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Structural changes of 35Na0;,-1W0O3-8NbOs/,-5La05,,-51P0s), glass (1W-glass) before and after the
electrochemical substitution of sodium ions with protons by alkali-proton substitution (APS) are studied
by Raman and *'P magic-angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopies. The
glass before APS consists of (PO5)g ¢(P,0,") chains on average and the terminal Q' units (-O-PO;>) are
bound to MOg octahedra (M denotes niobium or tungsten) through P-O-M bonds. Some non-bridging
oxygens (NBOs) in the MOy octahedra are present in addition to the bridging oxygens (BOs) in P-O-M
bonds. APS induces fragmentation of the phosphate chains because the average chain length decreases to

(PO5);7(P,0,%) after APS, despite the total number of modifier cations of sodium and lanthanum ions
and protons being unaffected by APS. This fragmentation is induced by some of the NBOs in the MOg
octahedra before APS changing to BOs of the newly formed M-O-P bonds after APS because of the
preferential formation of P-OH bonds over M-OH ones in the present glass. We show that APS under the
conditions used here is not a simple substitution of sodium ions with protons, but is accompanied by

structural relaxation of the glass to stabilize the injected protons.

1. Introduction

Fuel cells that operate in the intermediate temperature region of
300-500 °C, termed intermediate-temperature fuel cells (IT-FCs),
attract considerable attention because of their advantages in terms
of cost, energy efficiency and operating conditions.'” In addition,
their operating temperature enables use of a variety of fuels such
as hydrocarbons and alcohols. Therefore, many research groups
have focused on developing solid electrolytes applicable to IT-
FCs by attempting to identify solid proton conductors that show
sufficiently high conductivity at intermediate temperatures.*"?
However, such a material has not been developed yet.

Glass has been studied as an electrolyte material for a long time
because of its variety of compositions and high chemical and
electrochemical durability. For example, a glass electrolyte with
high lithium (Li)-ion conductivity has recently been developed as
a material for solid-state Li-ion batteries.'"*'® Proton-conducting
glass electrolytes applicable to IT-FCs have also been studied;
however, it is difficult to maintain highly concentrated protons in
glass at intermediate temperatures. Generally, the proton
concentration in phosphate glass prepared by the conventional
melt-quenching method is in the order of 10" cm™>."” While the
proton concentration in glass prepared by the sol-gel method is up
to 10*' cm™ at room temperature, the protons are usually
exhausted at temperatures higher than 200 °C because of
dehydration.'®

We recently developed a technique termed alkali-proton
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substitution (APS) to inject carrier protons into oxide glass by the
electrochemical substitution of alkali ions in the glass with
protons at high temperatures.'!"* This technique enables injection
of carrier protons with a concentration exceeding 5x10%' cm™,
which corresponds to a concentration higher than ~10 mol L.
The carrier protons injected by APS are stably maintained at
temperatures above 300 °C because APS is usually conducted at
temperatures in the range of 300-500 °C, which are much higher
than the temperatures employed for ion exchange using aqueous
acid solution.'*' For example, the carrier protons injected in
35Na0;,-1WO0;-8Nb0Os,-5La0;/,-51P0s, glass (1W-glass) by
APS are stable up to 300 °C. Therefore, the APS technique
allowing injection of highly concentrated proton carriers that are
stable at intermediate temperatures is very attractive to realize
proton-conducting glass electrolytes suitable for IT-FCs, although
the proton conductivity of the 1W-glass after APS was not
sufficiently high (4 X 10* Sem™ at 250 °C) and should be
improved.

In our previous paper, we studied the substitution behavior
during APS of 1W-glass in terms of the quantity and macroscopic
distribution of injected protons using energy-dispersive X-ray
(EDX) and infrared (IR) spectroscopies.”> We found that protons
were injected into the region of the glass where the concentration
of sodium ions (Na") had decreased, and the amounts of
injected protons and discharged Na® ions were equivalent.
Macroscopically, this indicates that the Na* ions in the glass were
substituted with protons. Microscopically, i.e., in terms of atomic

arrangement, we observed that APS developed without
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crystallization, phase separation and the other significant
structural changes the network structure by Raman
spectroscopy. The character of the chemical bond of the proton
with the oxygen is evidently different from that of Na" ion with

s the non-bridging oxygen (NBO) in the glass network. This
implies the difference in the atomic arrangement, i.e., structure,
of the glass before and after APS, although the substitution of
Na' ions with protons by APS in macroscopic scale was
confirmed.

10 Recently, we reported that glass composition that determines
glass structure has a huge effect on the mobility of proton
carriers.”> Consequently, to understand the structure of the glass
before and after APS is very important to design the glass
composition that realizes high proton conductivity. On the other

15 hand, the WO; and NbOs), that exhibit intermediate components
of glass former and modifier raise the glass transition temperature
and increase thermal stability. Therefore, to understand how the
WO; and NbOs), are involved in the glass network should provide
important information in order to improve thermal stability of the

20 proton conducting glass.

Based on this situation, we studied the structure of 1W-glass
before and after APS in detail by *'P magic-angle spinning
nuclear magnetic resonance (MAS-NMR) spectroscopy in
addition to Raman spectroscopy in order to obtain structural

»s information about the degree of polymerization of phosphate
network quantitatively.

in

2. Experimental
2.1. Glass preparation

Glass with a composition of 35Na0,,-1WO3-8NbOs/,-5La0s3,,-
30 51POs;, (1W-glass) was prepared by the conventional melt-
quenching technique. Raw materials Na,CO3;, WO;, Nb,Os,
La,0; and H3PO, were weighed and mixed, and then melted in a
platinum crucible for 1 h at 1400 °C in air. The molten materials
were poured into a cylindrical carbon mold with an inner
35 diameter of 18 mm, annealed at 420 °C for 10 min and then
cooled slowly to room temperature in the furnace at a cooling rate
of 20 °C h™'. The glass transition temperature of the glass was
determined to be 415 °C by differential thermal analysis
(TG/DTA6300, SII, Japan).

40 2.2. Alkali-proton substitution

APS was performed on the 1W-glass using an APS apparatus
(KDK-800, Kenix Co., Japan). The configuration of this
apparatus was described in our previous paper.'” Disk-shaped
glass plates with a diameter of 18 mm and thickness of 1 mm

4s were sliced from the cylindrical glass block and both surfaces
were polished. A thin film of palladium (Pd) with a thickness of
approximately 0.2 pm was deposited by magnetron sputtering on
one surface of the glass plate. The glass plate was then positioned
in a holder made of quartz with the Pd-deposited surface facing

so upwards. The other face of the glass was placed in contact with
molten tin (Sn) heated at 310 °C under 5% H,/95% N,
atmosphere. A DC bias of 5.0 V was applied between the Pd
anode and molten Sn cathode for 7 or 30 h. The electrochemical
substitution of Na* ions with protons was completed for the glass

ss after APS for 30 h, but was not after 7 h, as described in our
previous paper.'?

2.3. Structural characterization

Raman spectra of the glasses before and after APS were
measured using an NRS-3100 laser Raman spectrometer (JASCO,
¢ Japan) at an excitation wavelength of 532 nm. Cross-sectional
Raman spectra of the glass after 7 h of APS were measured at 50-
um intervals along the direction from anode to cathode.
3P MAS-NMR spectra of the glasses before and after 30 h of
APS were acquired on a Bruker Avance 600 spectrometer
s (Bruker BioSpin, Germany) operating at 14.1 T (Larmor
frequency of 242.92 MHz) with a 2.5-mm magic-angle spinning
probe operating at a spinning frequency of 30 kHz. The spectra
were acquired using a pulse length of 4 ps (90° flip angle) and
recycle delay of 10 s; the spectra were referenced relative to 85%
70 H3PO, by setting the signal of solid (NH4),HPO, to 1.33 ppm.
The obtained signals were deconvoluted in the range from 20 to -
60 ppm into two or three pseudo-Voigt functions using DMfit.*

3. Results
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75 Fig.1 Raman spectra of 1W-glass (a) before and (b) after APS for 30 h.
3.1. Raman spectra

Figure 1(a) shows a Raman spectrum of 1W-glass before APS.
The bands at 200-400 cm™ are associated with the bending
modes of O-M-O (8p.p.0; M denotes niobium (Nb) or tungsten

s0 (W)) of MOg octahedra, and the band at ~500 cm™ is their
combination modes with an O-P-O bending mode (8o.p.0; P is
phosphorus).?**" The bands at ~600 and 924 cm™ are also
associated with the MOg octahedra. That at lower frequency is
assigned to the stretching mode for the long M-O bonds (vy0);
ss I.e., related to M-O-P or M-O-M bonds with bridging oxygen
(BO). The band at 924 cm™ is assigned to a stretching mode of
short M-O bonds where O does not bridge between a P and Nb or
W atom; this mode is indicated as vyjo-. The remaining bands are
associated with the stretching modes of the phosphate framework.
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It is well known that the frequency of these stretching modes
depends on the polymerization level of PO, tetrahedra; this is
usually represented by the number of P-O-P linkages, n, i.e., the
number of BOs, of an individual PO, tetrahedron as Q" (n=0, 1, 2
and 3).%® Using this notation, the bands observed at 700 and 1016
em’' are assigned to the symmetric and asymmetric stretching
modes of P-O-P, respectively, indicated by vP_O_P,Sym(QZ) and vp_o.
P’asym(Qz) for Q* units, respectively.”**° The bands located at
higher wavenumber than 1050 cm™ are associated with the
stretching mode of P-O™ bonds related to NBO; the band at 1080
cm’! is assigned to that for the Q! unit, VPO3(Q1). The bands at
1162 and 1248 cm™ are respectively assigned to the symmetric

15

and asymmetric modes for the Q? unit; ie., Vpoz‘sym(Qz) and
Vpoz‘asym(Qz), respectively.zg'30 These assignments are summarized
in Table 1.

Figure 1(b) shows the Raman spectrum of the glass after APS
for 30 h. Sodium and proton concentrations are not dependent on
the position in this glass, because the substitution of sodium ions
with protons was completed within the 30 h; therefore, the

20 Raman spectra do not vary along the direction from anode to

cathode in this glass. The spectral shape is similar to those of the
glass before APS; however, the positions and intensities of the
bands are slightly changed compared to those of the glass before
APS.

25 Table 1 Assignment of the Raman bands observed for 1 W-glass before and after APS.
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Frequency (cm™)
Assignment” Ref.
Before APS After APS

270 270 80-M-0 Bending mode of O-M-O of MOg octahedra 24-27
378 378 0-M-0- Bending mode of O-M-O" of MOg octahedra 24-27
523 523 dom.0 T 00.p-0 Combination mode of O-M-O bending mode with O-P-O bending mode 24-27
614 614 VMmO Stretching mode of M-O bond of MOg octahedra 24-27
700 720 VP.O.P,Sym(Qz) Symmetric stretching mode of P-O-P bond for Q’ unit 28-30
924 920 VMO~ Stretching mode of M-O" bond of MOy octahedra 24-27

) 950 N— Stretching mode of M-O™ bond of MOy octahedra. The number of NBO in a

MO MOg octahedra for this band is smaller than that for the 920 cm™ band.
1016 1016 Vp_o_P,asym(Qz) Asymmetric stretching mode of P-O-P bond for Q2 unit. 28, 30
1080 1080 veos(Q") Symmetric stretching mode of NBOs for Q' unit 28, 30
1162 1162 Veozsym(Q) Symmetric stretching mode of NBOs for Q* unit 28-30
1248 1248 vpoz,asym(Qz) Asymmetric stretching mode of NBOs for Q? unit 28-30
*M denotes Nb or W.

To clarify these spectral changes, we measured Raman spectra
at different depths in the 1W-glass to determine the level of APS.
Figure 2(a) shows the Na and hydroxide (OH) concentration
profiles of 1W-glass after APS for 7 h measured for the cross
section along the direction from anode to cathode. Na and OH
concentrations at a distance from the Pd anode x of 0.6-1.0 mm
were almost identical to those of the glass before APS. At
distances of 0—0.5 mm from the Pd anode, the Na concentration

decreased and OH concentration increased approaching the anode.

This indicates that the level of APS increased closer to the anode
in the range of x=0—0.5 mm.

Raman spectra of the same region as in Fig. 2(a) are depicted in
Fig. 2(b). The spectral shape for the region of x=0.5-0.9 mm is
identical to that of the glass before APS as expected, because
APS did not occur in this region (see Fig. 2(a)). In the region of
x=0.45-0.05 mm, the spectral shape depended on x. The most
characteristic change associated with the phosphate framework is
the shift of the Vp.o.p om(Q”) band at ~700 cm™. This band shifted
to higher frequency closer to the anode; i.e., it shifted to higher
frequency as the substitution of Na' ions with protons increased.
This shift of the Vp_o_P’Sym(Qz) band is attributed to the decrease of
length, that is, fragmentation, of phosphate chains consisting of
inner Q® units and two terminal Q' units; i.e., (PO;),(P,0,%).%!

50

[
b

70

Another change associated with the phosphate framework is
variation of intensity of the VPOZ’Sym(QZ) band at 1162 cm™, which
decreased in intensity markedly as the substitution level of Na*
ions with protons increased. This may be because the
polarizability of protons is much smaller than that of Na' ions
taking into account that the intensity of the Raman band is
determined by the change in polarizability. >

For the bands related to MOy octahedra, the vy.o- band that
appeared to be a singlet before APS split into a doublet after APS,
and the intensity of the band at 950 cm’ increased with
substitution level. According to Fukumi et al. .2 the vp.0- band
shifts to higher frequency as the number of NBOs in each NbOy
octahedron decreases. Therefore, the spectral change around 900—
950 cm’ indicates that the number of NBOs in each MOy
octahedron decreased with increasing substitution level. This
means that new M-O-P (or M-O-M) bonds were formed during
APS by consumption of some of the NBOs in the MOg4 octahedra.

3.2. NMR spectra

Figure 3(a) shows a *'P MAS-NMR spectrum of the glass before
APS. A signal appears between 5 and -40 ppm that can be
assigned to Q' or Q units based on their chemical shifts.>> This
indicates that no Q° or Q® units, ie., orthophosphate or

This journal is © The Royal Society of Chemistry [year]
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ultraphosphate ions, are present in the glass, consistent with the
results obtained from Raman spectroscopy. Consequently, the
glass before APS contains (PO5),,(P,0,") chains. Because the
spectrum is broad and obviously asymmetric, it was deconvoluted
s into three signals at 1.4, -10.8 and -20.9 ppm, as indicated by thin
solid lines in Fig. 3(a). The signals at 1.4 and -20.9 ppm can be
attributed to Q' and Q? units, respectively.”® The signal at -10.8
ppm is attributable to a Q' unit in which one of the three NBO
bonds to Nb or W form a single P-O-M linkage;36 hereafter, this
10 type of PO, tetrahedron is termed QI(M).
Figure 3(b) shows a *'P MAS-NMR spectrum of the glass after
APS for 30 h. The spectral shape is very similar to that of the
glass before APS (Fig. 3(a)), but the signals are shifted upfield by
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Fig.2 (a) Depth profiles of Na and OH concentrations measured by EDX
and FTIR spectroscopies for 1 W-glass after APS for 7 h. (b) Raman
spectra of 1 W-glass after APS for 7 h measured for the cross section

along the direction from anode to cathode. x indicates the distance from
20 the anode.

5-10 ppm. The upfield shift of the spectrum of the glass after
APS can be explained as follows. The *'P chemical shift of
phosphate glass depends on not only the polymerization level of
PO, tetrahedra, i.e., the value n of Q", but also the species of
2s modifier cations. For example, the *'P NMR signal of (Li,Na.
OPO; glasses shifted upfield with increasing Li concentration.*
Such dependence on the species of modifier cation has been
studied for various phosphate glasses by Kirkpatrick and Brow. *°
They explain this phenomenon according to the change in ionic
30 potential, i.e., the ratio of charge to radius of modifier cations; the
NMR signals shift upfield as the ionic potential of the modifier
cation increases. Because the ionic potential of proton is six times
larger than that of Na* ion,* the >'P NMR signals of the HO, -
POs), system appear upfield compared to those of the NaOj -
35 POs), system even for the same Q" unit, as summarized in Table
23841 Consequently, the observed upfield shift of the NMR
signals of the glass after APS is because most Na' ions in the
glass were substituted with protons during APS.
Based on the above explanation of the upfield shift of the *'P
40 NMR signals after APS, the three signals of the glass after APS at
-0.1, -14.8 and -28.0 ppm are assigned to Ql, QI(M) and Q2 units,
respectively. The integrated intensity ratio of the signals arising
from Q2 and QI(M) units, AQZ:AQI(M), of the glass before APS of
4.5:1, changed to 2.0:1 after APS. This suggests that APS

Intensity / arb. units

20 0 20  -40
*'P chemical shift / ppm

-60

Intensity / arb. units

20 0

-20
*'P chemical shift / ppm

45
Fig.3 *'P MAS-NMR spectra of 1W-glass (a) before and (b) after APS for
30 h. Thin solid lines indicate the deconvoluted NMR signals assigned to
Q', Q' and Q? units.
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Table 2 Comparison of the 31P chemical shifts of sodium phosphate and
phosphoric acid with various compositions.

Material PO, tetrahedra Chemical shift (ppm) Reference
Na;PO, ) 13.7 38
H;PO, Q 0

Na4P207 . 2.6 39
H.4P,0, Q -11 40, 41

N215P3010 Qz -5.6 39
HsP30,9 -24.4 40, 41

s induced fragmentation, that is, decreased the chain length m in
(PO;),(P,0,%), consistent with the results of Raman
spectroscopy above.

4. Discussion
4.1. Structure of the glass before APS

10 According to the results of Raman and NMR spectroscopies, the
1W-glass before APS consists of Q! and Q? units; for instance,
the glass is mainly composed of (PO;),,(P,0;*) phosphate chains
containing inner Q? units and two terminal Q' units. This
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15 Fig.4 Schematic drawings of the structure of 1W-glass (a) before and (b)
after APS.

structure is consistent with that expected based on the O/P ratio
of the 1W-glass. The O/P ratio of the 1W-glass is 3.4, which is
between that of pyrophosphate (P,0,") of 3.5 and metaphosphate
20 (POy),, of 3.0, even though the 1W-glass contains not only the
simple modifier cations Na" and La®* but also the intermediate
cations W and Nb>*. Regarding WO; and NbOs),, the Raman
spectrum clearly indicates the presence of MOy octahedra that
have at least one NBO because stretching vibrations of vyg at 614

s em’ and vy at 924 em’ are both observed in the Raman
spectrum (Fig. 1(a)).

Further quantitative information about the glass structure was
deduced from the *'P MAS-NMR spectrum of 1W-glass before
APS as follows:

% (i) The structure of 1W-glass consists of only Q' and Q? units,
without any other PO, units like Q%or Q.

(i) The intensity ratio of AQl(M):AQ1 was 18:1, which indicates
that most of the terminal Q' units in (PO5),,(P,0,*) chains
were bound to MOg octahedra.

35 (iii) The intensity ratio of AQZ:(AQI(M) + AQI) was 4.3:1,
indicating that the average formula of the phosphate chains
is (PO3)56(P,0;%) assuming that the glass does not
containing any pyrophosphate ions, P,0,".

Based on these findings and the assumption that the Na” and La®*

40 ions as simple modifier ions compensate the negative charges of

NBOs in PO, tetrahedral and MOy octahedral units, the structure
of the 1W-glass before APS was deduced and is schematically
illustrated in Fig. 4(a).

4.2. Structural changes induced by APS

ss 1W-glass after APS is still composed of (PO53),(P,0,")
phosphate chains. However, the length of the phosphate chains
shortened slightly and the number of NBOs in each MO
octahedron was decreased by APS, i.e., APS in 1W-glass is not a
simple and topotactic substitution of Na" ions with protons. The
so intensity ratios of the NMR signals ofAQl(M):AQ1 and AQZ:(AQl(M)
+ AQl) were 9.4:1 and 1.84:1, respectively. These values indicate
that the average formula of the phosphate chains in the glass after
APS is (POy);7(P,0;") and most of the terminal Q' units in
(PO5); 7(P,0,%) chains still bond to MOg octahedra. Based on the
ss fragmentation of the phosphate chains from (PO3')&6(P2074')
before APS to (POy);7(P,0;") after APS, and the formation of
new M-O-P bonds instead of the consumption of some of the
NBOs in the MOy octahedra during APS, the glass structure after
APS was deducted and is schematically drawn in Fig. 4(b).
o Fragmentation of the phosphate-glass network usually occurs
when the O/P ratio increases; i.e., when the concentration of
modifier cations increases. In the present case, the total number
of modifier cations is the same before and after APS because the
number of protons injected is the same as that of Na' ions
discharged during APS."* However, some of the NBOs in the
MOg octahedra before APS changed to BOs of the newly formed
M-O-P bonds after APS. Consequently, the increased number of
negative charges in the phosphate framework induced by
fragmentation of the phosphate chain is compensated for by
consumption of some of the NBOs in the MOy octahedra and
formation of P-O-M bonds. The temperature used for APS
(310 °C) was much higher than the glass transition temperature of
the 1W-glass after APS (210 °C), so it seems reasonable that such
a structural change could occur during APS. The structural
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change observed during APS implies that the chemical driving
force of this change originates from the preferential formation of
P-OH bonds over M-OH bonds as follows: The positive charges
of Na' ions in the glass before APS are compensated for by the
negative charges of the NBOs in PO, tetrahedra (=P-O") and
MOy octahedra (EM-O). During APS, Na" ions in the glass are
substituted with protons and OH groups are formed in the glass,
which can be described by the following reactions:

=P-O--*Na'+H' -» =P-OH + Na' (1)

EM-O--*Na'+H > EM-OH + Na" (2)

If the changes in energy for reactions (1) and (2) are comparable,
Na' ions in the glass are simply substituted with protons and the
glass network consisting of PO, tetrahedra and MOy octahedra
does not change during APS. However, during APS, new M-O-P
bonds are formed and the NBOs in MOg4 octahedra are consumed
together with the fragmentation of the phosphate framework. This
indicates that the following reaction (3) occurs instead of reaction
(2) because of the difference in chemical bonding between Na*
ions with NBOs and protons with oxygen atoms.

EM-O'+++Na"+ =P-0-P= + H' » EM-O-P= + =P-OH + Na" (3)

This suggests that the formation of EM-O-P= and =P-OH is
favored rather than the formation of =M-OH under the conditions,
i.e., temperature and atmosphere, used for the present APS, and
may be mainly caused by =P-OH being more stable than EM-
OH under these conditions. Because of this, most protons injected
into the glass are trapped by PO, tetrahedra and form =P-OH
bonds, so almost no EM-OH bonds exist in the glass after APS.
The formation of EM-O-P= in the glass after APS may not be
favored in terms of the stability. When the formation of EM-O-
P= bonds heavily develops, the phase separation into NbOs;, or
WO; and POs), rich phase and the other phase is much-feared.

Under the present APS conditions (310 °C and applied DC
voltage of 5V), some Na" ions were not substituted with protons
and remained in the glass after APS, as shown in Fig. 5(a) and
described in our previous paper.'”® The composition of the glass
after APS is expressed as 11NaO,;;,-24HO;,,-1WO3-8NbOs),-
5La0;,-51P0s,. The Raman spectrum of the glass after APS
(Fig. 1(b) and Table 1) indicates that the NBOs in MOg octahedra
remain in the glass after APS; therefore, the negative charges of
these NBOs must be compensated for by not protons but Na"
and/or La*>" ions. This suggests that the Na* ions left in the glass
after APS, which should possess lower mobility than that of the
Na' ions discharged out of the glass, exist around the MOy
octahedra. We attempted to discharge all Na’ ions in the
30NaO;/,-1WO0;-8NbOs/;,-5La03,-56P0s5,, glass and to inject
protons by APS under application of 10 V of DC voltage. The
resulting glass was highly hygroscopic indicating the formation
of hygroscopic POsp,-rich phase by phase separation; therefore,
the glass was not enough to be subjected to various analyses. This
phase separation should be induced by that the NBOs in MOg
octahedra compensated by Na' ions transformed into BO
according to the reaction (3) and EM-O-P= bonds were highly
developed in the glass after APS. This strongly suggests that it
would be better for the concentrations of NbOs, and WOy in the
glass not to be high in terms of the stability of the glass.

5. Conclusions
The structures of 1W-glass, 1W0O3-35Na0,,,-8NbOs,,-5La0s3),-
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51POs),, before and after APS were studied in detail by Raman
and *'P MAS-NMR spectroscopies. The glass network of 1W-
glass before APS consists mainly of (POj;),.(P,0;*) chains with
m=8.6 on average and the terminal Q' units are bound to NbOg or
WOgq octahedra through P-O-Nb or P-O-W bonds. There are some
NBOs in the NbOg4 and WOy octahedra in addition to the BOs in
P-O-Nb or P-O-W bonds. APS induces fragmentation of the
phosphate chains because the average length decreases from
(PO;)5.6(P20,%) before APS to (POy);7(P,0,") after APS, even
though the total number of modifier cations of Na” and La*" ions
and protons is not changed by APS. The fragmentation of the
phosphate framework is induced by some of the NBOs in the
MOg octahedra before APS changing to BOs of the newly formed
M-O-P bonds during APS. The structural change during APS
arises from the preferential formation of P-OH bonds over M-OH
bonds. As a result, APS is not a simple and topotacitic
substitution of Na' ions with protons but is accompanied with
structural relaxation to stabilize the injected protons. Formation
of M-O-P bonds during APS may not be favored in terms of the
stability of the glass, because the phase separation into NbOs, or
WO; and POs), rich phase and the other phase is much-feared
when the formation of = M-O-P = bonds heavily develops.
Further, fragmentation of the phosphate framework generally
leads to a decrease of the glass transition temperature. Therefore,
it is important to design a glass composition where phase
separation and fragmentation of the glass network does not occur
during APS to realize proton-conducting glass electrolytes with
high thermal stability suitable for use as the electrolyte of ITFCs.
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