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ABSTRACT: Potentiometric pH probes remain the gold standard for the detection of pH
but are not sufficiently sensitive to reliably detect ocean acidification at adequate frequency.
Here, potentiometric probes are made dramatically more sensitive by placing a capacitive
electronic component in series to the pH probe while imposing a constant potential over the
measurement circuit. Each sample change now triggers a capacitive current transient that is
easily identified between the two equilibrium states, and is integrated to reveal the
accumulated charge. This affords dramatically higher precision than with traditional
potentiometric probes. pH changes down to 0.001 pH units are easily distinguished in buffer
and seawater samples, at a precision (standard deviation) of 28 μpH and 67 μpH,
respectively, orders of magnitude better than what is possible with potentiometric pH probes.
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The measurement of pH is of enormous importance in
most chemical, biological, and environmental pro-

cesses.1−4 Atmospheric carbon dioxide (CO2) output from
anthropogenic sources including fossil fuel combustion and
deforestation results in its gradual absorption by marine
systems. This oceanic uptake serves to moderate atmospheric
CO2 but causes a reduction of surface ocean pH.5 This
significantly alters the chemical balance of the marine
carbonate system, with a potentially dramatic impact to marine
biota and ocean ecosystems.6,7 To accurately understand how
ocean acidification impacts marine life, it is necessary to
quantify seawater pH variability at an adequate measurement
frequency.
While they remain the gold standard, the precision of

potentiometric pH probes is limited because potential drifts/
uncertainties (up to 0.02 pH units per day) may become
difficult to distinguish from the desired change in pH.8,9

Potentiometric seawater pH measurements have been found to
exhibit a precision of about 0.003 pH units,10 or about 0.2 mV.
Ion-selective field-effect transistors (ISFET), on the other
hand, gave a precision better than 0.0005 pH units over hours
and 0.005 over weeks for the same application.11,12 Similar to a
conventional glass electrode, ISFETs are still required regular
calibration using standard pH buffer.13 Spectrophotometry by
indicator dye solution affords improved precision, giving a
variability of just 0.4 mpH units for seawater.14,15 For this, the
indicator solution must be adequately stored to ensure long-
term stability,16 and the indicator needs to be highly purified to
reduce errors in the pH calculated from absorbance data.17,18

However, spectrophotometric pH is not the same as pH

reported by potentiometry, because very different assumptions
are involved in the measurement. With pH indicator dyes, the
activity coefficient of the dye depends on solution ionic
strength and there is no liquid junction potential.
Here, the determination of pH at very high precision is

achieved by modifying the electronic readout of electro-
chemical pH probes. Instead of observing potentials over time,
which are difficult to distinguish from unrelated potential
drifts, one allows a transient current to occur for a given pH
change by placing an electronic capacitor component in series
to the pH probe and holding the cell potential constant. The
small current excursions can be easily identified, background-
subtracted, and integrated to give a charge that serves as a
sensor signal.
The approach proposed here builds on earlier work by the

group of Bobacka19,20 on the basis of a conducting polymer,
poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly-
(styrenesulfonate) (PSS), that serves as a capacitive layer
between electrode and ion-selective membrane. Vanamo et al.
demonstrated that the measured current signal can be
amplified by increasing the thickness, and therefore the
redox capacitance, of the solid contact conducting polymer.21
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The theory for this transduction method suggests that an
increasing capacitance, C, results in a larger measured charge,
Q, as follows.22
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where s is the Nernstian slope (59.2 mV at 25 °C), zi is the
charge of the detected ion (for hydrogen ions, zi = 1), and
ai(initial) and ai(final) are the activity of the detected ion i
before and after the sample composition change.
Here, ultrasensitive pH measurements are achieved by using,

for the first time, electronic capacitor components instead of
conducting polymer layers. This likely provides better stability
and further gives exquisite control for tuning the sensitivity of
the method to the pH change of interest. Scheme 1 shows the

capacitive readout principle with an ion-selective membrane
element connected in series with an electronic capacitor. The
initial open circuit potential (OCP) of the measurement cell is
kept constant. A change in ion activity results in a potential
change at the indicator electrode in agreement with the Nernst
equation, which must be compensated by an opposite potential
change of the capacitor. For measuring small pH changes, the
compositional change must reach the indicator electrode
abruptly to achieve well-resolved current transients that can be
subtracted from the background. A segmented flow separates
the sample solution from a reference solution with an air
gap23−25 to minimize dispersion. Each measurement involves a
sequential alternation of sample (S1) and reference solution
(Ref), giving a sharp transition that reflects the ion activity
change (see top right in Scheme 1).
Potentiometric probes consisting of an Ag/AgCl sensing

element served as an initial model system because their
potential is resistant to the passage of current. The detection
protocol involves the measurement of the open circuit
potential (OCP) in the reference solution, which is then
imposed at the same amplitude over the course of the
experiment. When a sample of different concentration reaches
the electrode, a transient current spike is observed (Figure 1A).
Decreasing sample concentrations result in a reversible change

in the opposite direction. Integration of the transient currents
provide the corresponding cumulated charge over time (Figure
1B).
A range of commercially available capacitors (4.7 to 470 μF)

was evaluated. As shown in Figure 2A, a linear dependence of
accumulated charge on the logarithmic chloride activity is
obtained with the Ag/AgCl electrode in agreement with eq 1
and using the known capacitance of the electronic element
(solid lines are predicted from nominal capacitances). Figure
2A,B shows that the observed slopes for charge Q vs log aCl

−

agree well with those predicted from eq 1 for a wide range of
capacitances. Larger capacitances result in a greater charge,
proportional to Cszi

−1 in eq 1, which can therefore be amplified
for better sensitivity. An excessive charge passing through the
cell should be avoided to minimize sample and membrane
perturbations. For this reason, larger capacitances are best
suited for small sample concentration changes to limit the
resulting charge.
The constant-potential coulometric approach integrated into

an automated air-segmented flow system was applied to
demonstrate the reversible detection of pH change using an
H+-selective electrode. The high resistance of commercial glass
pH probes (50 to 500 MΩ) make it too difficult to pass
appreciable charge and should result in RC time constants on
the order of hours. The membranes used here were polymeric
membrane electrodes containing tridodecylamine as lipophilic
H+-ionophore that are suitable for measurements over periods
of weeks (see Supporting Information and Figure S1). The
membrane electrode chosen here is of the aqueous inner
solution type, and future work will evaluate whether the
approach may be applicable with solid-contact membrane

Scheme 1. Potential Change Observed at a pH Electrode Is
Compensated over a Capacitive Element Placed in Series as
the Overall Cell Potential Is Held Constanta

aThe alternating introduction of a reference (Ref) and sample
solution (S1) by a switch valve (SV) results in current transients that
are easily identified and quantified to make ultrasensitive pH
measurements possible. The important application for this advance
is the monitoring of ocean acidification at high time resolution.

Figure 1. (A) Observed current transients and (B) integrated charge
upon increasing the chloride concentration from 0.1 mM to 1.1 mM
in 0.2 mM steps, and back to 0.1 mM, using the chloride sensitive Ag/
AgCl electrode as initial model system to demonstrate the principle.
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electrodes. Small, well-defined changes of pH were achieved by
automatic titration, delivering precise volumes of NaOH into a
0.1 M Tris buffer. Figure 3 illustrates the observed reversible
transient current spikes over time for pH changes that range
from 0.001 to 0.005 pH units relative to the reference solution,
using a 100 μF capacitor for improved sensitivity. The
measurement of reference solution−sample−reference solution
gives two current transients, one positive and one negative.
The first peak is used as the signal, while the reversal peak
serves to establish the new current baseline for subsequent
measurements. The transients are found to be sufficiently sharp
(see Figure 3A). Linear regression of charge and ΔpH is
shown in Figure 4A, described byQ = 1.37 × 10−9C + 56.7 ×
10−7C × ΔpH and r2 of 0.9993. Equation 1 may be rewritten
to represent pH change instead of ion activity as follows:

= ΔQ Cs pH (2)

where s is electrode slope (ideally 58.6 mV at 22 °C) and C is
the capacitance used. For the data in Figure 3A, s is near-
Nernstian at 56.7 mV (see calibration curve in Figure 4A) and
in good agreement with eq 2. The observed reproducibility
(average standard deviations, shown as error bars in Figure
4A) is found as 28 × 10−6 pH units, which in potentiometry
would correspond to a potential change of a mere 1.7 μV.
The proposed method was compared with zero current

potentiometry using the same pH electrode (without
capacitor) in otherwise the same measurement setup,
sequentially comparing each sample to the reference solution.
The corresponding EMF vs time traces are shown in Figure

3B. For the smallest pH changes, it becomes difficult to
distinguish the individual potential responses, while for larger
ones, the differences become evident, but so is the influence of
potential drift on the pH data. Figure S2 shows the
corresponding plot of measured EMF change vs ΔpH, with
the slope (sensitivity) indicated as a solid line (ΔEMF = −0.04
mV − 37.0 mV × ΔpH and r2 = 0.98), which is significantly
sub-Nernstian, which contrasts to the expected behavior over a
wide pH range (Figure S3). The average standard deviation is
found as 0.012 mV or 1.4 mpH units, which is about 2 orders
of magnitude worse than with the approach introduced here.
The systematic error originating in the deviation from the
Nernstian response slope further exacerbates this uncertainty.
Based on the data presented here, the capacitive readout allows
one to achieve ultraprecise pH readings that significantly
surpass that of potentiometry for the determination of pH.
Fluctuations in seawater pH are mainly driven by an increase

in atmospheric CO2, shifting the carbonate buffer system and
adversely impacting the development of marine species,
particularly calcifying organisms. Since the industrial revolu-
tion, the average ocean surface pH has decreased by 0.1 pH
units26 at a current rate of 0.002 pH units per year.27,28

Capturing pH variations at a detection frequency in the order
of days is important to assess ocean acidification dynamics.
The precision of potentiometric pH probes is not adequate for
this task.
The proposed method is demonstrated to measure ultra-

small pH changes of seawater that was sourced from Arcachon
Bay near Bordeaux in Southwestern France. To eliminate
potential sources of error from CO2 re-equilibration with the
atmosphere, which could not be avoided with the current cell
design (see Figure S4), the seawater samples were treated with
Tris buffer to stabilize their pH values. The total pH scale was
used where sulfate ion is also considered by titration to identify

Figure 2. (A) Calibration curves for integrated charge vs logarithmic
chloride activity for the indicated capacitances, using an Ag/AgCl
sensing element as model system. Blue lines are theoretical based on
eq 1. (B) Correspondence between theoretical (eq 1) and observed
charge upon a 10-fold activity change in the sample for the same range
of capacitances (4.7 μF to 470 μF).

Figure 3. (A) Measurement of small pH change in the range of 0.001
to 0.005 units with a 100 μF capacitance. Detection of the reference
sample (light background color) is followed by the sample of
increasing pH (darker background), repeated three times for each pH
value (constant flow rate of 333 μL min−1). Negative current
transients indicate return to reference solution of lower pH. (B) Same
measurement as for (A), but using zero current potentiometry as
readout in the absence of capacitive element.
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the pKa value (Figure S5). Figure 4B shows the observed
integrated charge as a function of pH for seawater under
otherwise the same experimental conditions as for Figure 4A.
Regression analysis gives Q = 0.01 × 10−9C + 65.5 × 10−7C ×
ΔpH (r2 = 0.9999) corresponding to a near-Nernstian slope of
65.5 mV with the 100 μF capacitive elements used here (eq 2).
The reproducibility calculated as the average of the standard
deviations is 67 μpH, which compares well to the data in
Figure 4A. The same samples assessed potentiometrically
(Figure S4) give potential traces that are too difficult to
distinguish reliably. While the observed EMF visibly drifts, the
ΔEMF versus ΔpH curve plotted as a function of time in
Figure S4 (inset) gives a calculated standard deviation of 0.7
mpH or 0.017 mV. Given the sub-Nernstian response slope for
this data, the actual error is expected to be larger.
Direct potentiometry has been in use for over a century for

the determination of pH. While it remains the gold standard, it
does not provide the precision required to assess very small pH
changes in important applications such as ocean acidification.
We have shown here that potentiometric pH probes can be
made orders of magnitude more sensitive by imposing the
potential change at the pH electrode over an electronic
capacitive element placed in series while maintaining a
constant cell potential. The resulting current transient required
to charge the capacitor with the same potential amplitude (of
opposite sign) is much easier to identify and isolate than a
potential−time trace. The precision of this technique is found

to be extraordinary, corresponding to just a few microvolts or
dozens of micro-pH units and may serve as a basis for
applications where very small concentration changes need to
be reliably quantified, as in ocean acidification. We note that
this advance concerns the underlying measurement principle
only. Care must be taken to avoid systematic errors originating
from sample manipulation steps, especially re-equilibration
with atmospheric CO2.
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Figure 4. (A) Calibration curve of integrated charge from the current
transients shown in Figure 3A as a function of pH change. Error bars
are standard deviations (n = 3), corresponding to an average of 28
μpH units. (B) Calibration curve from the same type of experiment as
in (A), but with seawater sample from Arcachon Bay (average
standard deviation of 67 μpH). Blue dashed lines are theoretical based
on eq 1 and deviate slightly more for seawater, likely given by the
limited extrapolation precision to find the pH change. The seawater
sample pH was stabilized to minimize systematic errors (see text).
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