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The fabrication and long-term application of a pH Au
microelectrode based on an iridium oxide film are
reported. A uniform iridium oxide film with a typical
thickness of around 1 pum was coated on the
microelectrode surface through a 2-step procedure
involving electrodeposition at constant potential and
further continuous voltammetric scans. A super-
Nernstian slope of around 77 mV per pH unit was found
from open circuit potential measurements in a broad pH
range (2 to 10) in 0.01 mol L' phosphate buffer. It was
demonstrated experimentally that the short-term pH
precision of the IrO_sensor is + 0.1 pH. The response
stability was maintained in the physiological pH range,
and the sensor exhibited excellent reproducibility, long-
term stability, and a short response time of < 10 s. The
results reported in this work confirmed that iridium oxide
showed very promising pH sensing performance and
can serve as an electrode material for detecting local pH
changes in samples of increased complexity, such as
juice fruits, culture medium, synthetic urine, and blood.

pH / AulrO«

Keywords: Potentiometric sensor, iridium oxides, pH sensor, microelectrodes, biological samples

INTRODUCTION

The original glass electrode probe is the most employed sensor for pH measurements because of its
reliability, accuracy, and lifetime. However, there is a continuous interest in developing pH sensors on a
miniature scale. Accordingly, efforts have been devoted in the last years to fabricate pH sensors that are
relatively easy to miniaturize by using several solid-state metal oxides, including PtO,, IrO_, RuO,, OsO,,
Ta,O,, RhO,, TiO,, and SnO,."

Iridium oxide (IrO )-modified electrodes have received particular attention, mainly for applications
towards sensing different molecules of biological relevance.? Such material has also been extensively

used in fabricating potentiometric pH sensors because of the formation of hydroxide groups on the oxide
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surface. The potential of the interface is determined by the ratio of the Ir(lll) and Ir(IV) species, which in
turn depends on the proton exchange capacity facilitated by the OH- groups on the surface.?#

pH potentiometric sensors based on IrO_films are quite attractive because they present some interesting
features such as potential stability, relationship between potential and pH over a wide range, fast response,
and response immunity from the interference of redox species.>® The pH sensing using iridium oxide
materials has mainly been explored in different fields, i.e., to get information on pH in biological medium
and corrosion studies, as well as for in situ measurements and in microscopic environments.%'®

The electrodeposition of iridium oxide films onto electrode surfaces has been conducted by different
approaches. Among them, galvanostatic deposition proved to be the least indicated since it can provide
fragile films which can be easily damaged. Potentiostatic electrodeposition provides more reproducible
films, but they remain brittle. Elsen et al.'® observed that films produced by cyclic voltammetry and constant
applied potential are more compact and durable. Santos et al."® reported that more robust and reproducible
iridium oxide films were obtained through a two-step procedure based on potentiostatic polarization for a
certain time and subsequent recording of a few voltammetric cycles.

In previous work, we have fabricated a miniaturized Au microelectrode containing an iridium oxide film
to get information on the role of transporters and pumps in larva midgut through pH determinations.?®
Our goal now is to enhance some features of such a microsensor aiming at getting more sensitive pH
measurements with enhanced stability and short response time. This was achieved by changing some
conditions in the protocol employed for the film preparation. We have demonstrated that such a miniaturized
sensor shows favorable sensing performance and can be successfully applied to measure pH in biological
samples.

MATERIALS AND METHODS
Chemicals

All chemicals and reagents were analytical grade and used without any further purification. All aqueous
solutions were prepared using ultrapure water (Barnstead Nanopure Systems, 18 MQ cm).

Instrumentation

The electrochemical experiments were performed using an Autolab PGSTAT 128 potentiostat (Metrohm,
Utrecht, Netherlands), interfaced with NOVA 1.11 software for data acquisition. Cyclic voltammograms
(CVs) were recorded in a three-electrode configuration, using a gold microelectrode, Ag|AgCI|KCI(Sat), and
platinum wire as the working, reference, and auxiliary electrodes, respectively. Open circuit potential (OCP)
measurements were conducted with the AulrO_sensor as the indicator electrode and a Ag|AgCI|KCI( ,as
the reference.

sat

AulrO_Sensor preparation

A AulrO_ sensor was manufactured from a gold microfiber (99.99%, hard, 0.025 mm, Goodfellow®)
sealed into a borosilicate capillary (O.D. 1 mm, I.D. 0.5 mm e 10 cm long, Sutter Instrument Company®)
using a micropipette puller P2000. An [Ir(COO),(OH),]* solution was used for the electrodeposition of the
IrQ, film onto the electrode surface. The solution is prepared from [IrCl.J*, H,0, 30% (w/w) and C,H,O,,
and the pH is adjusted to 10.5 using K,CO,, as previously reported by Santos' and Yamanaka®'. The
electrodeposition was accomplished according to a 2-step procedure:

i) A constant potential was applied for 600 s (0.8 V vs. Ag|AgCI|KCI(Sat)).

i) 50 voltammetric cycles were recorded at scan rate = 100 mV s'from 0 to 1 V vs. Ag|AgCI|KCI(Sat),

The sensor’s electrochemical behavior was examined through cyclic voltammetry in a 0.01 mol L™
phosphate buffer solution (pH 7.0), which was also employed to calibrate the the AulrO, sensor at different
pH values.
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Biological application

The AulrQ, sensor was employed to follow pH changes through OCP measurements. Before use, the
device was calibrated adequately in a phosphate buffer solution in a pH range from 2 to 10. The sensor
was placed in the solution during the measurements, and the potential was recorded for 60 s. The pH of all
samples was measured with a commercial glass electrode for comparison, except for the blood sample,
whose pH was measured through the arterial blood gas technique.?223

RESULTS AND DISCUSSION

Figure 1 shows the CVs obtained after the potentiostatic step (E = 0.8 V vs. Ag|AgCI|KCI(Sat) for 600 s),
where an IrO_film was electrodeposited. In the forward scans the peaks around 0.4 V and 0.8 V correspond
to the oxidation of Ir (Il) to Ir (lll) and then to Ir (IV), respectively. In the reverse scans, the peaks around
0.55 V and 0.3 V correspond to the inverse processes. The electron transfer processes involving the
iridium oxides lead to a continuous current increase as a consequence of the material accumulated onto
the electrode surface during the CVs recording. Such a procedure leads to the growth of a mixed film of
Ir(IV)/Ir(11l) oxides with greater crystallinity and stability, which is sensitive to changes in the pH.">2* The
number of potential cycles determines the amount of material electrodeposited on the electrode surface,
as well as its distribution.

Figure 1. Cyclic voltammograms recorded with a Au
microelectrode (r = 2.5 ym) in the iridium complex solution
00 02 04 06 08 1.0 (pH 10.5) after the electrodeposition step. v = 100 mV s™.

Here are presented the first CV and, after that, one every five
E/Vvs. AgIAgﬂl‘..t,,IKm;"m measurements.

Although the mechanism for the film formation is still not well established in the literature, the most
accepted reaction can be described by Equation 151821

[IT(C00),(0H)41%,) - 0y + 20 + 2H,0 + 2e” Equation 1

According to this reaction, the deposition of a hydrated iridium oxide film and the parallel formation of
CO, take place.

To confirm the oxide layer electrodeposition, voltammograms were recorded in phosphate buffer
solution (pH 7.0) before and after the 2-step procedure. By inspection of the CV shown in Figure 2 (red
curve), the modification of the microelectrode surface is clearly confirmed. For instance, a voltammetric
curve that resembles those obtained in a solution containing the iridium complex (Figure 1) is noticed in the
0.0 to 0.5 V potential range. Such electron transfer processes correspond to the Ir(lll) oxide oxidation and
concurrent reverse process (reduction of Ir(IV) oxide). The thickness of the film oxide layer was calculated
by taking into account the charge under the cathodic peak and considering that a 1 um thick iridium oxide
film contains ca. 7.8 x 107 mol cm, hence the film thickness was found to be 0.91 uym.'®
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The sensitivity of the fabricated IrO, sensor to pH was examined through open circuit potential
measurements in 0.01 mol L' phosphate solution at different pH values, and Figure 3 displays the results.
A linear correlation between potential values and solution pH is observed, and this dependence is based
on the electron transfer reaction that governs the pH-sensitive properties of the AulrO, sensor, given by
Equation 2:152526

2[IT0,(0H)y_x(2 + x) H,0]1% ™ + (3 —2x)H* + 2e™ = [Ir,05(0H)5.3H,0]*~ + 3H,0 Equation 2

Therefore, the redox potential can be expressed as indicated by Equation 3:

2.303RT (3 — 2x) s 59(3-2x) _
- pH = E—-=""_ """ pH Equation 3

E=E°
2F 2

where: E = redox potential (mV); E° = standard electrode potential (mV); R = universal ideal gas constant
(8.314 J K" mol™"); T = temperature (K); F = Faraday constant (96485 C mol); x = a value between 0 and 2.

E., = 957.5 - 77.3*pH
r’ =10.9998
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—T — Figure 3. Potential values measured with the AulrO,
2 4 6 8 10 sensor as a function of pH.
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It is easily deducible from Equation 3 that the slope value is 59 mV pH" when x = 0.5, the typical
case where the number of electrons transferred in Equation 2 is equivalent to the number of protons.
Likewise, for x = 0, the slope is 88.5 mV pH', and a ratio of 3 protons to 2 electrons is expected. Hence,
the difference in sensitivity is attributed to a mixed potential of two different oxyhydroxide states regarding
the iridium oxide films.

A super-Nernstian response in an extensive pH range is exhibited in Figure 3. Such a behavior is usual
for AulrO_ electrodes, for which slopes can vary up to -90 mV per pH unit.">* The relative acidity of both
iridium oxides involved in Equation 2282 determines the pH response and justifies slopes higher than 60
mV per pH unit.303!

A potentiometric titration was performed in order to evaluate the response time of the AulrO_ sensor to
changes in pH, as well as the device’s ability to detect slight variations in the solution pH. Measurements
with the AulrO_sensor were performed in the 6.5 to 7.5 pH range, and a parallel study was also conducted
with a commercial pHmeter. Figure 4A displays the results, and one can conclude that the fabricated AulrO_
sensor responded quite adequately to changes in pH, providing quick and stable responses. Furthermore,
the pH values provided by the AulrO, sensor are in excellent agreement with those obtained with the

pHmeter, as shown in Figure 4B.

A 625 B
e E,.v,= 10829 - 77.4%pH _
5 600 - :.5'5.1. Lol — 76
£ @
% 5?5' E le_
2 550 ~
E B 6.8
% 5251 Qb
E Euu. 1.51: E 4. }l‘ = -2.22 + 1.32':
' - =
e r ‘ : . r ﬂuglg'ﬁﬁ
0 400 800 1200 6.4 6.8 7.2 7.6
t/s pH (pHmaeter)

Figure 4. A) Dependence of OCP measurements recorded with the AulrO,_ sensor on the pH. Values
presented in the boxes correspond to those measured with the pHmeter. B) Correlation plot of pH
values measured with the pHmeter and the AulrOx sensor.

The fabricated sensor was applied to get the pH information in more complex samples such as synthetic
urine, lemon juice, DMEM (Dulbecco’s modified Eagle’s medium), and blood. Table | shows that the AulrO,
sensor presented satisfactory results compared with the reference values. In order to check whether there
was a difference between the results, a paired t test was performed, where it was found that there is no
significant difference between the methods with a 95% confidence level.

Table I. Comparison between pH values of different samples measured with a glass electrode
or by gasometry (blood) and those obtained with the AulrO, sensor (n=3)

Sample pH (Reference) pH (AulrO, Sensor)
Lemon juice 2.37 2.50 (+ 0.08)
Synthetic urine 6.06 5.76 (£ 0.02)
Synthetic urine + NaOH 6.73 6.38 (+x 0.03)

(continues on the next page)
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Table I. Comparison between pH values of different samples measured with a glass electrode or
by gasometry (blood) and those obtained with the AulrO, sensor (n=3) (continuation)

Sample pH (Reference) pH (AulrO, Sensor)
DMEM 8.49 8.76 (£ 0.07)
DMEN + CH,COOH 417 4.63 (+ 0.09)
Blood 6.88 7.1(x0.1)

The response time of the proposed sensor was assessed through measurements in a complex sample
matrix. Accordingly, a synthetic urine solution’s pH was monitored after adding small volumes of 0.1 mol
L' NaOH and 0.5 mol L' H,SO, solutions. Measurements were performed under stirring using the AulrO_
sensor and a glass electrode during the entire process. A similar experiment was also performed using a
DMEM solution, and Figure 5 presents the results. It is observed that, despite the slight difference between
the absolute pH values, the sensor follows the solutions pH changes in both experiments. Moreover, no
memory effect was observed, even in complex media such as synthetic urine and DMEM solution.

The results shown in Figure 5 also indicate that the response time of the AulrO, sensor was very short.
For instance, after adding acid or base solutions, a potential stabilization was achieved after around 5 s,
which is considered relatively fast for pH sensing devices based on oxide films. In the literature,®%73233
it appears that, on average, sensors based on electrodeposited iridium oxide films (EIROF’s) exhibit
response times greater than 10 s. This shows that the developed sensor is quite efficient for real-time pH
monitoring.

8.0 9.0
A 78" B
7.51 e
» H = B.5
2 70 Q
— 6.5 65 S 8.0
< 6.5 - . g ,e
S— Ok — 54
6.0 ,
ZE_ 55 I
5 5 - ———— n'v TJ:I*
‘6.5 om
50— v . v 6.51— ’ . .
0 100 200 300 0 200 400 600
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Figure 5. pH monitoring obtained with the AulrOx sensor in: A) synthetic urine; B) DMEM during
addition of 0.1 mol L' NaOH and 0.5 mol L' H,SO, solutions. The boxes show the pH values
measured with the pHmeter.

CONCLUSIONS

By coating the surface ofaAumicroelectrode with alayerof IrO _, a potentiometric pH sensorwas fabricated.
The film was electrodeposited from an iridium complex solution by applying 0.8 V vs. Ag|AgCI|KCI(Sat) for
600 s, followed by recording 50 cyclic voltammograms. This methodology allowed obtaining robust, stable,
and sensitive IrO_ films to monitor reliably pH changes in solutions with a complex composition such as
blood, synthetic urine, and DMEM culture medium. In addition, the device presented a wide working range
(from pH 2 to 10) and fast response (< 10 s), allowing stable and sensitive pH measurements (0.1 unit).
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In conclusion, the proposed AulrO, sensor showed extremely promising attributes for getting real-time pH,
having the potential to be an important tool in the study of complex systems such as biological medium. It
should also be pointed out that such a sensor can be easily miniaturized, hence chemical information can
be obtained in microscopic environments such as single cells.
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