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A pH Electrode Based on Melt-Oxidized Iridium Oxide
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Fabrication and characterization of a novel potentiometric pH electrode based on melt-oxidized iridium oxide film is presented.
The oxide film produced in a lithium carbonate melt has the composition bfl,i-nH,0, and shows high chemical stability. The
electrode based on this oxide film exhibits very promising pH sensing performance, with an ideal Nernstian response in the tested
pH range of 1 to 13. The potential response is fast, with a 90% response time obtained indeks tfoa all pH changes. The
open-circuit potential of the electrode is almost drift-free, with an average variation over time in a pH 6.6 solution as small as 0.1
mV/day. Furthermore, the potential/pH slopes and the apparent standard electrode potentials show excellent agreement among
electrodes from the same batch. A comparison is made of the present electrode and those reported in the literature with respect to
fabrication method and pH sensing characteristics.
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Glass pH electrodes have been widely used because of their googported in the literature are summarized in Table I. In the table the
sensitivity, selectivity, stability and long lifetimeHowever, glass  electrodes are classified according to the fabrication methods of the
electrodes have several disadvantages due to the intrinsic nature afdium oxide films (IROF9: mainly electrochemical growth, elec-
the glass membrane. For example, glass electrodes are easily afodeposition, reactive sputtering, and thermal preparation as de-
fected by alkaline or HF solutions, they require a high input imped- tailed below.
ance pH meter, they often exhibit a sluggish response, and are dif- A considerable amount of research has focused on the electro-
ficult to miniaturize and planarize based on current manufacturingchemical growth of IROR%14n this method an IROF is grown on
technologie$. Moreover, these electrodes cannot be used in food orthe surface of an Ir metal electrode by cycling the electrode potential
in vivo applications because of their brittle nature and the risk of repeatedly between the potentials corresponding tard G evo-
leaving sharp bits of glass behind. Drawbacks of glass electrodefution, typically —0.25 to 1.25 Vvs. standard calomel electrode
have led to intensive research for alternative pH electrodes. Poten'SCE in 0.5 M H,S0O,. Under potential cycling conditions,e.,
tiometric metal QX|de electrodes have proven to be some of the mosgyclic scans or pulses, a thick hydrous Jrfdm grows, which will
promising candidates. not occur under any fixed potential conditi#hit is interesting that,

Various solid-state metal oxides have been investigated for pHfor sustained IROF growth to occur, the potential must exceed criti-
electrodes. Among them, the &k electrodé is by far the most  cal upper E,") and lower €,") potential limits during each cycle,
widely used, especially in acid-base titration or in solutions contain-\yhich is not required for other metals such as Pt, Ru, Ni, Fe, etc.
ing HF, although it is not suitable for accurate measurement of pHrhjs type of IROF is known by the acronym AIRG&nodic iridium
due to the drift of response potential. Einerhatdal.” introduced a  gxide film). AIROFs are poorly crystallized, mostly in amorphous
Bi,O; electrode to measure pH in a concentrated KOH solution, aphase and are highly hydrated, and can actually be regarded as a
medium in which the glass electrode cannot be used.étial® gel-like materiaP* As can be seen from Table I, AIROF based
developed a PdO electrode for measuring the pH of whole blood. Aelectrodes commonly exhibit unpredictable, often super-Nernstian
Nafion film was coated on the electrode to prevent the PdO fromsjopes, mostly in the range from60 to —80 mV/pH rather than the
dissolving into CT contained solutions. Grubét al® demonstrated ~ expected value of-59 mV/pH. This special feature is explained by
a PdO electrode with a long lifetime but suffering redox interfer- the assumption that more than one proton is involved per electron in
ence. Foget al” surveyed various metal oxides including RtO the potential determining reactidh.Table | also shows that the
Ir0,, RuQ, 0s0Q, Ta0s, RhO, TiO,, and SnQ. The results on  results reported by different authors for AIROF based electrodes are
pH sensitivity, working pH range, ion and redox interferences, andquite scattered, not only iE°’, but in the slopes as well. It has been
hysteresis indicated that IsOand RuQ held the most promise. a}ccepted.t.hat this.phenomeno.n results from differenc;es in fabrica-
range, but drifts for both of the potential/pH slope and the apparenthe extent of hydration of AIROFs. Burket al.™ noticed that the
standard electrode potentidE{’) were identified? variation of the potentla!/pH slopes is assomated with t?ze difference

in the degree of hydration of the AIROF. Hitchmanal.** found
that both the slopes an8°’ were strongly affected by an anodic
retreatment of the electrode. Along the same line, Oltletial
orrelated the slope with the oxidation state of the AIROF, and
oncluded that the higher the oxidation state, the higher the slope. It

Iridium oxide (IrQ,) electrodes have received considerable atten-

tion in recent years®®! Their advantages over conventional glass
electrodes and other metal oxide electrodes were shown to includ
good stability over a wide pH range, even at high temperatures up tQ

024 o 1] - - : 9
250°C?* at high pressuré’ and in aggressive environmerfsand ")\ "0 ind that the pH sensing characteristics are somehow de-

show fast response even in nonaqueous solufibfisBesides IS pendent on the crystal structure and even the thickness of AIROFs.
use as a pH electrode,_l;(]:s also v_veII known as an anode mater_|al Kinoshitaet al* compared mono- and polycrystalline AIROFs and
for oxygen and chlorine e_volt_Jtlé?n and as an electrochromic  foung that the former was superior in pH response stability. Hitch-
material”™ For all these applications, the characteristics ofl&@2  manet al!? suggested that thicker AIROF should be able to ensure
generally very sensitive to its structure and composition, which de-more reproducible pH response behavior. Unlike glass electrodes,
pend on the fabrication method and condition. This is the mainmetal oxide electrodes usually suffer redox interference due to the
reason that most of the IfQpH electrodes prepared by different fact that metal oxides are mixed conductors and both electrons and
methods show different characteristics. Some, Il electrodes  ions may determine the potentfaSonget al* investigated inter-
ference by oxy-sulfur anions and found that the interferences from
redox-inactive species such as sulfate and sulfite were negligible,
* Electrochemical Society Student Member. while those from reducing anions such as bisulfite and thiosulfate
Z E-mail: madou.1@osu.edu were so severe that the AIROF was reduced irreversibly.
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Table I. Performance of iridium oxide-based pH electrodes made by different methods.

Sensitivity E°’ Total drift®
Method Electrode (mV/pH) (mV, vs.SHE? (mV) Authors/Year
Electrochemical  1rO,/Ir Wire (0.5 mm diam 77.7(25°C) 1240 ¢ Burke et all® 1984
growth
(AIROF) IrO,/Ir wire (0.6 mm diam 71.2 714 - Kinoshita, Eet all! 1986
IrO,/Ir wire (1 mm diam 75 (25°0 925 35 Hitchmaret all? 1988
IrO,/Ir wire (0.15 mm diam 62-74(21°C) 734-1066 15-130 Olthuist al*® 1990
IrO, /Ir wire (0.5 mm diam 74-78 909-934 - Songt all* 1998
(deeper purple tint
Electrodeposition  (Pd-InO, /glassy carbori3 mm diam) 62 (pH <6, 21°Q 910+ 6 (pH < 6) - Jaworskiet al!® 1992
83 (pH >6) 1020+ 20 (pH >6)
IrO, /glassy carbor{l.5 mm diam 63-82 940-1120 25 Bauet alf 1998
(bright blue
Nafion/IrQ, /Pt/Kaption film 61-6522°C) ~810 - Marzouket all” 1998
Sputtered coating  IrO, /Ta or stainless steel 59.5(19°C) 1042 220 Katsubet all® 1982
(SIRORB (15004, dark blug 68.8(80°C)
IrOx /alumina 55-6022°C) 995+ 35 200 Tarlovet al?° 1990
(1500-7500A)
IrO,/sapphire sheet 59 (25°C) 880 10 Katoet al?! 1991
(1000A, dark blug
IrO, /alumina or silicon wafer 54-49(22°C) 1016 150-200 Kreideet al?® 1995
Thermal method  1rO,/Ir wire (blue black 62.8(4°C) 930+ 5 - Papeschet al®® 1976
IrO,/Ti (IrCl; decompositioh 59 950 - Ardizzoneet al?® 1981
IrO,/Ti (IrCl3 decompositiohn 59 (25°0) 982 (fresh 80 Kinoshita, K.et al?’ 1984
IrO, /Ir wire 59 (25°0) 1000-1172 200 Hitchmanet al?® 1992
(blue-black 59 (25°0) 870 (after 10
pretreatment
Nafion/IrQ, /Ti 51-56(22°C) 850-856 - Kinlenet al° 1994
IrCl; decomposition, blue-blagk
Printing method IrO, /inert matrix 59.8(25°C ~900 - Foget al’ 1984
Current method IrO, /Ir wire 58.9(22°0 923 0.2 Current paper

(Thermal metholl  (deep black

aSome data is calculated by assuming that Ag/AgCl reference electrode potential is 193. SNE.
b Different papers report drift data over varying periods of time.
¢ (-) indicates that the data is unclear.

Electrodeposition of IROF based on electrolysis of a solution viewpoint of adherence, stainless steel and Ta are more effective.
containing Ir complexes is less usEdt’ In this method, IROF can  They attributed the potential drift to a slow hydration of the SIROF,
be deposited on a variety of electronically conducting substrateswhich consequently causes a change of the oxidation state of the
such as glassy carbon, Ti, Pt, or Pt/Kapton film. This method isoxide film. Their results showed that metal cations lead to small
useful to produce ultramicroelectrodes and is less expensive than th@terferences, while dissolved oxygen induces a large interference.
electrochemical growth method, since it does not require Ir sub- aukset al® identified the utility of an SIROF based electrode for
strates. However, preparation of the deposition solution is somewhaieasurements in concentrated HE. Tarletval?° deposited an
complicated and a freshly prepared solution is required for eachs|ROF in a water-saturated oxygen atmosphere to reduce the redox
deposition. Similar to AIROF, Irp made by this method is also jnterference, but a large aging effect was observed with their elec-
hydrated and gives super-Nernstian slope as shown in Table lyoges, They mentioned that this process was not completely irre-
Jaworskiet al° deposited an Ir-Pd oxide film on a glassy carbon versible,i.e., theE°’ value of an aged electrode can be effectively
electrode(GCE) from a NalrCle-PdC} solution. Bauret al*®rec-  reversed by exposing the electrode to air again. Kattal?! em-
ommended the same method, but used an iridilinoxide as the  poyed a low deposition ratés A/min) to prepare electrodes, good
deposition solution. Marzouét al"" produced a planar electrode by giapility and less redox interferences were achieved. Furthermore,
depositing an IROF on Pt sputtered Kapton film. _ this electrode turned out to be useful to measure nonaqueous

Sputtering deposition of IrD electrodes has become quite gojytions?? Kreider et al?> compared several sputtered metal oxide
popular-®=° This method has the advantage that small planar elec- lectrodes including PtQ PdQ,, RuO,, and IrQ,; significant drift
trodes, even microelectrode arrays can _be patterr_led onto a smalf, 4 hysteresis were observed’for aII‘of these électrodes.

?r:qe.aronl Vi:'onlis s#br?trares. Tr:e;gfofreb,r]t '?. Cr?m?at'ﬁl]e. with M.EMS Several preparation approaches belong to the thermal deposition
crogiscliomechanica - sysiemstabrication. fechniques =i e thod?*31 The most popular one is based on pyrolysis of 4rai

B> C d with AIROF ttered iridi ide fil 5 .
?éelrll?e(r)% bgsrj;':c)iareele(\:,\t/:odes can Sgl:o\i[jee IIE:]OI:JEm :)explargdulcriglea Ti substrate at 400-500%8:27-2°Other thermal methods include

potential/pH slope, which is Nernstian or near-Nernstian. However,0Xidation of Ir wire in a molten KN@at 420°C3* or direct oxida-
other parameters, such B8’ drift, and redox interference, etc., are 10N szér metal (previously wetted in a NaOH solutiprin air at
tightly related to the sputtering condition, such as oxygen partial800°C="IrO; prepared from IrGlwas found to contain as high as 2
pressure, argon pressure, humidity, deposition rate, substrate tem % of residual CT which is difficult to eliminate’® Thermally
perature, electric field, efé:®In addition, the sputtering technique prepared IROFs can be made much thicker than AIROFs, and pro-
is relatively costly because of the expensive Ir target, although vari-vide more reliable potential valué$Generally, thermally prepared
ous cheap substrates can be used. Katstiaé'® found that theE®’ IrO, films are comparable in nature to SIROF. Both are called
value was not sensitive to the substrate employed, but from thé‘dry” oxide films (anhydrous filmsas they are less hydrous than
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AIROF, which is formed in an aqueous solution. Usually the wetting result, a thick, deep black, cohesive oxide layer grew on the surface
of the dry oxide films in water is a very slow process, which can of the wire. Within a batch, usually 10-20 oxidized wires were pro-
take even more than 2 montffsTherefore, it is understandable that duced. In the present paper, the electrodes used come from two
the dry film-based electrodes often exhibit large aging effects, usudifferent batchesij.e., batch | and batch Il as addressed in each
ally with the potential moving in a negative direction. Most ther- figure. To fabricate the pH electrode, a small afebout 1 mm in
mally oxidized IrQ films exhibit a cracked, dried mud |ength of the IROF at one end of the oxidized wire was scraped off,
appearancé? Papeschet al*® reported that this kind of IrQelec-  and a gold wire(0.1 or 0.25 mm in diatnwas wound around this
trode was not sensitive to dissolved oxygen and stirring, and had ggare end to form a good physical and electrical connection. In some
temperature coefficient of 1.27 mV/°C between 0 and 40°C. Ki- caes, the gold wire was thermally soldered onto the Ir wire. An
noshitaet al™* observed that th&®’ drifted negatively about 80  organic adhesive was applied to cover the contact area and the con-
mV by aging the electrode in water for two weeks, but the SIOpenecting wire to provide electric insulation.

remained unchanged. They proposed that this drift resulted from
structural changes of the oxide by hydration. Hitchnearal 28 in- Characterization of the IROFThe morphology of the obtained
troduced a slow potential sweep treatment to reduce the potentidROF was investigated using a Philips XL30 FEG scanning electron
drift and to convergeE® values for different electrodes. Kinlen microscope(SEM). X-ray photoelectron spectroscopyPS) mea-

et al3° reduced the redox interference by coating a permselectivesurements were performed in a Vacuum Generators, ESCA LAB
membrane, which is permeable to cations but not anions, thus thMark IV, a spectrometer with separate samp|e preparation and sec-
ir!terference from redOX anionS:SlSUCh as ferl’icyanide and ferrocyaondary ion mass spectrome(@”\ﬂs) Chambersl Spectra were taken
nide can be eliminated. Uet al.™ evaluated a thermally prepared sjng Mg ka as the radiation source with analyzer pass energy of 50
electrode in a nonaqueous solutidre,, dimethyl sulfoxide, and o, The measured electron binding energies were charge corrected

found that it exhibited faster pH response than a glass electrode. .
Many approaches such as optimizing the preparation conditionsf’lccordlng to the C 1s peak at 284.6 eV. Before the study, the IrO

using surface treatments or coating a membrane have been proposéamcple and commercial IgOpowder as reference were dried at
and proved to be effective to improve the Jr@lectrode stability 120°C overnight. Elemental analysis was carried out using a Perkin-

and selectivity as discussed above. However, the potential driftE/mer Optima 3000 inductively coupled plasma optical emission
which causes errors in pH measurement, remains a serious obstaciectrometeiCP-OES and a Sciex Elan 6000 ICP mass spectrom-
to the widespread application of IROF-based pH electrodes. Froneter(ICP-MS). For elemental analysis, the lg@ample was scraped
our own work, we learned that the potential drift phenomenon re-off from the surface of the oxidized wire, then dissolved by fusing
sults from various factors, such as the oxidation state, the degree ofiith KOH melt. After cooling, the fused material was dissolved in a
hydration, etc. All of these factors are influenced by the preparation10% H,S0,-5% HNO; (v/v) solution.
method of the oxide film. The oxidation state and hydration of the
oxide film are important factors for long-term stability of the elec-  pH response—Open-circuit potential§OCP3 of IrO, electrodes
trode. If the equilibrium between oxidation and/or hydration states iswere measured as a function of the pH of the test solution against a
disturbed by environmental changes, a new equilibrium will be es-single junction Ag/AgCl reference electro@eith 4 M KCI internal
tablished, resulting in potential drift. The drift usually is a very slow solution, obtained from Fisher Scientifiasing a digital multimeter,
process, but in some cases it can be as fast as 200 mV within a data acquisition/switch uniHP34970A, and a computetGate-
couple of hours for freshly prepared ly@lectrodes®'82°To solve  way 2000. The software used in data collection is HP Benchlink
these problems, obviously, the key is to produce a high qualitypata Logger. The reproducibility of the IfGelectrodes was evalu-
'ROF_- . ated by measuring a group of electrodes under identical conditions.

Given this background W? have d_eveloped a new ap_progch tcBefore measurement, lgGlectrodes were stored either dry, or in a
prepare !rQ pH electrodes,[.e., a high temperature ox[dat[on 4 M KCI solution. The temperature of the test solution was recorded
method, in which an IROF is formed on an Ir met_al wire in a Py a thermistor. All potentiometric measurements were carried out
carbonate melt. To the best of our knowledge, there is no report o : ; .

at room temperature of 22 3°C. To investigate the pH sensing

using a carbonate melt to oxidize a metal for the purpose of fabri- N . ; .
cating a metal oxide film. The IrQelectrode produced by this new characteristics, the pH change of the test solution was realized in
: fwo different ways.

method shows very promising pH sensing characteristics, and cal ) .
serve as an attractive candidate for a future generation of pH sen- N one methodmethod ), the measurement was carried out in a
sors. In the present paper, the fabrication and pH sensing perforseries of commercial pH buffer solutions from pH 1 to (b8tained
mance of the IrQ electrode as well as the characterization of the from Fisher Scientifit. In this case, the pH change was realized by
oxide film are presented. switching the IrQ electrode from one pH buffer solution to another.
The buffer solutions are air-saturated without stirring. In this
Experimental method, the pH values of the fresh commercial pH buffer solutions
are exactly known, therefore a high accuracy of the calibration curve
can be obtained without the need of calibration by a commercial
glass electrode.
The other methodmethod 1) for changing the pH of a test
solution was based on an acid-base titration. The pH electrode was

der (anhydrous, purity>99%, obtained from Alfa AESAR Al- immersed into a base_ solution, whi(_:h was added KOH or HCI_to
though several kinds of alkali carbonates have been used in thiicrease or decrease its pH to a desired value. A homemade univer-
experiments, including LCO,, Na,COs, and K,CO;, in the present  S&l PH buffer solution, composed of 0.1 M 5PO,-HsBO;-
paper, all results are based onCO,. The oxidation of the Ir wires ~ CHsCOOH and 0.1 M KCI, with an initial pH value near 2, was
was performed at 870°C f& h in afurnace under air atmosphere. €mployed as the base solution. The pH range of this method was 2
At this temperature, LCO; is in its liquid state without significant ~ t0 12. A conventional three-neck Pyrex flask containing 150 mL of
decomposition for the duration of the experiment. After cooling the base solution served as a measurement cell. The solution in the
down to room temperature, the solid carbonate in the crucible wagell was magnetically stirred and air saturated but not thermostated.
dissolved by a HCI solution. And the oxidized wires were then A previously calibrated glass electrodieom Orion) and a digital
washed with deionized water to remove any attached soluble compH meter(Orion, model 720A were used to monitor the pH of the
ponents. Finally, the wires were dried at 120°C overnight. As asolution.

Preparation of IROF and electrode-Ir metal wires(0.127 or
0.25 mm in diam, 99.8% purity, obtained from Alfa AESARf
about 10 mm in length were ultrasonically cleanedhwst M HCI
following with deionized water. The cleaned wires were positioned
in a gold foil lined alumina crucible and covered with,CiO; pow-



H32 Journal of The Electrochemical Society48 (4) H29-H36 (2001

015 ° |r4f 5/2 712
(a) OH
H,O
2
% (a)
c
Q
e
£
(c)
(b)
(d)
£ C
G T T T T T Ty 7T T T T T T
AccV SpotMagn Det WD Exp F—— 20m 538 534 530 526 70 66 62 58

100kv 40 1603x BSE 99 1 indium wire+1rOx
Figure 1. SEM image of the cross section of the IRQE) Ir wire with a Bmdmg Energy IeV
diam of 0.25 mmyb) IROF. The IrQ grows from the Ir wire with a high

aspect ratio columnar structure. The thickness of the IROF is abouno ~ Figure 2. XPS spectra ofa), (c) O 1s and Ir 4f,, ¢, levels of commercial

IrO, power and(b), (d) IrO, powder. The peak decomposition of the O 1s
peaks contributed from oxide, hydroxide, and water as presented.

Results and Discussion

in atomic ratio of those two elements. The large amount of Li comes
gfrom the LL,CO; melt in which the oxide film was produced. XPS
results indicate that the IROF is highly hydrated due to the treatment
of the film with HCI solution in the fabrication process. It is ob-
eserved that the extent of hydration can be held almost constant even
after the oxide is heated at 200°C overnight. Here we use the for-

Investigation of the IROF—AnN investigation of the physical
properties, including surface morphology, adhesion, solubility, an
color of the IROFs, was performed. The observation of the oxidized
wire in SEM shows that the IROF is very uniform. This can be
gleaned from the micrograph in Fig. 1, where a cross section of th
oxidized wire is illustrated. The IrQgrowing from the Ir wire ex- . ) . :
hibits a columnar structure with high aspect ratio grains. The smallMula of LiIrOy-nH;0 to present the oxide layer, chiefly lf@ this
cracks between the Ir metal and the IROF are believed to result fronP@P€r. although more information is needed to formulate the oxide
the preparation process for the SEM sample, as the cross section &Gpmpound exactly. More detailed composition analysis is underway.
Ir wire was sand papered. The thick IROF is strongly adherent to the XPS spectra were taken for the prepared,|edd for commer-

Ir substrate and hard to scrape off, in contrast to AIROF which iscial IrO, powder as a reference. The O 1s anglts;» XPS spectra
usually poorly adherent and easily removed from the substrate dur the two samples are presented in Fig. 2(dhand(b), the O 1s

to its highly hydrated natur¥. The IROF prepared by thermal de- Signals were deconvoluted into three peaks, corresponding to three
composition of IrC} on a Ti substrate is also poorly adherent as it different OXygen species.e., undissociated water, OH groups, and
tends to be powderP3 In addition, IROFs prepared by thermal Iattlce_OX|de. The relative abundance of these oxygen species can
and electrochemical growth methods show extensive cracking an®e€ estimated from the deconvoluted peak area. For commercial IrO
poor mechanical stabilit$?3"-3¢ Stability in strong acid/base solu- the contribution from HO is small, indicating that the powder is
tions is a key property of an IROF for a pH electrode. It is found that almost unhydrated. While for IrQ the most important oxygen spe-
the current IROF is very stable both in strong acid and strong alka-cies is HO, indicating that the IrQis highly hydrated. It is believed
line solutions, and even withstands sonicatiomi4 M HClsolution that a stable hydration state is important for pH sensing in the
for 24 h. AIROF, on the contrary, can be completely dissolved from present IrQ electrode. It is noted that although the present, li©

the electrode surface by soaking in 5 M hoS®,% or in 12 M hot highly hydrated, it is different from the hydrated IROF made from
HCI with a few drops of HO,.3” Neither of these two solutions electrochemical growth method. For example, the latter commonly
attacks the IROF prepared by the present method. Clearly, with itshows super-Nernstian behavior, while the present electrode always
high chemical stability in strong acid/base and oxidizing solutions, exhibits near Nernstian slope as discussed later.

the present IROF may also find its application as a stable anode XPS results of IrQ and commercial Ir@powder for Ir 4, and
material for Q and C} evolutions. Another special property of the 4fs, are illustrated in Fig. 2c and d. The electron binding energies of
present IROF is its color. The present IROF is deep black, quitelr4f,, and 4f,, were 62.1 and 65.1 eV for ) and 63.1 and 65.8
different from the dark blue IROFs prepared by other metlisds eV for IrO, powder, respectively. The higher binding energy indi-
Table ). The possible reason for this phenomenon is the involve-cates that the IrQsample probably has a higher oxidation state than
ment of Li* in the IROF prepared. Reportedly the chemical inser- 4, which is the most common oxidation state of Ir in oxides.

tion of Li* in NiO results in a color change from light green to . . .
black3? Formation mechanism of IROFAn understanding of the

The thickness and morphology of the oxide film were found to mechanism of metal oxide film growth in carbonate melts is impor-
be dependent on the oxidation temperature, time duration, atmotant from both the fundamental and practical perspectives. It may

sphere, and the kind of carbonate used. Under the present conditiof€!P the understanding of the composition and electrochemical prop-

i.e, oxidation at 870°C fo5 h in Li,CO, melt under air atmosphere, ©rties of the IROF, and consequently, the optimization of the fabri-
the thickness of the IROF is about 20n, as shown in Fig. 1. cation condition, to produce better pH electrodes. Since Ir is a noble

metal belonging to the platinum family, so preparation of IROF by
Composition of the IROF-The oxide powder scraped from oxi- oxidation of an Ir metal is not easy. The present method to make
dized wires was collected for characterization. Elemental analysidROFs is a novel although basically a thermal technique. The
results obtained from ICP-OES and ICP-MS indicate that the IROFpresent method,e., the carbonate melt method, is different in many
contains about 77 wt % Ir and 2.4 wt % Li, corresponding to 1:0.86 aspects compared to the nitrate melt method reported in literature.
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First, the oxidizing species are different for the two methods. In 800
a nitrate melt, the oxidant is KNQ while in a carbonate melt it is 700 4 pPH=1.0 1.0
022_, which is produced from the reaction of dissolved i@ the
melt with COf’. Actually, if the carbonate melt is not exposed to
an atmosphere containingQt will lose its oxidizing ability toward 500
metals. We found that in an air atmosphere, Ir wire can be oxidized> 400 -
in Li,CO; melt and a thick oxide layer grows on the surface of the
wire within 1/2 h. While L,CO; melt is exposed to a Natmo- ~ 3001
sphere, even after 24 h there is no visible oxide layer grown on thetld 299 A
metal surface, which implies that access to oxygen is necessary fo

600 -

pH increasing pH decreasing

— [ ——

the oxidation process. 100 1
The reaction medium in the two methods provides different acid- 0 -
base environment. In an alkali metal carbonate M@lCO;, 100 - ~
A=alkali meta), the following equilibria exist 13.0 13.0
-200 : : ; : : : o
A,COyl) = 2A* + CO* [1] 0 10 20 30 40 50 60 70 80
CO,* = O + CO,(9) [2] Time / min

where the C§ and & contribute to the alkalinity of the melt ~ Figure 3. Potential response of an ly@lectrode(batch ) to pH changes in
while the CQ is the acidic component. Alkali metal carbonate melt @ Series of pH buffer solutions from pH 1 to 13.
exhibits a strong alkaline behavior in air atmosphere, while a nitrate
melt is nearly neutral. L . .
As for the oxidation temperature, its value is mainly limited to IS insoluble, a stable oxide layer may form as in the current case,
the temperature range between the melting point and the decompd¥here an iridium oxide layer grows on the Ir surface.
sition temperature of the salt used. The temperature for the carbon- For some metal oxides produced in 3CO; melt, lithiation may
ate melt method is much higher than that for the nitrate meltoccur and a Li-containing product is fornféd®
method. We believe that both the acid-base property of the medium : .
and the temperature are crucial for the formariioﬁ of)t,he metal oxide M2;0 + Li20 — Li,MO, 7]
film. The reason is that the two factors can greatly affect the com-
position and the solubility of the produced oxide in the melt. The
solubility determines whether the oxide film is deposited on the
metal substrate or dissolved in the melt. Li,MO, + nH,0 — Li,MO,-nH,0 [8]
The stronger oxidation power of a carbonate melt over that of a
nitrate melt make the former more favorable to oxidize metals. Forthe properties of the metal oxide can be greatly affected by the
example, in a nitrate melt, oxidation of metals such as Nb, Pd, Tajnsertion of lithium ions. For example, the lithiation of NiO elec-
etc., can only happen with an externally applied poteﬁhah_thls _ trode in LLCO; melt produces LNiO,, which can enhance the
case, the preparation process is more like an electrochemical 0xidasjectronic conductivity and lifetime of the NiO electrode for MCFC
tion. On the other hand, a carbonate melt can °_X_'05|'29 most metalgplication® In our case, the lithiation of iridium oxide seems to
including Ni, Pt, Ag, Cu and Fe without bias assit: ) contribute much to the chemical stability of the IROF and to the pH
Carbonate melt is well known as the electrolyte in molten car- sensing performance of the electrode. Of course, further research is
bonate fuel cellEMCFC). The corrosion behavior of Ni metal in a  eeded to investigate whether other combinations of carbonate salts

carbonate meft! mostly in an eutectic (ligKo.39,CO; Mixture,  and metals can also produce pH electrodes with good performance.
has been investigated extensively to improve the performance and

lifetime of Ni cathodes in MCFC. It has been proposed that the pH response—The IrQ, electrodes made by the described
oxidation mechanism of a metal in a carbonate melt involves themethod were evaluated in pH buffer solutions. Figure 3 shows a
formation of a peroxide ion (53‘),45 In this process @from the typical OCP response of an Ig@lectrode to step pH changes of one
atmosphere dissolves in the melt and reacts with carbonate ions tanit between pH 1 and 13. The pH changes were realized by method

form 0,2~ , which is a strong oxidizer especially at high tempera- !, I-€, by changing fresh commercial pH buffer solutions. The cali-
ture. sz oxidizes the metal and gets reduced % O bration of the electrode was carried out in both directidses, from

pH 1 to 13 and vice versa. It is apparent from Fig. 2 that the elec-

When the produced oxide compound is treated in an acid solu-
tion, a hydration process takes place

O,(dissolved + 2CO* = 20,2~ + 2CO, [3] trode provides excellent reversibility, independent of pH value and
the direction of pH change. Even when the pH was changed cycli-
022* +2¢ =207 [4] cally in large steps, as between pH 1 and 13, the potential response

shows very good reversibility and almost no hysteresis.

while the metal M is being oxidized Long-term stability of slope and*E.—From a practical point of

M = M + ze [5] view, long-term stability is an important feature of a sensor. Six
separate runs were performed using the same &léctrode over
Here,z is the valence of metal M. Hence, the overall reaction is the 100 days for long-term stability test in commercial pH buffer solu-

oxidation of the metal by ¢~ is tions (method ). As manifested in Fig. 4, the calibration curves
show very good linearity and the potential response of the electrode
2/zM + 022* = M,,0 + O?~ [6] was very stable over such a long test period. The average variation

of the E°’ values for the six tests is less than 5 mV during the 100
Obviously, the solubility of the produced metal oxide in the carbon- day test period, with no specific direction of potential variation.
ate melt is critical for the formation of the above oxide film on the Over this long period, temperature variations due to day-to-day
metal surface. If the metal oxide is soluble, as in the case g.Lr room temperature changes may explain B¢ changes. After this
where soluble chromate forms, the melt will dissolve the oxide with- period of use, including exposure to various pH buffer solutions,
out precipitation of an oxide laydf.On the other hand, if the oxide being storedr a 4 M KCl solution or in air, there is not any change
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Figure 4. Long-term stability of the IrQ pH electrodgbatch ) in pH buffer Figure 5. Potential stability of an IrQelectrodgbatch Il) in a pH 6.6 buffer
solutions. Between the tests, the pH electrode was stored in air, in a phsolution. The test is performed in an unthermostated measurement cell at
buffer, or n a 4 M KCI sdution. room temperature after a pH change from pH 1.8 to 6.6 by KOH titration.

in pH sensitivity,i.e. the slope always remains nea59 mV/pH. the test solution is not thermostated. The potential drét, poten-
Obviously, the present electrode, unlike a glass electrode, does nqfy| change with time in a specific direction, cannot be established
require special care. The stable linear potential response implies thatom the present test. In Fig. 5, the pH electrode was first exposed to
a two-point calibration, as usually made with a glass electrode g pH 1.8 solution and then added KOH to increase the pH to 6.6. We
would be sufficient for the current ItfPH electrode. It is worth  see from the figure that the electrode quickly responded to this pH
mentioning that data presented here were obtained without previoughange and established a new equilibrium potential. High stability of
conditioning of the electrode.e., no aging effects were observed, the present IrQpH electrode makes it suitable for continuous mea-

which is probably due to the stable hydration state of the fil®.  surements without the need for frequent calibration.
It is suggested that aging effect of an electrode be attributed to a

hydration degree change of the oxide layer. In our case, the Ir0  Reproducibility—An indication of the electrode reproducibility
layer retains almost the same hydration state, all the time irrespecé@n be obtained by measuring a group of electrodes made from the
tive, if the electrode was stored in air or in solution. These resultsS@me batch. In the measurements, all the electrodes were put in the
prove that the IROF prepared by the present novel method is highlyp@me buffer solution sharing the same reference electrode to ensure
stable for long-term applications. an identical condition for all the electrodes. In the present experi-
The linear potential response also suggests that various anion@ent, 12 pieces of IrQelectrodes from the same batch were used,
contained in commercial pH buffer solutions, such as phosphateyVhICh are a sufficiently large number for statistical analysis of the
acetate, citrate, borate, chloride, nitrate, carbonate, etc., do not affeégst result. Figure 6 shows the pH response transients of the 12
the pH response of the Ig@lectrode. Neither do the tested alkaline €lectrodes during a fitration of the base pH buffer with KOH
cations like Li*, K*, Na, and C&". Usually redox interference is
a serious problem with metal oxide electrodes, as discussed in the
introduction. As we found, the electrodes suffer some interference 750

from strong reducing species, such as ascorbic acid, but not fron - —
oxidizing agents such as ¥e ferricyanide, and oxygen. It is also 650 s e s T
observed that the electrode does not show measurable interferenc

from stirring of the solution or dissolved oxygen, similar to the 550

results reported previously:?> Detailed investigation on redox in- 450
terference, including optimization of the preparation condition of the
electrode or coating a polymer membrane to minimize the effect of £ 350 1

reducing agents is in progress. -~
w

Stability of OCP—In the previous section, it is shown that the 250

electrode exhibits good long-term stability over a period of 100

days. However the measurements were carried out only severa

times during this period. In this section, a continuous test in a solu- 50

tion to identify potential drift with time is presented. Potential drift

in a continuous test will cause error in pH measurements, and it car .50 ‘ . ‘ . ; . .

not be eliminated by calibration. The drift behavior of the present 0 10 20 30 40 50 60 70

IrO, electrodes was evaluated in a pH buffer solution stirred under . .

air at room temperature. Figure 5 shows the potential change with Time / min

time of an IrQ, electrode in a pH 6.6 buffer solution. The value of _. ) .

the potential is almost constant at 321.2 mV with a deviation of less)'9ure 6- Dynamic response transients for 12 jrélectrodesbatch I) from

than=0.2 mV over a period of two days. It is most likely that this the same batch. The pH changes were realized by additibashb KOH
e AR solution to a universal buffer solution. The pH values indicated in the figure

small deviation results from variation in room temperature becausgyere measured with a glass electrode. For more detailed comparison, the

the potentials of the IrQelectrode and Ag/AgCl reference electrode potential curves for different pH electrodes were taken apart from each other
and the actual pH of the solution are all temperature dependent, aass shown in the inset.

150
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650 based electrodes are not confirmed yet, although some possible
mechanisms have been proposed on the basis of pH dependent redox
00 - equilibrium between two oxidation states of the iridium oxide. The
most feasible one is considered to*b&
550 2Ir0, + 2H" + 2e = Ir,0; + H,0 [9]
>
£ E =E° — 2.30RT/F pH
~ 500 4
w = E° — 59.16 pH [10]
450
whereE° is the standard electrode potential with the value of 926
400 | mV (vs.SHE),*” andRT/F has its usual meaning. The potential/pH
slope is expected to be59.16 mV/pH at 25°C.
pH=55 From Fig. 4, a near ideal Nernstian slope of 59 mV/pH is ob-
350 ‘ ; T ; ‘ ' ‘ ' served experimentally. The intercept at pH 0 givesEdh value of
00 05 10 15 20 25 3.0 35 40 45 50 726.3 mVvs. Ag/AgCI reference electrode, or 923.3 mX. stan-
Time / sec dard hydrogen (_electroc_{cSHE), Which is very close to the theoreti-
cal value associated with Reaction 9.
Figure 7. Potential-response time curve of the jr@ectrode(batch 1. The Itis found that the IrQ electrodes made from the same batch can
pH change from pH 5.5 to 2.5 is realized by a sudden addition of HCI to agive very closeE®’ values, however for different batches the elec-
buffer solution. The 90% response time is less than 0.2 s. trode show differenE®’ values. We believe that the variation of

E°’ for different batches may result from the variation in the sto-
ichiometry of the oxide compound, and consequently the difference
. o . of its oxidation state. An oxygen intercalation mechanismwhich
(method I). The pH values of the buffer solution, indicated in the 4 jridium oxide coupléhigher and lower valengeget equilibrium,

figure, were measured with a glass electrode. The response trafs pejieved to better describe the sensing mechanism of the present
sients for all of the 12 electrodes are overlapped perfectly, demong|ectrode

strating excellent reproducibility. For a detailed comparison of these

electrodes, the response curves are purposely separated from one Li,Iro, + 28H" + 28e” — LiyIrOy_5 + 8H,0 [11]
another as shown in the inset. The potential response curves to step-

wise pH increases from 2 to 12 at intervals of about one pH areyhere LjlrO, (the water of hydration omittéchas a higher oxida-
b_as_|cally |dent|cal_ for all of the 1_2 electrodes. _They exhibit very tion state and LirO,_, is an oxygen deficient phase with a lower
similar response times and potential response with pH changes. Thgyiqation state. Following a similar treatment reported previotly,
standard deviation of slopes is as smalte®1 mV/pH, ande®’ is the equilibrium potential can be represented by

+0.3 mV. Such excellent reproducibility both in slope &8t has

not been reported in the literature. For example, for a batch of ther- , . 230RT [Lixlroy][H*]26

mally oxidized IrQ, electrodes, Hitchmast al?8 observed that the E= + 28 F 0 [Li rOy_s]

variation in E°’ could be more than 100 mV, and Kinlest al3° . Y

reported that the standard deviation for slopes was 6.2 mV/pH. From ey 2.30RT o [Lixlroy] 2.30RT log[H']
the viewpoint of practical applications, the very close agreement B 25F [LixrOy ] F 9

with respect to Nernstian slopes aid’ values among different

IrO, electrodes prepared by the present method represents a signifi- ~ _ gor _ @ pH

cant advantage over glass electrodes, which are known to have large F

variations in E°’. However, theE°’ values vary for different — E°’ — 59.16 pH [12]

batches of IrQ electrodes, indicating that more careful control of

the fabrication condition is needed. . .
From Eq. 12, theE°’ depends on the ratio ofLi,lrO,]/

Response time-In order to evaluate the response time of the [LixIrO,_5], i.e., the higher the ratio, the higher tii&’ value. The
IrO, electrodes, a rapid step change in pH was realized by quicklyratio of the two species in turn, is related to the oxidation state of the
adding a certain amount of HCI solution into the test solution with a IROF. As discussed in a previous section the carbonate melt used in
syringe. During the experiment the test solution was stirred vigor-the present work provides strong oxidizing condition, under which a
ously. A typical dynamic response curve is presented in Fig. 7. Inhigher oxidation state of IROF will be produced. Therefore a higher
the figure, a fast response with a damped oscillation in the potentiaig°’ value will be expected. Indeed, in our experiments, most of the
reading is observed on adding HCI solution. The damped oscillatiorgpservede®’ values are higher than tHe° from Eq. 10,i.e., 926
results from the solution mixind.e., it takes several seconds for the v vs. SHE. As stated above, the molten carbonate oxidation pro-
solution to get a uniform pH value. The time for the electrode po- gyces a nonstoichiometric compound; therefore it is difficult to con-
tential to reach a stable equilibrium value was very short. The re-o| the oxidation state of Ir. If this is taken into account, it seems

sponse time, defined as 90% of the full response, was about 0.2 s fqfderstandable that there exists a variatiofEfri values for elec-
the step change from pH 5.5 to 2.5. The response time of the preseflyqes from different batches.

electrode was much shorter than that of other, |glectrodes re-
ported previously. Reported data on response time usually range Conclusions

from a few seconds to a few minut&s>’ It is noted that the real This paper has described a new fabrication methodology for
Irifnsi[t)ggsbe tgglitioc:nﬂ:r?ixri)r:eS(Ttnt/ng(glrazgfvgtrjoglﬁlﬁlﬁgzress asng;sﬂmelrox-based pH electrodes. The IROF made by an oxidation of an Ir
y 9. P metal in a L,CO; melt has the composition of UrO,-nH,O. The

was influenced by the solution volume and the stirring speed. By H electrod d thi is ch terized by ideal N
special design of the measurement setup, the response time could He’x PH €lectrode prepared this way IS characterized by ideal Nerns-
1an responsd€58.92 mV/pH over a wide pH range, fast response

determined more accurately. (<0.2 9, almost drift-free(<0.1 mV/day, and excellent reproduc-
Sensing mechanismThe pH sensing mechanisms for AIROF ibility of the electrode. The electrode described here is of great
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promise for pH sensing and could, in many applications, replacelo.
20.

glass electrodes or other metal oxide-based electrodes.

this article.
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