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A B S T R A C T

1-x(Li2O–2P2O5)-xMnO2 glasses where x ¼ 0.2, 0.3 and 0.4 mol%, respectively, were synthesized by melted-
quenching method. The Mn and P oxidation states and local structures around Mn and P-ions including Mn–O
and P–O bonding distances and coordination numbers have been studied via X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS), respectively. XANES results exhibit a coexistence
of oxidation state of Mn2þ and Mn3þ with a mean value of 2.82. Moreover, Mn and P K-edge EXAFS show the
Mn–O and P–O bonding distances of approximately 2.083–2.094 Å and 1.766–1.774 Å, respectively. A para-
magnetism was found for all Mn–P glasses. Additionally, the coercive field (Hc) and remnant magnetization (Mr)
increased with increasing Mn contents. However, the low specific capacitances are seriously obtained (<40 F g�1)
suggesting the effect of natural diamagnetism of lithium phosphate based-glass unlike the borate based-glasses
which originally exhibit paramagnetism.
1. Introduction

Generally, glasses are common use as in photonic and optical mate-
rials applications. Particular, its low-cost production, easy to form into
desired shape and fast fabrication. Thus, various research works on
glasses have been focusing on developing optical properties of glasses by
doping with various rare earth ions into the glass networks [1,2]. The
glass former is very importance parameter for glasses preparation. The
famous glasses former such as B2O3, SiO2, P2O5 has been reported by
many previous reported [2–5]. Phosphate glass is one of an interesting
glass former due to its low melting temperature, high transparency, and
high solubility [2,6]. Moreover, phosphate glass has specific properties
including high thermal conductivity and high thermal expansion coeffi-
cient [7]. Lithium phosphate-based materials with crystal phase is widely
reported in lithium-ions batteries in term of electrode materials espe-
cially cathode [8,9] because of its good electrochemical performances,
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long cycling life, high voltage, light weight [10,11]. However, based on
our knowledge, lithium-ion battery or super capacitor devices revealed
that the safety issues especially flammable and swollen occurs from
liquid electrolyte or degradable of metal oxide during charge-discharge
mechanism. Thus, glasses or glass ceramics have been investigated
because they have better thermal expansion than polymer composite
materials. Nevertheless, the performance of glass-based electrodes are
not good enough because glass has low ionic and electric conductivity.
Many researchers have been paid attention to overcome the limited of
glass by combined different ions in glass matrix such as V4þ, P5þ, Liþ, etc.
Recently, the phosphate-based glass has been reported as high-voltage
cathodes for magnesium and lithium batteries. For example, Arthur
et al. [12] reported that amorphous V2O5–P2O5 exhibits high capacity
and voltage due to the multiple oxidation states of V2þ to V5þ. Thus, the
oxidation state of glass transition metal in glass structure can play an
important key to an improvement for energy storage application of
h 2021
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Fig. 1. Photograph of the prepared glass samples.

Fig. 2. X-ray diffraction patterns of 1-x(Li2O–2P2O5) - xMnO2 glass samples: x
¼ 0.2, 0.3 and 0.4.

Fig. 3. TEM image and selected area electron diffra
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glasses. Manganese is one of the most abundant elements of the earth,
good environment friendly and inexpensive materials. Moreover, man-
ganese oxides can exhibit various Mn oxidation states which is inter-
esting for electrode materials. Additionally, manganese oxide has been
widely studied and synthesized in various compound forms by different
methods for use as electrode materials of energy storage devices such as
battery and supercapacitor.

Synchrotron-based x-ray absorption spectroscopy (XAS) is one of the
most useful analytical techniques not only for crystalline materials but
also for amorphous materials [13,14]. Generally, the XAS technique can
be used to characterize the short-range order and the long-range order for
determining the local structure around selected atom which different
XRD technique, its request long-range crystalline order. Thus, XAS
technique has been widely used to analyze the structural of crystal,
amorphous or glass in many research fields [15,16].

In this work, we reported the local structure information, optical, and
magnetic properties of 1-x(Li2O–2P2O5) - xMnO2 glasses with x ¼ 0.2,
0.3, and 0.4 (mol%) prepared by melt-quenching method. The native
various structure and phase formation of the glass samples were char-
acterized by X-ray diffraction (XRD) technique. Scanning electron mi-
croscopy (SEM) and energy dispersive spectroscopy (EDS) were analyzed
the morphologies and the element distribution, respectively. In addition,
Transmission electron microscopy (TEM) analysis was used to confirm
the glassy state of the prepared glass samples. Furthermore, the
ction pattern of some selected glassy samples.



Fig. 4. SEM images and EDS spectrum for the selected region and its corre-
sponding EDS mapping images of 1-x(Li2O–2P2O5) - xMnO2 glass samples: (a) x
¼ 0.2, (b) x ¼ 0.3 and (c) x ¼ 0.4.
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synchrotron-based X-ray absorption spectroscopy (XAS) technique and X-
ray photoelectron spectroscopy (XPS) has been used to deeply under-
stand a structure-function of the glass samples, a local structure
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information around Mn-ions and P-ions including bonding distance, co-
ordination number, oxidation states. Moreover, ultraviolet–visible spec-
troscopy (UV–Vis) and vibrating sample magnetometer (VSM) were used
for the optical and magnetic properties Measurements. Additionally, the
electrochemical properties of these prepared glassed also measured in
order to investigate the possibility of these glasses as energy storage
materials.

2. Experimental method

2.1. Glass preparation

Manganese lithium phosphate glasses with chemical system 1-
x(Li2O–2P2O5) - xMnO2 where x¼ 0.2, 0.3 and 0.4 mol%were fabricated
from high purity of starting materials of lithium carbonate (Li2CO3,
99.5%, Himedia), Phosphorus pentoxide (P2O5, 99.99%, Sigma-Aldrich)
and Manganese dioxide (MnO2, 99%, Himedia) mixed in stoichiometric
amounts of powder. The 1-x(Li2O–2P2O5) - xMnO2 glasses were prepared
by the conventional melt quenching technique including of two-step
processes. Firstly, the compound of Li2CO3 and P2O5 powders were
weight and mixed in stoichiometric amounts Li2O–2P2O5 in an agate
mortar and melted in alumina crucible at 1100. �C for 1 h in an electrical
furnace. After the molten completely, the melted was rapidly poured out
on stainless-steel plate and pressed quickly with another plate at room
temperature (RT). The Li2O–2P2O5 glass sample was grounded to fine
powders. Batches of (1-x)Li2O–2P2O5-xMnO2 powders were mixed and
melted in alumina crucible at 1200 �C for 30 min in an electrical furnace
and quenched at RT similar first step. The transparent glass with violet
color was fabricated by this part as shown in Fig. 1.

2.2. Characterization

The phase formation of glass samples was confirmed by using X-ray
diffraction (XRD) technique, performed on Rigaku SmartLab with a Cu (λ
of CuKα ¼ 1.542 Å) source. All XRD data were collected in the range of 2
theta between 10 and 80� at room temperature. The morphologies and
the element distribution of the prepared glass samples were identified by
scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS) (FEI quanta 450), respectively. Moreover, the microstructure of
glass powder was observed using a transmission electron microscopy
(TEM; Tecnai G2 20 S-TWIN). In addition, the elements information of
the glass particle surface was detected by an X-ray photoelectron spec-
troscopy (XPS) technique using a PHI 5000 with Probe II XPS system and
the K-alpha X-rays of aluminum (Al K-alpha E ¼ 1.487 keV) source. The
XPS measurements were performed at BL. 5.3 at SLRI Thailand.

Synchrotron-based X-ray absorption spectra (XAS) technique
including X-ray absorption near edge structure (XANES) and X-ray ab-
sorption fine structure (EXAFS) spectra were collected Mn and P K-edges
in transmission mode at the SUT-NANOTEC-SLRI XAS beamline 5.2,
SLRI, Thailand. The local structure and the valence state information of
Mn and P atoms will be obtained from XAS [14–17].

The optical and magnetic properties of glass samples were measured
at room temperature using the UV–Vis–NIR spectroscopy (PerkinElmer-
Lambda 950 spectrophotometer) in the range of 200–800 nm and a
vibrating sample magnetometer (VSM) option in the Quantum Design
Versalab instrument with the applied magnetic field range of �10 kOe,
respectively.

The electrochemical property of obtained glasses were studied in 1 M
KOH electrolyte by potentiostate/galvanostat (Metrohm autolab) which
consist of three electrode configuration, Ag/AgCl, Platinumwire (Pt) and
the obtained glass samples as counter, reference and active electrode. The
electrode preparation was composed of 80% by weight of prepared glass
samples, 10% by weight of polyvinylideneflouoride (PVDF) binder and
10% by weight of carbon black. The compounds were mixed in inside an
agent mortar with N-methyl-2-pyrrolidinone. The obtained slurry was
dropped on nickel foam substrate and dried at 80 �C in an oven. The



Fig. 5. XPS spectra of (a) Lithium, (b) Phosphorus and (c) Manganese of 1-x(Li2O–2P2O5) - xMnO2 glass samples: x ¼ 0.2, 0.3 and 0.4.

Fig. 6. XANES spectra of 1-x(Li2O–2P2O5) - xMnO2 glass samples and standard
samples: (a) Mn K-edge and (b) P K-edge: x ¼ 0.2, 0.3 and 0.4.
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cyclic voltammetry (CV) measuring were performed in a potential win-
dow between�1.25 V and 0.55 V at different scan rates of 5, 10, 50, 100,
150 and 200 mVs�1, respectively.

3. Results and discussion

The XRD patterns of 1-x(Li2O–2P2O5) - xMnO2 glasses powder were
illustrated in Fig. 2. The patterns present the nature pattern of amorphous
phase, no detectable Bragg's peaks. In addition, the broad peaks around
15–30� presented the diffused scattering signal arising from disordered
structures in the material [18,19]. This behavior confirmed purely
amorphous phase with a short-range structure or disordering structure of
prepared glass samples. Moreover, Transmission Electron Microscopy
(TEM) technique was also carried out to confirm the amorphous phase of
the fabricated glass samples. Bright field TEM image and selected area
electron diffraction pattern of some selected samples is presented in
Fig. 3. The diffraction spot exhibits diffusion spot, indicating the
nonappearance of any crystalline phase in prepared glasses. This con-
firms a purely glassy and amorphous structures [20]. According to the
electron diffraction patterns, no available any reflection was observed. It
can be confirmed that the prepared glass is homogeneity of amorphous
(glass) materials.

Fig. 4(a–c) illustrate the selected SEM region and EDS mapping of
oxygen (O), phosphorus (P) and manganese (Mn) elements of 1-
x(Li2O–2P2O5) - xMnO2 glasses powder. The EDS mapping confirmed the
presence of O, P and Mn elements in glass samples. In addition, the
mapping area revealed the homogeneous distribution of each element,
suggesting that the elements were dispersed in the prepared glasses
which displayed in different colors dot. Generally, EDS technique can be
used to provide the elemental composition information in term of qual-
itative elements, however detection of the small atomic number element
e.g. Li cannot be achieved by this technique. This because lithium
element is a light element, in which it has low energy level that they
struggle to escape from the sample without being absorbed.

In order to further investigate the trace elements and the oxidation
states of atoms on surface of 1-x(Li2O–2P2O5) - xMnO2 glass samples. X-
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Fig. 7. Experimental and simulated EXAFS spectrum of Fourier transformed (FT) of Mn K-edge (inset: k2χ(k) EXAFS spectra) of 1-x(Li2O–2P2O5) - xMnO2 glass
samples: Mn K-edge (a) x ¼ 0.2, (b) x ¼ 0.3, (c) x ¼ 0.4 and P K-edge (d) x ¼ 0.2, (e) ¼ 0.3 and (c) ¼ 0.4.

Table 1
EXAFS fitting parameters including coordination numbers (N), amplitude
reduction (S20), Debye–Waller factors (σ), interatomic distances (R) and R-factor
of 1-x(Li2O–2P2O5) - xMnO2 glass samples.

Samples Paths N σ2 E0 (eV) R (Å) R-factor

x ¼ 0.2 Mn–O 3.747 0.00796 �2.103 2.09345 0.006
P–O 5.693 0.00202 �5.039 1.77139 0.027

x ¼ 0.3 Mn–O 3.942 0.01014 �2.061 2.09433 0.027
P–O 6.641 0.00190 �4.272 1.77414 0.026

x ¼ 0.4 Mn–O 3.675 0.00666 �3.309 2.08281 0.006
P–O 6.272 0.00194 �5.904 1.76664 0.025
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ray photoelectron spectroscopy (XPS) measurement was performed as
shown in Fig. 5(a–c). Moreover, XPS technique can be used to confirm the
presence of Li elements in this glass. The binding energy of carbon (C 1s)
was used to calibrate of all spectra. The binding energies of Li 1s, P 2p,
Mn 2p3/2 and Mn 2p1/2 are approximately 56, 135, 641 and 653 eV,
respectively [21]. The high-resolution spectra of P 2p in Fig. 5(b) can be
fitted into two major peaks, P 2p3/2 and P 2p1/2 at about 134.13 and
135.31 eV. In addition, The Mn 2p spectrum has two main peaks as
displayed in Fig. 5(c), Mn 2p3/2 and Mn 2p1/2 of Mn2þ and Mn3þ,
respectively. The Mn 2p3/2 can be fitted into 2 peaks of Mn2þ and Mn3þ

at 641.8 and 643.3 eV. This indicates that the mixing of Mn2þ and Mn3þ

in glass samples.
Fig. 6(a–b) shows normalized XANES spectra at Mn and P K-edge of

all samples compared with MnO (Mn2þ) and Mn2O3 (Mn3þ) standard
samples. At Mn K-edge, it was found that the positions of the absorption
edge of all the samples lied between absorption edge of Mn2þ and Mn3þ

standard samples. This indicated a present of a coexistent of oxidation
state of Mn2þ andMn3þ in all various samples [22,23]. Moving to K-edge,
it can be noticed no shift of absorption edge for each sample with
increasing of MnO2 contents was observed. Additionally, the similar
feature of P–K-edge XANES spectra was also observed. These suggest P
atom in all samples have the same oxidation number with four-fold ox-
ygen coordination network around P atoms [24–26]. In detail, the dif-
ference of white line intensities of P K-edge XANES spectra are clearly
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observed which responds to the number of oxygen atoms around phos-
phorus atoms in glass structure. The high white line intensity, the large
number of oxygen coordinated network around P atoms. This will be
feature discussed in the EXAFS fitting section.

In order to study the local environment around Mn and P atoms in the
obtained glass samples, X-ray absorption fine structure (EXAFS) spectra
of the glass structure were carefully analyzed and fitted. Their Fourier
transform in R space (k¼ 3–10 Å�1) with k2χ (k) EXAFS spectra as set and
the first shell fitting was determined for Mn–O (Mn K-edge) and P–O (P
K-edge) bonding distance, respectively, as shown in Fig. 7(a–f). The best
EXAFS fitting parameters were already obtained with the reasonable and
acceptable parameters [27] including interatomic distances (R), coordi-
nation numbers (N) and Debye–Waller factors (σ2) and R factor for
quality to the fit are shown in Table 1. The Mn–O and P–O bonding
distances were obtained approximately 2.082–2.094 Å and 1.767–1.771,
respectively. With increasing Mn contents, the interatomic distance of
Mn–O and P–O slightly increase.

The study of optical absorption is useful to understand optical tran-
sition and electronic structure of the glasses. The UV–Vis absorption
spectra of different concentrations for MnO2 doped with glass systems in
the wavelength range of 200–800 nm is displayed in Fig. 8. The positions
of absorption peak show three main absorption regions at 200–250 nm,
250–400 nm and 400–800 nm, respectively. It can be seen that the in-
tensity of absorbance peak decrease with increasing Mn contents sug-
gesting the increasing of Mn contents can affect the light absorption
behavior of the glass samples. Thus, the UV–Vis absorption regions
around 200–250 nm in this work are presented the charge transfer of O2�

→ Mn2þ [28,29] and the charge transfer of O2� → Mn3þ at 250–400 nm
[30]. In addition, the d–d crystal field transitions on octahedral Mn3þ

species [30,31] are identified as 400–460 nm [31]. From the UV–Vis
results, the mixing of Mn2þ and Mn3þ oxidation states are observed
which is consistent with the previous result obtained from XANES and
XPS studies.

To determine the band gap (Eg) from the absorbance spectra of the
prepared glasses. The Tauc-plot method was used, the Eg can be deter-
mined by extrapolating the linear region of plots αhυ1/2 versus photon



Fig. 8. Optical absorbance spectra of 1-x(Li2O–2P2O5) - xMnO2 glasses (inset:
plot of (αhν)1/2 versus energy for showing the optical band gap): (a) x ¼ 0.2, (b)
x ¼ 0.3 and (c) x ¼ 0.4.

Fig. 9. Magnetization (M) as a function of the magnetic field (H) curves of 1-
x(Li2O–2P2O5) - xMnO2 glass samples with x ¼ 0.2, 0.3 and 0.4 (inset; Plot of M
versus H of Li2O–2P2O5 glass).
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energy (hυ) with calculated using the following equation [22,23,32,33].

αhυ ¼ Aðhυ� EgÞ2 (1)

where Eg is the optical band gap energy for indirect band gap, A is
constant, α is the absorption coefficient, hυ is the photon energy. These
plots are presented in inset of Fig. 8. The calculated Eg of the obtained
glass were found to be decreased with increasing of Mn contents. The
decrease of Eg with Mn contents increase might affect to the magnetic
properties of glasses. This will be discussed in the next section.

The magnetization curves of 1-x(Li2O–2P2O5) - xMnO2 glass samples
measured at room temperature with an applied magnetic field between
�10 kOe and 10 kOe are presented in Fig. 9. For the M � H loop of
Li2O–2P2O based-glass is also shown inset in Fig. 9, in which diamagnetic
425
behavior was clearly observed. However, the increasing of Mn contents
lead to significantly transform of the diamagnetism to paramagnetic
behavior. This is because manganese oxides are generally para-
magnetism. Furthermore, due to the different unpaired electron per Mn
atom, Mn ions in glasses are presented in various Mn oxidation states
resulting to different magnetic properties [34,35]. The M � H loops of
prepared glass samples presents a paramagnetic behavior which the M �
H loops show linearly line when applied magnetic field to sample. It can
be noticed that the increasing of MnO2 contents affect to an increase the
maximummagnetization. In contrast, the coercive field (Hc) and remnant
magnetization (Mr) increased with increasing MnO2 contents.

Fig. 10 exhibited the cyclic voltammograms (CV) of manganese
lithium phosphate glass systems of a) 0.2(Li2O–2P2O5) – 0.8MnO2, b)
0.3(Li2O–2P2O5) – 0.7MnO2 and c) 0.4(Li2O–2P2O5) – 0.6MnO2 glasses
at different scan rates from 10 mVs�1 to 200 mVs�1 in 1 M KOH elec-
trolyte. The capacitive behaviour of all glass samples shown a pair redox
peaks which consist of charging process (oxidation) with whole range
from 0.39 to 0.49 V and discharging process (reduction) with whole
range from 0.285 to 0.31 V. The peaks current slightly shifted with high
scan rates which ascribed to resistance of the electrode [36]. The specific
capacitance of cyclic voltammograms (CCV) measurement of the glass
electrodes were calculated follow by equation below.

CCV ¼ 1
vmΔV

Z
IdV (2)

where ν is the scan rates (mVs�1), m is the active mass of materials (g),
ΔV is the potential window (V) and I is response current (A).

The calculated specific capacitance of 1-x(Li2O–2P2O5) - xMnO2 at x
¼ 0.2, 0.3 and 0.4 mol% glass systems from the area of CV curve at
difference scan rates of 5, 10, 50, 100, 150 and 200 mVs�1 trend to
decrease with increasing scan rates. From this study, it was found that the
calculated specific capacitances were obtained between 15 and 36 F g�1.
In addition, at x ¼ 0.4, the maximum specific capacitance was obtained
approximately 36 F g�1 with the lowest scan rate of 5 mVs�1. The low
specific capacitances obtained in this study might come from the natural
diamanetism of phosphate based-glass unlike the reported study of
borate based-glasses which originally exhibit paramegnetism [37].

4. Conclusions

In this work, the 1-x(Li2O–2P2O5) - xMnO2 glass systems have been



Fig. 10. Cyclic voltammograms of (a) 0.2(Li2O–2P2O5) – 0.8MnO2, (b) 0.3(Li2O–2P2O5) –. 0.7MnO2, (c) 0.4(Li2O–2P2O5) – 0.6MnO2 glasses at different scan rates and
(d) plot of specific capacitance versus scan rates.
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synthesized via melt-quenching method. All XRD patterns present broad
and no detectable peaks which confirmed purely amorphous phase. The
UV–Vis and XAS analysis confirmed the mixed oxidation state of
Mn2þ/Mn3þ. The mixed oxidation state of Mn2þ/Mn3þcorresponding to
Mn K-edge results were measured by advanced synchrotron-based X-ray
absorption near edge structure (XANES). From EXAFS study, the average
Mn–O and P–O bonding distance were found in the range of 2.082–2.094
Å and 1.767–1.771 Å, respectively. The magnetic properties of
Li2O–2P2O5 show diamagnetic behaviour. However, the diamagnetic
behaviour transformed to paramagnetic behaviour when increasing Mn
contents. The electrochemical of electrode materials were studied with 1
M of KOH electrolyte. The obtained specific capacitance is quite low
which exhibits diamanetism of phosphate-based glass, which is not
suitable to be used as energy storage applications.
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