“The International George Papatheodorou Symposium

Patras, September 1718, 1999

Proceedings
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Agl-doped fast ion conducting borate glasses xAgl-(1-x)[Ag,0-nB;03] (n=2, 0.5) in bulk and thin film
Jorms were studied by infrared spectroscopy. The short-range order structure of the network was found to
be directly affected by Agl, and this was accounted for by isomerisation and disproportionation reactions
between triangular and tetrahedral borate species for the diborate (n=2) and pyroborate (n=0.5)
Jamilies, respectively. This effect is reflected in the decrease of the glass transition and fictive
temperature upon Agl addition. Analysis of the transmission spectra of thin films for diborate glasses
showed that optical and thermal history effects lead to spectral differences between thin films and bulk
samples. Far-infrared analysis for pyroborate glasses revealed two distinct environments for silver ions
formed by oxygen atoms and iodide anions. At high Agl contents the silver-iodide sites are probably
growing into Agl-like clusters. In the diborate family the presence of a range of oxide, iodide and mixed
O/I environments for silver ions is supported by the far-infrared data. Thus, the nature of sites exploited
by silver ions in Agl-containing borate glasses depends on both Ag,0 and Agl content.

Introduction

Fast ion conducting (FIC) glasses are challenging materials due to their high ionic conductivity
and the possibility for applications in electrochemical devices [1-3]. Agl-doped borate glasses xAgl-(1-
x)[Ag;0-nB,0;] have been widely studied as model FIC systems. These glasses arc stable, exhibit high
ionic conductivity and can be prepared easily in a wide glass-forming region [4,5]. Despite the numerous
studies devoted to such glasses, their structure and ion conduction mechanism are still a subject of debate
[6-151.

It has been suggested that the short-range order (SRO) of the borate network changes in a
systematic way upon increasing the amount of Agl while keeping the Ag,O/B,0s ratio constant 5,6},
while other studies indicate that Agl addition does not induce modifications of the SRO of the glass [7-9].
The state of Agl in the borate network and its effect on the ion transport process are also matters of
contraversy. It has been proposed that Agl forms a pseudophase within the glass matrix, and that silver
ions migrate along pathways established by iodide ions [1,10,11]. On the contrary, other studies suggest
that Agl is dlspersed in interstices of the host matrix [9,12,13], and that the conductivity enhancement is
due to the expansion of the glass network caused by Agl-doping [14,15].

The purpose of this paper is to investigate both the network structure and the silver ions hosting
sites by infrared (IR) reflectance and transmittance spectroscopy of two families of xAgl-(1-x)[Ag,0-
nB,0;] glasses; with n=2 (diborate) and n=0.5 (pyroborate). Analysis of the mid-IR spectra reveals details
of the SRO of the borate network, while the far-IR profiles yield information on the nature of sites hosting
silver cations. The simultaneous analysis of transmittance and reflectance spectra allows comparison of
the results of the two different techniques, in relation with the findings of previous works reported in the
literature [6,8].

Experimental

Glasses were prepared using stoichiometric amounts of reagent grade Agl, AgNO; and B.Os,
mixed in Pt crucibles and heated at 650°C until the NO, gas had dissipated. Then, the mixture was melted
at 850-950°C for 25-30 min, depending on composition., Bulk samples for specular reflectance
measurements were cbtained by splat quenching techniques in the composition range 0 < x < 0.65 for the
diborate, and 0.4< x<0.6 for the pyroborate family. From the same batch used to prepare the bulk
samples, thin films were obtained in the diborate family only for 0.1<x<0.60 by employing the procedure
described by Liu and Angell [16].

Infrared spectra were measured on a Fourier-transform vacuum spectrometer (Bruker 113v) in
the range 25-5000 cm’'. Specular reflectance spectra were measured in an 11° off-normal mode and
transmittance spectra were recorded with the plane of the film placed normal to the incident beam.
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Results and discussion

Infrared spectra of bulk samples . :
: The specular reflectance spectra of bulk samples were analyzed by the Kramers-Kronig
transformation to calculate the absorption cocfficient spectra, a(v). The a(v) spectra of xAgl-(1-x)[Ag,0-
2B,0;] glasses reported in Fig.1 are dominated in the mid-IR region by strong absorption envelopes at ca.
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‘Figl: a(v) spectra of xAgl-(1-
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Fig.2: Fractions X; and X; of borate
tetrahedra (B@,") and triangles (B&,0’),
respectively, as a function of Agl content
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1350 and 1000 cm™. These features are attributed to the
asymmetric stretching mode of borate triangles B@, and B@,0
(1350 cm™) and tetrahedral units, B@, (1000 cm™),
respectively (@=oxygen atom bridging two boron atoms) [6,17].
Though the Agl content varies in a rather broad range,
0<x<£0.65, such spectra have quite similar bandshapes,
suggesting that Agl addition does not cause the formation of
new structural units in the borate network,. However, it is noted
that Agl addition induces a change in the relative intensities of
the envelopes at ca. 1350 and 1000 cm™ in favor of the latter,
suggesting the occurrence of Agl-induced  structural
rearrangements mostly related to changes in the relative
population of triangular and tetrahedral borate units. The short-
range order (SRO) of the binary Ag,0-2B;,0; glass contains
B@; and B@,0" triangular units and B@, tetrahedra [18]. To
quantify the network structure of Agl-doped diborate glasses
the fractions Xj, X; and X4 of the local structural units BJ;,
B@,0" and B@y, respectively, were calculated. For this purpose
we employed the recently introduced model [19,20] that
involves the deconvolution of absorption profiles (see inset of
Fig.1) and the assignment of component bands to borate
polyhedra. In Fig.2 are reported the calculated fractions X, and
X4 as a function of Agl content, with X; being composition
independent (X3=0.5). As x increases from O to 0.65, X, varies
from 0.34 to 0.39, while X, from ca. 0.16 to 0.11 and these
changes are considerably larger than the estimated
experimental error (ca. 3%). The result for the Ag,0-2B,0;
glass (X4=0.34) is in excellent agreement with the
corresponding value obtained from NMR spectroscopic data
(N,=0.35) [21). “

These results demonstrate the effect of Agl on the
SRO of the glass, and this can be understood in terms of the
chemical equilibrium between the isomeric B@,0" and B@,
units:

I

The fractions reported in Fig.2 show that Agl addition shifts the
equilibrium to the left. This SRO change can be quantified by
estimating the quasi-equilibrium constant, K., at constant
pressure for reaction (1):
Keq = X2 / X4 (2)

It was found that K, and the corresponding glass transition
temperature, Ty, of diborate glasses show the same dependence

on Agl content [20]. Such an interrelation between T, and SRO
allowed us to estimate, from the slope of the InK; vs. 1/T; plot,

the enthalpy change associated with reaction (1), AH=32 £ 5 ki/mol of boron. This result is in good

agreement with reported data for the reaction BQ{: B@; + NBO in sodium borate melts (AH=35 + 12
kJ/mol of boron, NBO = non-bridging oxygen) [22].



The corresponding ofv) spectra of pyroborate glasses, xAgl-(1-x)[Ag,0-0.58,0;], were,found to
be dominated by strong envelopes at ca. 955, 1030, 1245 and 1315 cm! {19]. These features manifest the
presence of borate tetrahedra, B@, (955 and 1030 cm™), orthoborate triangles, BO;™ (1245 em™), and
pyroborate units, B,Os* (1315 cm™) [17]. Though in pyroborate glasses the fractions cannot be .
determined unambiguously [20], it was found that Agl affects the relative intensity of mid-IR bands. In
particular, all glasses present strong bands due to B@,” tetrahedra, despite the fact that the fraction of B@,
units is negligible in binary pyroborate glasses [17]. Thus, the effect of Agl in the pyroborate family can
be related to the co-existence of B,0s", BO;> and B@, species, according to the disproportionation
reaction:

B,0s* & BOs> + B@y o (3)

It appears that the presence of Agl results in the stabilization of pyroborate species, even though the

corresponding silver-pyroborate crystal or glass (Ag,0-0.5B,0;) can not be synthesized to the best of our
knowledge.

Infrared spectra of thin films
. Transmittance spectra of thin films in the diborate family are reported in Fig.3 and show the
same absorption features as the corrcsyonding bulk samples (Fig.1). In addition, these spectra exhibit
interference fringes above ca. 1500 cm™ where the films become quasi-tranisparent, which extend also to
lower frequencies and overlap with the absorption peaks of the glass network. Hence, a careful analysis of
the transmittance spectral data requires taking inlo account the interference pattern.
Transmittance spectra, T(v), were simulated by

1.0 using a rigorous expression which depends on
[ the real, n(v), and imaginary, k(v), parts of
0.5t the complex refractive index and on the
[ / . . . thickness, d, of the film [23]. As discussed in
0.0 WA detail elsewhere [20] the n(v) and k(v)

functions obtained by the Kramers-Kronig
transformation of the buik sample reflectivity
can be employed to fit the experimental T(v)
spectra having the film thickness as the only
variable parameter. Typical results of the
simulation are shown in Fig.3 for comparison
with the experimental spectra. It turns that an
appropriate analysis of optical measurements on
thin films leads to similar conclusions for the
SRO structure. It should be mentioned however
that the crucial parameter in the case of thin
o0 p—t—tr—r—ouo——t i film analysis is the film thickness. In fact, the

- measured spectrum of a finite film is a
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0.5 convolution of the spectrum of a semi-infinite
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0.0 —_— 1L multiple reflections between the two interfaces
0 1000 2000 3000 4000 5000 of the film. Such interference introduces an
Wavenumbers (cm™) oscillatory term with period and amplitude

dependent on thickness, which can alter the

Fig.3: Typical infrared transmission spectra of films with shape of the spectrum in a rather complicated

different Agl contents in the diborate family xAgl-(1- ~ Way controlled by film thickness [20]. So, a

X)[Ag;O-2B,0,]. Solid lines indicate experimental  quantitative comparison between the results

spectra and dash dotted lines are the best fits to the  obtained on bulk and thin film samples can be

experimental spectra [20]. The thickness of films made only when the latter are carefully

obtained by the fitting procedure is also given. analyzed to eliminate the dependence on the
film thickness.

In addition, it is underlined that samples in bulk and thin film forms of the same composition
may have different fictive temperatures due to their different thermal histories. This affects directly
equilibrium (1) and consequently the SRO structure of the glass. While, bulk samples were cobtained by
splat quenching the melt immediately after removal from the furnace, thin films were blown from a melt
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drop that was cooled to obtain an appropriate viscosity. It follows that thin films may have lower fictive
temperatures compared to bulk samples, and larger X, according to equilibrium (1). This may also explain
the observed small differences between experimental and simulated spectra in Fig.3.

Far-IR spectra of xAgl-(1-x)[Ag,0-nB,0;] glasses ' :

In Fig4 are shown the expanded far-IR absorplion coefficient profiles of xAgl-(1-x)[Ag,O-
nB,0,] glasses. These are dominated by a broad asymmetric profile due to the vibration of Ag cations in
their hosting sites [6,20]. The nature of cationic sites can be studied by deconvoluting the far-IR spectra
into Gaussian component bands. Typical deconvolution results by using the minimum number of
components are included in Fig.4. The binary silver diborate glass (x=0) was fitted by three component

bands at ca. 52 (v ), 145 (vg) and 272 cm™,
as in previous studies [18]. The v, and vy

0.8 bands are attributed to Ag-O vibrations in oxide
environments and the third component is
assigned to a deformation mode of the borate
network [18,19]. The profiles of Agl-

- containing diborate glasses were fitted also

0.0 with three components (Fig4), with

frequencies between 45-50 cm™ {v.), 128-146

cm’ (vy) and 266-272 cm™. Agl addition

results in the relative increase of the intensity
of the vy band, and in the progressive shift of
its frequency towards lower values (146 cm’!

0.0 for x=0 to 125 cm’? for x=0.65).

The pyroborate far-IR spectra present

10.8 remarkable differences compared to the

diborate ones and were described by four

distinct components. Three components at ca.
40, 175 and 260 cm’ are analogous to those
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SN found in the diborate family, while the one at

o0 e 00 ca. 100 cm’ is a new feature. This new

component increases in intensity and shifts to

Wavenumbers {cm’) higher frequencies upon Agl addition,

suggesting that it could. be assigned to

Fig.4: Far-infrared spectra (solid lines) of xAgl-(1-x)[Ag,0O- vibrations of Ag cations in primarily iodide

nB,0,] glasses with n=2, 0<x<0.6 (diborate) and n=0.5, . t hi . .
0.4<x<0.6 (pyroborate), deconvoluted into Gaussian environment [6,20). This assignment is further

component bands (dashed lines). The simulated spectra are Supp ortt?d by the fact tha.t crystalline Agl has_la
shown by dotted lines, strong infrared absorption at ca. 110 cm™,

attributed to the Ag-I stretching mode, v Ag-1>
in a tetrahedral environment of I" anions [24]. The increase of v ag-1 frequency from 96 cm’! (x=0.4) to
107 em™ (x=0.6) may indicate a progressive organization and growth of silver iodide sites into a separate

Agl-like pseudophase though its size cannot be estimated from the present infrared data. However, a

recent field emission scanning electron microscopy study of orthoborate glasses 0.75Agl-0.25[Ag,0-
0.33B,04] revealed the presence of Agl-rich amorphous particles with diameter 40-60 nm [25].

_ In view of the above results, the downshift of vy; upon Agl addition in diborate glasses can be
-explained in two ways. First, the band with frequency vy is assumed to be a convolution of two bands, at

ca. 146 cm” (oxide band) and 110 cm™ (iodide band). Agl addition enhances the intensity of the latter
band and the peak maximum of the convoluted band shifts naturally towards lower frequency values. A
second explanation is based on a progressive substitution of oxygen by iodide ions in the coordination
sphere of Ag cations as x increases. This would lead to the formation of mixed oxyiodide sites, and the
combined effect of the increasing reduced mass and the decreasing force constant would be a net decrease
of vy with Agl addition [20]. Both models, i.e. (a) formation of separate Ag-oxide and Ag-iodide sites,

and (b) formation of mixed Ag-O/I environments, predict the observed trend of vy with Agl addition. It

appears that for the diborate family an intermediate situation is perhaps more realistic: for the nature of
sites occupied by silver cations.
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Concluding remarks

Superionic borate glasses xAgl-(1-x)[Ag;0-nB;05] in bulk and thin film forms were studied by
infrared spectroscopy to investigate the short-range order (SRO) of the network and the nature of sites
occupied by silver ions.

The network structure of diborate glasses (n=2) was found to consist of B@,0” and B@j; triangles
and B@, tetrahedra. The calculated fractions of B@,0O" and B@," units, X, and Xy, depend on Agl content

and this was explained in terms of the equilibrium BQL{: B@,0". This direct influence of Agl on the

SRO of glass was correlated with the glass transition and fictive temperature at which the supercooled
hqmd is frozen into the glassy state Similarly, pyroborate glasses (n=0,5) contain orthoborate triangles,
BO;%, pyroborate dimers, B,Os", and B@, tetrahedra. Agl addition was found to favor the reaction

BzOs £ BO;* + B@y, and to lead to the stabilization of pyroborate species in the glassy state.

The study of the transmittance spectra of thin films in the diborate composition showed that a

direct comparison between bulk samples and thin films should be avoided. This is due to the fact that the
shape of the transmittance spectra of films depends on both film thickness and differences in thermal
history between bulk 'samples and films,
_ The far-IR analysis of pyroborate glasses revealed the presence of distinct oxide and iodide
environments for silver ions, without excluding the presence of silver sites with mixed O/I coordination.
It was also found that an Agl-like pseudophase might develop at high Agl contents. In the diborate family
the situation is rather complicated and a realistic scenario involves the existence of a range of sites for
silver cations, i.e. oxide, iodide and mixed oxyiodide sites. Thus, the nature of silver ionic sites appears to
depend on both Ag,0/B,0; ratio, i.e. the degree of modification of the borate network, and Agl content,
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