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Ti/TiO, and Ti/TiO,/Pt electrodes were prepared using the method of plasma electrolytic oxidation (PEO)
and applied for potentiometric indication of different types of chemical reactions. The structural features
of surface electrodes have been investigated by scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and energy-dispersive spectroscopy (EDS) techniques.
On the surface of modified Ti/TiO,/Pt electrodes platinum is present in an atomic state in the form of
nanoparticles. Ti/TiO,/Pt electrodes showed an excellent performance for end-point indication potentio-
metric titrations similarly to the traditional Pt electrodes. In addition, this sensor has some good analyt-
ical characteristics such as sensitivity, good reproducibility, and simple preparation procedure. As
compared with the monolith Pt electrode, the Ti/TiO,/Pt electrode showed several advantages including
low cost and high stability.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Development and studies of novel highly sensitive and selective,
reliable, and durable sensors enables one to expand the possibilities
of application of electrochemical methods of analysis in solving
analytical problems focused on ecological issues. Semiconductor
electrodes, including metal-oxide ones modified in some cases by
noble metals, appear to be promising as sensors for different types
of potentiometric titration [1-3]. Although the development of
novel sensors based on semiconductor materials for liquid media
analysis does not attract sufficient interest, their good combination
of properties, namely, high hardness, chemical stability in
aggressive media, and surface structural features provides broad
prospects for application in creating electrochemical sensors. The
metal-oxide electrode behavior is determined by properties of its
oxide film: chemical composition, electro- or ionic conductivity,
surface structure, and other factors [3]. The authors [4] demon-
strated polyfunctional features of electrodes of this type and the
possibilities of their application as indicator electrodes in different
variants of potentiometric titration. In view of the above, a special
interest is concerned with studies of electroanalytical properties
of metal-oxide electrodes produced by deposition of oxides of
specific properties on different substrates. In particular, one
should mention here films of titanium dioxide which is an n-type
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semiconductor and characterized by high dielectric constant,
refraction coefficient, and chemical stability in aggressive media.
Thin TiO, films can be used as sensors for different ions [5-9].
TiO, films can be produced by means of the magnetron scattering
method [10], sol-gel processes [11], metal-organic chemical vapor
(gas) deposition (MOCVD) [12], or chemical vapor deposition
(CVD) [13].

Oxide layers having versatile chemical compositions and high
adhesion to a substrate can be obtained on the surface of valve
metals, including titanium, using a simple single-stage method of
plasma electrolytic oxidation (PEO) [14-18]. PEO is accompanied
by the inclusion of electrolyte components into coatings and
formation, under certain conditions, of developed (porous, defect)
surface that in a number of cases could be characterized by high
sorption and ion exchange properties.

Depending on the electrolyte composition and the oxidation
conditions, on the titanium surface one can obtain, using the PEO
method, titanium oxide in anatase or rutile modifications [14-17].
The authors of [19] demonstrated the possibility of using oxide
layers on titanium formed by PEO in phosphate electrolyte as
indicator electrodes in the process of precipitation potentiometric
titration of phosphate solutions by silver ions. The presence of the
pH-function and strengthening of the “phosphate” function with
the phosphorus content increase in a coating were established.
The authors also revealed indicator properties of PEO-titanium
samples at potentiometric acid-base titration and established the
dependencies of stationary potentials on the redox-system nature
and their independence of the system components concentration
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ratio as well as the absence of a signal at potentiometric oxidation-
reduction titration indicating to the coatings low electronic
conductivity.

As was demonstrated in [15], in borate electrolyte on titanium
the PEO method yielded the formation of films containing TiO, in
the rutile modification - a thermodynamically stable phase charac-
terized by high stability in chemically aggressive media. Such
oxide layers have low electrical conductivity as in air as in 3% NaCl
solution. According to [20], the increase of the electronic conduc-
tivity and improvement of electrocatalytical and operational prop-
erties of PEO-layers on titanium can be attained by deposition of
ruthenium hydroxochloride or its mixture with titanium chloride
on these structures. At the same time, titanium-oxide film elec-
trodes doped with microquantities of platinum group metals are
known as efficient catalysts of many electrochemical processes
[21,22]. The advantages of these electrode systems consist in rela-
tively inexpensive cost due to low noble metal content and high
electrocatalytical activity that is in some cases higher than that
of platinum electrode due to high dispersion of platinum particles
in the titanium-oxide substrate. According to [22], the effect of
increasing activity of the dispersed particle on a substrate, as com-
pared to electrocatalyst of the same chemical composition, can be
attained through electronic interaction of microparticles with the
substrate. Such systems are promising in view of their application
as indicator electrodes because of the simplicity of fabrication,
operation, and storage as well as low cost and high stability in
aggressive media. One of the most promising directions in creation
of such electrode systems consists in thermal decomposition of
noble metal salts on the surface of an electrode substrate: it is
evident that PEO-layers can be used in the role such a substrate.
The most important advantages of this method include its afford-
ability and simplicity of implementation as well as the possibility
of using platinum-containing waste processing products as pro-
moting agents. Thus, the combination of the PEO method and
deposition of noble metal salts on the formed layers followed by
salts thermal decomposition enables one to form electrode sys-
tems that are promising for application as indicator electrodes.

The objective of the present work was to study electroanalytical
properties of metal-oxide electrodes formed using the PEO method
in tetraborate electrolyte, including those additionally modified by
platinum.

2. Experimental
2.1. Preparation of electrodes

Electrodes were produced from sheet titanium of VT1-0 grade
as plates of a size of 2.5 x 1.0 x 0.1 cm. For metal surface layer re-
moval and surface standardization, the samples were chemically
polished in a mixture of concentrated hydrofluorine and nitric
acids (ratio HF:HNOs = 1:3) at a temperature of 60-80 °C for 2-3 s.

Oxide films on titanium Ti/TiO, were formed using the PEO
method in 0.1 M aqueous solution of Na,B,0; under galvanostatic
conditions (i = 0.2 A cm~2) for 10 min in accordance with the tech-
nique described in [15]. A part of the samples was annealed at
500 °C for 4 h (Ti/TiO3).

To modify with platinum, titanium plates with oxide layers
deposited using the PEO method (PEO-method) were immersed
in aqueous solutions of H,PtClg of concentrations 3 x 10~ M (Ti/
TiO,/Pt'), 1 x 10~* M (Ti/TiO,/Pt?) at stirring for 1 h, dried and an-
nealed at 500 °C for 4 h.

2.2. Chemicals

During studies of pH-sensitivity of PEO-layers on titanium, uni-
versal buffer solutions in a broad pH range were used. Solutions of

NaOH, AgNOs, Ce(S04),, K>Cr07, and EDTA-Na of different concen-
trations were used as titrants in potentiometric titration measure-
ments. Solutions of NaOH, AgNOs; were pre-standardized. Other
solutions were prepared by dissolution of accurately weighed sam-
ples. The chemicals were of analytical pure grades.

2.3. Potentiometric measurements

The electrode studies were performed in the absence of external
polarization under the conditions of potentiometric titration with
one indicator electrode. The titration end point was found from
the potential jump corresponding to the point of chemical reaction
completion.

Potentiometric measurements were carried out using a Radelkis
OP-265/1 ion- and pH-meter. An Ag/AgCl reference electrode was
used.

The titration was carried our using an OP-930/1 automatic bur-
ette in a 50 mL chemical glass. The solution was stirred by a mag-
netic stirrer. The electrodes (working and reference) were placed
into the solution to be titrated. Titrant was added by 1 mL portions.
The potential value was measured upon reaching a stationary
value.

To determine the rate of establishment of a stationary potential
value, the method of building kinetic curves in the process of titra-
tion was used. Upon addition of the next in turn titrant portion in
the process of potentiometric titration, the values were recorded
within specified periods of time until a constant value is attained.

2.4. Surface element analysis and coatings morphological
characteristics

X-ray spectral analysis (XSA) and X-ray photoelectron spectros-
copy (XPS) methods were applied to determine the film surface
element composition. In the former case, a JEOL SUPERPROBE JXA
8100 microprobe spectral analyzer was used. The obtained data
were averaged over 1 x 1 um? surface area. The depth of the ana-
lyzed layer was about 2-5 pm. Simultaneously, the surface elec-
tron microscopy images were obtained. The XPS spectra were
measured on a SPECS ultrahigh vacuum system unit using a 150-
mm electrostatic hemispheric analyzer. The Mg Ko radiation was
applied for ionization. The spectra calibration was made on Cls-
lines of hydrocarbons whose energy was assumed to be equal to
285.0 eV. The obtained data were averaged over 1 x 1 mm? surface
area.

3. Results and discussion

3.1. Application of PEO-electrodes as indicator electrodes in
potentiometric acid-base titration in aqueous solutions

3.1.1. E-pH dependence for PEO-electrodes

E-pH electrode functions of both unmodified (Ti/TiO;) and plat-
inum-modified PEO-electrodes are linear over the whole pH range
under study, Fig. 1. The E = a-bpH equation and correlation coeffi-
cients (r?) of these dependencies are shown in Table 1. The corre-
lation coefficients of all PEO-electrodes approximated 1 that
indicates to the E-pH function linearity. Since upon annealing the
Ti/TiO, electrode function did not virtually change, PEO-electrodes
annealing does not affect their pH-sensitivity (Table 1). PEO-coat-
ings impregnation in 10> M solution of H,PtClg results in some in-
crease of the E-pH curve slope. However, upon impregnation in
more concentrated solution, the curve slope of the of PEO-coatings
electrode function decreases down to the initial value. One can
assume that titanium oxide present in the coating composition
has the main role in the potential formation. The reaction
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Fig. 1. E-pH function for PEO-electrodes.

Table 1

Parameters of linear regression E = a-bpH (n = 3; P=0.95).
Electrode E (mV)

a b 2

Ti/TiO, 155.9 -30.9 091
Ti/TiO5 715 -30.4 0.97
Ti/TiO,/Pt! 2274 -29.1 0.98
Ti/TiO,/Pt? 122.7 -385 0.98

TiO, + 4H" + 4e = Ti + 2H,0 (E° (NHE) = —0.86 V), whose potential
corresponds to the equation E = a-bpH, occurs on the metal-oxide
titanium electrode Ti/TiO,. In this case the slope coefficients in the
equation are lower than the Nernst ones, which is characteristic for
a metal-oxide system and can be related to the differences in stoi-
chiometric compositions of oxides of the metals under study, their
semiconductor properties, method of synthesis, surface conditions,
and the presence of borate groups incorporated into the PEO-film
during the oxidation process. The value of the coefficient a depends
on the electrode surface conditions, oxide nature etc. In this case
its value approximates that of the unmodified PEO-electrode indi-
cating to the effect of titanium dioxide PEO-layers on pH-functions.
Impregnation of PEO-layers in more concentrated H,PtClg solution
shifts the pH-function to more positive potential range which must
be caused by the effect of a noble metal on the potential value.
Taking into account the fact that the correlation coefficients of
the dependence E-pH are close to 1, such electrodes can be applied
in acid-base titration as indicator ones.

3.1.2. Potentiometric acid-base titration

Fig. 2 shows integral curves of the acid-base titration for
modified and unmodified PEO-electrodes. For all the electrodes
under study, a potential jump of a value about 500 mV/mL takes
place in the equivalence point. The value of the analytical signal
is comparable for platinum-modified and unmodified electrodes
(Table 2). Thus, PEO-layers on titanium manifest the pH-function
the most characteristic for metal-oxide electrodes as in direct
potentiometry as in acid-base titration.

3.1.3. Kinetic curves of electrodes under study in acid-base titration
Kinetic titration curves were obtained on the example of
potentiometric acid-base titration. As seen from Fig. 3, a constant
potential value is established quite rapidly - within 30-60s. In
the equivalence point of the modified electrode Ti/TiO,/Pt!
(Fig. 3b), one observes some potential drift that is characteristic
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Fig. 2. Integral curves of acid-base titration of 0.1 M HCl by 0.1 M NaOH.

for a majority of indicator electrodes used in potentiometric
titration.

3.2. Potentiometric oxidation-reduction titration

The behavior of the electrodes under study in potentiometric
oxidation-reduction titration was examined on the example of
titrations of the component of a reversible system by that of an
irreversible one (Fe (II)—Cr(VI)) and two reversible systems (Fe
(II)—Ce(1V)). The oxidation-reduction systems were selected to re-
veal common regularities in the electrodes behavior. According to
the notion put forward by Michaelis, any material with the elec-
tronic conductivity in some specific potential and pH range can
be an oxidation potential indicator [23].

As seen from Fig. 4a, the curves of potentiometric titration of
0.05 M Fe (II) by 0.017 M Cr(VI) with Pt-electrode and Ti/TiO,/Pt!
have, upon differentiation, maxima in the equivalence point. The
potential jump is the highest one during titration with Pt-elec-
trode. For the unmodified Ti/TiO, PEO-electrode and Ti/TiO,/Pt?
electrode (impregnated in solution with the lowest H,PtClg con-
centration), the absence of a signal upon titration of a reversible
system by an irreversible one was demonstrated. The absence of
indicator properties in these electrodes must be caused by low
electronic conductivity characteristic for PEO oxide layers and
samples modified by small amounts of platinum, especially in
the presence of an irreversible system.

Differential titration curves of 0.05 M solution of Fe (II) by 0.1 M
solution of Ce (IV) are presented in Fig. 4b. The potential jump dur-
ing the titration with participation of two reversible systems is
substantially larger for all the electrodes under study than in the
case of one irreversible system. Probably, this is caused by the fact
that for irreversible systems the constant of the rate of the oxida-
tion-reduction process and the exchange current are lower than
for reversible ones. Therefore, to make AE/AV a noticeable value,
one should apply potentiometric titration with polarized elec-
trodes. Upon the samples annealing, the potential jump value de-
creases that indicates to deterioration of their analytical
properties. Possibly, this is related to the increase of the PEO-elec-
trode film electrical resistance. Along with the increase of the plat-
inum concentration in the impregnation solution, the value of the
analytical signal increases: it is evident that the PEO-layers modi-
fication by platinum improves their electroanalytical properties by
increasing the film electronic conductivity.

In case of participation of two reversible systems in titration, the
value of the potential jump on the titanium electrode is comparable
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Table 2
Values of potential jumps AE/AV (mV/mL) at titration with different electrodes in accordance with different reaction types (n = 10; P=0.95).

No. C Titration type
E]\HAZ)PtClG) Oxidation-reduction (titration of Precipitation (titration of 0.05M  Complexometric (titration of 0.05 M Acid-base (titration of 0.1 M
0.05 N Fe (II) by 0.1 N Ce (IV)) NaCl by 0.05 M AgNO5) Fe(Ill) by 0.05 M EDTA-Na) HCI by 0.1 M NaOH)
1 - 314+2.48 118 +£9.93 10+£7.85 503 +16.34
2 3x107! 440 +5.36 197 £14.55 177 £10.73 438 £4.53
3 1x107* 392 +13.02 172+£43 99+7.17 493 £13.21
4 Pt 413 +5.91 126+11.34 142 +7.17 -
5 Ag - 205+13.14 - -
6 GE? - - - 1087 +10.63
@ Glass electrode.
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Fig. 3. Kinetic curves of acid-base titration of HCl by 0.1 N NaOH. Electrodes: (a) Ti/TiO-; (b) Ti/TiO,/Pt'; (c) Ti/TiO,/Pt2.

to that of the Pt electrode. This fact should be considered practically
important in view of increasing the number of indicator electrodes
to be applied in potentiometric oxidation-reduction titration.

3.3. Potentiometric complexometric titration

Potentiometric titration of Fe(Ill) was carried out by EDTA-Na
with PEO-layers on titanium under study as indicator electrodes.
Titration with a Pt electrode was carried out in parallel.

According to the data of Fig. 5, during the complexometric titra-
tion of iron (III) all the electrodes under study generate a signal in
the titration end point. However, the unmodified Ti/TiO, electrode
produces a weak signal, as compared to Ti/TiO,/Pt! and Ti/TiO,/Pt?

electrodes. One should mention that the value of the potential
jump for the Ti/TiO,/Pt! electrode is somewhat higher than that
for the Pt electrode. Thus, the modification of PEO-layers by plati-
num results in increase of the analytical signal during the com-
plexometric titration as well. The mechanism of Ti/TiO,/Pt!
functioning in the presence of the reversible electrochemical sys-
tem Fe(IIl)/Fe(II) is, probably, similar to that of the classic Pt elec-
trode, as in the case of oxidation-reduction titration [24].

3.4. Potentiometric precipitation titration

The indicator properties of the PEO-layers on titanium under
study were examined in precipitation potentiometric titration of



266 G.I. Marinina et al./Journal of Electroanalytical Chemistry 689 (2013) 262-268

160

(a)
140 - Pt
1201 = Ti/TiO,

-+ Ti/TiO,,Pt'

- TV/TiO,P¢

AE/AV (mV/ml)

500

4301 - Pt

4001 Tirmio,

3301 TirTio, Pt
3001 e Ti/Tio, P2
250

200 A

AE/AV (mV/ml)

150 -

100 1

V (ml)

Fig. 4. Differential curves of oxidation-reduction titration: (a) Fe(Il) - Cr(VI); (b)
Fe(1I) - Ce(VI).

200

- Pt
1504 -= Ti/TiO,
= Ti/TiO,,Pt!

-+ Ti/TiO,,Pt

AE/AV (mV/ml)

V (ml)

Fig. 5. Differential curves of complexometric titration of 0.05 M Fe(III) by 0.05 M
EDTA-Na.

250
A
2004 o Ag
= Ti/TiO,
150 - — Ti/TiOz,Ptl

- Ti/TiO, P

AE/AV (mV/ml)
s

50 1

V (ml)

Fig. 6. Differential curves of precipitation titration of 0.05 M NaCl by 0.05 M AgNOs.

0.05 M of sodium chloride solution by 0.05 M silver nitrate solution
(Fig. 6). Titration with Pt and Ag electrodes was carried out in par-
allel. An analytical signal of a sufficient value was obtained for all
the electrodes under examination. The functioning mechanism of
metal-oxide electrodes in this type of reactions is caused by the
electrode surface modification with adatoms of an electropositive
metal (silver), which was demonstrated for classic metal-oxide
and semiconductor [1,2,25] electrodes.

The results of mathematical processing of the value of the po-
tential jump for all the reaction types are shown in Table 2. The re-
sults analysis enables one to conclude on polyfunctional character
of the electrodes under study and their applicability in potentio-
metric indication of chemical reactions. The potential jump values
are comparable to the known Pt- , Ag-electrodes.

3.5. Composition and morphology of PEO-layers on titanium

The surface conditions of solid electrodes belong to the factors
affecting the characteristics of electrode processes and, therefore,
the parameters of analytical signals during electrochemical
analysis.

As seen on SEM-images (Fig. 7), the modification of Ti/TiO, elec-
trodes by platinum substantially affects the surface morphology.
Nanosized spherical particles (Fig. 7d, point 1) and agglomerates
of such particles (Fig. 7d, point 2) located in surface cavities are ob-
served in insignificant amounts on the Ti/TiO,/Pt! electrode sur-
face. According to the element analysis data, up to (at.%) 17.2 C,
72.1 O, 8.8 Ti, 1.9 Pt was found in the agglomerate composition.
Up to (at.%) 10.6 C, 64.9 O, 24.5 Ti, 0.03 Pt was found in the com-
position of individual particles. Thus, it is evident that platinum
is present on the surface of modified samples in the form of nano-
particles and their agglomerates located in surface cavities.

According to the averaged element analysis data (scanning sur-
face area 10 x 10 pm), carbon, oxygen, and titanium were found on
the Ti/TiO, samples surfaces (Table 3). The averaged qualitative and
quantitative element compositions of the oxide layers surface do
not virtually change as upon thermal treatment of PEO-layers as
upon their modification by platinum. Platinum is not fixed that
could be related to its low and heterogeneous content and specific
location on a surface (in pores and cavities). One should also men-
tion high carbon content on the surface of all the studied electrodes.
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Fig. 7. SEM images of the electrode surfaces: (a and b) - Ti/TiO,; (c and d) - Ti/TiO,/Pt".

Table 3
Element composition of PEO-layers surface on titanium.

Electrode Element composition (at.%)
C 0 Ti
Ti/TiO, 17.9 67.4 14.7
Ti/TiO; 16.8 69.4 13.8
Ti/TiO,,Pt! 13.0 74.3 12.8
Ti/TiO,,Pt? 12.9 73.7 13.4
3 O]s
18x107 [
16x10°+
14x10° -
12510 &
jg L
5 10x10°
8 |
3L C
8x10 I Is Pt“
6x103 r
4x10°f
2x10°F
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Binding energy (eV)

Fig. 8. XPS spectrum of the surface of Ti/TiO,/Pt! electrode.

At the same time, one should emphasize that indicator proper-
ties of metal-oxide electrodes are substantially affected by the
composition, structure, and properties of the surface in immediate
contact with solution. As regards the modified electrode, one
should know, aside from the above factors, the form of the modify-
ing additive (in this case platinum) presence on the surface. To

determine the sample surface chemical composition (layer of a
depth of ~3 nm), the method of X-ray photoelectron spectroscopy
was applied. The XPS spectrum of the modified electrode Ti/TiO,/
Pt' shown in Fig. 8 indicates that the composition of the initial sur-
face layer (~3 nm) includes platinum (4.6at.%), titanium
(10.3 at.%), oxygen (40.9 at.%), and carbon (44.7 at.%). The data ob-
tained using the XPS methods are somewhat different from those
of the X-ray spectral analysis (XSA). Such a difference could be
caused by the fact that the films formed on titanium by the PEO
method are sufficiently dense, and the surface modification at
the preparation stage and possible interaction with environment
occur exclusively in uppermost coating layers.

Fig. 9a presents XPS spectra of Pt 4f;;, and Pt 4fs;, films on
the Ti/TiO, electrode prior to the surface etching. On the basis of
the presented spectra, one can conclude that on the surface of the
modified electrode platinum is present predominantly in the metal
form Pt° (71.4 and 75.0 eV for Pt 4f;, and Pt 4fs),, respectively) and,
to a lower degree, in states close to Pt>* (73.1 and 76.5 eV for Pt 4,
and Pt 4f5,, respectively) and Pt** (74.4 and 78.2 eV for Pt 4f;), and
Pt 4fs, respectively) [26-28]. The formation of metal platinum oc-
curs upon thermolysis of H,PtClg in accordance with the reaction:
H,PtClg=Pt + 2Cl;, + 2HCI. One could assume that platinum is pres-
ent in the nanosized metal Pt° form prior to and upon the surface
etching. The fact that the oxidized platinum was also found must
be caused by the sample surface interaction with air in the process
of annealing. This assumption is corroborated by the fact that in the
subsurface layer (upon etching of the uppermost layer of a thick-
ness of ~30 A) the amount of strongly oxidized platinum noticeably
decreases, whereas the amount of platinum in the metal form in-
creases accordingly (Fig. 9b).

To sum up, on the basis of the data of XPS and electron micros-
copy one can conclude that on the surface of modified electrodes
platinum is present in an atomic state in the form of nanoparticles
whose presence, in some cases, results in improvement of the elec-
trodes electroanalytical properties manifested in the increase of
the potential jump during potentiometric titration in accordance
with different reaction types.
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Fig. 9. XPS spectrum of Pt 4f surface of modified PEO-electrode Ti/TiO,/Pt:
(a) -before etching; (b) - after etching.

4. Conclusions

Oxide layers, including those modified by platinum, manifesting
electroanalytical properties characteristic for metal-oxide elec-
trodes were obtained on titanium using the PEO method. It has

been demonstrated that modification of oxide layers on titanium
by platinum nanoquantities affects insignificantly the slope (angle
coefficient) of the pH-function, but has an effect on the potential
jump value during oxidation-reduction, complexometric, and pre-
cipitation titration. The polyfunctionality of metal-oxide elec-
trodes with modified PEO-layers and the possibility of their
application in potentiometric indication of different types of chem-
ical reactions have been revealed.
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