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In this work, new phosphate glasses with the molar composition 20.7P2O5–17.2Nb2O5–13.8WO3–34.5A2O–
13.8B2O3 where A = Li, Na and K were prepared using the melt quenching technique. These types of glasses
have potential to absorb hydrogen in its structure, whichmakes them promising materials to be used as electro-
lytes in intermediate temperature fuel cells. Additionally, niobium phosphate glasses can also have applications
such as glass fibers, optical lenses, hermetic sealing and electrodes. The structure of the obtained sampleswas an-
alyzed using Differential Thermal Analysis (DTA), X-ray powder diffraction (XRD), and Raman spectroscopy and
the morphology by Scanning Electron Microscopy (SEM). The DTA measurements revealed values of glass tran-
sition temperature around 415 °C, and the Raman analysis showed that the amount of alkali and niobium oxides
included on the studied compositions, successfully disrupted the P–O–P chains characteristic of the phosphate
glasses. Dc (σdc) and ac (σac) conductivities and dielectric spectroscopymeasurements were performed as func-
tion of the temperature (200–370 K)which presented conductivity predominantly ionic (σelectronic/σionic of about
10−4). The dielectric spectroscopy was measured in the frequency range 100–1 MHz.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The fundamental building element of the phosphate glasses is a PO4

tetrahedron with one of the four oxygen atoms doubly bonded to the
phosphorus atom. The structure of these glasses can be described as a
network of PO4 structural units linked by covalent bonding of corner
shared oxygen atoms, referred to as bridging oxygen (BO) [1,2]. The ad-
dition of network modifying oxides in the glass, leads to the disruption
of the phosphate P–O–P chains, and subsequent formation of non-
bridging oxygen ions (NBOs) [1,2]. Therefore, the linked phosphate tet-
rahedra can have three, two, one or zero bridging oxygen ions. The var-
ious tetrahedra which result from this classification are labeled using
the Qn terminology, where n represents the number of BOs per PO4 tet-
rahedron [1,2]. The isolated PO4 tetrahedra Q0 are named orthophos-
phate, Q1 pyrophosphate, Q2 metaphosphate and the Q3 groups with
three bridging and one terminal oxygen (P_O bond) are named
ultraphosphate [1,2]. Besides breaking the P–O–P linkages and creating
NBOs, the addition of metal oxides can provide ionic cross-linking
between NBOs, therefore increasing the bond strength of this ionic
cross-link and improving the mechanical strength and chemical dura-
bility of the glasses [3].
The development of highly efficient fuel cells is one of themost prom-
ising applications for hydrogen usage. Currently, proton-conducting poly-
mer electrolyte membrane fuel cells are used for temperatures below
100 °C, and solid oxide fuel cells for temperatures between 800 and
1000 °C [4]. Intermediate temperature fuel cells, remains a subject
under improvement, since new materials able to be efficiently used as
electrolytes between temperatures of 200–500 °C are still needed. Glass
materials are stable in this range of temperatures and have an open struc-
turewith no grain boundaries, whichmakes themgood candidates to this
application [5].

Some studies [5,6] have reported that phosphate glasses that in-
corporate tungsten oxide have the ability to absorb hydrogen protons
in their structure. This capability results from the trapping of an electron
by theW6+ ions which induces W5+ states and promotes the dissocia-
tion of the hydrogen atom and the adsorption of its proton. The absorp-
tion of the H+ happens when the proton diffuses to the glass structure
and bonds with the non-bridging oxygen ions in the matrix. Therefore,
the study of new phosphate glass systems thermally stable in tempera-
tures between 200 and 500 °C,with reduced electronic conductivity and
with a large number of non-bridging oxygen in their structure, is a topic
of extensive consideration.

The improvement of the chemical stability also stimulates the usage
of these glasses in fields such as fast ionic conductors, photonic mate-
rials and rare-earth ion host solid state lasers [3,7]. Furthermore,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2015.07.043&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2015.07.043
mailto:mpfg@ua.pt
Journal logo
http://dx.doi.org/10.1016/j.matdes.2015.07.043
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jmad


Table 1
Molar composition of the prepared glasses.

Molar composition (%)

P2O5 Nb2O5 WO3 B2O3 Li2O Na2O K2O

Glass A-Li 20.7 17.2 13.8 13.8 34.5 0.0 0.0
Glass A-Na 20.7 17.2 13.8 13.8 0.0 34.5 0.0
Glass A-K 20.7 17.2 13.8 13.8 0.0 0.0 34.5
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niobium phosphate glasses can have related applications such as glass
fibers, optical lenses, hermetic sealing and electrodes [3,7].

Boron oxide (B2O3) is also a well-known glass network former. How-
ever, the current model for the structure of vitreous boric oxide, differs
significantly from the one related with silicate or phosphate glasses.
B2O3 glass is assumed to consist of a random three-dimensional network
of nearly flat BO3 triangles with a high fraction of six membered boroxol
rings [8,9]. These structural units are connectedbyoxygenatoms allowing
the B–O–B angle to vary, and the twisting out of the plane of the boroxol
group to occur [10].

The formation of these boroxol groups can be primarily supported
by the observation of a sharp band at 808 cm−1 in the Raman spectrum
of the glasses [10].When networkmodifiers like alkali oxides, are added
to a borate glass, boron atoms change from triangular to tetrahedral
coordination until it reached some critical concentration of BO4 tetrahe-
dra. Further addition of this alkali oxide causes the formation of non-
bridging oxygen [8,9].

For an A20–B203 binary glass system (A = Li, Na, K, Rb, Cs) this
process occurs approximately linearly up to A20/B203 ≈ 0.5 [8,9]. The
association of these BO3 and BO4 units promotes the formation of slight-
ly more complex structural groups, composed by the cross-linking of
these 3- and 4-fold coordination boron atoms. Some of these structural
units are the diborate, triborate, tetraborate and pentaborate groups,
while the chain-type metaborate, ring-type metaborate, orthoborate
and boroxol ring groups are exclusively formed by BO3 units [8,9].

Many physical properties of these binary alkali borate glasses change
through maximum/minimum when the molar percentage of the alkali
oxide is about 16% [8–10]. This peculiar phenomenon is also observed
on more complex borate glass systems, and on glasses that combine
B2O3 with another glass network former. This behavior is known as
the boron oxide anomaly [8–10]. The presence of a minimum in the
thermal expansion of these glasses has been considered as a result of a
competition between the formation of the three-dimensional BO4

units (which decrease the expansion coefficient), and the introduction
of the modifier ions which increase it [8,9].

Besides the former network oxides, the studied compositions in-
corporate Nb2O5 and WO3 which are classified as incipient glass net-
work formers. This means that, although they do not readily form
glass, they are able to do so when mixed with a proper amount of A2O
(A=Li, Na, K)modifier oxides. Usually, niobiumand tungsten are locat-
ed in octahedral sites in phosphate glasses, although there might also
occur formation of someMO4 structural units (M_Nb,W) [3]. The abil-
ity and portion of WO3 that can be included in the glasses, depend on
the respective glass former. While WO3 can act as a nucleating agent in
silicate glasses, for germanate, tellurite and borate glasses it is possible to
include large amounts of WO3 in their composition. For alkali phosphate
glasses, large amounts of WO3 (N60 mol%) can also be added with-
out devitrification [11]. The addition of WO3 improves the thermal
stability and chemical resistance against atmospheric moisture [11].

In the present work, glasses with molar compositions 20.7P2O5–
17.2Nb2O5–13.8WO3–34.5A2O–13.8B2O3, where A = Li, Na, and K
were prepared by the melt-quenching technique. The samples were
analyzed using X-ray diffraction, differential thermal analysis, Raman
spectroscopy and scanning electron microscopy (SEM). The electric
and dielectric spectroscopy measurements were related to the sample
microstructure properties.

2. Experimental

2.1. Sample preparation

Functional glasses with molar composition 20.7P2O5–17.2Nb2O5–
13.8WO3–34.5A2O–13.8B2O3, where A = Li, Na, and K were prepared
by melt quenching technique, using high purity chemicals (N99%)
P2O5, Nb2O5, WO3, A2CO3 and B2O3 in powder form. The reagents, in
the appropriate amountsweremixed for 30min in a Fritsch Pulverisette
5 agate ball-mixing planetary system, in order to improve the homoge-
neity of the mixtures.

Afterwards, themixtures weremelted at 1150 °C in alumina crucibles
with a closed lid, for about 15 min. After 7 min at 1150 °C, and for each
composition, the crucible was manually stirred in order to homogenize
the melt. The complete loss of carbonates was confirmed from the
Raman results which reported no vibrations related to CO3

2− groups.
The melts were poured into a stainless steel slab which was immedi-

ately introduced in a furnace pre-heated at 300 °C. The sampleswere then
maintained at 300 °C for about 12 h, in order to improve the glasses me-
chanical stability by relieving internal stresses. The annealing tempera-
ture of the glasses was chosen according the author's previous work
[12] on glasses with similar compositions. The compositions containing
Na2O and K2O promoted the formation of transparent glasses, whereas
the composition with Li2O resulted in a white opaque sample. The sam-
ples identification and the respective molar composition are indicated
in the Table 1.

2.2. Structural and morphological characterization

TheX-ray diffraction patterns (XRD)were obtained at room temper-
ature on an Philips X'Pert MPD difractometer (CuKα radiation, λ =
1.54056 Å) operating at 45 kV, and 40 mA, with a curved graphite
monochromator, an automatic divergence slit, a progressive receiving
slit and a flat plane sample holder in a Bragg–Brentano parafocusing
configuration. The acquisition was performed using a scan step of
0.02° in 1 s in the 2θ angle range of 10–60°. Room temperature Raman
spectroscopy was carried out in a Jobin Yvon HR 800 spectrometer,
using the excitation line of 532 nm. The spectra were obtained in a
back-scattering geometry, between 100 and 1100 cm−1.

The morphology of the glasses was observed by scanning electron
microscopy (SEM), performed in a Hitachi S4100-1 system, on the free
surface of the glasses. All samples were covered with carbon before mi-
croscopic observation. The measurements were conducted in a high
vacuum environment, using a beam accelerating voltage of 25 kV and
working distances between 5 and 15mm. Energy dispersive X-ray spec-
troscopy (EDS)was also performed by using a Bruker EDS spectrometer.

2.3. Differential thermal analysis

For the Differential Thermal Analysis, the samples were accurately
weighed (40 mg) and placed in an alumina crucible (Al2O3) which is
thermally inert in the temperature range examined. As inert reference
was used 40 mg of alumina powder.

The glass transition temperature (Tg) and crystallization temperature
(Tc) of the samples were determined using a Linseis apparatus. The
heating was performed at a rate of 10 °C per minute in air conditions.

A second measurement with a different heating rate (15 °C/min)
was done to evaluate the existence of significant changes on the DTA
spectra. Since this secondary measurement showed no meaningful dif-
ferences, the authors chose not to include them in the present paper.

2.4. Electrical and dielectric characterization

For the electrical measurements the samples were polished until a
thickness of about one millimeter and parallel faces were achieved.
The electrodes were formed by painting both sides of the polished
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Fig. 2. Raman spectra obtained at room temperature of the A-Li (a) A-Na (b) and A-K
(c) glasses.
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Fig. 1. XRD patterns of all the samples.

429M.P.F. Graça et al. / Materials and Design 86 (2015) 427–435
samples with silver conductive paste. With this geometry, it is valid to
consider the samples as parallel plate capacitors, and consequently to
apply well known equations to determine the complex permittivity
[13,14]. For each sample, the thickness was measured at ten different
points using an electronic digital caliper (accuracy of 0.01mm), and de-
termined its average value.

The dc electrical conductivity (σdc) of the samples was measured
with a Keithley 617 electrometer, capable of measuring currents down
to 10−14 A. This measurement was performed in a temperature range
between 200 and 370 K, using a nitrogen bath cryostat setup. During
the measurements, the samples were kept in a helium atmosphere to
minimize thermal gradients. The ac electrical conductivity (σac) and im-
pedance measurements were also performed in the temperature range
of 200 to 370 K, using the same bath cryostat, with a Network Analyzer,
Agilent 4294, operating between 100Hz and 1MHz in the Cp–Rp config-
uration (capacitance in parallel with resistance). In bothmeasurements,
dc and ac, the temperature of the samples was controlled by an Oxford
Research IT-C4 and measured using a platinum sensor. The activation
energy (Ea) of the dc and ac conductivities was evaluated in the high
temperature range, by fitting the data according the Arrhenius model
(Eq. (1)) [15–17]:

σ ¼ σ0 exp −
Ea
KBT

� �
ð1Þ

where σ0 is a pre-exponential factor, Ea the activation energy, kB the
Boltzmann constant and T the temperature. Using this model, Ea can
be calculated from the slope of ln(σdc) versus 1/T.

The real and complex parts of the permittivity were calculated using
the relations (2) and (3) [15,16]:

ε0 ¼ d
A
Cp

ε0
ð2Þ

ε00 ¼ d
A

1
ωRpε0

ð3Þ

with Cp and Rp representing respectively, the measured capacitance
and resistance, d the sample thickness, A the electrode area and ε0 the
vacuum permittivity (8.8542 × 10−12 F/m).

The ac conductivity, σac, was calculated using the relation (4)
[15–17]:

σac ¼ ε00ωε0 ð4Þ
where ω is the angular frequency, and ε″ is the imaginary part of the
complex permittivity. To determine the ac activation energy (Ea(ac))
these resultswere adjusted using theArrhenius expression, as previous-
ly described for the Ea(dc) (see Eq. (1)).



Table 2
Raman band positions (cm−1) and assignment of the vibrational modes of the A-(Na, K) samples. Where υ = stretching, s = symmetric and δ= bending.

BBand position (cm−1) Assignment References

A-Na A-K

190 193 δ(P–O–P) [21]
264 244 δ(O–P–O) in PO4 units and/or δ(O–Nb–O) in NbO6 [22–24,22,24,25]
456 470 Overlapping of M–O vibrations in MO6 [M_W, Nb] [5]
608 606 Coupling of stretching and vibrations modes υs(Nb–O) + δ(O–P–O) [3,22]
699 697 υs(P–O–P) of BOs in pyrophosphate units [27,37]
855 847 υ(Nb–O) in distorted NbO6 and/or δ(Nb–O–P–O–Nb) [24,29–31,24,29]
922 910 B–O–B and B–O− vibrations of orthoborate groups with BO3 structure [32–34]
957 947 υs(P–O−) of NBOs in orthophosphate units and/or υ(W–O− and W_O) in WO4 tetrahedra [39,47,11,35,36]
1036 1035 υs(P–O−) of NBOs in pyrophosphate units [1,5,24,37]
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3. Results and discussion

3.1. Structural characterization

As shown in Fig. 1, the XRD patterns of the glasses A–(Na, K) did not
revealed any discrete or sharp diffraction peaks, but broad bands, char-
acteristic of amorphousmaterials. The XRD spectrum of the A-Li sample
exhibits however, the presence of crystalline phases besides the amor-
phous phase. Namely, Nb26W4O77 with a monoclinic crystalline struc-
ture and a secondary crystalline phase Li0.585NbO3 with cubic crystal
system. This fact leads to the conclusion that the composition of the
A-Li sample is out of the glass forming region of this system.

Fig. 2 shows the Raman spectra of the samples. For the A-Na and A-K
glasses, the obtained Raman scattering is practically identical and the
assignment of the vibrational modes (Table 2) is comparable for both
samples. The planar carbonate ion (CO3

2−) is known to have four
fundamental vibration modes: a symmetric stretching vibration, an
out-of-plane bend, a doubly degenerate asymmetric stretch and another
doubly degenerate bending mode [18,19]. These vibrations occur
between 700 and 1500 cm−1. Usually, a strong Raman mode around
1100 cm−1 related to the symmetric stretching vibration identifies the
presence of carbonate groups [18,20]. The Raman spectra of the samples
did not reveal evidence of this strong Raman band, neither of any vibra-
tional mode with wavenumbers higher than 1100 cm−1. Therefore, the
samples spectra at higher wavenumbers was excluded, and one can say
that themelting timeof the sampleswas sufficient to ensure the complete
loss of carbonates.

The bands centered at lower wave numbers can be related to
network bending modes, more precisely, the band at 190 cm−1 is
assigned to δ(P–O–P) [21], the band at 260 cm−1 to δ(O–P–O) of
PO4 units [22–24] and/or δ(O–Nb–O) of NbO6 units [22,24,25] and
Fig. 3. SEM micrograph of the A-Li (a), A-Na (b) and A-K (c) glass surfaces.

Table 3
Raman band positions (cm−1) and assignment of the vibrational modes of the A-Li
sample. Where υ = stretching, s = symmetric and δ = bending.

Band position
(cm−1)

Assignment References

A-Li

125 δ(P–O–P) and/or δ(O–W–O) or δ(O–Nb–O)
from W/NbO6 units

[21,3]

236 δ(O–P–O) from PO4 units and/or δ(O–Nb–O) in
NbO6

[22–24,22,24,25]

327 δ(O–P–O) from metaphosphate groups and/or
bending related with WO6 structural units

[38,39]

492 Overlapping of M–O vibrations in MO6 [M_W,
Nb]

[5]

710 υs(P–O–P) of BOs in pyrophosphate units [27,37]
726 B–O–B vibrations related with chain-type

metaborate groups (BO3 units)
[32,40]

885 υ(Nb–O) in distorted NbO6 and/or
δ(Nb–O–P–O–Nb)

[24,29–31,24,29]

963 υs(P–O−) of NBOs in orthophosphate units
and/or υ(W–O− and W_O) in WO4 tetrahedra

[39,47,11,35,36]
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at 460 cm−1 there is a small band that might be associated with
overlapping vibrations of M–O bonds in the distorted MO6 octahedral
units (M_W, Nb) [5].

The band at 608 cm−1 is assigned to the vibrational coupling of
[(Nb–O) (medium Nb–O distances) + (O–P–O)] stretching with defor-
mation modes [3,22], while the band centered at 699 cm−1 can be at-
tributed to υs(P–O–P) in pyrophosphate units (Q1) [26–28].

The most intense part of the spectrum (800–1000 cm−1) is due to
the overlapping of three bands. The biggest contribution is given by
the band centered at 855 cm−1 that can be related to stretching of Nb
and its neighboring NBOs in NbO6 distorted octahedra (niobium as net-
work modifier) [24,29–31] and/or to vibrations δ(Nb–O–P–O–Nb)
where niobium acts as glass network former (NbO4 structural units)
[24,29]. The other two bands that form the overlapped band are at
922 cm−1 due to B–O–B and B–O vibrational modes in orthoborate
groups of BO3 triangular units [32–34], and at 957 cm−1 υs(P–O−) ter-
minal bonds in isolated tetrahedral (Q0) and/or due to W–O− and
W_O vibrations in WO4 tetrahedra [11,35,36]. These last two bands
have a slightly bigger contribution in the A-K spectrum, suggesting a
larger formation of these structural units for this composition.

Finally, the band near the region of 1035 cm−1, is frequently as-
sociated with the presence of symmetric stretching vibration of
non-bridging oxygen in Q1 units [1,5,24,37]. Based on the vibrational
modes discussed, and analyzing the Raman spectra, we can conclude
that the inclusion of the alkali oxides and Nb2O5, inhibited the formation
of long phosphate chains and hence, promoted the formation of a large
number of non-bridging oxygen as confirmed by the predominance of
Q1 groups. This is a satisfying verification since one of the fundamental as-
pects to the hydrogen absorption ability of these glasses, is the existence
of a large number of non-bridging oxygen in their structure. Besides the
pyrophosphate groups, the structure of these glasses is mainly composed
by structural units related to the character of niobium as network former
or modifier.

The Raman spectrum of the A-Li glass reveals the appearance of a
few new bands, but it's also perceptible that some of the discussed
Table 4
Physical parameters obtained by the Differential Thermal Analysis (DTA) conducted to
A-(Li, Na, K) samples. The maximum uncertainty is 7%.

Glass Tg (°C) TX1 (°C) TC1 (°C) TC2 (°C) TC3 (°C) ΔT = TX1 − Tg

A-Li 415 483 539 697 804 68
1A-Na 420 571 584 – – 151
A-K 412 584 600 – – 172
bands remain present although they have been slightly shifted. The
Raman band position and assignment of the vibrational modes of the
A-Li sample are shown in Table 3. The band at 850 cm−1 assigned to
the vibrations of Nb as network former or modifier, besides being
shifted to 884 cm−1 suffers a significant decrease in its intensity, and
the band centered at 950 cm−1 in the A-(Na, K) spectra shifts to
960 cm−1 in the A-Li spectrum.

Another perceptible change in A-Li Raman spectrum is the disap-
pearance of the bands centered at 608/606, 922/910 and 1036/
1035 cm−1 registered in the A-(Na, K) samples, which leads us to as-
sume that there is an absence of orthoborate groups and a decrease of
non-bridging oxygen in the A-Li glass structure. There are however,
some new bands that arise, namely at 125 cm−1 probably related to
δ(P–O–P) [21] and/or to δ(O–M–O) of MO6 (M_W, Nb) [3], and at
327 cm−1 a band assigned to δ(O–P–O)of PO4 units [38] and/or bending
vibrations of WO6 octahedron [39].

The most intense vibrations of the Raman spectrum of this sample
are located in the 550–800 cm−1 region. At approximately 710 cm−1

there is a band assigned to the symmetric stretching mode of P–O–P
bridging bond in Q1 groups [27,37], and the 726 cm−1 band is related
to B–O–B vibrational modes in chain-type metaborate groups [32,40].
Since these are the predominant bands of the spectrum, we can assume
that the network structure of the A-Li sample is mainly constituted by
Q1 groups and metaborate BO3 units. Another evident change in the
Raman spectrum of this sample, is the decrease of the intensity of the
band assigned with P–O–P bending.

It is known that vitreous B2O3 presents a structure of linked triangles
forming planar rings (boroxol rings) and that the addition of network
modifiers to the B2O3 matrix can result in tetrahedral boron formation.
The absence of bands centered at 770 cm−1, 930 cm−1 and 808 cm−1

indicates that tetraborate, triborate, and boroxol rings groups are not
detected in the present structures [12]. Moreover, the Raman analysis
of the studied samples revealed the formation of orthoborate or chain-
type metaborate groups. This supports the conclusion that the portion
of B2O3 and alkali oxides included in these compositions donot promote
the formation of BO4 tetrahedra as observed on some other borate glass
systems.
Table 5
Values of dc conductivity (σdc) at 300 K, and dc activation energy (Ea(dc)) calculated by the
Arrhenius equation.

σdc E(a(dc))

(S/m) (kJ/mol)|eV

A-Li 4.90 × 10−7 ± 0.61 × 10−7 57.76 ± 0.37 | 0.599 ± 0.004
A-Na 2.25 × 10−9 ± 0.11 × 10−9 74.52 ± 0.41 | 0.772 ± 0.004
A-K 1.77 × 10−11 ± 0.16 × 10−11 85.61 ± 0.10 | 0.887 ± 0.001

Image of Fig. 5
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In order to discern the structural units responsible for each vibrational
mode, further study of these compositions as function of the molar per-
centage of Nb2O5 WO3 and B2O3 should be considered.

3.2. Morphological characterization

The obtained SEMmicrographs (Fig. 3) showed that, both A-Na and
A-K have a very smooth and homogenous surface without evidence of
particle formation in their surfaces. Whereas the SEM image of A-Li
glass surface reveals the presence of structural units with a parallelepi-
ped shape, impregnated in the amorphousmatrix as suggested from the
XRD results. The distribution of these units through the glass matrix
does not present an orientation preference. Analyzing the SEM micro-
graph of the A-Li sample, one can see that the linear dimensions of the
parallelepiped units are approximately 1.5 μm (length) and 250 nm
(width). In all samples Energy Dispersive X-ray Spectroscopy (EDS)
was performed in order to verify the existence of contaminants. The
information obtained, confirm the inexistence of elements different
from those of each sample composition.

3.3. Differential thermal analysis

The DTA spectra of the glasses are shown in Fig. 4. Typical glass
parameters: Tg (glass transition temperature), Tx (the onset of crystal-
lization temperature), and Tc (crystallization temperature) were ex-
tracted from these curves and are summarized in Table 4. For the
A-(Na, K) samples, theDTA spectra reveals the existence of a single crys-
tallization at around 600 °C, while for the A-Li glass three broad exother-
mic peaks are visible, related to the formation of at least, three crystalline
phases in its network by heating.

The values of the glass transition temperature of the samples are
very similar, being more detectable variations on the crystallization
temperature of the glasses, resulting from the different alkali oxides
used in the studied compositions. The relatively high glass transition
temperatures of these samples allow them, thermally, to be used as
electrolytes in intermediate temperatures fuel cells. For the evaluation
of the thermal stability of glasses, the ΔT = TX1 − Tg criterion was
Table 6
Values of ac conductivity (σac), ac activation energy (Ea(ac)), dielectric constant (ε′) and loss ta

σac

(S/m)
E(a(ac))
(kJ/mol)|eV

A-Li 5.00 × 10−6 ± 0.19 × 10−6 48.77 ± 0.65
A-Na 3.22 × 10−7 ± 0.05 × 10−7 32.65 ± 0.64
A-K 1.55 × 10−7 ± 0.03 × 10−7 21.91 ± 0.70
applied. Higher values of this criterion usually correspond to a higher
thermal stability and glass-forming ability. The obtained values of ΔT
for the studied glasses are given in Table 4. The A-Li composition led
to the formation of a glass ceramic sample with an amorphous phase
besides the two crystalline phases, as previously discussed on the XRD re-
sults. The existence of an amorphous phase on this sample, allows the de-
termination of its Tg in the same way as on the A-(Na, K) glasses. The
obtained value of ΔT= 68 for the A-Li glass, is smaller than the ΔT mea-
sured on the remaining samples. This means that the A-Li sample has
lower thermal stability, and a higher crystallization tendency that can
be achieved for instance, through heat treatments.

3.4. Electrical measurements

Fig. 5 depicts the logarithm of σdc as function of the inverse of the
temperature for all the prepared glasses. For the A-(Na, K) samples it
is possible to identify two distinct conduction regimes, one in the low
temperature measurement range (b250 K) and another in the high
temperature range.

Since the activation energy at lower temperatures is very small
(≈3 kJ/mol), the dc conductivity at this range of temperatures can
be assigned to electron and/or polaronic hopping between different
oxidation states of the tungsten cation [41,42], namely the W5+ and
W6+ states. Niobium ions can also have difference oxidation states
(Nb4+ and Nb5+), and although for most glasses the predominant
state is Nb5+ (related to the formation of NbO6 structural units), in
some phosphate glasses niobium ions can change their coordination
state, which enables them to act as network former or modifier [43].
For that matter, not only the tungsten cations, but also the niobium
ions can contribute to the electronic conductivity.

On the high temperature regime, both electronic and ionic conduc-
tivity coexist, but the total conductivity is ruled by the ionic contribution
assigned to the non-random hopping of the modifier cations. For the
A-Li glass, a different scenario is observed in the σdc plot. The total con-
ductivity is not characterized by two different conduction regimes, but
seems instead to follow a linear evolution with the temperature varia-
tion. This could be explained by a predominance of the ionic conductiv-
ity at the entire temperature range evaluated, meaning that even
though at lower temperatures there might also exist an electronic con-
tribution to the conductivity, it is very small compared to the ionic
contribution.

Comparing the three samples, it is perceptible that in the entire tem-
perature measurement range, the conductivity increases significantly
(about two orders of magnitude) with the decrease of the alkali cation
mass and radius, which is an expected result since the ionic mobility in-
creases with the decrease of the referred properties.

Arrhenius formalism was applied as plotted in the inset of Fig. 5, to
determine the activation energy (Table 5) of the glasses at higher tem-
peratures. As expected, the activation energy increases with the in-
crease of the alkali cation mass, according to their mobility. The pre-
exponential factor σ0 that appears on the linearization of the Arrhenius
equation, depends on the average distance between the charge carriers
and the neighboring anions which they interact with, and also on the
number and vibration frequency of the charge carriers.

Based on the obtained values of σ0, we can conclude that there is a
higher number of charge carriers in the A-(Na, K) samples (σ0 of
about 104). For the A-Li sample, σ0 is about 102 which could be related
ngent (tan δ) at 300 K and 10 kHz.

ε′ tan δ
(×10−2)

| 0.506 ± 0.007 33.89 ± 2.28 26.52 ± 2.06
| 0.338 ± 0.007 15.95 ± 1.33 3.63 ± 0.31
| 0.227 ± 0.007 29.46 ± 1.28 0.94 ± 0.04
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to the formation of Li0.585NbO3 particles, as this reduces the number of
charge carriers that can diffuse freely through the glass network. Never-
theless, since themobility of the lithium ions is significantly higher than
the sodium and potassium ions, the A-Li glass is still the onewith higher
conductivity values.

Since the electronic conductivity of the A-(Na, K) glasses dominates
only at low temperatures, if we consider the conductivity value from the
A-K glass σdc = 1.95 × 10−14 (S/m) at 200 K as an approximation of
its electronic conductivity value (σelectronic) and σdc at 300 K
(1.77 × 10−11 S/m) as the value of its ionic conductivity (σionic), we
can measure the ratio σelectronic/σionic which is about 10−3. For mixed
conductive amorphous materials, that simultaneously exhibit ionic
and electronic conductivity, the determination of this ratio can be an
elementary evaluation of the electronic conductivity contribution.
Considering this evaluation, both A-K and A-Na (σelectronic/σionic about
10−5) samples can have their dc conductivity considered as purely
ionic. This is a meaningful result since one of the requirements for the
success of these glasses as fuel cell electrolytes, is that they should
have a significantly reduced electronic conductivity. This acknowledg-
ment combined with the Raman results which reported a predomi-
nance of pyrophosphate groups, allows the assumption that the
structure of these glasses is favorable for the mobility of charge carriers
as ions and protons.

Fig. 6 shows the dependency of the logarithm of σac with the inverse
of the temperature. Contrarily to the dc conductivity, it's not easy to dis-
cern two different conductionmechanisms due to the absence of a clear
inflection point. The conductivity mechanism should be related to a di-
polar mechanism between themodifier ions and the non-bridging oxy-
gen anions in their vicinity.

In order to determine the activation energy of the conductivity at
high temperature region, the linearization of σac was made according
with theArrhenius equation, and plotted in the inset of Fig. 6. The values
of the activation energy (Table 6) follow the opposite trend observed in
the σdc. For the ac conductivity, the activation energy of the glass A-
K b A-Na b A-Li, but the conductivity of the samples does not increase
with the decrease of the activation energy. This could be associated
with the number of charge carriers available for the ac conductivity on
each sample. Analyzing the pre-exponential factor (σ0) of the ac con-
ductivity of each sample, we can see that in fact for the A-K sample σ0

is 2 orders of magnitude smaller than σ0 from the A-Na glass, and 4 or-
ders of magnitude smaller than σ0 from A-Li sample. This explains that,
although the activation energy of the A-K glass is the smallest one out of
the three samples, there is not a significantly high number of free charge
carriers that could contribute to the conductivity process.

The dependency of ε′ with the applied frequency for the prepared
samples, at 300 K, is shown in Fig. 7. For the samples A-K and A-Na
this quantity is practically independent of the measured frequency,
whereas for sample A-Li increases significantly for lower frequencies.
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This behavior is due to charge accumulation effects at the interfaces
amorphous matrix-crystalline structural units [44,45]. For higher fre-
quencies, A-Li and A-K tend to the same ε′ value, while A-Na exhibits
a smaller value, suggesting that the latter has a smaller number of elec-
tric dipoles.

Fig. 8 shows the loss tangent (tan δ) as a function of the measure-
ment frequency, at 300 K. Sample A-K has the lowest loss tangent,
while sample A-Li possesses significant losses, being the highest con-
ductive sample.

The A-(Li, Na) glasses revealed the existence of dielectric relaxations
as shown in Fig. 9. Using the dielectricmodulus formalism [14], it is clear
the evolution of a thermally activated relaxation peak, which shifts to-
wards higher frequencies with the increase of the temperature. For
the A-Na sample these relaxation peaks are not visible in the ε″
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representation (Fig. 10). The complex dielectric modulus (M″) formula-
tion is often used to study the dielectric properties of glasseswith a high
degree of ionic conductivity, since it has the advantage ofminimize high
capacitance effects due to spatial charge accumulation [46]. These peaks
were fitted according the Havriliak–Negami dielectric relaxation model
usingWinfit software from Novocontrol, in order to determine their re-
laxation times.

The relaxation kinetics was found to be described by an Arrhenius
dependency (Fig. 11) in the evaluated temperature range, with activa-
tion energies of 52.5 kJ/mol for sample A-Li and 47.7 kJ/mol for sample
A-Na. The similarity between the conductivity and relaxation activation
energies in the A-Li sample, might indicate that themechanism respon-
sible for the σac may be similar to the mechanism of the relaxation.
4. Conclusions

Functional phosphate glasses with molar composition 20.7P2O5–
17.2Nb2O5–13.8WO3–34.5A2O–13.8B2O3 (where A = Li, Na, K) were
prepared by melt quenching technique. The compositions containing
Na2O and K2O led to the formation of transparent glasses, whereas the
composition with Li2O resulted in a glass ceramic material.

The XRD results showed an amorphous structure for the A-(Na,
K) samples, and for A-Li the formation of two crystalline phases
(Li0.585NbO3 and Nb26W4O77) in coexistence with the amorphous
phase, which was confirmed by the SEM micrographs.

The samples A-(Na, K) presented a similar Raman spectrum and ac-
cordingwith the identified vibrationalmodes, their network structure is
mainly composed by pyrophosphate and orthoborate groups, and also
by structural units where niobium acts as network former or modifier.
On the other hand, the Raman spectrum of the A-Li sample revealed
some distinct bands, and its analysis showed that its network might
be mostly constituted by pyrophosphate and metaborate BO3 groups.
The predominance of the Q1 groups indicates that there is a large num-
ber of non-bridging oxygen in the glass structure, available to bondwith
hydrogen protons. Also, the relatively high glass transition tempera-
tures (412–420 °C) of these samples allow them to operate as electro-
lytes in intermediate temperatures fuel cells.

The A-Li glass revealed predominantly ionic dc conductivity at the
entire evaluated temperature range. While for the A-(Na, K) samples
can be identified by two distinct dc conduction regimes, one in the
low temperature measurement range (b250 K) and another in the
high temperature range. The conductivity in the low temperature re-
gime is assigned to electron hopping between different oxidation states
of the tungsten and niobium cations, while for high temperatures
is assigned to the non-random hopping of the modifier cations. The ac-
tivation energy increases with the increase of the alkali cation mass, ac-
cordingwith theirmobility. Accordingwith theσelectronic/σionic ratio, the
dc conductivity of these two samples can likewise be assumed as purely
ionic, which is also a fundamental aspect for the application of these
glasses as fuel cell electrolytes.

The ac conductivity mechanism of the samples may be related to a
dipolarmechanismbetween themodifier ions and the non-bridging ox-
ygen anions in their vicinity.

Regarding the dielectric measurements, for the samples A-K and
A-Na, ε′ is practically constant at the evaluated frequency range, where-
as for sample A-Li increases significantly for lower frequencies. This be-
havior is due to the contribution of charge accumulation effects at the
interfaces amorphous matrix-crystalline structural units. For the sam-
ples A-Li and A-Na, according the dielectric modulus formalism it is
clear the evolution of a thermally activated relaxation peak, which shifts
towards higher frequencies with the increase of the temperature.
The relaxation kinetics was found to be described by an Arrhenius de-
pendency, with activation energies of 52.5 kJ/mol for sample A-Li and
47.7 kJ/mol for sample A-Na. The similarity for the A-Li sample, between
the conductivity and relaxation activation energies indicates that the
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mechanism responsible for σac may be similar to the mechanism of the
relaxation.
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