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Abstract Mixed lithium–zinc borophosphate glasses

were prepared and studied in three compositional series

xLi2O–(50)x)ZnO–50P2O5, xLi2O–(50)x)ZnO–10B2O3–

40P2O5 and xLi2O–(50)x)ZnO–20B2O3–30P2O5 with

x = 0, 10, 20, 30, 40 and 50 mol% Li2O. The obtained

glasses were characterized by the measurements of the

density (q), molar volume (VM), glass transition tempera-

ture (Tg) and thermal expansion coefficient (a). For the

investigation of structural changes 11B and 31P MAS NMR

and Raman spectroscopy were applied. The replacement of

zinc by lithium in borophosphate glasses slightly decreases

VM and Tg, while a increases. In Li–Zn metaphosphate

glasses the compositional dependence of Tg reveals a

minimum, while at the borophosphate series Tg decreases

monotonously with increasing Li2O content. Chemical

stability of Li–Zn borophosphate glasses is very good for

glasses with x = 0–30 mol% Li2O. Spectral studies showed

in the glass series with 10 mol% B2O3 only the presence of

BO4 sites. In the glasses with 20 mol% B2O3 the presence

of BO3 and two BO4 sites was revealed in ZnO-rich glasses

and only one BO4 site in Li2O-rich glasses; the number of

BO3 groups decreases with increasing Li2O content which

is ascribed to the formation of P–O–Zn covalent bonds in

ZnO-rich glasses.

Introduction

The structure of glasses is determined mostly by the an-

ionic network, whereas the effect of cations is usually

smaller. Nevertheless in some cases the formation of

glasses with a suitable combination of cations can advan-

tageously affect the properties of glasses. Phosphate and

borophosphate glasses of silver and lithium were studied as

fast ion conductors [1–3]. Nevertheless, alkali phosphate

glasses reveal a high solubility and therefore the modifi-

cation of their composition by the changes in anionic or

cationic part can increase their chemical stability.

The structure of rapidly quenched lithium phosphate

glasses xLi2O-(1)x)P2O5 within the concentration range

x ¼ 0.5–0.75 was investigated by Tatsumisago et al. [4]

using IR and Raman spectroscopy. They found the values

of Tg to be almost constant within the studied composi-

tional range and from spectral studies they found that with

increasing Li2O content metaphosphate units convert

gradually into diphosphate units and then into orthophos-

phate units. Vitreous electrolytes based on lithium boro-

phosphates were studied by Magistris et al. [5]. The

structure of lithium borophosphate glasses was investigated

by Raman spectroscopy [6, 7] and 31P MAS NMR spec-

troscopy [8, 9]. They identified several different types of

phosphate units. Beside BPO4-like units they identified

PO4 units connected to one boron atom (MB1 units) and to

two boron atoms (MB2 units) and one metal atom and also

the PO4 units connected to one boron atom and two metal

ions (EB units). They proposed that MB2 units are mostly

connected with three-coordinated boron, while MB1 units

are coordinated to BO4 units.

Zinc borophosphate glasses were studied by Brow and

Tallant [10] in the series x(B2O3)-(1)x)Zn(PO3)2 and

y(B2O3)-(1)y)ZnP2O7 by 31P and 11B MAS NMR
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spectroscopy, whereas in paper [11] the properties of zinc

borophosphate glasses of the system xZnO–yB2O3–zP2O5

were studied in compositional series with 30, 40, 50 and

60 mol% P2O5.

For the glasses derived from metaphosphate composi-

tion, the values of the glass transition temperature Tg

increase with an increasing B2O3 content and reach a

maximum at the glasses containing ~20 mol% B2O3

[10–12]. The observed increase is explained by a trans-

formation of the chain-like structure, characteristic of

metaphosphate glasses, into the three-dimensional structure

due to the incorporation of boron in the prevailing form of

BO4 tetrahedra [12].

This paper is devoted to the study of properties and

structure of ZnO–Li2O mixed metaphosphate and boro-

phosphate glasses with 10 and 20 mol% B2O3 in which

Li2O replaces ZnO, i.e. one Zn2+ cation is replaced by two

Li+ ions.

Experimental

Samples of the Li2O–ZnO–B2O3–P2O5 glasses were pre-

pared in the batches of 25 g by the reaction of LiOH Æ H2O,

ZnO, H3BO3 and H3PO4. In the first stage the reaction

mixture was heated slowly in a Pt crucible up to 600 �C

with the final calcination at the maximum temperature for 2

h to remove water. After the calcination the reaction

mixture was heated slowly up to the 850–1220 �C. After

20 min heating at the maximum temperature, the obtained

melt was cooled by pouring into a graphite mould of

30 · 30 mm dimensions to form a suitable glass block.

The obtained glasses were separately annealed for 15 min

at a temperature about their Tg and then slowly cooled to

the room temperature. Transformation temperature Tg was

obtained from DTA measurements before the annealing.

The glass density, q, was determined at bulk samples by

the Archimedes method using CCl4 as the immersion

liquid. The molar volume VM was calculated as VM = �M /q,

where �M is the average molar weight of the glass

composition wLi2O–xZnO–yB2O3–zP2O5 calculated for

w + x + y + z = 1. The chemical durability of the glasses

was evaluated at room temperature from the measurements

of the conductivity of a solution obtained by the interaction

of 0.3 g of the glass powder (mean diameter of 8 lm) with

100 mL of distilled water for 60 min.

Thermal expansion coefficient and the glass transition

temperature were measured on the equipment TMA

CX04R (RMI Pardubice) at the heating rate of 5 K min)1.

For the measurement of dilatation curves the cubes with

dimensions of 5 · 5 · 5 mm were cut out from the bulk

samples. From the obtained curves the coefficient of ther-

mal expansion, a, was determined as a mean value in the

temperature range of 150–250 �C. The glass transition

temperature, Tg, was determined from the change in the

slope of the elongation versus temperature plot. Thermal

behaviour of the glasses was studied with the Perkin Elmer

DTA-DSC equipment, model 1700, working in the tem-

perature range of 50–800 �C at a scan rate of 10 �C min)1

in the DSC mode. The measurement was done on powder

samples with mean diameter 8–10 lm placed in sealed

vacuum silica ampoules.

The Raman spectra were measured on bulk samples at

room temperature on a FT IR spectrometer, Bruker model

IFS 55, with the Raman attachment, FRA 106. The Raman

spectra were recorded under excitation with a Nd:YAG

laser radiation using a slit width of 4 cm)1 with the power

of 300 mW at the sample surface.
31P MAS NMR spectra were measured on a BRUKER

ASX100 spectrometer with a 4 mm probe. The spinning

speed was 12.5 kHz. The pulse length was 1.2 ls (pi/4),

and the recycle delay was 20 s which was sufficient to

enable relaxation at this field strength. 11B MAS NMR

spectra were measured on a BRUKER Avance 400 spec-

trometer with a 4 mm probe. The spinning speed was

12.5 kHz. A rotorsynchronized echo was used with selec-

tive pulse lengths of 20 ls and 40 ls for the first and the

second pulse, with 10 s recycling delay. The Larmor fre-

quencies were 40.5 MHz and 128.4 MHz for 31P and 11B,

respectively. The chemical shifts of 11B nuclei are given

relative to BPO4 at )3.6 ppm, those of 31P are relative to

85% H3PO4 at 0 ppm.

Results and discussion

Glass properties

Three compositional series of borophosphate glasses

xLi2O–(50)x)ZnO–50P2O5 and xLi2O–(50)x)ZnO–

10B2O3–40P2O5 and xLi2O–(50)x)ZnO–20B2O3–30P2O5

with x = 0, 10, 20, 30, 40 and 50 mol% Li2O were syn-

thesized and studied. All the prepared glasses were trans-

parent and homogeneous.

The values of the glass density, q, for all series of

glasses are given in Table 1. As can be seen from this table,

the density of the studied glasses decreases with increasing

content of lithium oxide in all series of glasses. The

observed decrease is almost linear in borophosphate series,

while in metaphosphate series the decrease in q is small

within the region of 0–20 mol% Li2O and at higher Li2O

content the decrease is similar to borophosphate series. The

reason for this decrease is smaller atomic weight of Li2O

(29.88) in comparison with ZnO (81.39).

The molar volume, VM, in all series of glasses (see

Table 1) slightly decreases with increasing Li2O content
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within the concentration region of x = 0–20 mol% Li2O as

the covalent Zn–O bonds are replaced by more ionic Li+–

O) bonds. At higher Li2O concentrations VM remains al-

most unchanged, which we assume to be associated with

the decisive role of the anionic network, which reached a

minimum and the small Li+ ions do not affect the total

molar volume which is determined by the anionic network.

The values of glass transition temperature, Tg, of Li–Zn

borophosphate glasses are shown in Fig. 1, and their

thermal expansion coefficient a is given in Table 1. The

compositional dependences of the glass transition temper-

ature (Fig. 1) show an unmonotonous behaviour, which is

most pronounced in the metaphosphate glass series, where

the value of Tg reveals a minimum at 20 mol% Li2O. Such

a behaviour of Zn–Li metaphosphate glasses is similar to

the mixed alkali effect observed e.g. in mixed lithium–

sodium metaphosphate glasses, where the minimum of Tg

was observed for the equimolar ratio of Li2O and Na2O

[13]. In the borophosphate series we can see a significant

decrease of Tg by about 100�C within the concentration

region of 0–20 mol% Li2O, while within the regions of 20–

50 mol% Li2O the changes in Tg are much smaller. The

explanation of the dependencies in the borophosphate glass

series is analogous to VM, i.e. the first sharp decrease is due

to the changing character of M–O bonds from covalent to

ionic interaction accompanied by a decrease in the bonding

forces inside the structural network. In the Li2O-rich region

the strength of the anionic network plays the decisive role

in the values of Tg.

The thermal expansion coefficient (see Table 1) for all

glass series increases with increasing Li2O content and

decreases with increasing B2O3 content. The observed

increase of a with the replacement of ZnO by Li2O gives

evidence for the increasing ionicity of bonds in the glass

structure. Higher bond ionicity results in a higher degree of

asymmetry of the Condon–Morse potential energy curve

[14] and therefore the values of a with increasing ionicity

of M–O bonds increase.

The chemical durability of borophosphate glasses is

higher than at the metaphosphate glass series. The results of

the measurement of the conductivity of the water solution

(j) obtained after 60 min interaction of glass powder with

distilled water are shown on Fig. 2. The obtained

dependences show that mixed Li–Zn borophosphate glasses

reveal relatively high chemical durability within the com-

position region of 0–30 mol% Li2O and their chemical

stability is substantially higher than that of metaphosphate

glasses. The measurement of the dissolution rate of boro-

phosphate glasses with x = 0–30 mol% Li2O gave the

Table 1 Composition, density (q), molar volume (VM) and thermal

expansion coefficient (a) of Li2O–ZnO–B2O3–P2O5 glasses

Glass composition (mol%) q – 0.05 VM a – 1

Li2O ZnO B2O3 P2O5 (g cm)3) (cm3) (ppm K)1)

0 50 0 50 2.85 39.2 10.1

10 40 0 50 2.83 37.6 14.3

20 30 0 50 2.76 36.7 17.0

30 20 0 50 2.64 36.5 18.6

40 10 0 50 2.50 36.4 19.5

50 0 0 50 2.35 36.6 20.0

0 50 10 40 3.10 33.7 8.8

10 40 10 40 3.00 33.0 12.2

20 30 10 40 2.89 32.6 14.0

30 20 10 40 2.73 32.6 15.8

40 10 10 40 2.57 32.6 17.5

50 0 10 40 2.41 32.7 18.0

0 50 20 30 3.27 29.7 6.3

10 40 20 30 3.12 29.5 10.5

20 30 20 30 2.96 29.4 12.5

30 20 20 30 2.79 29.3 13.5

40 10 20 30 2.62 29.2 15.2

50 0 20 30 2.45 29.2 15.5

Fig. 1 Compositional dependence of the glass transition temperature,

Tg, of the glass series xLi2O–(50)x)ZnO–50P2O5 (a), xLi2O–

(50)x)ZnO–10B2O3–40P2O5 (b) and xLi2O–(50)x)ZnO–20B2O3–

30P2O5 (c). The errors in the data points are comparable to the size of

the data points

Fig. 2 Compositional dependence of conductivity, j, of water

extracts in the glass series xLi2O–(50)x)ZnO–50P2O5 (a), xLi2O–

(50)x)ZnO–10B2O3–40P2O5 (b) and xLi2O–(50)x)ZnO–20B2O3–

30P2O5 (c). The errors in the values of j under 400 lS cm)1 are

smaller than the data points
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values 6.1 · 10)6 to 6.7 · 10)7 g cm)2 min)1. Li-rich

glasses have poor chemical durability both in metaphos-

phate and borophosphate glass series.

Spectral studies

Metaphosphate glasses

The 31P MAS NMR spectra of the 50ZnO–50P2O5 and

50Li2O–50P2O5 glasses are presented in Fig. 3. Both

spectra reveal one broad signal with the maximum at

)31 ppm for Zn(PO3)2 and )23 ppm for LiPO3 corre-

sponding to the presence of Q2 units in the glass structure

[15]. The determined values of the chemical shift are in

agreement with the literature data for glassy Zn(PO3)2 [16]

and LiPO3 [17]. The change in the value of the chemical

shift is dependent on the electrostatic field strength of the

cation [18] and thus the shielding on phosphorus at the Zn

metaphosphate is greater than at the Li metaphosphate.

Raman spectra of 50ZnO–50P2O5 and 50Li2O–50P2O5

glasses are given in Fig. 4. The positions of the maxima of

the dominant band of symmetrical stretching vibrations of

non-bridging oxygen atoms on Q2 units, ms(PO2), are in a

good agreement with the literature data [19], as well as the

positions of the second strong band of vibrations of

bridging oxygen atoms connecting Q2 units, ms(P–O–P).

Both spectra are very similar, because the structure of Zn

and Li metaphosphate glasses is the same, consisting of

long metaphosphate chains composed of Q2 units with

cations compensating the charge on non-bridging oxygen

atoms.

Borophosphate glasses with 10 mol% B2O3

The 31P MAS NMR spectra of three glasses from the

borophosphate series xLi2O–(50)x)ZnO–10B2O3–40P2O5

are presented in Fig. 5. The spectrum of pure zinc boro-

phosphate glass of the composition 50ZnO–10B2O3–

40P2O5 (Fig. 5) reveals one broad signal with the main

maximum at d = )25.3 ppm and a shoulder at )8 ppm.

With increasing Li2O content, the main signal from

)25.3 ppm shifts downfield to )17.4 ppm at the glass with

30 mol% Li2O and to )14.9 ppm at the glass with

50 mol% Li2O. Also the shoulder shifts with composition

from )8 ppm up to )3.7 ppm at the glass with 50 mol%

Li2O. The position of the dominant signal lies within the

region characteristic of Q2 units in phosphate-based glasses

[15] and its downfield shift with increasing Li2O content is

in agreement with smaller electrostatic field strength of Li+

ions in comparison to Zn2+ ions [18]. More ionic character

of M–O bonds in Li-rich borophosphate glasses results also

in a smaller width of the observed NMR signal in Li-rich

glasses. The smaller band on the downfield site of the

dominant signal lies within the range characteristic of the

Q1 units [15] and its position is also influenced by the

electrostatic field strength of the cation. Nevertheless, re-

cent studies of Zeyer et al. [20] showed that there is a high

concentration of P–O–B bonds even in the glasses of this

Fig. 3 31P MAS NMR spectra of the glasses 50ZnO–50P2O5 (x = 0)

and 50Li2O–50P2O5 (x = 50)

Fig. 4 Raman spectra of the glasses 50ZnO–50P2O5 (x = 0) and

50Li2O–50P2O5 (x = 50)

Fig. 5 31P MAS NMR spectra of the glass series xLi2O–(50–x)ZnO–

10B2O3–40P2O5

J Mater Sci (2006) 41:4636–4642 4639

123



series and thus the main band could be characteristic of

PO4 groups bonded to BO4 groups rather than Q2 units with

two non-bridging oxygen atoms.

The 11B MAS NMR spectra of the glass series xLi2O–

(50)x)ZnO–10B2O3–40P2O5 are presented in Fig. 6. The

spectra of the this series of glasses reveal only one NMR

signal characteristic of the presence of only BO4 units,

which shifts from )3.8 ppm to )2.6 ppm with increasing

Li2O content.

The Raman spectra of the glass series xLi2O–

(50)x)ZnO–10B2O3–40P2O5 are shown in Fig. 7. In the

high-frequency region of the Raman spectrum of the pure

Zn borophosphate glass, there is one strong broad band

with the maximum at 1169 cm)1. With the replacement of

ZnO by Li2O, maximum of this band shifts to lower fre-

quencies up to 1134 cm)1 at the 50Li2O–10B2O3–40P2O5

glass. This band can be assigned to symmetrical stretching

vibration of non-bridging oxygen atoms in Q2 units, which

prevail in the structure according to 31P MAS NMR

spectra. The observed shift is comparable with that found

at metaphosphate glasses. In the middle-frequency region

of the Raman spectra of pure zinc glass there are two

medium Raman bands with maxima at 667 and 751 cm)1

ascribed to ms(B–O–P) and ms(P–O–P) vibrations of B–O–P

bridges and P–O–P bridges in diphosphate units, respec-

tively [21]. The ratio of the intensity of these two bands

changes a little with composition, which can be due to

small changes in the bond strength under the influence of

different cations.

Spectral studies of the first series of Li–Zn borophos-

phate glasses with 10 mol% B2O3 showed that the glass

structure is composed of PO4 tetrahedra and BO4 tetrahedra

interconnected by P–O–B bridges. The presence of BO3

trigonal units has not been observed in the 11B MAS NMR

spectra of this composition series. Smaller vibrational

coupling in Li-rich borophosphate glasses results in nar-

rower Raman bands in the high-frequency region in com-

parison with Zn-rich borophosphate glasses.

Borophosphate glasses with 20 mol% B2O3

The 31P MAS NMR spectra of the glass series xLi2O–

(50)x)ZnO–20B2O3–30P2O5 (Fig. 8) reveal similar down-

field shifts as in the previous glass series. The maximum of

the dominant signal shifts downfield from )14.3 ppm at the

50ZnO–20B2O3–30P2O5 glass to )10.1 ppm at the glass

with 30 mol% Li2O down to )8.6 ppm at the glass with

50 mol% Li2O. This broad signal was decomposed into two

components with maxima at )19 ppm (x = 0), )12 ppm

(x = 30) and )9 ppm (x = 50) for PO4 units with P–O–B

bonds and )8 ppm (x = 0), )3.8 ppm (x = 30) and

)1.8 ppm (x = 50) for Q1-type units. The integration of the

area of both corresponding components shows on a

decreasing amount of Q1 units from about 36% to 30%

and 24% at the glasses with 0, 30 and 50 mol% Li2O,

respectively in the glass series xLi2O–(50)x)ZnO–20B2O3–

30P2O5.

The 11B MAS NMR spectra xLi2O–(50)x)ZnO–20B2O3–

30P2O5 are presented in Fig. 9. Contrary to the first glass
Fig. 6 11B MAS NMR spectra of the glass series xLi2O–(50)x)ZnO–

10B2O3–40P2O5

Fig. 7 Raman spectra of the glass series xLi2O–(50)x)ZnO–

10B2O3–40P2O5
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series, the 11B MAS NMR spectrum of the pure Zn boro-

phosphate glass composition consists of two BO4 peaks with

chemical shifts at d = )3.4 ppm and d = )1.5 ppm, which

are assigned to B(OP)4 and B(OP)3(OB), respectively [22].
11B MAS NMR spectra also show a small amount of BO3

units revealed by a small asymmetric signal on the left side of

the BO4 resonance, which is due to a second order quadru-

polar effect not removed by the MAS. With increasing Li2O

the intensity of the higher peak decreases and on the NMR

spectrum of the 50Li2O–20B2O3–30P2O5 glass only the

second peak is present. These changes in the signal of BO4

units are accompanied by a decrease in the intensity of the

band characteristic of BO3 units. The decomposition of the

NMR signal shows on a decrease in the number of BO3 units

from about 30% at the pure Zn-glass to about 12% at the pure

Li-glass. It means also that the number of BO4 units in the Li-

glass is higher than in the corresponding Zn-glass.

The Raman spectra of the glass series xLi2O–

(50)x)ZnO–20B2O3–30P2O5 are shown in Fig. 10. The

dominant vibrational band in the pure zinc borophosphate

glass is very broad, having a maximum at 1083 cm)1,

which splits into two strong bands of 1020 cm)1 and

1101 cm)1 with increasing Li2O content. On the Raman

spectrum of pure zinc glass there is also a medium band

with a maximum at 748 cm)1, the position of which cor-

responds to the stretching vibration of bridging oxygen

atoms in diphosphate units. With increasing Li2O content

we can observe an increase in the strength of the band

655 cm)1 assigned to P–O–B bridges.

Results of spectral measurements in the glass series of

xLi2O–(50)x)ZnO–20B2O3–30P2O5 revealed interesting

changes in structure of these glasses. The most significant

is the information obtained from 11B MAS NMR spectra,

showing the decreasing number of BO3 groups with

increasing Li2O content. We assume that this effect can be

assigned to different bonding in Zn-rich and Li-rich glas-

ses. More covalent Zn–O bonds are replaced by a weaker

Li+...O2) interaction and free oxygen atoms support BO3 to

BO4 conversion. Moreover, according to recent study [22]

BO3 units are bonded in borophosphate glasses exclusively

to BO4 units via B(4)–O–B(3) bridges. Thus a transforma-

Fig. 8 31P MAS NMR spectra of the glass series xLi2O–(50)x)ZnO–

20B2O3–30P2O5

Fig. 9 11B MAS NMR spectra of the glass series xLi2O–(50)x)ZnO–

20B2O3–30P2O5

Fig. 10 Raman spectra of the glass series xLi2O–(50)x)ZnO–

20B2O3–30P2O5
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tion of BO3 to BO4 units is accompanied by increasing

amount of P–O–B bonds which is confirmed by changes in

the Raman spectra in their middle-frequency part.

Conclusion

Study of the properties of mixed lithium–zinc borophos-

phate glasses revealed that the replacement of ZnO by Li2O

leads to some changes in the properties and structure of

these glasses. A higher ionicity of bonds between cations

and the anionic network in the Li-rich glasses is associated

with a decrease in the strength of bonding interactions in the

structural network. Weakening of chemical bonds in the

network results in a decrease in the glass transformation

temperature and the chemical durability of lithium-rich

borophosphate glasses. The observed structural changes in

both borophosphate glass series are associated with differ-

ent behaviour of ZnO and Li2O in the glasses. Zinc oxide

belongs to intermediate oxides and therefore it is able to

enter structural network and form covalent Zn–O–P bonds.

Li2O is a typical modifying oxide and thus it gives off

oxygen atoms to the structural network forming Li+ ions

and the interaction of Li+ ions with glass network is weaker.

Li+ ions are able to move inside the network, which is the

base of the application of Li-glasses in solid electrolytes.
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