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Abstract: A method of melt-oxidation at high temperature is adopted to prepare Ir/ IrO, pH electrode, and different car

bonates such as Li,CO3, K;CO3, Na,CO3 and their mixture were used in this process. It is shown that the electrode pre-

ared in carbonate melt has good pH response characteristics, such as stability, sensitivity, response time, and antr corro-
o) ’ ) ) )

sion ability in the solution containing F~ , etc. The hysteresis mechanism was also investigated based on a storage model

with a cyclic voltammetry experiment. It is found that the valence of Ir in the oxide film is + 4, and the iridium oxide on

the surface of the film is co-ordinate with — OH and H»O from the result of XPS spectra. The mole fraction ratio of Ir to
O is 1: 2. 1 in the bulk of the oxide, but x (Ir): x (O) is 1: 6. 78 on the surface of the oxide film by EDX technology. The

hydration effect of the thermally prepared iridium oxide was investigated. Therefore, a H" response mechanism is sug-

gested, being much different from the reported theory for thermally prepared iridium oxide electrode, which previously

does not take the hydration of oxide into consideration.
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1 INTRODUCTION

Metal oxides were regarded as the alternatives to
conventional glass electrode. Various metal oxides
have been suggested as pH sensing electrode, such as
MnOz, PbOz, C0304, TiOz, PtOz, Rqu, RhOz,
0s0,, 1Ir0, 7™,

Among the large number of the reported materi-
als, iridium oxide is the one of the most possible can-

[2]

didates for such application'”, and it can be prepared

by several methods, such as electrochemical oxida-
tion! ", sputtering[gl, thermal oxidization 1. AL
though IrO, is one of the best metal oxide for pH
sensing by far, many performances remain to be im-
proved '

It is reported that the iridium pow der can be oxi-
dized in carbonate "', and Yao et al'' has devoted
to this method and made an improvement in the re-
sponse performance. Based on this, we made a de
tailed investigation on the response performance in
this paper. The used carbonate, oxidized temperature
and duration for electrode preparation were all taken
into consideration. In addition, the application in the
solution containing F~ has been studied. Emphasis
was placed on the H" response characteristics, such
as the decisive factor on the response time, hydration
effect to the potential drift, the correlation of the sur-
face morphology with the hysteresis effect, as well as

the effect of electrode surface to response sensitivity.
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2 EXPERIMENTAL

2.1 Preparation of IrO, electrode

Li2C03, NazCO3, K,CO3 and their mixture melt
bath was used as the medium to oxidize iridium wires
(0.48 mm in diameter) ", After a pretreatment for
degreasing and dust cleaning, Ir metal wires were
held in a crucible covered with carbonate power and
put into an oven. The oxidization of the Ir wires was
performed at above 700 C for several hours in a fur-
nace under air atmosphere, and the oxidizing temper-
ature and time could be adjusted according to different
requirements. After being cooled down to room tem-
perature, the attached carbonate on the electrode was
removed after dissolution in acid. At last a cleaning
procedure was conducted in distill water.

To prepare the pH electrode, a small section at
one end of the oxidized wire was scraped off in order
to expose the base metal and 10 cm Cu wire was spot-
welded to form an ohmic contact. This junction as
well as Cu wire was sealed with heat-shrink silicone
adhesive or epoxy resin, so that only the iridium ox-
ide surface was exposed to the solution. Additionally,
in order to avoid the potential drift, an accelerated

aging process was tried.

2.2 pH response measurement
Operrcircuit potential of the IrO, electrode was
measured as a function of pH value of the test solution
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against of a single junction saturated calomel reference
electrode by using a potentiostat (the input resistance
> 107 Q).
stored in distilled water. All the potentiometric mea-

Before measurement, IrO, electrode was

surements were performed in an airsaturated buffer so-
lution at room temperature. The buffer solution consists of
0.01 mol/L. CH3COOH/HBOs/H3POs & 0.1 mol/L
KCI'* ' The pH of the buffer solution was varied
by dropwise addition of 0. 1 mol/ . KOH or 0. 1 mol/
L HCL For the buffer solution of fixed pH value,
such as pH 4.01, pH6. 86, pHO9. 23 buffer solution
could be got in market. A previously calibrated glass
electrode and a digital pH meter were used to monitor
the pH of the solution.

A duration as long as 15 d was spent to keep
track of the change of response characteristic, in or-
der to investigate the open-circuit potential drift in
the aging process. The data collection of the operr cir-
cuit potential, response time and the open-circuit po-
tential drift of the IrO, electrode were carried out
with a computer, and the data were processed by a
specific program. In the case of experiment in the so-
lution containing hydrofluoric acid, a home made
plastic salt-bridge/ junction and beaker were used.

2.3 Microscope analysis

The chemical composition and valence of the ox-
ide were determined by EDX and XPS; the morphol-
ogy and thickness of the oxide film were investigated
with SEM, and in order to observe the crosssection
of the electrode for the measurement of film thick-
ness, the metal wire was fixed in the bulk of epoxy

resin.

2.4 Cyclic voltammetry experiment

In order to make a further understanding of the
relationship between response characteristic and sur-
face state, a cyclic voltammetry experiment was con-

ducted between 0 and 1 V(vs. SCE).
3 RESULTS AND DISCUSSION

3.1 Response sensitivity and response time

The Ir/ IrO, electrode has a H" linear response
in the pH range of 1~ 13. The increased film thick-
ness will improve the response sensitivity. The re-
sponse sensitivity increases from 51 mV/pH to 58
mV/pH, when the film thickness varied from 5 Hm
to 20 Hm, and the species of melt-carbonate makes
some effect on the response sensitivity. The electrode

prepared in carbonates mixture has a sensitivity of

54.3 mV/pH, when the film thickness is 20 Pm. All

can be explained by the theory that the response char
acteristic is dependent of the film thickness, morphol-
ogy and composition. The thicker film provides more
active surface, which will increase the response sensi-
tivity and shorten the response time.

It is also found that the dipping in 10% ( volume
fraction) HF solution for 5 h made less effect on the
response performance, such as response time and sen-
sitivity.

For the convenient pH determination, the quick
response of the pH electrode is needed. According to
the regulation of IUPAC, it is believed that a steady
state is arrived, when the operrcircuit potential drifts
are less than 1 mV/min. A computer installed with a
specific software was used to record the open-circuit
potential response. The electrodes with a film-thick-
ness above 15 Hm can get to steady state in 1 min at
the buffer solution of pH 17~ 13.

Fig. 1 shows the record of the open-circuit po-
tential of IrO, electrode in pH4. 01 solution. The
operrcircuit potential will quickly get stable with film
thickness increasing, and the pH value of the solution
also makes some effect on the response time. The re-
sponse time in low pH solution (pH< 4) is less than
0.5 min, while in basic solution the response time
will be near to 1 min, in addition, the stirring will
accelerate the response. Maybe the pH response is
partially decided by the diffusion of H* concentration
in the solution .
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Fig. 1 Potential response of electrode with

different thickness in pH4. 01 buffer at 25 C
1—20 Pm; 2—15 Pm; 3 —10 Pm; 4 —5 Hm

It is also found that the solution temperature,
the kind of the carbonate applied for oxidization, and
electrode surface morphology are all the decisive fac
tors to affect the response time.

3.2 Potential drift and hydration

The open-circuit potential drift in aging process
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is a common phenomenon in many sputtering or elec
trochemically prepared IrO, electrodes reported in
Ref. [ 17], which is usually as large as 100 mV/d. In
order to investigate the stability of the electrode, the
operr circuit potential change of two electrodes( NO.
1, NO.2) in buffer solution were recorded in a term
of 15 d. NO. 2 electrode was treated beforehand with
a method of accelerated aging process, and NO. 1 was
not. It is found that NO. 2 drifts less than 1 mV/d in
the whole duration, however NO. 1 has a potential
drift of nearly 10 mV/d.

In the last stage of the hydration from 13 d to 15
d, No. 1 and No. 2 nearly have the same speed for po-
tential change. Fig. 2 and Fig. 3 indicate the change
of the intercept of E —pH linear relationship ( £°)
and sensitivity (slope) of the E —pH relationship for
the pH electrode over time. It is found that the elec
trode sensitivity keeps the same (the change about %
0.5 mV/pH) in the course of aging, while the E¢ de-
creases quickly for the electrode without an accelerat-
ed process beforehand.

Therefore, it can be concluded that the melt-oxi
dized electrode has a good stability after an aging
treatment. The quick potential drift of NO. 1 elec
trode can be explained by the fact that the oxidized
films is a dried-film, and its hydration needs a long
time immersion, but the hydration will speed up with

a specific process.
740
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Fig. 2 Change of E° with pH electrode over time

3.3 Hysteresis and electrode surface

Hysteresis is a common phenomenon for glass pH
electrode or metal oxide pH electrode. Here several
experiments are conducted to investigate the mecha
nism of the hysteresis effect. The hysteresis could be ne-
glected when the measurement is carried out in turns form
pH1~ pH13 or pH13 ~ pH1, with a response change
from E= 722.9- 57.20 pH to E= 720. 58— 57. 02
pH; but the hysteresis would not be a negligible factor for
accurate determination, when the electrode is put to applr
cation in the case of random measurement. The
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Fig. 3 Change of slope with pH electrode

over time

hysteresis effect arrived to 4 mV and 7 mV respec
tively, when pH value of the determination changes
from pH9 3~ 9 and pH3 ™~ 9~ 3.

So far, there is little explanation to the hystere-
sis phenomenon. H™ response speed is related to the
electrode active surface, and the iridium oxide surface
could be defined as outer and inner surface! " "', The
inner surface is composed of pores, cracks and grain
boundary. An attempt is made to understand the hys-
which attributes the phe-
nomenon to the slow diffusion of the H* between in-

teresis in this article,

ner and outer surface and the slow adjustment of the
hydration situation of the electrode surface. All the
openr potential determination in different pH solutions
are quickly carried out in less than 1 min, so that the
electrode surface fails to adjust instantaneously with
the corresponding solution.

In order to make a further understanding to the
relationship between response characteristic and sur-
face situation, a cyclic voltammetry experiment is
conducted. The charge storage( Q1) of the cyclic
voltammetry(0~ 1V, vs. SCE) can be calculated ac

cording to the mathematics model as follows!** !
Qr= Qi+ Q, (1a)
Q.= Qo+ Ko™ 12 (1b)
1/Q,= 1/ Qr+ Kov''? (1)

where v is scanning speed, @i, (Q, are the charges
related to the inner (less accessible) and outer ( more
accessible) surface respectively, (, is the integral
storage at the scanning speed of “v” . Fig. 4 and
Fig. 5 plot the charge storage against scanning time,
and No. 1 = No. 5 are the electrode arranged in the
turns of film thickness reduction. Through the above
equation, the proportion of the storage between inner
and outer surface, as well as the proportion of surface
composition could be obtained. As shown in Table 1,
the inner surface increases with the film thickness.

According to observed experiment results that the H”
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response speed and hysteresis effect increases with the
oxide thickness. The oxidized time should be con-
trolled, in order to make a balance between response
speed and hysteresis effect.
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Table 1 Charge storage of different
electrode (mC®cm™ 2)

Electrode Q, Qr Qi Qr
No. 1 0.039 0. 052 0.250
No. 2 0. 044 0. 062 0.291
No. 3 0.034 0. 068 0.500
No. 4 0. 044 0.099 0.556
No. 5 0. 054 0. 140 0.614

3.4 Study on iridium oxide film

SEM, EDX, XPS are used to investigate the
morphology and composition of the iridium oxide lay-
ers. Iridium oxide will grow up very well in Li,CO3
or in the mixture of Li,CO3 with other carbonate,
while dissolving in the pure K,CO3 or Na;CO3 melt
solution. The film thickness is dependent on the time

and temperature for oxidation. The degree of oxida-
tion makes much effect on the morphology of the
shown in Fig. 6.
surface

electrode  surface as
The oxide grains grow up, and the
becomes more uneven with increment of the oxid
izing time. The EDX results show that the mole
fraction ratio of Ir to O in the bulk of the oxide film is
1: 2.1, and is 1: 6. 78 in the surface, being much
greater than that in the bulk. The phenomenon is ob-
served that the surface is composed of lots of — OH
and HoO by XPS spectra. As seen in Fig. 7, the
binding energy of O 1s is 531.9 eV. The signal of O
Is can be attributed to the lattice oxide ions 0% , to
OH™ groups and to strongly bound water H>O. The
binding energy of O 1s of these oxygen species is (530
F0.5) eV, (531.5%0.5) eV, (533 X1) eV, re
spectively'??!. The hydration of the iridium oxide
could be described as Eqn. (2)'*'. As seen in Fig. 8,
the binding energy( BE) of Ir 4f7, is 62.4 €V, coin-
ciding well with the data reported in Ref.[22],
which is usually BE(Ir 4f75) = (62.2 £0.2) eV for
IrO,. Therefore, it can be concluded that the Ir ele

ment in oxide film is mainly Ir** . The hydration of
IrO; can be expressed as follows:

H:0 00
HO I(J‘ “HO 1/
Y04 - B O -, N @
AN AT
-0 | ou-0" | OH
H;0O 10

Fig. 6 Surface morphologies of electrode
prepared in Li,CO3 melt solution at 800 C
(=3 s (5] —5h
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Fig. 7 O 1s XPS spectra of iridium oxide prepared
in Li,CO3 melt solution at 800 C
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Fig. 8 Ir 4f XPS spectra of iridium oxide
prepared in Li;CO3 melt solution at 800 C

4 RESPONSE MECHANISM OF Ir/IrO. pH
ELECTRODE

There are mainly two equilibria to describe the

H* response of the IrO; electrode! '

IrO2+ 4H' + 4e= Ir+ 2H,0 (3)

21r02+ 2H" + 2e= Ir203+ 2H,0 (4)

The theoretical standard electrode potential of
the two reactions are all identical as 681 mV (vs
SCE). It is hard to decide which is the potential de-
termining equilibrium. Different authors hold differ

ent opinions, and Ir”" is so susceptible to oxidize in

air that it can’ t be observe by XPS easily'**!, unless
completely being performed in vacuum condition. On
purely theoretical grounds the equilibrium with the
highest exchange current density would be expected
to be the dominant one, but for equilibria with com-
parable degrees of reversibility, mixed control of the
rest potential could be expected. However, on more
empirical grounds the fact that the thick oxide layer

formed on iridium by thermal oxidation is hard to be

penetrated by ion suggests that the involvement of the
Therefore
Eqn(3) is not likely to be significant contributors to

underlying metal would be more unlikely.

the rest potential and we concentrate solely on Eqn
(4). A cyclic voltammetry test is carried out to mea-
sure the charge storage between 0 and 1 V(vs. SCE),
and it is found that the charge storage is as small as
0.058 = 0. 086 mC/ cm?( corresponding to sweep rate
of 57200 mV/s),
ty needed for the oxidation/ reduction involved with

bulk oxide.

(comprises of inner and outer surface) is taken into

much less than the electric quanti-
Only the reaction on the oxide surface

consideration in this article, and this supposition is in
good agreement with the theory for thermally pre-

181 A reaction is presented as

pared RuO; electrode
Eqn. (5)'*Y, in which it is also believed that only the
surface is involved in the reaction and the surface is
co-ordinated with — OH.

1r0, (OH) ,+ SH* + 8~ IrO,_ s(OH),_ 5 (5)

It is known that the surface is full of — OH and
strongly binding H20, so the hydration can be de-
scribed ast': R

IrO2+ 4H,0 1r0,°4H,0 (6)

Ir02'4H20_)[IrOg(OH)2'2H20] 4 2HY (7)

Here a new equilibrium is presented to describe

the H*

trode, on the experience of the H*
(23],

response in this melt-oxidized prepared elec
response model
for electrically grown oxide film

2{[ IrO2( OH) ,*2H,0]* '2H[ V4 2e+
2H? 7 [Ir,03( OH)3°3H,0]>" *3Hf +
3H,0 (8)

In this case, Hf is the protons being already
presented as counter ions on the surface, which pro-
and they are

equivalent to electrostatically bounded counter ions of

duced in the process of hydration,

. F @
exchange resin. Hg is the protons transferred from

solutions which will participate the reaction.

E= EO_ 2 ?0?RT1 ”11“203(0}1)2”
2F {[IrOz (OH) ]}
{[3H,0]° *3H{ }° [HzO]
{[2H,0]% <2Hf }*+[H! ]?
po po_ 2303RT, {{[IrzO%(OH)zH

2F B {[1r0,*(OH)1]}
{[3H,01°" *3H{ }*[H,0]’
([ 2H,0]% *2Hf }°
2.303RT
2F

EY= EO-

lg[HY |2
2. 303RT . {[Ir,03(OH),]}
2F B {[1r0,*(OH)1]}
{[3H,0]°" +3H{ }*[H,0]’
{[2H20]2‘ *2H} }?
E= EO— 0.059pH
That is why E® is 0.722-0.576 V (vs. SCE)

in the course of hydration, which is a little different
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from 0. 681 V of Eqn. (4).

The Li element in the composition of the surface
oxide is not taken into consideration in the above dis-
cussion. For metal oxide produced in a Li,CO3 melt,
however lithiation may occur and a Lrcontaining

product is formed' "> *:

IrO2+ Li0 "~ LipIrOs (9)

The surface of the iridium oxide film is full of —
OH and H»0, so the hydration of the iridium oxide
can be written as:

LiolrOs+ xH,0 ™

[ LizIrO4- o.50( OH) nH,0]*" 2H} (10)

The mole fraction ratio of Ir to O on surface of
the oxide is 1: 6. 78, determined by EDX, so it is be-
lieved that a= 2,
supposed that the oxide surface in the solution is writ-

ten as [ LiIrO3( OH),2H,0]% 2H{ .

n= 2 in this case, and it is also
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