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ABSTRACT: In this study we report the exceptional
potentiometric properties of pH microprobes made with
nanostructured palladium hydride microelectrodes and demonstrate their application by monitoring pH variations
resulting from a reaction conﬁned in a porous medium.
Their potentiometric response was found to be reproducible
and stable over several hours but primarily Nernstian over a
remarkably wide pH range, including alkaline conditions up to
pH 14. Continuous operation was demonstrated by reloading
hydrogen at regular intervals to maintain the correct hydride
composition thereby alleviating the need for calibration. These properties were validated by detecting pH transients during the
carbonation of Ca(OH)2 within a ﬁbrous mesh. Experimental pHs recorded in situ were in excellent agreement with theoretical
calculations for the CO2 partial pressures considered. Results also showed that the electrodes were suﬃciently sensitive to
diﬀerentiate between the formation of vaterite and calcite, two polymorphs of CaCO3. These nanostructured microelectrodes are
uniquely suited to the determination of pH in highly alkaline solutions, particularly those arising from interfacial reactions at solid
and porous surfaces and are thus highly appropriate as pH sensing tips in scanning electrochemical microscopy.

N

equilibria. Antimony10 and tungsten11 are often exploited
because of their relatively low melting point, ease of use, and
the availability of high-purity substrates, but they can only
operate between pH 2 and pH 12.12−16 Many pH electrodes
are based on an electrodeposited iridium oxide ﬁlm17 covered
with Naﬁon18 to decrease the interference from anionic redox
species, but their operational range is limited to pH 2−11.19,20
Several pH sensitive electrodes are based on titanium
compounds. The TiN electrode shows two diﬀerent, nearly
Nernstian, slopes at pH 2−12 and 11−14.21 The IrOx-TiO2
electrode shows a Nernstian response between pH 1 and pH
13.22 The ruthenium dioxide electrode shows a linear response
from pH 2 to pH 12.23 A pH electrode consisting of a PbO2
paraﬃn matrix deposited on graphite has been proposed by
Lima et al. for pH 1.2 to pH 7.5.24 A sensitive pH electrode
based on solid state PbO2 ﬁlm electrodeposited on a carbon
ceramic electrode was reported by Razmi et al.25 to have a near
Nernstian slope between pH 1.5 and pH 12.5. A silica sol−gel
derived zeolite-graphite composite pH electrode with zeolite as
proton receptor26 showed a Nernstian response from pH 1 to
pH 12. Measurements between pH 8 and pH 13 were reported
with a hydroxide-selective electrode made of 10% Cu2S and
90% of Ag2Se.27 Proton-speciﬁc ion selective electrodes (ISE)
have also been produced with liquid ion-exchange resins doped

umerous chemical reactions involve pH changes but
despite its importance pH still remains a diﬃcult
parameter to determine in many cases. On the one hand,
extreme pHs cannot be measured reliably with most pH
sensitive devices, including the conventional glass electrode. On
the other hand, pH is hard to measure in conﬁned places with
interfacial processes typically found in geochemistry, electrochemistry, or biochemistry proving to be particularly
challenging. Of all the pH sensors currently available, the
glass electrode is by far the most convenient for measurements
in bulk solutions but it is unsuited for operations in localized
environments. It is also unsuited to very basic media, as the
alkaline error (a phenomenon also known to worsen with
temperature1) aﬀects the response for pH > 9; even with alkali
glass membranes,2 its response becomes unreliable above pH
12. While strong alkaline conditions are common in industrial
processes (e.g., in the treatment of cellulose for the production
of pulp or of nuclear waste to precipitate oxides),3 many
interfacial processes also produce high pHs (e.g., electrochemical reductions often involve the consumption of protons
and locally generate alkaline conditions).4−6 High pHs are also
common in geochemistry (e.g., in geopolymers7 but also in
many cementitious materials where pore waters have pHs over
13).8,9
The requirement for highly localized pH measurements in
biological research and the need to overcome diﬃculties in
fabricating miniaturized glass pH electrodes led to the
construction of pH microsensors based on metal−metal oxide
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results with theoretical calculations from PHREEQC,40 with
SEM observations and with XRD analysis of the CaCO3
particles deposited on the mesh ﬁbers. The carbonation of
lime was chosen not only to illustrate the application of the
microelectrodes for in situ measurements but also because its
acid−base equilibria made it possible to compare experimental
results with theoretical calculations. With this example we also
intended to demonstrate that these electrodes could be
exploited to record interfacial pH near solid or porous
electrodes and thus be easily turned into pH sensing tips for
scanning electrochemical microscopy.

with a proton speciﬁc ionophore (see reviews by Buhlman et
al).28,29 Oesch et al.30 proposed 11 neutral hydrogen
ionophores to produce ion-selective electrodes for distinct
pH ranges. The range depends on the pKa of the ionophore
incorporated in the membrane; most membranes operate from
mildly acidic to mildly alkaline pH and extremes are once again
hard to measure. Membranes made with derivatives of propyl
red cover the pH range 1−10, while those made with
tridodecylamine cover the range 4−12.29 Optical pH sensors
are increasingly exploited, but their operational range is
typically limited to pHs between 5 and 9 with commercially
available dyes; sensing from pH 2 to 12 is possible with dyes
possessing two pKa values or when combining dyes with
diﬀerent pKa’s.31 Finally solid Pd electrodes have been used to
monitor pH potentiometrically.2 For this, the Pd must be
loaded with hydrogen to a H to Pd ratio corresponding to the β
to α phase transition of the Pd hydride (PdH).32 Under these
conditions, the PdH electrode takes a potential linearly related
to pH. Being solid and fabricated without glass, PdH electrodes
have been used to monitor pH in the presence of strong
ﬂuoride concentrations33−35 and at elevated temperatures and
pressures.36
Among all these approaches, the palladium hydride electrode
stands out as the only one capable of producing a single
Nernstian response over the whole pH range.37 It can be turned
into a microdisk electrode to perform localized measurements,
but its potentiometric response is not stable with time as the
hydrogen diﬀuses in to the bulk of the Pd wire. To circumvent
this problem, Imokawa et al.38 electrodeposited thin nanostructured Pd ﬁlms onto Pt microdisks and showed that, once
loaded with H, the PdH ﬁlm exhibited a single Nernstian
response from pH 2 to 12. They also showed that the
electrodes were robust, accurate, and able to deliver highly
reproducible results thanks to their huge electroactive area. The
latter, typically a few hundred times larger than the geometric
area of the underlying Pt disk, allows the electrodes to be
miniaturized to micrometer dimensions without compromising
the stability of the potentiometric response. Imokawa et al. also
reported that the lifetime of the nanostructured PdH
microdisks was seriously shortened by the presence of dissolved
oxygen. Recently, we have shown that the presence of oxygen
also aﬀects the potentiometric response where, instead of
delivering a potential proportional to pH, the electrodes
produce a mixed potential related to pH and to the ﬂux of
oxygen toward the electrode as it reduces on the nanostructured Pd ﬁlm.39 In short, the greater the ﬂux of oxygen
toward the electrode, the shorter the lifetime of the sensor and
the more its potential is oﬀset from the Nernstian response
expected in absence of oxygen. Both of these eﬀects were found
to be pronounced with micrometer size electrodes (large rates
of steady-state mass transport) but negligible with large
electrodes (low rates of mass transfer).
In this study, we describe how nanostructured Pd hydride
microelectrodes were successfully exploited to monitor pH
variations from a reaction conﬁned in a porous substrate with
solutions ranging from very alkaline to mildly acidic. Through
calibrations, we ﬁrst demonstrate that the Nernstian potentiometric pH characteristic of the microelectrodes extends to
strong alkaline conditions. We then describe how the electrodes
were successfully employed to record pH transients during the
carbonation of lime within a humid ﬁbrous mesh. Having
performed the experiments with diﬀerent partial pressures of
CO2 to control the carbonation, we validate the experimental

■

EXPERIMENTAL SECTION
The pH microelectrodes were fabricated and characterized as
reported previously.38,41 Brieﬂy, nanostructured palladium ﬁlms
were electrodeposited under potentiostatic control at 0.1 V vs
SMSE, on Pt microdisks from a plating mixture consisting of
(NH4)2PdCl4 12 wt % (Alfa Aesar, premion-99.998%), C16EO8
48 wt % (octaethylene glycol monohexadecyl ether, Fluka),
heptane 2 wt % (Lancaster, 99%) and water 40 wt % (18 MΩ
cm, Pur1te, Burkert). These conditions were chosen to use the
hexagonal phase of C16EO8, a nonionic surfactant known to
form liquid crystal phases,42 as a molecular template to direct
the deposition of the Pd and produce the desired
nanostructure. To guarantee the presence of the hexagonal
phase of the surfactant, the plating mixture was annealed at 40
°C for 30 min, manually stirred, and placed in an ice bath for 30
min. This process was repeated before allowing the mixture to
cool to room temperature. Electrodeposition was carried out at
room temperature with small volumes from the stock mixture.
The latter was kept for up to 3 weeks with the annealing−
cooling process undertaken before each use. Where required,
the hexagonal phase of the surfactant template was conﬁrmed
by polarization microscopy as reported previously.41 The ﬁlms
were deposited on Pt microdisks with diameters ranging from
25 to 250 μm with a charge Qdep = 4 C cm−2, such that the ﬁlm
thickness was typically 1 to 2 μm. Pt was chosen as a substrate
to prevent the loss of hydrogen by diﬀusion from the hydride
into the substrate. The electrodes were then soaked in water for
at least 24 h to remove the surfactant, and the Pd ﬁlms were
activated by cyclic voltammetry in sulfuric acid until stable
voltammograms characteristic of Pd41 were obtained. The Pd
ﬁlms were then galvanostatically loaded with hydrogen (−80
nA for the 25 μm diameter disks up to −60 μA for the 250 μm
diameter disks) to a H/Pd ratio ca. 0.6 corresponding to the
beginning of the β PdH phase. In practice, loading was stopped
when the potential dropped below the plateau for the α to β
phase transition. Hydrogen loading was generally performed in
the solution of interest at regular intervals or whenever H
needed replenishing. Sensitivity to pH was obtained by
recording the electrode potential, while the PdH was in its β
to α transition; under these conditions, the phase rule dictates
that the hydride behaves as a hydrogen electrode with a
Nernstian dependence of potential on pH.2 The microelectrodes were used as pH sensors by recording their open
circuit potential (OCPβ→α) until the natural discharge of
hydrogen had taken the hydride into its α phase. The
electrodes have two characteristic times t1 and t2 such that
for t < t1 the hydride is in the β phase; for t1<t < t2 the β and α
phases are both present in the hydride, and for t > t2 the
hydride is in its α phase (see Figure SI-1 of the Supporting
Information for a typical chronopotentiogram). The electrodes
can only be used as pH sensors between t1 and t2, and from
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now on, t2−t1 will be called the lifetime of the pH sensor. The
electrode potential was measured against a homemade
saturated mercury sulfate electrode (SMSE). To minimize
electrical noise, all experiments were performed in a grounded
Faraday cage. Under these conditions, OCPβ→α is very stable,
typically ﬂuctuating ±1.5 mV, and its value can be linearly
related to the pH. The electrochemical experiments were
performed with a PGSTAT101 operated with Nova 1.9, both
from Eco Chemie. Calibration curves were obtained by
recording the electrode potential in diﬀerent solutions prepared
with buﬀers or via neutralization of a strong base. The buﬀers
were made with H3PO4 (Fischer Scientiﬁc, 86%), NaH2PO4·
2H2O (Fisher Scientiﬁc, 99.2%), Na2HPO4·12H2O (BDH,
Analar), Na2SO4 (Merck, 99.99%), NaOH (Fisher Scientiﬁc,
97%), and H2SO4 (Fisher Scientiﬁc, 95%), according to the
recipes of Beynon and Easterby for thermodynamically correct
buﬀers.43 The acid components were H3PO4 for 1.15 ≤ pH ≤
3.15, NaH2PO4·2H2O for 6.2 ≤ pH ≤ 8.2, and Na2HPO4·
12H2O for 11.5 ≤ pH ≤ 13.5. In all cases, the base component
was NaOH and Na2SO4 was added to ﬁx the ionic strength to
200 mM. The pH was then ﬁnely tuned to the desired level
with small aliquots of 0.1 M NaOH. As the buﬀers were
prepared at room temperature but used at 25 °C, the pH of
each buﬀer was rerecorded in a water-jacketed cell at 25 ± 0.5
°C with a pH meter (HI111 and HI2213, both from Hanna
Instruments) and a glass electrode pH probe (HI1131B, pH 0
to 13 and HI1043B, pH 0 to 14, both from Hanna
Instruments). The pH meters were regularly calibrated at 25
°C with standard buﬀers (HI7010, pH = 10.01 ± 0.01; HI7007,
pH = 7.01 ± 0.01; and HI7004, pH = 4.01 ± 0.01, all from
Hanna Instruments). Above pH 12, the calibration solutions
were prepared by neutralizing 1 M NaOH and 1 M NaOH + 50
mM Na3PO4·12H2O (Sigma-Aldrich, 99.0%) solutions with 5,
1, and 0.1 M solutions of H2SO4 and calculating the pH
theoretically. NaOH (1 M) was used for pH 14. For each
calibration solution, the potential of the nanostructured
microdisk was recorded at 25 °C in the bulk and after purging
with Ar (Pureshield, BOC) for 10 min.
Experiments to investigate the carbonation of lime were
carried out with saturated solutions of Ca(OH)2 (produced by
decomposition of pure CaCO3, Sigma-Aldrich ≥99.0%,
subsequently hydrated in deaerated water) absorbed in small
strips (3 mm wide × 1 cm long) of cotton linter (a cellulose
lens cleaning paper, Whatman) inside a homemade poly(methyl methacrylate) (PMMA) cell (Figure 1) under
thermostatic conditions (23 °C) and with diﬀerent Ar/CO2
gas mixtures. The cotton mesh was used for three reasons: to
trap a thin ﬁlm of solution and thus simulate carbonation in the
conﬁnement of a porous medium, to provide an ionic path
between the electrodes, and to capture the solid phases formed
during the carbonation for subsequent analysis. The reference
electrode was clamped outside the cell and connected to the
solution via a salt bridge (Agar saturated with K2SO4, Difco)
attached to the body of the microelectrode and terminated by a
capillary tip ﬂushed with that of the microelectrode. This
conﬁguration was implemented to guarantee a constant
distance between the pH sensing tip and the reference
electrode and thus avoid Ohmic distortion while galvanostatically loading the microelectrodes with hydrogen. The cell
contained up to 3 mL of solution and had a removable lid
(inset in Figure 1) designed to clamp the counter electrode at
the bottom of the cell and prevent any movement during the
tests. The two long side walls of the cell were made from glued

Figure 1. Schematic of the experimental assembly. (1) gas cylinders,
(2) gas ﬂow meters, (3) humidiﬁer, (4) valves, (5) mixing chamber,
(6) exhaust line and valve, (7) ﬂow meter and regulator, (8) cell
detailed in the inset below, (9) gas mixture injector, (10) reference
electrode salt bridge, (11) pH sensing electrode, (12) counter
electrode, (13) capillary to remove the solution, and (14) cellulose
mesh.

microscope slides to facilitate inspection of the mesh and
electrodes positions. The pH sensing electrode and attached
salt bridge were introduced into the cell after closure of the lid,
through a circular opening in the lid. At the bottom of the cell,
a plastic capillary was connected to a syringe to allow the
removal of the solution. Gas mixtures were introduced into the
cell via a glass pipet inserted through a second hole in the lid.
The gas mixtures, oxygen free Ar and CO2 (Pureshield from
BOC), were streamed into the cell through a thermostated
humidiﬁer (pure water) to ensure the mesh never dried out.
Speciﬁc pCO2 were obtained by adjusting the valves and ﬂow
meters detailed in Figure 1. Each cylinder was connected to a
ﬂow meter that allowed a speciﬁc ﬂow for each gas and,
consequently, a speciﬁc volume or partial pressure. The gas
blend was homogenized in a mixing chamber and the stream
was split between an exhaust line and a feed line regulated by a
ﬂow meter set at 0.25 L min−1. The exhaust valve was adjusted
to avoid gas overpressure within the system. A typical
experiment was conducted as follows: (1) the mesh was
wrapped around the counter electrode. (2) The electrodes were
positioned in the cell and clamped with the lid. (3) A stream of
wet Ar was passed into the cell. (4) The cell was ﬁlled with
approximately 3 mL of saturated Ca(OH)2 solution using a
syringe ﬁtted with a disposable ﬁlter (0.1 μm Puradisc 25 TF
from Whatman) to avoid introducing solid phases. (5) Cyclic
voltammograms were recorded to establish the cleanliness of
the Pd nanostructure. (6) A chronopotentiogram was recorded
while loading the palladium ﬁlm galvanostatically with hydrogen to a H/Pd ratio ca. 0.6 corresponding to the beginning of
the β phase of the hydride. (7) The microelectrode was set to
open circuit, and its potential was recorded to measure the pH
in the bulk of the solution. (8) While continuously recording its
potential, the microelectrode was moved downward until its tip
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touched the cellulose mesh. (9) After checking for signal
stability, the solution was removed from the cell using the
syringe and capillary at the bottom of the cell, thereby leaving
some solution absorbed in the cellulose mesh. (10) The
baseline pH for the thin ﬁlm of solution was recorded. (11)
The gas mixture was modiﬁed to allow a chosen partial pressure
of humid CO2 in the cell. (12) The electrode potential was
recorded continuously while carbonation occurred until a stable
plateau was reached. The solid phases precipitated within the
mesh samples were subsequently observed with a ﬁeld emission
scanning electron microscope (model FESEM6301F from
JEOL) and analyzed with an X-ray diﬀractometer (Rigaku
Smartlab with a 9 kW source and Cu k-alpha X-rays).

■

Figure 2. Potential-pH calibration for a 25 μm diameter nanostructured PdH-pH probe. Each potential is the average of at least
three recordings. Each pH was prepared with diﬀerent buﬀers or
through partial neutralization of NaOH, as described in Experimental
Section.

THEORETICAL CALCULATIONS

Obtained from the microelectrode potentials during the
carbonation of lime, pHs were compared with theoretical
values calculated with PHREEQC v. 3.0, a computer program
which simulates chemical equilibria, reactions, and transport
processes in aqueous media using thermodynamic tables and
interactions between liquid, solid, and gas phases.40 The
software is used to model geochemical processes typically
found in hydrology and environmental pollution and to predict
phase transformation, as in the recent study of the evolution of
the phase and morphology of calcium carbonate precipitated by
carbonation of hydrated lime.44 Simulations followed previously
reported PHREEQC protocols45 with an initial condition
consisting of one solution in equilibrium with two phases. A
solution consisting of 1 kg of pure water (set by default to pH =
7 and pe = 4, i.e., to a redox potential of 0.237 V vs SHE) was
used as the solvent with additions of calcium to simulate the
saturated lime. pH was set as an adjustable parameter to achieve
charge balance, and calculations were carried out for three
temperatures: 20, 23, and 25 °C. The equilibrium phases were
gaseous CO2 and one of the solid polymorphs of calcium
carbonate. Following the instructions provided with the
software, the log of pCO2 (in bar) was set to simulate
carbonation under diﬀerent atmospheres. The number of
moles of carbon dioxide was set to 1000 to model the
equilibrium with an inﬁnite reservoir of CO2(g). Solid phases
considered (monohydrocalcite, vaterite, aragonite, or calcite)
were modeled using a saturation index of 0 and an inﬁnite
number of moles (although similar results were obtained
without considering the number of moles of solid phase
introduced). Simulations were performed with the thermodynamic data from the Lawrence Livermore National Laboratory
database (the LLNL database built in PHREEQC) of Berkeley,
which was modiﬁed by adding data for vaterite taken from the
SIT database (also built in PHREEQC) developed for the
French National Radioactive Waste Management Agency. The
PHREEQC input ﬁles are shown in Supporting Information.

reproducibility is not aﬀected by high pHs (error bars are
comparable to or smaller than the size of the symbols on the
curve). We are not aware of previously reported reliable pH
measurements with electrodes to such high pH (Imokawa et
al.38 had reported their results up to pH 12). The fact that these
data were recorded with micrometer size electrodes indicates
how much the potentiometric properties of the Pd ﬁlm are
improved by the nanostructure. Interestingly, the probes
produced a stable response over at least 2 h of continuous
monitoring (after that hydrogen needed to be reloaded to the
beginning of the β phase) and could be used for 14 consecutive
days before renewing the nanostructure. The quality of the
nanostructure was monitored regularly by voltammetry in
sulfuric acid, and in general, the nanostructure was renewed
after 60 reloading events. Between experiments, the nanostructured Pd microdisks were kept immersed in pure water.
Stored in this way, the nanostructured Pd electrodes could be
preserved for several months. Although not systematically
investigated, their shelf life is remarkable as some microelectrodes older than one year still worked as pH sensors as
soon as they were reloaded with H to the correct hydride
composition. The nanostructure was reported to be unaﬀected
by the hydrogen insertion/extraction process,41 despite a ca.
10% expansion of the Pd lattice during the α to β transition.46
Similarly, the nanostructure was not aﬀected by aggressive
solutions (e.g., 1 M H2SO4 or NaOH), but frequent
voltammetric cycling of the electrodes between the foot of
hydrogen evolution and the foot of oxygen evolution was
avoided as the repeated formation and reduction of Pd oxide
gradually destroys the nanostructure.41 The response time of
the electrodes was not investigated, but previous experiments
with the substrate generation-tip collection mode of the
scanning electrochemical microscope showed that the response
time of the nanostructured PdH electrodes to a change in pH
was better than 0.6 s.47
Theoretical Calculations for the Neutralization of
Saturated Ca(OH) 2 Solutions. In accordance with
PHREEQC calculations (Table 1), the initial pH of saturated
Ca(OH)2 solutions at 20, 23, and 25 °C is 12.56, 12.45, and
12.37, respectively. After carbonation, the ﬁnal pH varies from a
minimum of 6.08 for a solution in equilibrium with calcite at 25
°C and pCO2 = 0.75 atm to a maximum of 7.21 for a solution in
equilibrium with monohydrocalcite at 23 °C and pCO2 = 0.038
atm. At 23 °C, the ﬁnal pH of the solution in equilibrium with
calcite varies from 6.08 to 6.92, depending on pCO2. Simulations

■

RESULTS AND DISCUSSION
Analytical Characteristics. Figure 2 shows a typical
calibration curve recorded with a 25 μm diameter pH probe.
The open circuit potential for the β→α transition of the
hydride, OCPβ→α, is found to be linearly related to the pH of
the solution over the pH range considered, and the slope of the
linear ﬁt, 58.7 ± 0.5 mV pH−1, is in excellent agreement with
that recorded by Imokawa et al.38 Figure 2 clearly shows that
the Nernstian response of the nanostructured PdH microelectrodes extends to very alkaline conditions and that the
5761
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Table 1. Theoretical pH Values Calculated with PHREEQC
v. 3.0 for the Carbonation of Saturated Ca(OH)2 solutions
under Diﬀerent Temperatures, CO2 Partial Pressures, And
Resulting Solid Phases
ﬁnal pH at 20 °C (initial pH = 12.56)
pCO2 (atm)
0.750
0.167
0.039
pCO2 (atm)
0.750
0.167
0.039

monohydrocalcite

vaterite

aragonite

6.389
6.317
6.139
6.805
6.734
6.559
7.215
7.154
6.972
ﬁnal pH at 23 °C (initial pH = 12.45)
monohydrocalcite

vaterite

aragonite

6.338
6.310
6.135
6.805
6.728
6.555
7.214
7.139
6.968
ﬁnal pH at 25 °C (initial pH = 12.37)

calcite
6.087
6.508
6.921
calcite
6.083
6.504
6.917

pCO2 (atm)

monohydrocalcite

vaterite

aragonite

calcite

0.750
0.167
0.039

6.388
6.805
7.214

6.306
6.724
7.135

6.132
6.553
6.966

6.080
6.501
6.915

Figure 3. Potential transient recorded with a 250 μm diameter
nanostructured PdH disk during the carbonation of a saturated
Ca(OH)2 solution trapped inside a cellulose mesh. The pH axis was
calculated from the open circuit potential axis on the left and the
calibration curve shown in Figure 2. The inset shows the same data
with A, B, and C, respectively, indicating when the working electrode
touched the surface of the porous medium, the removal of the
solution, and the insertion of the CO2 in the gas stream.

from the pH 12.7 measured with the glass electrode of a
conventional pH meter (Lutron Soil pH Meter PH-220S with
combination glass electrode PE-06HD, 0 ≤ pH ≤ 13) or from
the pH 12.81 measured with a glass electrode designed for high
pHs (Sentek P11, 0 ≤ pH ≤ 14), both calibrated with pH 7 and
pH 10 buﬀers before use, but is in perfect agreement with the
results of the PHREEQC calculation (pH 12.45; Table 1). At
point C (ca. 50 min), CO2 was added to the Ar stream so that
the partial pressure of CO2 in the cell atmosphere was 0.167
atm. A few seconds later, the potential began to rise steeply
until it reached a second plateau. Since the electrode was well
within its lifetime (the plateau for the β→α transition typically
lasted 2 h for a 25 μm diameter tip, the smallest electrode used
in this study), this potential shift reﬂects a change in the local
pH. The potential rise therefore corresponds to the acidiﬁcation of the solution resulting from the neutralization of the
OH− ions from the lime, and the new plateau reﬂects the
stabilization of the solution composition when all the Ca2+ ions
have been consumed by the carbonation process, as described
by equilibria 1−5 below:

show that the pH is more acidic in the presence of calcite
compared to other solid phases and that it takes more neutral
values with the less stable phases (respectively, aragonite,
vaterite, and monohydrocalcite). Aragonite produces pH values
similar to those obtained with calcite, while monohydrocalcite
produces pH values closer to those obtained with vaterite. The
simulations show that between 20 and 25 °C, temperature has
little eﬀect on the ﬁnal pH of the solutions. The smallest
diﬀerence was found between the pH of two solutions at 20
and 25 °C containing monohydrocalcite (0.001 pH), while the
largest diﬀerence was found between the solutions containing
vaterite (0.011 pH).
In situ Monitoring of Lime Carbonation within a
Porous Substrate. To demonstrate the ability of the
nanostructured microelectrodes to monitor pH in conﬁned
spaces, we followed the pH during the carbonation of a
saturated Ca(OH)2 solution trapped in the pores of a cellulose
mesh, as described in Experimental Section. The microelectrode was initially located in the bulk of the Ar purged
saturated Ca(OH)2 solution. Figure 3 shows a potential
transient recorded from the formation of the β phase of the
Pd hydride (i.e., just after the nanostructured Pd electrode was
loaded with hydrogen), until the carbonation inside the mesh
was complete. The ﬁrst 30 min of the chronopotentiogram
show a rise in potential that reﬂects the loss of hydrogen from
the β phase of the hydride. The plateau appears when the α
phase begins to nucleate and lasts while the two phases coexist;
under this condition, the phase rule states that the electrode
potential is independent of the Pd hydride composition and
solely determined by the pH. At point A shown in the inset, ca.
45 min from the beginning of the experiment, the microelectrode was moved downward until it touched the mesh; this
did not aﬀect the potentiometric response. At point B (ca. 47
min), the solution was removed from the cell using the syringe;
this had no eﬀect on the microelectrode potential and clearly
indicates that the microelectrode was able to monitor the pH of
the saturated Ca(OH)2 solution trapped within the mesh. At
that stage, the solution was still saturated with Ar and its pH
was therefore deﬁned by the lime saturation. In accordance
with the calibration curve shown in Figure 2, the pH at point B
is 12.45 (OCPβ→α = −1.295 V). This value is quite diﬀerent

CO2 (g) ⇌ CO2 (aq)

(1)

CO2 (aq) + H 2O(l) ⇌ H 2CO3(aq)

H 2CO3(aq) ⇌

HCO−3 (aq)

+

+ H (aq)

(2)
(3)

HCO−3 (aq) ⇌ CO32 −(aq) + H+(aq)

(4)

CO32 −(aq) + Ca 2 +(aq) ⇌ CaCO3(s)

(5)

2+

Once all Ca ions are consumed by reaction 5, the
concentrations of all species from the carbonic acid system
reach an equilibrium that depends on the partial pressure of
CO2 in the atmosphere outside the porous mesh and on the
solid phases produced by the carbonation (e.g., calcite and
vaterite). In accordance with the calibration curve, the pH of
the new plateau in Figure 3 is 6.34 (Table 2). The theoretical
pH of a similar system as calculated by PHREEQC assuming
formation of calcite is 6.50 (Table 1). Repetitions of the same
test (Table 2) lead to a mean experimental value of 6.46 ± 0.06.
The diﬀerence between this mean and the theoretical value,
−0.04, therefore suggests that calcite is the most likely phase
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Table 2. Experimental pH Values Recorded at the End of the
Carbonation of Saturated Ca(OH)2 Solutions Conﬁned in
the Cellulose Mesh for Diﬀerent pCO2 and 23°C
ﬁnal pH at 23 °C (initial pH = 12.45)
pCO2 (atm)

1st test

2nd test

3rd test

average

standard error

0.750
0.167
0.039

6.13
6.34
6.95

6.06
6.56
6.78

6.17
6.47
6.85

6.12
6.46
6.86

0.03
0.06
0.05

formed. To ascertain which phase had precipitated, the mesh
was observed using a SEM (to avoid further exposure to CO2,
the samples were initially dried in an Ar stream then in a drying
oven under an Ar atmosphere and subsequently kept immersed
in acetone). Figure 4 shows a zoom on a region illustrating the

Figure 5. FE-SEM images of the sample ﬁbers with (a) prevalent
calcite crystals and (b) vaterite formations.

Figure 4. FE-SEM images of the cellulose mesh with calcite
(rhombohedral) and vaterite (spherulites) crystals. The sample was
previously coated with chromium to avoid charging in the SEM
chamber.

morphologies of the two solid phases found on the cellulose
ﬁbers. The cubic crystals are characteristic of calcite formations,
while the spherical crystals are characteristic of vaterite
formations. This assignment was conﬁrmed by X-ray diﬀraction
as shown by the diﬀractograms in Figure SI-2 of the Supporting
Information. The results of similar tests carried out with two
other CO2 partial pressures, 0.039 and 0.750 atm, are reported
in Table 2. All tests were repeated three times and in almost all
cases, SEM analysis indicated that calcite was the main solid
phase produced by the carbonation (Figure 5a); however, in
one case the main solid phase formed was vaterite (Figure 5b).
We surmise the crystallization of almost pure vaterite was
related to the reaction kinetic because it was obtained in an
experiment where the pH variation after the introduction of
CO2 was unexpectedly fast compared with the other measurements (the second plateau was reached within a few min
compared to over 30 min for experiments leading to calcite)
and because vaterite is known to be an unstable phase evolving
into calcite.48 In Figure 6, we compare the experimental (ﬁlled
symbols) and theoretical (empty symbols) dependence of the
solution pH on the partial pressure of CO2 in the cell
atmosphere. PHREEQC calculations were performed assuming
the solution was in equilibrium with calcite (square symbols)
and with vaterite (round symbols). In both cases, the pH
decreases linearly with the logarithm of pCO2. All pH values
determined from the microelectrode potentials are in very good
agreement with the theoretical values calculated with

Figure 6. Dependence of the solution pH on the partial pressure of
CO2 in the cell atmosphere. Theoretical (□) and experimental (■)
results for calcite and theoretical (○) and experimental (●) results for
vaterite.

PHREEQC. When calcite was found crystallized on the mesh
ﬁbers, the experimental pH values agree with the theoretical pH
values obtained when the solution is in equilibrium with calcite.
When vaterite was found crystallized on the ﬁbers, the
experimental pH is again in very good agreement with the
theoretical pH for that phase. Remarkably, the experimental pH
errors (≤0.06 based on the three replicates shown in Table 2)
are smaller than the diﬀerence between the theoretical pHs
obtained when the solution is in equilibrium with vaterite and
with calcite (ΔpH = 0.22), and it is thus possible to
unequivocally assign the phase produced during carbonation
from the microelectrode potential. From the slope of the E-pH
relationship, the resolution is estimated to be better than a pH
5763

dx.doi.org/10.1021/ac500310j | Anal. Chem. 2014, 86, 5758−5765

Analytical Chemistry

■

of 0.02, while the comparison between experimental and
theoretical results and the results shown in Table 2 suggest that
the accuracy of the electrodes is better than a pH of 0.06.
To check the stability of the potentiometric response, we
monitored the OCPβ→α potential of a 250 μm diameter
electrode continuously over 24 h in an Ar-purged saturated
Ca(OH)2 solution. Every 4 h, the Pd nanostructure was
galvanostatically reloaded with hydrogen (−60 μA for 80 s)
until a H/Pd ratio ca. 0.6 corresponding to the beginning of the
β PdH phase. A new chronopotentiogram was recorded after
each reloading sequence. In all cases, the plateau potential was
found to be reproducible throughout the 24 h test.

CONCLUSION
This study has demonstrated that pH microsensors made with
nanostructured palladium hydride microelectrodes can operate
reliably in very alkaline environments. Their potentiometric
response was found to be Nernstian up to pH 14. To our
knowledge, this is the ﬁrst report of a pH microelectrode
operating reliably at such high pH. We successfully employed
the electrodes to monitor the change of pH during the
carbonation of a saturated lime solution conﬁned in a porous
substrate exposed to a partial pressure of CO2. The pH
detected in situ was found to be in perfect agreement with
theoretical calculations. The electrode response proved to be
suﬃciently sensitive and reproducible to diﬀerentiate, on the
basis of pH, between the formation of calcite and vaterite, both
polymorphs of calcium carbonate, inside the substrate. In this
study, we focused on the potential plateaus and made no
attempt to derive kinetic information from the shape and
timescale of the potential transients. Preliminary observations
indicate this is possible, and we are now planning to redesign
the gas line to control more accurately the time when CO2 is
introduced in the cell atmosphere. We believe these nanostructured pH microelectrodes are currently the only analytical
tools capable of monitoring high pH in conﬁned places and we
expect they will be highly valuable to study geochemical
processes involving very alkaline waters. It is worth stressing
that as their response is clearly Nernstian from pH 1 to pH 14,
these electrodes are not restricted to very high alkaline
conditions and can also be applied to a multitude of processes.
They are therefore highly suited as pH tips for scanning
electrochemical microscopy and the monitoring of interfacial
pH near solid and porous surfaces.
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