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Abstract.  Structural and thermal properties of xMnO — (100 —x)B203 (where x = 40, 50 and 60 mol%) glass samples
have been investigated with the employment of various techniques. Fourier transform infrared spectroscopy results revealed
the influence of MnO on glass matrix. Decrease of B-O bond-related band intensities has been observed. MnO addition was
found to introduce broken [BO,O™],, chains. Differential scanning calorimetry (DSC) measurements presented decreasing
T that indicates depolymerization of glass matrix in the considered compositional range. Moreover, thermal stability
(TS) parameter has been evaluated using the DSC technique. It slightly decreased with MnO content. X-ray photoelectron
spectroscopy results provided the evidence for Mn?>* and Mn3* presence. Multiplet splitting, close to that of MnO, has
been observed. It has been concluded that most of the manganese ions existed in the divalent state. Photoluminescence study

revealed that manganese ions are tetragonally co-ordinated in a glassy matrix.
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1. Introduction

Borate glasses gained significant attention owing to variety of
potential applications in modern technology and engineering.
For example, they find applications in non-linear optics due to
high refractive index induced by high polarizability of dopants
such as lead and bismuth [1]. Borate glasses doped with alkali
metals are useful in UV range optics owing to their high trans-
parency. Moreover, such glasses possess specific properties
for use in sensors and glass fibres [2,3]. Introduction of mag-
netically active elements gives the possibility of applications
in spintronics and magneto-optics [4,5]. Doping with tran-
sition metal ions (TMI) seems to be especially interesting.
Transition metal oxides such as iron, cobalt and manganese
exhibit good solubility in a borate matrix [6—8]. Moreover,
TMIs can exist in a number of valance states, which leads to
semiconducting properties of obtained materials and related
applications in solar energy converters and lasers [9—12].
There are only limited number of publications addressing
borate-based glasses consisting of manganese oxide [13,14].
Ardelean et al [15] studied B,O3-Bi,03-MnO glasses con-
taining up to 50 mol% of MnO. On the basis of EPR data,
it was found that Mn?* isolated ions exist in a glass matrix
in octahedral symmetry [15]. Another study by Winterstein—
Beckmann et al [16] focused on MnO-SrO-B,0;3 glass
structure—property correlations. Continuous addition of MnO
led to depolymerization of borate matrix and clustering of

Mn; infrared spectroscopy; glass; thermal properties.

MnOg species. Binary manganese—borate glasses were stud-
ied by Kajinami ez al [17] with the employment of high energy
X-ray diffraction and X-ray absorption fine structure tech-
niques. This work suggests a gradual change of BO5 units to
BOy units as a result of MnO addition. Manganese ions were
found to exist in tetrahedral co-ordination. Kupracz et al [18]
performed a structural study on MnO-SiO,-B,0s3 glass sys-
tems and concluded that manganese ions exist mostly in Mn>*
state.

However, none of these works consisted of series of
binary MnO-B,0; glasses with MnO content over 45 mol%.
Possible applications in optical materials, integrated optical
devices, magneto-optics and luminescent materials (lumines-
cence of Mn** ions) require synthesis of glasses with good
structural and thermal properties and characterization of such
systems. In addition, knowledge about oxidation state of Mn
ions is crucial. Co-existing of Mn** and Mn** in borate
glass can lead to polaron conduction mechanism and semi-
conducting properties.

In this work, we present a study on novel binary MnO-
B,0O5 glass systems focused on the characterization of struc-
tural and thermal properties. MnO influence on the borate
glass is discussed and the valance state of manganese ions
is examined as well. Considering the aforementioned appli-
cations, structural homogeneity, low processing temperatures
and good thermal stability (TS) of materials are crucial. Suc-
cessful synthesis of samples with such properties is presented.
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2. Materials and methods

Glass samples of xMnO—(100—x)B,03; (where x = 40, 50
and 60 mol%) composition have been obtained. Appropriate
amounts of H3BOj3 (99.99% from POCH) and MnO (99.99%
from POCH) were weighed and mixed in an agate mortar to
achieve satisfactory grain size. Obtained mixtures were pre-
heated to approximately 300°C for 1 h on a hotplate to remove
gases that could eventually hinder the melting process. After
removal of the gases, samples were inserted into the furnace
and heated gradually to 1000°C in porcelain crucibles. Melts
were kept at the same temperature for 30 min. Melting process
took place in atmospheric conditions. Subsequently, glasses
were quenched on a pre-heated metal plate. Amorphous mate-
rial was obtained in case of all samples.

X-ray diffraction (XRD) measurements were performed
on Philips X’PERT PRO X-ray diffractometer with Cu-Ko«
radiation (A = 0.154 nm) in the range of 26 = 10—80°C.

Differential scanning calorimetry (DSC) measurements
were performed on NETZSCH STA 449F1. During every
measurement, grounded 5 mg samples were placed in cleaned
platinum-rhodium crucibles. Heating rate of each sample
equalled 15°C min~!. Measurements were performed in argon
atmosphere.

Fourier transform infrared spectroscopy (FTIR) results
were obtained with Perkin-Elmer Frontier MIR/FIR spec-
trometer with TGS detector. Each sample was crushed in
agate mortar until a fine grain size was achieved. After-
wards, crushed samples were mixed with potassium bromide
to acquire 1:100 (sample:KBr) ratio for each sample in order
to perform the measurements trough pellet method. Samples
were dried in an electrical drier for few hours in order to
remove the residual water content. Mixtures of glass and KBr
were pressed on hand press to obtain transparent pellets. The
spectra were taken in the range of 5504000 cm~! with a
2 cm~! resolution.

X-ray photoelectron spectroscopy analysis (XPS) was car-
ried out with X-ray photoelectron spectrometer (Omicron
NanoTechnology) with 128-channel collector. Investigated
samples were pre-cleaned by Ar ion beam. XPS measure-
ment was performed at room temperature in ultra-high
vacuum conditions, below 1.1 x 1078 mbar. The photo-
electrons were excited by an Mg—Ko X-ray source. The
X-ray anode was operated at 15 keV and 300 W. Omi-
cron Argus hemispherical electron analyser with a 4 mm
round aperture was used for analysing of emitted photo-
electrons. The binding energies were corrected using the
background Cls line (285.0 eV) as a reference. XPS spectra
were analysed with Casa-XPS software using a Shirley back-
ground subtraction and Gaussian—Lorentzian curve as a fitting
algorithm.

Photoluminescence spectra (PL) were collected in the 515—
750 nm range in case of emission spectra and 320-500 nm for
excitation spectra with the employment of Perkin Elmer LS
55 spectrofluorometer. Measurements were performed using
pellet samples mixed with KBr in weight ratio of 1:1.

3. Results

3.1 XRD measurements

X-ray diffraction results are shown in figure 1. Obtained XRD
spectra possess two wide humps in 26 = 20—40°C and 40—
60°C regions, indicating the absence of long range periodicity
in considered samples. No sharp Bragg peak is detected in any
pattern confirming lack of any crystallinity due to sufficient
cooling rate during the quenching process.

3.2 DSC results

Differential scanning calorimetry spectra of binary mangan-
ese—borate glass samples are presented in figure 2. Glass tran-
sition temperature shifts to lower values with increasing MnO
amount. Results presented in table 1 show decrease of T, with
increasing amount of dopant. Spectrum of 50MnO-50B,0;
sample possess one crystallization peak at approximately

40MnO-60B,0,

50MnO-50B,0,

Intensity (a.u.)

| 60MnO-40B,0,

10 20 30 40 50 60 70 80
26(deg)

Figure 1. XRD spectra of obtained manganese—borate glass sam-
ples.
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Figure 2. DSC spectra of xMnO—(100—x)B203 glass samples.
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Table 1. Thermal parameters of manganese—borate glass samples.

Sample Ty (°C) £2°C  Teonset (°C) £2°C Tpy (°C)£2°C T (°C) £2°C TS £2°C

60MnO-40B,03 540 646 662 699 106

50MnO-50B203 558 667 696 — 109

40MnO-60B,03 577 701 735 761 124
1389

40MnO-608B,0,
—— 50MnO-508,0,
Vs [BOQOL — 60MnO —408203

750 1000 1250 1500 1750 2000
-1
Wavenumber (cm )

Figure 3. The obtained FTIR spectra of binary manganese—borate
glass. Shoulder indicated with an arrow.

680°C. In case of 40MnO-60B, 03 and 60MnO-40B, 05 sam-
ples existence of two exothermic peaks (denoted as 7;; and
T¢») is confirmed. The presence of both T¢; and Tt exother-
mic signals suggest coexistence of two crystalline phases in a
considered temperature regime. In addition, with increasing
MnO amount shift of 7, and 7, peaks to lower temperature
values is observed.

Based on DSC results, TS is determined. It is expressed by
TS parameter according to the equation introduced by Dietzel
[19]:

TS = Teonser— Tg (D

where TS is thermal stability, T,onset 1S the onset of the first
crystallization peak and 7, is glass transition temperature.
Measurement results show that influence of MnO on TS of
prepared samples is evident. TS parameter slightly decreases
with increasing MnO.

3.3 FTIR study

Due to the complexity of the manganese—borate glass struc-
ture, it was necessary to perform FTIR measurements to
describe alterations caused by an MnO addition. Figure 3
shows acquired FTIR spectra of manganese borate samples.

A(a.u)

1000 1500 1750
Wavenumber (cm™")

750

Figure 4. Fitted plot of 50MnO-50B;03 sample. Gauss functions
visualized.

Each spectrum possesses three main bands [11,12,18]. Begin-
ning with low wavenumber values one can notice a narrow
band at approximately 680 cm ™' as aresult of B-O-B bending
vibrations. Wide signal in 750-1100 cm™~! range is caused by
stretching vibrations of B—O bonds in BO, tetrahedrons from
various borate groups. Finally, B-O stretching in [BO,07],
chains is the origin of the last band at 11501500 cm ™. Shoul-
der indicated with an arrow symbol increases with increasing
MnO content. This may suggest the increasing number of
broken borate chains since the shoulder originates from B—O
stretching of [BO,O™], species.

Fitted spectrum is presented in figure 4. Gaussian curve
fitting algorithm has been used. Peak centres obtained in that
manner were used in further interpretation. Detailed results
are presented in table 2.

3.4 XPS study

X-ray photoelectron spectroscopy spectra for Mn2p and Mn3s
regions are presented in figures 5 and 7, respectively. Fig-
ure 5 shows a doublet in Mn2p region. Two peaks are related
to Mn2p;, (642 eV) and Mn2p, , (654 eV). The Mn2p; ,
peaks are asymmetric due to the presence of a slight and broad
shake-up peak close to 647 eV, whereas Mn2p, , peaks are
symmetric and could be fitted by one Gaussian-Lorenzian
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Table 2. FTIR analysis results and peak positions (C).

C(ecm™h
Vibration 40Mn0O-60B,03 50MnO-50B;03  60MnO-40B,03
B-O-B bending [11,12,16] 667 677 689
B-O stretching in BOy4 in diborate groups [11,12,16] 870 882 872
B-O stretching in BO4 of tri-, tetra- and pentaborate groups [11,12,16] 1037 1041 1009
B-O stretching in [BO207],, chains [11,12,16] 1249 1229 1219
B-O~ stretching of [BO20™ ], chains [11,12,16] 1429 1389 1391

40 MnO
—— 50 MnO
— 60 MnO

11.9 eV

Intensity (a.u.)

660 ‘ 650 ' 640
Binding energy (eV)

Figure 5. The obtained XPS spectra of Mn2p region. Satellite fea-
tures are indicated with an arrow.

curve. The presence of the shake-up peak, the value of the
splitting and the positions of Mn2p; , and Mn2p, ,, peaks sug-
gest that the manganese occurs mainly as Mn?* ions [20,21].
In figure 6, peak de-convolution for 60MnO-40B,03 glass
system is presented. For this sample the highest intensities
of Mn2p peaks have been obtained. The peak at 641.5 eV
is due to Mn** presence and the peak observed at 643 eV
is assigned to Mn** ions. Peak due to Mn>* possess higher
intensity than signal caused by Mn>* ions. At 647 eV a broad
signal is observed, which is probably a satellite feature.

The obtained result is consistent with some other study [15]
confirming that in highly doped borate glasses manganese can
exist mostly in Mn?" state. In addition, in figure 7 spectra for
Mn3s region are presented. Mn3s peaks have two multiplet
split components. Splitting between peaks is approximately
6 eV. It clearly indicates the presence of Mn>" ions in investi-
gated glasses [22,23]. However, the presence of some amount
of Mn** can be detected.

3.5 PL measurements

Borate glasses doped with Mn?* have potential applications
as light emitters. Luminescence of these ions varies from
green to red colour and is dependent on local symmetry

i an‘ A
— Mn™ ¥ \

—— Satellite e
,-": .I". It
! \i

Intensity (a.u.)

B48 646 644 642 640 638
Binding energy (eV)

Figure 6. Peak deconvolution for 60MnO-40B,03 glass sample.

40 MnO 6.0 eV
——— 50 MnO %
——60 MnO ;

Intensity (a.u.)

T % T

100 ' 90 80
Binding energy (eV)

Figure 7. The obtained XPS spectra of Mn3s region.

of manganese. Thus, PL studies were performed to deter-
mine the performance of obtained samples and to give an
insight about Mn** presence and coordination. Results are
presented in figure 8 and excitation spectra of all samples
are presented (left). It is worth noting that electronic states
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Figure 8. Results of photoluminescence measurements of obtained glass samples with different

manganese content (40, 50 and 60 MnO).

of Mn>* ions are affected by a crystal field [24]. Relatively
narrow bands are observed in the excitation spectra due to
the presence of 4Alg and 4Eg transitions. First, excitation
band of low intensity observed at approximately 365 nm has
its origin in “Aj4(S) —*Ey(D) transition. Second, inten-
sive band positioned at 413 nm is composed of two peaks
due to 4A1g(S) —>4A1g(G) and 4A1g(S) —>4Eg(G) transi-
tions. Emission spectra of binary MnO-B,03 glass samples
are presented in figure 8 (right side). Broad, high intensity
band that can be observed at approximately 540 nm is a
result of *T; (G) —°A,(S) radiative transition, which yields
green emission. Second, low intensity band at 600 nm can
be noticed. Manganese *T14(G) —°A;4(S) transition is the
source of this signal [25].

4. Discussion

X-ray diffraction results presented an amorphous halo. Thus,
it is concluded that no long range order exists in stud-
ied samples confirming an amorphous character of obtained
samples.

Acquired DSC measurement results show that both decreas-
ing of T, value and shift of the exothermic peaks to lower
temperatures indicates degradation of borate glass structure.
This process is induced by the addition of transition metal
oxide. Decrease of connectivity in a glass matrix leads to
observed change of TS as well. However, only slight decrease
of TS parameter is observed with increasing manganese
content. It might be concluded that after achieving 50 mol%

of MnO, borate matrix connectivity was not significantly
altered.

From FTIR results it can be deduced that the position of B—
O-B bending peak slightly shifts to higher wavenumbers with
increasing amount of MnO. Wide band in 750-1100 cm ! is
composed of two peaks: one from B—O stretching vibration
in BO4 of diborate groups and the second from B-O stretch-
ing vibration in BOy of tri-, tetra- and pentaborate groups.
These peak centre positions shift with increasing Mn amount.
Highest wavenumber value is observed for 5S0MnO-50B,0;
sample. On the other hand, positions of the two peaks form-
ing the last wide band at 1200-1550 cm ™' range are shifting
to lower wavenumbers with increasing MnO amount. With
addition of MnO, peak intensities are found to decrease as
a result of gradual depolymerization of MnO-B,03 glass
matrix. Moreover, shift of B-O in BO,O™ group stretching
bands to lower wavenumbers is observed. The reason is weak-
ening or elongation of B—O bonds. It is possible that shift
of B—O-B bending vibration band is caused by influence of
manganese ions. Presence of atoms with larger radius leads to
greater energy barrier for bending vibration of B-O-B bonds
due to spatial constraints. Shoulder observed at approximately
1230cm™~! (B-O stretching in [BO,O™],, signal) is increasing
its intensity with addition of MnO. Introduction of [BO,07],
species suggest depolymerization of borate chains. This result
is consistent with aforementioned DSC measurements that
indicated decrease of matrix connectivity.

Presented XPS results confirmed the conclusion that man-
ganese exists in two valance states, i.e., Mn?t and Mn3t. As it
can be observed Mn2p peak is composed of two bands caused
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by the presence of these two valance states. However, Mn>*
peak dominates over Mn>* signal. Thus, it is concluded that
most of the manganese ions exist in a divalent oxidation state.
It is evident that the shake-up feature characteristic for MnO
is most intensive for highest MnO content. Splitting among
Mn2p photoelectron peaks is approximately 11.9 eV, which
is indicative of manganese in a divalent state. In addition, the
distance between two Mn3s photoelectron peaks (6.0 eV) cor-
responds to that characteristic of MnO, confirming that Mn>*
state is dominant.

Photoluminescence measurements additionally confirmed
the presence of manganese ions in a divalent state. Excitation
spectra exhibit characteristic bands of manganese ions. These
signals have their origin in ‘A;4(S) —*E(D), “A14(S) —
*A14(G) and “A14(S) —*E,(G) transitions. Emission peak
due to *T,(G) —°A;(S) radiative transition is present at
approximately 540 nm. It changes its position slightly shift-
ing to longer wavelengths. An additional low intensity band
at 600 nm is noticeable due to 4T1g(G) — 6Alg(S) tran-
sition. It has been reported that green emission of Mn?* is
indicative of its tetrahedral co-ordination and reddish—orange
emission is assigned to octahedrally co-ordinated ions [25].
Considering this it can be concluded that Mn>* ions exist
mostly in tetrahedral co-ordination since their most intensive
emission peak is located in the green colour region. On the
other hand, low intensity red colour transition characteristic
to octahedral orientation is observed. It suggests that some
portion of manganese ions are octahedrally co-ordinated. No
shifts of emission peaks can be noticed, which lead to the
conclusion that co-ordination of manganese ions is not sig-
nificantly changed with increase of manganese content. Thus,
highly doped binary manganese—borate glass synthesized in
this work is a good example of a green emitter in a wide
compositional range.

5. Conclusions

Binary, amorphous manganese—borate glass samples with
high manganese content (40, 50 and 60 mol% of MnO) were
successfully synthesized. It was possible to melt stable amor-
phous material. FTIR, XRD, XPS and DSC techniques were
employed to study obtained glass samples. As it was shown,
MnO addition to borate glass has significant influence on
structure and thermal properties of modified material. It has
been concluded that gradual addition of MnO causes alter-
ations of matrix structure, mainly breaking of borate chains
to form [BO,O™], species. Matrix depolymerization is sup-
ported by DSC results showing decrease of glass transition
temperature with MnO addition. However, introduction of
MnO caused only a slight decrease in TS of the obtained
glasses. The XPS study revealed that manganese exists mostly
in Mn?* form. PL spectra confirmed the presence of Mn**

ions. According to obtained results, most of the ions were
tetrahedrally coordinated. The obtained low cost glass with its
good structural and thermal properties is interesting material
for further studies in terms of electronic and optoelectronic
applications employing Mn?** and Mn>* ions.
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