoms occupied the Vg,
reducing the lifetime associated with defects, T,, and the average lifetime. This situation
remains until the Mn concentration exceeds its solubility limit in ZnO, associated with

the formation of ZnMnOs; thereafter, the average lifetime rises again.
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Tables

Table 1. Nomenclature, composition and Egap values for direct transitions of the Mn-
doped ZnO solids (* Atomic Absorption Spectroscopy)

Sample Nominal Observed Seer (M* g™?) Egap (eV)
Mn (wt%) Mn (wt%)*

Zn0O 0 0 3 3,18
5MnZn0O 5 3 4 3,19
10MnZn0O 10 9 6 3,20
15MnZn0O 15 12 9 3,6
20MnZnO 20 17 11 3,7

Mn,0; 3,69 [52]

Mn;0, 3,75 [52]




Table 2. . XRD peak position and crystallite size of Mn-doped ZnO samples.

Average Cell parameters
Peak Strain d- (A)
sample position, crystallite (%) Value
size,
26 (°) (A)
D (nm) a=b c ¢/a
ZnO 36.32 51.39 0.23 24713 3.2427 5.2033  1.605
5MnZn0O 36.28 52.31 0.22 24745 3.2467 5.2107 1.605
10MnZnO 36.28 51.38 0.23 24745 3.2474 5.2068  1.603
15MnZn0O 36.26 51.38 0.23 24753 3.2509 5.1947  1.598
20MnZn0O 36.31 46.22 0.25 24721 3.2450 5.1976  1.602




Table 3. XPS results of the Mn-doped ZnO solids.

Sample Zn 2p O1s Mn2ps/,
ZnO 1021.6 530.3 (40) 532.2(60)
5MnZn0O 1021.3 530.5 (87) 532.5 (13) 640.5 (76)  643.4 (24)
10MnZn0O 1021.4 531.1 (78) 532.5(22) 640.8 (75)  643.6(25)
15MnZn0O 1021.0 529.3(18) 531.2(82) 640.9 (68) 642.6(32)
20MnzZn0O 1020.9 529.1(17) 531.0(83) 640.7 (65) 642.5(35)




Figure Captions.

Figure 1. X-ray diffraction patterns of samples: (a) ZnO; (b) SMnZnO; (¢) 10MnZnO; (d)

15MnZnO and (e¢) 20MnZnO.

Figure 2. Images of samples: (a) SEM image of ZnO; sample 10MnZnO: (b) SEM image of
10MnZnO; (¢) TEM image of 10MnZnO; (d) Zn mapping and (¢) Mn mapping of

10MnZnO.

Figure 3. XPS spectra of the(a) ZnO; (b) SMnZnO; (c)10MnZnO; (d) 15MnZnO and (e)

20MnZnO in the Zn 2p core level region.

Figure 4. XPS spectra of the (a)ZnO; (b)5MnZnO; (c)10MnZnO; (d) 15MnZnO and (e)

20Mn-ZnO in the O 1s core level region.

Figure 5. XPS spectra of the (a) 5SMnZnO; (b)10MnZnO; (¢) 15MnZnO and (d) 20Mn-ZnO

in the Mn 2p core level region.

Figure 6. Plot (aE¢)* vs Ef of Mn-ZnO samples. (a) ZnO; (b) 5SMnZnO; (c)10MnZnO; (d)

15MnZnO and (e) 20MnZnO

Figure 7. Positron annihilation parameters evolution with Mn content.
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Figure 4.
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Figure 5.

SMnZnO 10MnZnO
3 3
& <
> s
£ =
2 7]
s 2
2 2
- £
T T T T T T
636 638 640 642 644 646 648 T T T T T T
Binding Energy (eV) 636 638 640 642 644 646 648
Binding Energy (eV)
15MnZnO 20MnZnO
3 3
s &
= z
2 2
< 2L
£ =
. T T T T T T
636 638 640 642 644 646 648

T T T T T
636 638 640 642 644 646 648
Binding Energy (eV)

(c) (d)

Binding Energy (eV)



Figure 6.

I
aoueqglIosqy

aoueqlosqy

34

3,2

eV



Figure?.

340

330

T, (PS)

>

first component

second component

third component

1 (%)

20

L

- 10 - 15
A Y
™ |

20



Highlights for “Structural and optical properties of ZnO and Manganese-doped ZnO”

Mn oxides supported on ZnO were prepared by impregnation with manganese nitrate.
Mn** concentration increases with increasing the manganese content.

Segregation of ZnMnO; phase is observed for high Mn concentration.

Above manganese solubility limit too many oxygen defects in the oxide are formed.

Average positron annihilation lifetime evolution accompanies defect generation.



