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ARTICLE INFO ABSTRACT

Keywords: An Ag/AgCl reference electrode that is built into commercially available pH electrodes leaks its internal KCI
Ag solution via a liquid junction. This leakage is disadvantageous because the test solution is contaminated by a
Ag alloy

Ag,0-TeO,, glass
Stainless steel
Reference electrode
pH sensor

trace amount of the KCl solution. The applicability of Ag,O-TeO, glasses to reference electrodes for pH sensors
was investigated in this study. The effects of the Ag>0 content and heat treatment on the pH sensitivity of these
glasses and the pH sensitivity of the Ag,O-TeOx glass/stainless steel electrodes were examined. The pH sensitivity
of Ag>0-TeO; glasses increased as the Ag,O content increased, but it was less than 40 % and was the lowest

among the glasses that have been investigated to date. The heat-treated 25Ag,0'75TeO; glass and 25Ag>0-
75TeO, glass/stainless steel electrodes precipitated cubic Ag and hexagonal Ag and showed relatively low pH
sensitivities of 26 % and 5 %, respectively. Thus, the hexagonal Ag and Ag alloys-precipitated samples were
considered candidate reference electrodes for pH sensors.

1. Introduction

Commercially available pH combination electrodes often consist of
two electrodes in principle: (1) a working electrode (lithium silicate-
based glass) that generates an electromotive force in response to the
concentration of hydrogen ions in the solution and (2) a reference
electrode (Ag/AgCl). Lithium silicate-based glass electrodes show ideal
Nernstian pH sensitivity that is independent of redox interference, a
short pH response time, high repeatability, and a long lifetime along
with high chemical durability over a wide pH range. However, the pH
sensitivity decreases, and the pH response time increases as contami-
nation accumulates during the continuous operation of the responsive
glass membrane and liquid junction. For this reason, we have developed
pH glass electrodes such as (1) TiOy-coated commercially available pH-
responsive glass electrodes [1] and titanophosphate glasses [2] with a
self-cleaning property that is based on the photocatalytic activity and
photoinduced hydrophilicity and iron-bismuthate glasses with an anti-
fouling property that is based on their hydrophobicity [3-5]. We have
also developed disposable stainless steel pH electrodes for which dirt is
not a concern [6,7].

Glass sensors are unsuitable for in vivo biomedical, clinical, or food
applications due to the brittleness of glass and the difficulty in
measuring small volumes [8]. Therefore, low-cost electrodes [9-11],
all-solid-state pH electrodes [12-16], disposable pH electrodes [17-19]
and wearable pH electrodes [15,20,21] have been developed. However,
an Ag/AgCl reference electrode that is built into commercially available
pH electrodes leaks its internal KCl solution via a liquid junction to
electrically contact Ag/AgCl and the test solution. This is disadvanta-
geous because the test solution becomes contaminated by a trace
amount of the KCl solution. This is a major problem in the food industry
and biotechnology, although this is avoided by the use of a working
electrode with an electrolyte bridge. Furthermore, there are numerous
other shortcomings in the use of electrochemical electrodes with liquid
system components, such as the limits of their miniaturization, posi-
tional dependencies during storage and use, limitations in use at high
and low pressures and temperatures. Various solid-state reference
electrodes have been developed, which are classified as Ag/AgCl elec-
trodes [22-26], other electrodes [13,27-30] and reference-less elec-
trodes [31-33]. The consumed KCl solution cannot be supplied again,
and the pH electrode cannot be reused because polymers that are
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immersed in the KCI solution are used in many Ag/AgCl electrodes.

We have reported that Fe;03-BizO3 glasses have very low pH sensi-
tivity and are candidate reference electrodes for pH sensors [3-5].
However, the resistivity of the glasses was too high for amplifiers that
were equipped with a general pH meter and had incorrectly low pH
sensitivity. We attempted to develop another candidate Ag,O-contain-
ing glass for reference electrodes for pH sensors because Ag/AgCl is used
as a commercially available reference electrode. Tellurite glasses [34,
35] and phosphate glasses [36,37] can have relatively high Ag>0 con-
tents. It is well known that the thermochemical reduction from Ag™ ions
to Ag® atoms can be promoted by Te*" ions in the tellurite glass system
[38]. Therefore, the effect of Ag precipitation on pH sensitivity is very
interesting.

Glass electrodes have the disadvantage of being brittle, and metal
electrodes have low chemical durability. Enamels with glass/metal
structures [13,30,39,40] may resolve these problems. There are several
requirements for enamel: (1) the glass must have the desired pH sensi-
tivity (100 % for the working electrode and 0 % for the reference elec-
trode), (2) the mismatch in the thermal expansion coefficients between
the glass and the metal substrate must be small, and (3) fusion at a
relatively low temperature must be easy [41,42]. We selected stainless
steel SUS304 as a substrate for preparing enamel due to its ease of
handling compared with carbon steel. For example, tellurite glasses [41,
42] have coefficients of thermal expansion (CTE) of 12-18 x 107° K7,
and this range is relatively close to the CTE of stainless steel 304,
namely, 18 x 1078 K'! [43,44]. The applicability of Ag,0-TeO glasses
to reference electrodes for pH sensors was investigated in the present
study. The effects of Ag,O content and heat treatment on the pH sensi-
tivity of these glasses and the pH sensitivity of Ag,0-TeO,, glass/stainless
steel electrodes were investigated.

2. Experimental
2.1. Glass preparation

xAg20-(100-x)TeO (xAg(100-x)Te, x = 15-30 mol%) glasses were
produced via a conventional melt-quenching method. The following
reagents were used as received: Ag>0 (99 % up, Kojundo Chemical Lab.
Co., Ltd., Sakado, Japan) and TeO- (99.9 %, Kojundo Chemical Lab. Co.,
Ltd., Sakado, Japan). Batches (20 or 30 g) in alumina crucibles with caps
were directly heated at 900 °C for 1 h without mixing the melts. The
obtained melts were pressed by stainless steel that was heated at 200 °C
and annealed at 200 °C for 1 h. 25Ag,0-75TeO, glass was abbreviated
as 25Ag75Te. xAg(100-x)Te glass was polished for pH and electrical
resistivity measurements.

2.2. Heat treatment of glass

Heat-treated 25Ag75Te was obtained by heat-treating 25Ag75Te
plate glass at 250 or 275 °C for 24 h under an air atmosphere after
optically polishing the plate glass. The 25Ag75Te glass/stainless steel
enamel was prepared as follows because handling samples that were
heat-treated at higher temperatures was difficult. The 25Ag75Te glass
was crushed and classified as 25Ag75Te glass powder of less than 53 pm.
The 25Ag75Te glass powder was deposited on stainless steel SUS304
(Nilaco Corporation, Tokyo, Japan) with a thickness of 0.2 mm using the
dry-type doctor blade method. Then, 25Ag75Te glass/stainless steel
enamel (abbreviated 25Ag75Te/SUS) was obtained via heat treatment
at 640 or 680 °C for 2.0 h under an N, atmosphere to fuse the 25Ag75Te
glass powder onto the stainless steel. The stainless steel serves as a back
electrode that supports the 25Ag75Te glass at high heat treatment
temperatures because the stainless steel does not contact the test solu-
tion in potentiometric measurements.
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2.3. Potentiometric measurement of samples

Potentiometric measurements for the xAg(100-x)Te glasses, heat-
treated 25Ag75Te glasses, and 25Ag75Te/SUS were conducted for a
handmade polyvinyl chloride (PVC) cell with a sample plate with di-
mensions of 16 mm x 16 mm x~1 mm at 25 °C (Fig. 1). The cell con-
tained an Ag/AgCl electrode as an internal electrode and a KCl buffer
solution as an internal solution. The time intervals that were used with
an F-72 or F-74 pH meter (HORIBA, Ltd., Kyoto, Japan) and a portable
ZR-RX20 multilogger (OMRON Corp., Kyoto, Japan) were 3 s and 0.5 s,
respectively. Electrode 2565 (HORIBA, Ltd., Kyoto, Japan), which
consists of an Ag/AgCl, 3.33 mol/L Cl~ electrode as an internal elec-
trode, and a KCl aqueous solution as an internal solution, was used as a
reference electrode. The pH sensitivity is described in detail in Refs.
[2-7]. Potentiometric measurement of three cycles was conducted in the
order of pH 6.86 (150-7, monopotassium phosphate and disodium
phosphate, HORIBA, Ltd., Kyoto, Japan, abbreviated as pH 7), pH 4.01
(150-4, potassium hydrogen phthalate, HORIBA, Ltd., Kyoto, Japan,
abbreviated as pH 4) and pH 9.18 (150-9, sodium borate, HORIBA, Ltd.,
Kyoto, Japan, abbreviated as pH 9) according to JIS Z 8805. Potentials
after 3 min in the third cycle at pH 7, pH 4, and pH 9 were determined to
be stable in all potentiometric measurements.

In this case (25 °C), the potential decreases ideally by 59.16 mV/pH
with increasing pH according to the Nernst equation. The pH respon-
sivity (pH sensitivity, pH repeatability, and pH response time) was
determined as follows. Then, the pH a-b sensitivity between pH a and
pH b was estimated from potentials E, and E}, via Eq. (1).

pH a-b sensitivity (%) = —100F(E,-E})/2.3026RT(pH a-pH b) (€8]

where E,, Ep, R, T, and F are the potentials of the working electrode
versus the reference electrode at pH a and pH b, the gas constant (8.3145
J/K mol), the absolute temperature, and the Faraday constant (96485 C/
mol), respectively. In addition, the pH repeatability was defined as the
maximum difference in the potential after 3 min at pH 7 for three cycles.
The pH response time was defined as the average time that was required
to reach a constant potential with fluctuations of less than +0.5 mV/s for
pH 4, 7, and 9 measured at time intervals of 3 s using a pH meter.

2.4. Characterization of samples

The DC electrical resistivities of the 25Ag75Te glass and 25Ag75Te/
SUS with ~1 mm thickness and an Ag electrode of 6 mm ¢ on both sides
were measured at 25 °C using an SM-8215 super megohm meter (HIOKI
E. E. Corp., Ueda, Japan). The electrical resistivity of ion conductive
glass should be measured under AC conditions [36,37]. In the present
study, simple DC measurements were conducted to screen samples with
high electrical resistivity because the results under AC and DC of
25Ag75Te glass were 5.2.108 Q ecm and 6.0-10%8 Q cm, respectively.
Differential thermal analysis (DTA) measurements of xAg(100-x)Te

Reference electrode

Handmade PVC cell
with a sample plate

<«— Water bath

Test solution

«— Magnetic stirrer

Fig. 1. Apparatus for potentiometric measurement using handmade PVC cell
with a sample plate versus a commercially available reference electrode.
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glasses using DTG-60AH (Shimadzu Corp., Kyoto, Japan) were per-
formed under air. The following conditions were used: a flow rate of 100
ml/min, a temperature of 1000 °C at a heating rate of 10 °C/min,
without retention at the target temperature, and furnace cooling. X-ray
diffraction (XRD) patterns of the crystalline phases that precipitated in
the 25Ag75Te glass, heat-treated 25Ag75Te glasses, and 25Ag75Te/SUS
were measured using an Ultima IV XRD measurement system (Rigaku
Corp., Tokyo, Japan). The following conditions were used: X-ray source
Ni-filtered Cu-Ka radiation (A = 0.15405 nm), 20 = 30-50 °, a sampling
width of 0.02 °, a scan speed of 1 °/min, a voltage of 40 kV, a current of
40 mA, a radiation slit of 2/3 °, a radiation column limitation slit of
10.00 mm, a scattering slit of 0.05 mm, a detection slit of 0.45 mm, an
offset angle of 0 ° and an accumulation number of 4.

In addition, the influence of interfering ions (Na™ and Cl7) on the
potential of 25Ag75Te/SUS (680 °C-2.0 h) was investigated using Na™-
free pH 4 buffer solutions (150-4) adding NaCl (99.5 %, guaranteed
reagent grade, Nacalai Tesque, Inc., Kyoto, Japan) of 1.71 x 102-1.71 x
10 mmol/L corresponding to 0.001-1 g/L. The potential after 3 min was
used as a stable one in all potentiometric measurements.

3. Results and discussion
3.1. Appearance and thermal properties of xAg(100-x)Te glasses

Fig. 2 shows photographs of xAg(100-x)Te glasses and 25Ag75Te/
SUS (680 °C-2.0 h). The color of xAg(100-x)Te glasses changed from
yellow to dark red with increasing Ag,O content. 25Ag75Te/SUS (680
°C-2.0 h) had a brown rugged surface, which suggests that the glass
matrix was partially crystallized. The results of the DTA measurement of
xAg(100-x)Te glasses are summarized in Table 1. The glass transition
temperature (Tg), crystallization peak temperature (Tp), and melting
temperature (Ty,) decreased with increasing Ag»O content. Tp-Tg
increased with increasing Ag,O content; hence, the thermal stability of
the glasses increased.

3.2. pH response of xAg(100-x)Te glasses

Fig. 3 presents the changes in potential with the measurement time
for 25Ag75Te glass and 20Fe60Bi20Ge [5] in pH 7, pH 4, and pH 9
buffer solutions. The change in potential with the measurement time
that corresponds to a pH change is large for 20Fe60Bi20Ge, which
suggests that it serves as a working electrode. In contrast, that of
25Ag75Te glass is relatively small, which suggests that it serves as a
reference electrode. The pH responsivity (pH sensitivity, pH repeat-
ability, and pH response time) and electrical resistivity results for

4

25Ag,0-75Te0,

30Ag,0-70TeO, 25Ag,0-75Te0,/SUS

(680°C-2.0 h )

Fig. 2. Photographs of xAg(100-x)Te glasses and 25Ag75Te/SUS (680 °C-
2.0 h).
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Table 1
Glass transition temperature (T,), crystallization peak temperature (Tp), Tp-Ty,
and melting temperature (T,,,) of xAg(100-x)Te glasses.

T, T, Tp-Tg T

8 P
Sample Name “C) ) ¢C) )
15Ag85Te 311 424 113 546
20Ag80Te 288 396 108 481
25Ag75Te 247 380 133 487
30Ag70Te 214 373 159 485
200 —25Ag75Te -=20Fe60Bi20Ge
(39.8 %) (92.6 %)
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Fig. 3. Changes in potential with the measurement time for 25Ag75Te glass
and 20Fe60Bi20Ge glass [5] in pH 7, pH 4, and pH 9 buffer solutions.

25Ag75Te glasses and related samples are listed in Table 2. Under “pH
sensitivity”, the column entitled pH 4-9 presents the sensitivity between
pH 4 and pH 9. The sensitivity between pH 7 and pH 9 of 25Ag75Te was
lower than that between pH 4 and pH 7 (Table 2).

Fig. 4 presents the relationship between the pH sensitivity and
electrical resistivity of xAg(100-x)Te glasses. The dotted area indicates
the electrical resistivity region above 2 x 10'° Q cm, in which the pH
sensitivity is less reliable. The region arises from the restriction of the
amplifier of the pH meter and was empirically determined based on the
electrical resistivity of 1 x 10'° Q e¢m for commercially available pH-
responsive glass [2-4]. Thus, the low pH sensitivities of 15Ag85Te
and 20Ag80Te, which tend to show noisy potential curves, may not be
accurate. The pH sensitivities and the electrical resistivity of xAg(100-x)
Te glasses tend to increase and decrease with increasing Ag,O content,
respectively. However, the pH sensitivity below 40 % is the lowest
among those of the glasses that have been investigated to date except
glasses with high electrical resistivity [1-7]. xAg(100-x)Te glasses were
desirable as reference electrodes rather than working electrodes for pH
sensors. We have focused on 25Ag75 glass with lower resistivity
henceforth because Ag°® precipitation on the glass surface during heat
treatment decreases the concentration of internal Ag" ions and increases
the electrical resistivity of the glass.

3.3. pH response of heat-treated 25Ag75Te glasses

Next, the effect of heat treatment of 25Ag75Te glasses on the pH
sensitivity was investigated. Fig. 5 shows the changes in potential with
the measurement time for 25Ag75Te and heat-treated 25Ag75Te glasses
in pH 7, pH 4, and pH 9 buffer solutions. The pH sensitivity of heat-
treated 25Ag75Te (250 °C-24 h) was ~26 %, which was lower than
that before heat treatment (~40 %). The pH sensitivity of heat-treated
25Ag75Te (275 °C-24 h) showed values that were close to 25Ag75Te
(250 °C-24 h), as listed in Table 2. The values are close to a pH sensitivity
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Table 2
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PH responsivity (pH sensitivity, pH repeatability, and pH response time) and electrical resistivity of 25Ag75Te glasses and related samples.

PH Sensitivity (%)

Sample Name

PpH Repeatability PpH Response Time Electrical Resistivity

pH 4-7 pH 7-9 pH 4-9 (pH) (sec) (Q cm)
25Ag75Te 57.2 18.4 39.8 0.14 20 5.97 x 10°
25Ag75Te (250 °C-24 h) 37.0 12.7 26.1 0.15 13 N.M.#!
25Ag75Te (275 °C-24 h) 36.3 16.9 27.6 0.41 17 N.M.
25Ag75Te/SUS (640 °C-2.0 h) 47.0 0.9 26.3 0.28 17 2.71 x 10°
25Ag75Te/SUS (680 °C-2.0 h) 4.7 5.0 4.8 0.44 8 1.33 x 10°
Ag 18.0 21.8 19.8 0.25 11 1.59 x 10°°®
SUS (600 °C-24 h) 105.6 96.7 101.6 0.28 13 7.20 x 107°
* 1: N.M.: not measured.
45 3.4. pH response of heat-treated 25Ag75Te glasses/stainless steel enamel
40 30Aq7 ° Fig. 6 presents the changes in potential with the measurement time
g70Te 25Ag75Te ‘z for 2 ° i
35 | or 25Ag75Te and 25Ag75Te/SUS (680 °C-2.0 h) in pH 7, pH 4, and pH 9
= o buffer solutions. 25Ag75Te/SUS (680 °C-2.0 h) showed a much smaller
£30 | coie change in potential than 25Ag75Te glass. 25Ag75Te/SUS (680 °C-2.0 h)
-‘? 25 L showed a very low pH sensitivity of ~5 %. The pH response time
:'é 20 | decreased because the change in the potential curve with pH became
8 22Ag78Te® small. The pH sensitivity of 25Ag75Te/SUS is much lower than that of
z 15 stainless steel with high pH sensitivity and close to that of 25Ag75Te
10 k glass. Low pH sensitivity of the glass surface is observed because the
25Ag75Te layer is a thick film and the pH sensitivity is low. In contrast,
5T the pH sensitivity of SUS that was coated with a transition metal oxide
0 1 21Ag79Te, thin film was close to that of SUS [6,7]. A slight drift of potential was
1E+06 1E+07 1E+08 1E+09 1E+10 1E+11 1E+12 observed for 25Ag75Te/SUS (680 °C-2.0 h). It is reported that the sta-

Electrical Resistivity (Q-cm)

Fig. 4. Relationship between pH sensitivity and electrical resistivity of xAg
(100-x)Te glasses.
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Fig. 5. Changes in the potential with the measurement time for 25Ag75Te and
heat-treated 25Ag75Te (250 °C-24 h) glasses in pH 7, pH 4, and pH 9
buffer solutions.

of ~ 20 % for Ag. These results may be related to the precipitation of Ag
from the glass because Ag°® easily precipitates from Ag,O-containing
glasses [35-38]. When samples are heat-treated at higher temperatures,
Ag precipitation is expected to accelerate and approach the pH sensi-
tivity of Ag. 25Ag75Te glass/stainless steel enamel was prepared
because handling samples that were heat-treated at higher temperatures
was difficult.

bility of the potential of Ag is worse than Ag/AgCl [45]. Improvement of
stability of potential due to chlorination is a plan.

Enamel pH electrodes with glass/metal structures are commercially
available from Pfaudler, Inc., but it is very expensive [40]. The upper
glass-lined layer (measuring electrode, “pH glass-lining”) reacts to
hydrogen ions (H") and emits a concentration-dependent potential. The
lower glass-lined layer (reference electrode, “reference glass-lining™)
reacts to the salts dissolved in the fluid, in particular sodium ions, thus
emitting a product-specific reference potential. The latter is considered
to be so-called sodium-responsive glasses [46,47] and the potential
changes by 59 mV/pNa with Na concentration. The influence of inter-
fering ions (Na™ and CI ™) on the potential of 25Ag75Te/SUS (680 °C-2.0
h) was investigated (Fig. 7). The response changed by 8 mV/pNa be-
tween 1.71 x 102-1.71 mmol/L corresponding to 0.001-0.1 g/L. The
potential decreased at higher NaCl concentrations. 25Ag75Te/SUS (680
°C-2.0 h) is superior to the above commercial enamel reference elec-
trode at this point.

3.5. Effect of the crystal phase on the pH sensitivity

Interestingly, the pH sensitivity of 25Ag75Te/SUS (680 °C-2.0 h) is
much lower than that of Ag, as presented in Table 2. The crystal phase of
Ag that precipitated in the samples was investigated via XRD. Fig. 8
shows the XRD patterns of 25Ag75Te glass, heat-treated 25Ag75Te
glass, 25Ag75Te/SUS, and the reference Ag. The circles, triangles, and
squares in this figure represent Ag (cubic Ag: JCPDS card No. 04-0783,
hexagonal Ag: JCPDS card No. 41-1402), Ag alloys (AgsTe: JCPDS card
No. 34-0142, Ag; gsTe: JCPDS card No. 18-1186, Ag;Tes: JCPDS card
No. 18-1187, and AgTe: JCPDS card No. 16-0412) and TeO; (a-TeOy:
JCPDS card No. 42-1365 and B-TeO,: JCPDS card No. 07-0860),
respectively. 25Ag75 glass, which had a pH sensitivity of ~40 %, was
X-ray amorphous (Table 2). 25Ag75Te (250 °C-24 h) precipitated cubic
Ag along with a-TeO5 and B-TeOq. 25Ag75Te (250 °C-24 h) and cubic
Ag plate had a pH sensitivity of ~20 %. 25Ag75Te/SUS (640 °C-2.0 h)
precipitated hexagonal Ag, AgsTe, and Ag; gsTe along with a-TeOy and
B-TeO,. Ag is present as a cubic phase in nature, whereas hexagonal Ag is
observed in nanosized Ag [48,49]. The pH sensitivity of 25Ag75Te/SUS



T. Hashimoto et al.

Sensors and Actuators: B. Chemical 348 (2021) 130540

200
00 | (4.8 %)*
:\s-—|
I ]
' ]
0 p = | !

Potential (mV vs Ag/AgCl)

-200 .

—25Ag75Te/SUS (680 °C-2.0 h) ==25Ag75Te

(39.8 %)

o=
*

[
)
[}
[}
]

]

> - o

--"—

0 500

1000 1500

Measurement time (sec)

*: pH sensitivity between pH 4-9

Fig. 6. Changes in potential with the measurement time for 25Ag75Te and 25Ag75Te/SUS (680 °C-2.0 h) in pH 7, pH 4, and pH 9 buffer solutions.
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Fig. 7. Influence of interfering ions (Na* and Cl7) on the potential of
25Ag75Te/SUS (680 °C-2.0 h).
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Fig. 8. XRD patterns of 25Ag75Te glass, heat-treated 25Ag75Te glass,
25Ag75Te/SUS, and reference Ag.

(640 °C-2.0 h) was close to that of heat-treated 25Ag75Te (250 °C-24 h)
rather than that of 25Ag75Te/SUS (680 °C-2.0 h). 25Ag75Te/SUS (680
°C-2.0 h) precipitated hexagonal Ag, Ag;Te4, and AgTe along with
a-TeOy and p-TeOs. 25Ag75Te/SUS (680 °C-2.0 h) had a very low pH
sensitivity of ~5 %. When the samples were heat-treated at higher
temperatures, the tendency that cubic Ag transforms to hexagonal Ag
and Ag reacts with Te to produce Te rich AgTe alloys was observed. The
hexagonal Ag as a principal phase and the only Ag;Tes and AgTe with
lower Ag/Te ratios along with a-TeO, and f-TeOy were observed in
25Ag75Te/SUS (680 °C-2.0 h). The effect of TeO3 on the pH sensitivity
was neglected because they can have very high resistivity compared
with Ag and Ag alloys and don’t exist in conduction paths.

Ago0-TeO, glass, heat-treated AgsO-TeOo glass, and AgoO-TeO,
glass/SUS differ in terms of electrode structure because the state of Ag
on the glass surface depends on the heat treatment temperature. These
electrodes were roughly categorized by the state of Ag on the glass
surface as follows: (1) Ago0-TeO, glass: Ag¥-free, (2) Ag,0-TeO, glass
heat-treated at moderate temperature and Ag: cubic Ag® and (3) Ag,0-
TeOj glass/SUS heat-treated at high temperature: hexagonal Ag® and Ag
alloys (Ag%). Therefore, our results suggest that the crystal phase of Ag
and alloying Ag and Te affect the pH sensitivity. A similar phenomenon
is observed for the pH sensitivity of heat-treated stainless steel elec-
trodes [7], although we have yet to identify the cause. The austenite
phase (fcc) was the main phase on the surface of the heat-treated
stainless steel electrodes. Unexpectedly, the change in the amount of
martensite phase (bcc) of the second phase with the heat treatment
temperature was similar to the pH sensitivity. Thus, these phenomena
suggest that the phase transformation of metal can affect pH sensitivity.
Hexagonal Ag and Ag alloys-precipitated glasses are candidate reference
electrodes for pH sensors. It’s hard to think that cubic and hexagonal Ag
have largely different standard electrode potentials at present. We insist
that standard electrode potentials of Ag-Te alloy with lower Ag/Te ra-
tios, in which Te was incorporated to Ag at higher temperatures, come
closer to zero than Ag by process of elimination. This investigation and
the improvement of stability of potential due to chlorination are
currently in progress.

4. Conclusions
In this study, new types of reference electrodes for pH sensors that

are based on Ag and Ag alloys-precipitated Ag,0-TeO; glass and Ag,0-
TeO-, glass/stainless steel were developed.
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The pH sensitivity of Ag,0-TeO, glasses increased as the Ag>0 con-
tent increased, but it was less than 40 % and the lowest among those
of the glasses that have been investigated to date.

The heat-treated 25Ag>0°75TeO glass and 25Ag,0-75TeO, glass/
stainless steel electrodes precipitated cubic Ag and hexagonal Ag and
showed relatively low pH sensitivities of 26 % and 5 %, respectively.
Thus, the hexagonal Ag and Ag alloys-precipitated samples were
identified as candidate reference electrodes for pH sensors.
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