
J Solid State Electrochem (2006) 10: 746–752
DOI 10.1007/s10008-006-0120-4

ORIGINAL PAPER

W. Vonau . U. Guth

pH Monitoring: a review

Received: 30 August 2005 / Accepted: 9 November 2005 / Published online: 26 April 2006
# Springer-Verlag 2006

Abstract Glass pH electrodes are being utilized for the
measurement of pH values using liquid internal reference
systems, which had been introduced on principle nearly
hundred years ago and are still existing. To avoid several
drawbacks in the practical usage of these kinds of chemical
sensors, every effort has been made to develop an all-solid-
state electrode with properties that are comparable to those
of the conventional glass electrode. Metal oxide electrodes
like RuO2 or IrOx are a low-priced alternative. Different
concepts for substituting the conventional (aqueous)
reference system by solid systems and also for changing
the classical bulb shape design to a planar structured one
have been proposed. A suitable reference system can be
achieved by means of modification of classic reference
electrodes by employing a new type of mixed conducting
oxides. Both metal oxide and glass electrodes can be
screen-printed on substrate materials like ceramics and
plastics etc. to get miniaturized all-solid-state electrodes.
pH sensors based on field effect transistors (FET) become
more important. However, up to now an equivalent FET
compatible reference electrode is not available.

Keywords Glass electrode . Metal oxide electrode . All-
solid-state electrode . Thick film technology . Transition
metal oxide bronze . CHEMFET . Reference electrode

Introduction

The determination of pH values is one of the most
important tasks in analytical chemistry. From the beginning
up to now, different electrochemical and nonelectrochem-
ical methods are used in measuring pH values. In 1889,

Arrhenius [1] proposed a method using catalytic measure-
ments. Widely applied colorimetry [2], which is based on
the change of color of an organic acid–base system, is
utilized nowadays in the so-called optodes for several niche
applications of pH measuring technique [3].

At the present time, pH values are mostly determined
electrochemically by using electrochemical reactions
involving H+ or OH− ions, e.g., the hydrogen electrode
[4], electrodes based on redox systems (e.g., quinhydrone)
[5], several metal/metal oxide electrodes [6], polymer
matrix electrodes [7], glass electrodes [8], and CHEMFET
sensors [9]. The function of these electrodes is based on the
Nernst equation.

Among the different types of pH measuring electrodes,
the glass pH electrode has occupied a unique place because
of its excellent electrode performances with respect to
slope, long-term stability, selectivity, detection limit, and
insensitivity vs redox systems. As is generally known, this
electrode contains buffer solutions and additional special
anions in definite concentrations. The species of those
anions depend on the species of the electrode system of the
second kind, which serves as an internal reference system
for the glass electrode. Often, chloride ions in a concen-
tration range between 1 mol l−1 and the saturation state are
chosen.

While in the past glass electrodes have been used only at
temperatures between 10 °C and to a maximum of 60 °C,
an extensive development work has been done to enhance
the working temperature range of the electrodes from −25
to 130 °C. However, there are no such glass electrodes,
which cover the entire range of temperature.

The traditional glass electrode with an internal liquid
reference system, as all other electrodes, exhibits some
drawbacks [10]. For instance, the position dependence
when the electrodes are stored or used is inconvenient.
Furthermore, the pressure and temperature dependence, the
mechanical fragility, and several limitations concerning the
miniaturization are unfavorable. That is the reason why, for
a long time, the main goal is to develop an all-solid-state
electrode for pH measurement. Antimony and bismuth
electrodes are to be considered as solid-state sensor
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materials, but their pH measuring range is limited, and they
are also sensitive to several redox agents [11].

In this paper, different concepts for making pH
electrodes without using liquid component systems are
described and discussed comparatively. According to
Fig. 1 the sensors based on those concepts were
incorporated into the spectrum of all possible pH-
measuring methods. The reference electrode, which is
necessary for all potentiometric electrochemical cells, is
not discussed in more detail. Some results regarding the
improvement of a practically applicable electrode are
summarized elsewhere [12].

All-solid-state pH glass electrodes

The main problem, which has to be solved to develop a
solid-state glass electrode, is to connect the ionic conduct-
ing glass with an electronic conductor. In the sense of
electrochemistry, this contact is an electrode. Although the
current is very low due to the high resistance of the glass, a
reversible electrochemical reaction takes place on the phase
boundary by transferring sodium or lithium ions into the
electrode.

The possibility to fabricate all-solid-state glass elec-
trodes is already mentioned in principle by Kratz [13].
According to the electrochemical requirements, it is not
sufficient to use metals instead of buffer solutions as
internal reference electrodes. So it was tried unsuccessfully

to coat bright platinum wires with electrode glass [14]. In
this system, the electrochemical reaction was blocked.
Improved approaches were to arrange a silver plate on the
inside of glass membranes [15, 16], to fill glass electrode
bodies with mercury or several amalgams [17], or to
solidify melts of alloys with low melting points within
glass electrode bodies [18]. Due to the solution of sodium
or lithium and cadmium in the mercury or in the metal, the
electrode reactions can become reversible.

Several authors have tried to use materials having both
electronic and ionic conductivity as an internal reference
system [19]. In [20], the contact between noble metals with
selective glasses by an interlayer of glass with mixed
conductivity was described. Tungsten bronze as a mixed
conducting material was connected with the inner glass
membrane surface by means of modified carbon fleece
[21]. This basic idea, developed further by Vonau et al. [22]
(see Fig. 2), was realized in a normal-shaped glass
electrode, which consists of a sandwich of pH-sensitive
glass and mixed conducting glass, which have been
manufactured free of cracks. Together with the inner
surface of the electrode shaft, the inside of the membrane
was metallized using a chemical reductive procedure. It is
important that all treated glasses coincide widely in their
expansion coefficient (Δα<6.10−7 K−1).

It has been shown (see the following scheme), that the
measuring behavior of such electrodes, due to better
reversibility, is much better than that of electrodes with
directly metallized pH glass membranes [23] (see Fig. 3).
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The electronic conductivity of the mixed conducting
glass should preferably be caused by an oxide of a
transition metal, e.g., Fe2O3. Electroless silvering has been
proven satisfactory to metallize this glass [24].

Furthermore, cation selective enamel electrodes are
known [25, 26]. Here, the outer enamel layer acts as a

selective membrane. For the purposes of measuring the
internal potential, a part of the ground enamel is covered by
a thin silver layer, which is also coated with ion selective
enamel. Sometimes, enamel electrodes are not completed
with conventional reference electrodes. Instead of that, an
electrode consisting of a Na+-sensitive enamel layer, which
covers a steel tube, is used [27]. This concept was also
realized in thick film technology [28]. However, the
application of such sensors is strongly limited because in
real media, a constancy of the activity of sodium ions can
hardly be assumed.

In [29], all-solid-state pH glass electrodes with “Prussian
Blue” as internal reference electrodes have been
investigated.

Fabrication of thick film and thick film/hybrid electrodes
for the pH determinations was also described in the
literature [30–33]. Oxide ceramics, often made of alumina,
were used as substrate materials and as internal reference
system noble metal pastes. Compared with conventional
and with many other all-solid-state glass electrodes, all
those thick film sensors show a significantly lower lifetime.
Additionally, because of high impedance values, it is partly
necessary to carry out the measurements in a Faraday cage.
The electrode slope does not quite obey the Nernst
equation. Response times unfortunately are in the range
of minutes. Because of undefined phase interfaces, the
problem of variation of measured values occurs. The most
important disadvantage is the differenceΔα of the thermal
expansion coefficients between substrate and glass, which
amounts to 50×10−7 K−1 in the case of usage of Al2O3-
ceramics and pH glass Corning 015 [34], and according to
Fig. 4, this mostly causes cracks.

In [35], a planar pH glass sensor in a thick film
technology has been introduced, using a steel substrate
(αsteel≈11×10−6 K−1), a glass system including sensitive
and mixed conduction glass and a potential junction system
consisting of an Au–Ag alloy.

Fig. 2 pH glass electrode with reversible internal phase boundaries
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Fig. 3 Electrode functions of different all-solid-state pH glass
electrodes

Fig. 4 Thick film pH glass (CORNING 015) on a substrate of
Al2O3 ceramics, incompatible in their thermal coefficients of
expansion
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For the preparation of glasses with coefficients of
expansion in good agreement with that of the steel
substrate, the following raw materials have been used:

1. pH glass 68.61 wt% SiO2, 18.41 wt% Na2O, 6.44 wt%
MgO, 6.54 wt% UO3

2. Mixed conducting glass 36.9 wt% SiO2, 16.1 wt%
Na2O, 43.4 wt% Fe2O3, 3.6 wt% Al2O3

The electrode performance has been presented in detail
in [36].

Provided that the encapsulation can be carried out in a
good quality, electrode slopes S>52 mV pH−1 could be
measured over a period of several weeks.

The electrodes could be stored at dry conditions. Their
chain zero points (emf=0) were different to other metal
contacts investigated between pH 6 and 7 [37].

Attempts have also been made to contact glass elec-
trodes by using conducting polymers or polymer mixtures,
minimizing the mechanical stress of the glass membrane.
In particular, soot-filled elastomers have been used [38].

Because the soot contains oxygen to an extent of 0.5 to
15%, acidic or basic surface oxides [39] are formed. These
groups, which are able to form an ion exchange, are the
reason for well-operating sensors [40].

Over the past years, investigations have been made to
use intrinsic conducting polymers, such as polyaniline or
polypyrrole by [41, 42]. Here, it was possible to fabricate
electrodes of the dipping type, but it was not possible for
soot-filled elastomers. The main problem was the poor
adhesion of polypyrrole on the glass surface, which was
solved by using a second polymer as glue material [43]. For
this purpose, the proton conductor Nafion was chosen with
its outstanding ionic conductivity stabilizing the charge
exchange inside the solid-state contact. According to
Fig. 5, this application resulted in solid-state pH electrodes
of good performance. A more detailed discussion of the
mechanism of charge transfer across the interface mixed
conducting polymer/ion-selective membrane was given
elsewhere [44].

Schindler [45] described a procedure to get all-solid-
state glass electrodes, in which the ion selective glass

membrane on its internal side was brought in contact with
an electrolytically conducting layer, consisting of conduct-
ing lutings and cements.

The disadvantage of this concept is the displacement of
these materials at small temperature changes. This was also
the case with the above-mentioned electrodes with soot
filling. Flow-through-electrodes of the same design, at
which a tube of electrode glass has been fused with shaft
glass tubes [46] to strengthen the contact between soot and
pH glass, were better-suited.

Metal oxide electrodes

It is well-known that casting metals consisting of Sb or Bi
covered by a thin hydroxide layer, which has been
generated in contact with aqueous solution or wet air,
show a relatively high selectivity for hydrogen ions [47].
The main disadvantage of such metal/oxide electrodes is a
systematic deviation from the expected Nernstian behavior,
so that its application is restricted. But especially for
medical applications and in the field of food control, often
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Fig. 6 Calibration curve of a mushroom-shaped Sb-electrode
fabricated by a centrifugal casting procedure
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antimony electrodes are used. Sensors for the pH
measurements in gastroenterology [48] and in brewing [49]
are examples of recent developments. By means of a newly
developed casting procedure, using centrifugal power (rpm
>1,800 min−1), metals with improved properties can be
obtained. Metal/metal oxide electrodes produced in such a
way show nearly theoretical potential slopes [50] (see
Fig. 6) in a temperature range between 25 and 40 °C.

Metal oxide electrodes based on thick film technology

pH sensitivity is also been observed with other metal
oxides, such as ruthenium oxide. It could be shown that
screen-printed oxides on ceramics, which were sintered
under definite conditions, gave better sensor responds than
oxides that were printed on polymer sheets. Well-known is
the application of screen-printable RuO2 as membrane

material [51]. It could be shown that in this case, cermet
technology is superior to polymer paste technology.

Recently, thick film pH electrodes based on RuO2 have
been used successfully in multisensor arrays in lab on chip
systems, to detect metabolisms in living cells (see Fig. 7)
[52] and in sensor cards in the dimension of check cards
[53]. Experiments using standardized cell lines (e.g., L
929) showed that the RuO2 thick film pastes are biocom-
patible. The described oxide electrodes work at tempera-
tures up to 130 °C.

When electrodes based on zirconia are used, the
measuring temperature can be extended up to 400 °C [54].

pH electrodes with membranes of transition metal
oxide bronzes

Tungsten and molybdenum bronzes have been investigated
as possible pH sensitive materials since the 1960s.
Tungsten bronze electrodes could not to be used in direct
pH determination, but should follow pH titration [55]. The
response was −46 mV/pH for Li0.3MoO3 and −76 mV/pH
for Na0.9Mo6O17. Molybdenum compounds are stoichio-
metric and more stable [56]. The electrochemical reactions
can be described by the following equations:

NaxWO3 þ yHþ þ ye� $ NaxHyWO3

AxMoyOz þ δHþ þ δe� $ AxHδMoyOz

AxMoyOz þ δHþ $ Ax�δHδMoyOz þ δAþ

The exact mechanism of the pH detection is not known
yet.

Fig. 7 Lab on the chip system including a pH electrode in thick film
technology based on screen-printed RuO2
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Chemical sensitive field effect transistors

Chemical sensitive field effect transistors (CHEMFETs)
are comparable with MOSFETs (metal oxide field effect
transistors). On CHEMFETs, the gate is coated by an ion-
selective membrane. In case of determination of H3O

+-
activity based on CHEMFETs, the terms pH-FETs or (more
common) ISFETs have been introduced. Here, the ion-
selective layer consists of SiO2, Si3N4, Ta2O5 or Al2O3.
Ta2O5 is preferred as a pH-sensitive layer. Furthermore, in
this context, terms like K-ISFETs (potassium selective
FETs), REFETs (pH-FET, which is in contact with a buffer
gel) and GASFETs (gas sensitive FETs) are used [57].

Two problems have accompanied the development of
CHEMFETs from the beginning [58]:

1. Incompatibilities with a direct contacting of ion-
selective membranes

2. Technical difficulties concerning the encapsulation of
the electronic components because of their sensitivity
to wetness

Particularly for pH-FETs, the last problem was solved by
development of advanced packaging technologies, and an
economical mass production of CHEMFET sensors is now
possible. The major problem is still to find a compatible
reference electrode [59]. Also, the nonapplicability of
hitherto existing pH analyzers (high-impedance mV
meters) prevents the broad commercial acceptance of
CHEMFET sensors up to now.

Anyhow, it was possible to introduce pH-FET-sensors
successfully in some important applications, where other
pH electrodes could not be used at all or with several
disadvantages [60–62].

Reference electrodes

The technological progress, which has been accomplished
with the introduction of pH-FET sensors and with other all-
solid-state indicator electrodes described here, is limited by
the absence of an adequate reference electrode. A separate
conventional reference electrode is still necessary for the
measurements. Hybrid sensors have been suggested, which
can be miniaturized on a limited scale. Most of the hitherto
known solutions are focused on a solidification of the
reference electrolytes of traditional electrodes of second
kind. Gels of polyvinyl alcohol, polyacrylamide [63], or
mixtures of different gels [64] are known. On the other
hand, screen-printing of suitable pastes [65] and a
positioning of reference elements, as well as of reference
electrolyte in synthetic resin [66] have been used, and
fabrication of above-mentioned REFETs was tried [67].

One new concept (see Fig. 8) is to use transition
metal oxide bronzes as materials for electrochemical
reference electrodes. Electrodes having compositions
like LixMo1−yWyO3 are promising, but still some
problems concerning the workability of these substances
exist [68].
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