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Abstract

Electrosubstitution of alkali cations in mixed-alkali glass containing both Na2O and K2O for other monovalent metal cations

(M+=Li+, Ag+, and Cs+) was investigated using a solid-state electrochemical method. The fundamental electrolysis system

consists of anode/M+-conducting microelectrode/glass/Na-b00-Al2O3/cathode, where Mþ is substituted for the alkali metal ions in

the glass under an applied electric field. Li+ ions attacked only Na+ sites, and Ag+ ions replaced Na+ sites more readily than K+.

In contrast, Cs+ ions simultaneously substituted for both Na+ and K+ sites. The substitution behavior appears to depend on the

difference in ionic conductivity between K+ and Na+ and the radius of the dopant. This mechanism was discussed qualitatively.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Functional modification of the glass surface is an
effective method of imparting new characteristics to the
original glass. Well-established methods for introduc-
tion of metal cations into the surface region of glass
include the ion-injection technique [1–3] using gas phase
ions at low pressure or ion exchange [4–7] using molten
salts. The latter technique, usually carried out by
immersing the alkali glass into the molten metal salt, is
known to be particularly convenient and simple. The
alkali ions in the glass are exchanged for the desired
metal ions via the concentration gradient across the
glass surface. Field-assisted ion exchange has also been
performed to accelerate the exchange rate [8,9]. In
practice, the introduction of K+ into sodium silicate
glass strengthens the glass [10] and produces refractive
index profiles in the glass surface that can be exploited
for the preparation of photowaveguides [11]. In general,
the characteristics of cation-doped glass strongly depend
on the elemental profiles in the glass surface. Thus,
many researchers have focused on the relationship
between the ion exchange conditions (composition of
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molten salt, temperature, exchange time) and the
elemental distributions in the glass.
We have recently proposed a new solid-state electro-

chemical route for introducing metal cations into glass
using ion-conductors [12]. In this electrochemical
approach, an electric field is applied to the solid–solid
interface between the cation-conductor and alkali glass,
inducing the injection of metal cations (Mnþ) into the
glass and the concurrent substitution of alkali cations in
the glass. A significant advantage of this technique is
that it enables pinpoint doping into the desired position
in the glass with the aid of a b00-Al2O3 microelectrode
[13–15], owing to which the contact radius of the solid–
solid interface is typically about 10 mm.
Until the present study, we mainly employed single-

alkali glasses as doping target. In this study, monovalent
cations were doped into a glass containing more than one
type of alkali ion (mixed alkali glass: MAG) as mobile
species by the solid-state electrochemical method as
stated above. Surprisingly, the electrosubstitution beha-
vior of alkali ions in MAG changed considerably
according to the dopant cation type: The alkali ion type
replaced was determined by the dopant type. Greaves
et al. has already found an evidence for selective hopping
in MAG by using theoretical calculation [16]. Moreover,
Bunde et al. mentioned that selectivity depends on the
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mismatch energy, which is an additional energy of Aþ

hopping to a Bþ site as compared with Aþ–Aþ hopping
[17]. Thus, the present experimental study focuses on the
electrosubstitution mechanisms for monovalent cation
doping (Li+, Ag+, and Cs+) in MAG.
2. Experimental

Electrochemical cation doping was carried out using
the experimental setup shown in Fig. 1, where LiLaSiO4,
Ag-b00-Al2O3, and CsAlSi2O6 polycrystals were used as
Li+, Ag+, and Cs+ conductors, respectively. LiLaSiO4

[18,19] and CsAlSi2O6 [20] were prepared by a conven-
tional solid-state reaction technique from the correspond-
ing metal oxides and carbonates. The production of these
crystalline phases was confirmed by their X-ray powder
diffraction patterns. Ag-b00-Al2O3 [21,22] was obtained by
the ion exchange method using Na-b00-Al2O3 pellets in
molten AgNO3. To avoid an inhomogeneous current
flow, sintered quadrangular microelectrodes were em-
ployed as shown in Fig. 1. Assuming a hemispherical
microcontact between the microelectrode and glass, the
contact radius was typically about 10mm. A MAG
plate (6Na2O–6K2O–65SiO2–3.5Al2O3–8B2O3–6ZnO–
4TiO2 (wt%) and other oxides in trace amounts; thickness:
0.15mm) was used as doping target. The molar ratio of
Na/K in the MAG is calculated to be about 1.7. Cation
doping was performed in air under a constant current or
voltage with a regulated DC power supply, and at 723K,
i.e., below the glass transition point (TgB800K). No
doping occurred in the absence of an electric field. After
doping, the dopant distribution in the cross section of the
MAG was measured by electron probe microanalyzer
(EPMA, JEOL: JXA8900).
3. Results and discussion

The basic cation migration mechanism in the present
system for pinpoint cation doping into glass is
Fig. 1. Model for ion migration in pinpoint cation doping using Mþ

(M+=Li+, Ag+, and Cs+) ion conductors.
illustrated in Fig. 1. Ag anode is electrochemically
oxidized to Ag+ at the Ag/M+ conductor interface; Mþ

is then injected into the glass. Alkali ions (Na+ and/or
K+) are released from the glass into the cathode side
Na-b00-Al2O3 for maintenance of electrical neutrality in
the glass [23]. Na deposits at the Na-b00-Al2O3/Ag
(cathode) interface and immediately reacts with ambient
O2 and CO2 to form Na2CO3 [24]. Thus, M+ is
substituted for the alkali ion in the glass under an
electric field, hence the use of the term electrosubstitution

for this doping scheme.
Fig. 2 shows the EPMA elemental distribution maps

taken across the cross-sections of three MAG samples
doped at 723K with one of three kinds of monovalent
cations (Li+ (a), Ag+ (b), and Cs+ (c)). Only Na and K
are indicated in the case of the Li-doped sample because
Li cannot be detected by EPMA. The elemental
distributions of the other glass forming elements, such
as Si, Al, and O, are not affected by electrolysis because
the doping was carried out below the Tg: Fig. 2 suggests
that the dopant elements (Ag and Cs) were dispersed in
the MAG after electrolysis, and that the characteristic
X-ray intensity of the alkali ions (Na and K) decreased
in the region where dopant was detected. Moreover,
alkali ions were detected in the cathode side b00-Al2O3

when Ag-b00-Al2O3 was used instead of Na-b00-Al2O3.
These results demonstrate that cation migration as
stated above proceeded during electrolysis. We know
from our previous studies [13,14] that cation doping
results in a hemispherical dopant distribution centered
on the microcontact between the ion conductor and
glass. In addition, the distribution diameter of the
Fig. 2. EPMA elemental distribution maps of the cross-section of the

Mþ-doped mixed alkali glass by galvanostatic electrolysis at 723K; (a)
Li+ doping at 10mA for 60min, (b) Ag+ doping at 10 mA for 60min,

and (c) Cs+ doping at 5 mA for 300min.
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Fig. 3. Elemental maps of the Li+-doped mixed alkali glass under a

constant applied voltage of 1V (a) and 10V (b) for 600min at 723K.
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dopant on the anodic surface depended on the current
density and/or doping time [25].
The elemental maps of Li-doped MAG (Fig. 2(a))

indicated that Li+ was doped into the region where the
characteristic X-ray intensity of Na was reduced. The
occasional cracks observed along the boundary of the
doped area may be due to the volume shrinkage in
the glass associated with the injection of smaller-sized
Li+ ions. In the case of Li+ doping (Fig. 2(a)), no
electromigration of K+ ions was observed, while Na
was substituted for Li. Thus, in the presence of an
electric field, Li+ selectively attacked Na+ sites. This
result also suggests that a network, in which the only
migrating ion is Na+, forms in the MAG. On the other
hand, while Ag+ mainly replaced Na+ sites in MAG, a
small number of K+ ions did migrate to the cathode side
near the microcontacts (Fig. 2(b)). In fact, the Ag
concentration increased in the regions where K was
released.
In our previous study, we demonstrated that the

Faraday efficiencies of Ag+ doping into sodium borate
glass are above 90% [25]. The doping amount of metal
cation was estimated with an ICP spectrometer after
dissolving the Ag-doped glass in aqueous HNO3

solution, and then the current efficiencies were calcu-
lated by the relationships between theoretical and
measured amounts of Ag using Faraday’s law. Conse-
quently, we expected that the Ag-doping into the MAG
in this study also proceeded quantitatively under high
current efficiency. As shown in Figs. 2(a) and (b), the
distribution area of dopant, which reflects the extent of
doping was almost the same in the case of Li+ and Ag+

doping (10 mA, for 60min). Thus, cation migration
through the solid electrochemical cell was found to
proceed readily during Li+ and Ag+ doping into the
MAG. The distribution area of Cs (Fig. 2(c)) is much
smaller than those of the other dopants despite the
application of 2.5 times as much electric charge (5 mA
for 300min). A white deposit derived from Cs2CO3 was
observed on the anodic surface of MAG after Cs+

doping. These results suggest that the diffusivity of Cs+

through the glass structure is lower than those of Li+

and Ag+. The elemental maps of Cs+-doped MAG
show that the Na and K sites were substituted for Cs+

to the same extent.
As mentioned above, during solid-state electrochemi-

cal cation injection into MAG, the electrosubstitution
behavior of alkali ions in the glass, especially that of
potassium, is largely governed by the kind of dopant.
The mobility of cations in the glass generally depends on
the ionic size and electronic structure [26]. The mobility
is expected to decrease in the order Ag+4Li+4
Na+4K+4Cs+ for a given network structure. Since,
unlike alkali ions that resemble hard acids, transition
metal ions with the d10 orbital in their outer shell (Cu+

and Ag+) can easily polarize their electron cloud (soft
acid), Ag+ shows a higher ionic conductivity than alkali
ions despite being similar in size to Na+ [27]. Among the
alkali ions, ionic conductivity increases with decreasing
ionic size. Moreover, the MAG used in the present study
contains a larger amount of Na than K (molar ratio of
Na/K=1.7). Thus, Na+ will preferentially migrate in
the MAG regardless of dopant type, and will be
selectively attacked by dopant cations rather than K+

[28]. Fig. 2 indicates that the replacement of K+ in
MAG decreases in the order Cs4Ag4Li. This may be
influenced by the size of the dopant ion, rather than its
conductivity. More specifically, the smallest dopant ion,
Li+, substituted only Na+, which is close to it in ionic
size, while the largest dopant ion, Cs+, replaced both
Na+ and K+ ions, the former because of its high
mobility, the latter because of the similarity of their
ionic radii. The other group also suggested that Li+ can
visit to Na+ site more readily than K+ site [17]. This
fact indicates that the mismatch energy of Li+ hopping
to a Na+ site will be smaller than that to K+ site when
the Li+ is obliged to enter a different alkali site.
The applied voltages under constant current during

the electrolysis largely differed among the three mono-
valent dopants (160V for Ag+, 130V for Li+ doping at
10 mA after 60min, and 690V for Cs+ doping at 5 mA
after 300min). To determine whether electrosubstitution
behavior varies with the applied voltage, cation doping
was performed under a constant voltage of 1 and 10V
for 600min at 723K. The elemental maps of the cross
section of the Li+-doped MAG under constant voltages
are shown in Fig. 3. The figure indicates that the Li+

doping proceeds only at Na+ sites under different
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Fig. 4. Schematic models for ion migrations (left hand) and elemental

profiles in the glass surface after ion introduction (right hand); (a)

solid-state electrochemical technique and (b) ion exchange.
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constant voltages, analogous to the doping under
galvanostatic conditions. Li injection into the MAG
by the ion exchange technique using molten LiNO3

resulted in an equivalent situation in the glass. In the
solid-state electrochemical method proposed in this
study, the doping occurred by cation diffusion in a
single direction from anode to cathode under the applied
electric field (Fig. 4(a)) [29]. By contrast, ion exchange
proceeds by counter diffusion of dopant and alkali ions
across the molten salt/glass interface (Fig. 4(b)).
Although the ion migration mechanisms in the two
techniques are completely different, the end result of the
substitution is similar. Thus, we can conclude that the
unique behavior is very sensitive only to the dopant
type.
4. Conclusions

In this study, the electrosubstitution behavior of alkali
ions (Na+ or K+) in the MAG by monovalent cation
doping was investigated. It was found that the replaced
alkali ion species were determined by the dopant type:
the dopant ions selectively replaced Na+ sites. With
larger dopant cation sizes, elimination of K+ was
observed as well. This behavior can be explained by
the difference in ionic conductivity and size between the
alkali and dopant ions. Fleming and Day [26] reported
that Na and K self-diffusion coefficients vary with
composition in (1� x)Na2O–xK2O–3SiO2. Equality of
alkali diffusion coefficients (DK and DNa) under 723K is
observed at K/(K+Na)=0.78 depending slightly on the
temperature, and DK is larger (smaller) than DNa above
(below) this value. Thus, selectivity of electrosubstitu-
tion may be related to not only the dopant kind, but also
the framework and the alkali concentration of MAG.
One of major differences between conventional ion
exchange and the present solid-state electrochemical
method is the elemental profiles observed in the glass
following dopant introduction. This is because the two
methods involve different ion migration mechanisms. As
schematically illustrated in Fig. 4, while the concentra-
tion profile of the dopant (alkali ion) gradually
decreases (increases) with distance from the glass surface
in the former method [30], the distribution areas of
dopant and alkali ion do not overlap in the case of the
latter [29]. However, even when the solid-state electro-
chemical method is used, a Ag concentration gradient
depending on the substitution of K was constructed in
the MAG as shown in Fig. 2(b). The graded distribution
of dopant is essential for the fabrication of optical
devices, such as microlenses and photowaveguides.
Therefore, doping experiments involving different
cations and glass compositions need to be performed
to quantitatively elucidate the selective substitution
mechanism.
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