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The conductivity was measured by the complex tmpedance method over the
frequency range of 100 Hz to 20 kHz. Compared to CuyO, Cu,l, has a more
d istinct effect on the level of conductivity. The conductivity of the glasses
incerased with increasing Cu,l, content and the opposite relationship was
observed with increasing O|P ratio. The maximum conductivity was with a glass
having the lowest concentration of conductive Cut ions, and the glass exhi-
bited the largest molar volume. This fact indicates that electrical conductivity
of glasses 18 not only a function of the concentration of conductive ions, as
a significant part is also played by migration of ions which s given by the
molar volu me of the glass.

INTRODUCTION

Ionically conductive glasses have come to the forefront of scientific interest
during the last decade. This is due to the significant technological applications
found by these materials (e.g. primary and secondary sources of electric power,
sensors, diaphragms in ionically selective electrodes, electrochemical pumps,
electrochromic displays, capacitors, ete. [1, 2]).

The highest conductivities (¢ = 10-2 Q-lcm-1 at 25 °C) were achieved in sys-
tems containing Agl in combination with other silver compounds. However, the
iodide content amounts up to about 809, and this makes the materials too ex-
pensive. The lithium conductive glasses are more acceptable with respect to
price, but their maximum conductivities, attaining values of the order of
10-6 Q-1 cm~1, do not meet the more demanding requirements. This is why new
chemical compositions of glasses are seeked with the aim of satisfying both the
technical and economic aspects. Conductive Cu* glasses seem to be promising
in this respect. The Cu* ions have an electron configuration similar to that of
Agt ions, but a smaller radius (Table I). The conductivity of Cu* glasses can
thus be expected to be equal to, or higher than, that of Ag+ glasses [3, 4]. Howe-
ver, the subject matter of Cut glasses has been paid comparatively little atten-

tion, as indicated by the small number of publications dealing with this ma-
terial [5—17].

Table 1
Tonic radius and electron configuration of Ag*+ and Cut ions [3].
Cation Radius Configuration
Agt 0.126 nm [Kr] 4d1°
Cut+ 0.096 nm [Ar] 3d1o
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EXPERIMENTAL

Compounds of A. R. purity were used as initial materials for the preparation
of the glasses: P,0;s (Lachema), Cu,0 (Lachema) and Cul (Park). The homogenized
raw material mixes 5 g in weight were melted in a slilica glass ampoule at
660 °C with a dwell period of 90 minutes. Considerable problems arise with
oxidation of Cu* ions to bivalent Cu?+ ones, and even disproportionation to Cuo
and Cu2* can occur. The presence of copper in several oxidation stages would
bring about undesirable increases in the electron component of conductivity. In
order to eliminate these undesirable effects, the melting was effected in argon
atmosphere. The glass melt was quenched between two aluminium plates to
a final thickness of 1.1 mm. The resulting disk 20 mm in diameter was kept bet-
ween the plates until its temperature decreased to that of the environment. The
specimens were red-brown in colour. The melting did not bring about losses in
weight which means that the actual chemical composition corresponded to the
initial one. The chemical compositions of the glasses are listed in Table 2.
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Fig. 1. A typical impedance spectrum of glasses in the system Culy—Cu,0—P;0s.

All of the glasses were analyzed by X-ray powder diffraction (Rigaku Denki)
in order to identify any undesirable crystalline phases. The density of the glasses
was determined pycnometrically.

The electrical conductivity of the glasses was measured by the complex impe-
dance method over the frequency range of 100 Hz to 20 kHz (TESLA BM 595
RLCG Digibridge) in three-electrode configuration (vacuum deposited Pt block-
ing electrodes). The measuring method is described in [8]. A typical impedance
spectrum is shown in Fig. 1.
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EXPERIMENTAL RESULTS AND DISCUSSION

The glass-forming region of the Cu,l,—Cu,0—P,0; system was studied by Bar-
tholomew et al. [9] and Liu et al. [5]; however, their results disagree considerably.
Among the glasses investigated by the present authors, the best glass-forming
ability was exhibited by those having the O/P ratio within the interval of 2.85
to 3.00. The Cu,I, content exceeding 22 mol %, caused the glasses to crystallize.
The chemical compositions of the glasses investigated were in the composition ran-
ge where the glass-forming abilities, specified by the two authors, overlap.

? —\\ -

&
T
I

Vi Lem®mot "]
]
i
/
i

39 + -

i 1
385 390 39 osp 300

Fig. 2. Molar volume vs. chemical composition of gl wn the system Cupl;—Cu,0—P,0s
(¢ — 0.143 Cu,I; A — 0.176 Cu,lz; + — 0.212 Cu,ly).

The molar volume of the glasses was established on the basis of density deter-
minations. Fig. 2 shows that the molar volume increases with increasing Cu,,
content, while decreasing with increasing O/P ratio. The equation

2weu,1, + 2wcu,0

[Cu+] =

Vi
Table 11
Chemical composition of the glasses prepared {mol] and some of their characteristics
G2s Cu*
Glass Cu;l; Cu,0 P,0;5 [Q-1em—1] [mol em—3]
1A 0.143 0.429 0.429 1.09 X 10~4 2.97 X 102
1B 0.176 0.412 0.412 2.85 X 104 2.93 X 102
2A 0.143 0.400 0.457 1.01 x 104 2.77 X 102
2B 0.176 0.382 0.441 3.11 x 104 2.73 X 102
2C 0.212 0.364 0.424 5.64 x 104 2.72 x 102
3A 0.143 0.371 0.486 1.68 x 104 2.66 x 102
3B 0.176 0.353 0.470 4.48 X 104 2.54 X 102
3C 0.212 0.333 0.455 7.39 X 10—4 2.63 X 102
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was used to determine the concentration of Cut ions in the individual glasses
(wey,1, and wey,0 are the molar fractions of Cu,I; and Cu,O respectively, V,, is
the molar volume). The concentrations of Cut are listed in Table II.

Evaluation of the impedance spectra yielded the values of specific electrical
conductivity [€2-1 cm~1] for the individual temperatures. These were plotted as
log o vs. 1/T (Fig. 3). All of the relationships conform to Rasch-Hinrichsen’s equa-
tion expressing the electrical conductivity of glasses (log 6 = A — B/T). The li-
near course of the relationship over the temperature interval studied indicates that
there is no change from the ionic conductivity to the electronic one or vice versa,
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Fig. 3. Temperature dependence of the electrical conductivity of glasses in the system
Cuzlz—CLuO—PzOs .
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as this would be revealed by an inflection on the temperature dependence [10].
The relationship between log 025 and the chemical composition of the glasses is
plotted in Fig. 4. There is a distinct effect of Cu,I;on electrical conductivity, the
latter increasing with increasing iodide content. The changes in conductivity due
to changes in Cu,O content are not so significant as in the case of Cu,I,. The con-
ductivity of the glasses decreases with increasing O/P ratio. The maximum electri-
cal conductivity was achieved with the glass having the lowest concentration of
conductive Cut ions (cf. Table 2). This remarkable finding can be explained so
that glasses with a high iodide content and a low oxide content have the highest
molar volume which affects favourably the migration of Cu* ions. From this fact
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Fig. 4. Log g2s vs. the chemical composition of glasses in the system CuI,—Cu,0—P;0s
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Fig. 5. Activation energy Eq vs. the chemical composition of glasses in the system
Cu;Iz—CuZO-——ons (. — 0.143 CUZIZ; A — 0.176 CUZIz; + — 0.212 CUZIz).
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it follows that the conductivity is not merely a simple function of concentration
of conductive ions in the system.

Using the Arrhenius relation ¢ = ¢y exp (— E/RT), the activation energies
of the conductivity process E were calculated (Fig. 5), together with the values
of the pre-exponential factor ¢, (in Fig. 6, the g, values are presented as A =
= log 0o). At a constant OP/ ratio, an increasing Cu,I, content reduces the acti-
vation energy E; of the conductivity process, as well as decreasing the value of
the pre-exponential factor go,. With the glasses being investigated, one can obser-
ve opposite effects of E; and g, on the resulting conductivity while changing the
Cu:l; content. However, a dominant part is played by a decrease of activation
energy, as on the whole, the conductivity increases with increasing Cu,I, content.
The behaviour of the system due to a change in the O/P ratio is similar, showing
a distinct maximum at O/P = 2.94. The peak values of E, and ¢, are probably
associated with the structural aspects of the glasses; however, no detailed expla-
nation of phenomenon has yet been suggested.
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Fig. 6. A (A = log go) vs. the chemical composition of glasses in the system
CupI,—Cuy0—P;0s (¢ — 0.143 Cuply; A — 0.176 Cu,ly; + — 0.212 Cugly).

CONCLUSION

The conductivity of the best glass prepared within the framework of the system
Cuzl,—Cu;0—P,05 amounted to 7 X 10~4 Q-1 cm—1, which is a value lower by one
and a half order of magnitude than that of the best conductive Ag* glasses. In
principle, the conductivity could be further increased by raising the Cu,I, content
or by optimizing the Cu,I,/Cu,O ratio. However, owing to their crystallization
ability, preparation of these highly conductive glasses requires application of
more efficient cooling techniques. The results obtained indicate that conductive
Cut glasses fully deserve the attention they have been paid recently.
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Cut VODIVE SKLA V SUSTAVE Cu,I,—Cu,0—P,0;
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V praci sa skmala zavislost elektrickej vodivosti skiel v sustave CuI;—Cu,0—P;0;5 od ich
chemického zloZenia. Vodivost sa merala komplexnou impedan&nou metédou vo frekvendnom
rozsahu 100 ¥12—20 kHz. CuzI; mé v porovnani s Cu,O vyrazndjdi vplyv na troven vodivosti.
Pri stupajucom obsahu Cu,l; sa vodivost skiel zvysovala, pri stipajicom pomere OfP sa pozoro-
vala opaZna zivislost. Maximum vodivosti sa dosiahlo u skla s najniZgou koncentraciou Cut vo
divych ionov, pritom mélovy objem skla bol najvyssi. Tato skutonost nasved&uje tomu, %e vo
divost skiel nie je len funkciou koncentracie vodivych iénov, ale Ze vyznamnou mierou sa uplat-
fiuje i moznost migracie ionov dana velkostou molarného objemu skiel.

Obr. 1. Typické impedanéné spektrum skiel v sustave CuyI—Cu0—P20s.

Obr. 2. Zavislost mélového objemu do chemického zlofenia skiel v sustave CuI,—Cu,O—P;0s (¢ —
— 0.143 Cuply; A — 0.176 Cuply; + — 0.212 Cu,ly).

Obr. 3. Teplotna zdvislost elektrickej vodivosti skiel v sustave Cul,—Cu,O—P,0s.

Obr. 4. Zdvislost log 6,5 od chemického zloZenia skiel v sustave Cupl,—Cuy0—P,05 (¢ — 0.143 Cu,l;;
A — 0.176 Cuyly; + — 0.212 Cu,L).

Obr. 5. Zavislost aktivadnej energie E; od chemického zlolenia skiel v sustave CuI,—Cu,O—P20s
(0 — 0.143 CuzIy; A — 0.176 Cuyly; + — 0.121 CuyLy).

Obr. 6. Zdavislost A (A = log a0) 0d chemického zlofenia skiel v sustave CuI,—Cu0—P;0s (e —
— 0.143 CuyIz; A 0.176 Cuyly; + — 0.212 Cu,ly).
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Cu MPOBOJAAMMKBE CTEKJA B CUCTEME Cu2l,—Cu,0—P,05

ITerep 3nammr*, Jlangnciaas Hlamexr

Xumuro-mexnonocuneckuie urcmumym, kagedpa Mernoi0LuU cuUKAMUE,
Texnuyra 6, 166 28 Ilpaza 6
*Crosaykuil nosumerHUNeCkul URCMUMYNt, TUMUKO-MeTHOA0UNecKUll glaryavmem, kagiedpa
rumuveckoli mexnoaoeuu cuauramos, Padaunckozo 9, 8§12 87 Bpamucnaca

B npejaaraemoii paore neclte)lyercs: 3aBHC HMGCTh 9JI€KTPONPOBOAHOCTIT CTEKOT P (e TEMe
Cuzl:—Cu,G—P:0s oT nx Xumuueckoro cectaBa. IIpoBOANMOCTB N3MEPAL ¢ ITOMODRILIO
KOMILICKCHOI'0 MeTO[d uMnejanca B mpejeaax uacrorHoetrn 100 P'n—20 kl'i. Cuzlz B cono-
craBieHnl ¢ Cu,0 okaspiBacT (oilee pe3roe BIMsIHME HA YPOBEHDb npoBo;inmocTit. I1pn pacry-
meM cojicpsxagnn Cuzl; mpoBOJIMOCTb CTEKO:I IIOBHINACTCA, Npu pacTyuleM oTHoweluu OfP
Habmoaai o6paTHYIO 3aBACKHMOCTh. MaKCIMYM IIPOBO;IHMOCTH HOJIYYaeTCA Y CTeK.Ja ¢ Hall-
Gosee Hudkoil KoHueHTpanued Cut MPOBOJSINUIX HMOHOB, HPUUEM MOJLHOE COJACpIKAHIE
Gosbmie. JaHHGBIH QakT SABAACTCA ¢BHACTCIBLCTBOM TOTO, UTO IPOBOJAMMOCTH CTCKOJ HE sIB-
aseTcsA TOJIBKO (YHKILEH KOHIeHTpAalllli IPOBOjIANINX MOHOB, HO YTO H B 3HAYUTCJILHOM
cTeleHH JeiicTBYeT jiaske BO3MOKHOCTH MAI'palldH L CHOR, JlaHHasg BEINYHHOH MOJNLHOI'O
00HeMa CTER OJ1.

Puc. 1. Tunuunwiii cnekmp umnedarnca cmeroa 6 cucmeme Cuzl>—Cu,0—P,0s.

Puo. 2. Basucumocmd smoabvrozo 06vesa om TUMUKECKC20 cocmasa cmekoa 6 cucnmeate Clala—
—-Clle—PzOs (. _ 0,143 Cllz]z; N — 0,176 CU‘_’I:: + — 0,212 CUzIz).

Puc. 3. Temnepamypras sagucumorms saexkmponpecodrocmu cmexos ¢ cucmeme Cuzl;—Cu,0
—ons.

Puc. 4. 3asucumocms 1log o625 om zumuneckozo cocmasa cmeroa 6 cucmesme Cual ;—Cuz0—P;0s
(e — 0,143 Cuzlz; A — 0,176 Cualz; + — 0,212 Cu.ly).

Puc. 5. 3asucumocmv snepeuu axmusayuu Es om zumuueckozo cocmaca (e — 0,143 Cuala|;
A — 0,176 Cuzlz; + — 0,212,Cu.ly).

Puc. 6. 3Basucumocmv A (A =log o) om xumuuecrozo cocmasa cmekoa ¢ cucmeme Cuzl,—
—Cu20—P,0s (¢ — 0,143 Cualz; A — 0,176 Cuzlz; + — 0,212 Cuala).

120 silik&ty & 2, 1991





