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ABSTRACT: This study demonstrates how the potentiometric mode
of the scanning electrochemical microscope (SECM) can be used to
sensitively probe and alter the mixed potential due to two independent
redox processes provided that the transport of one of the species
involved is controlled by diffusion. This is illustrated with the
discharge of hydrogen from nanostructured Pd hydride films
deposited on the SECM tip. In deareated buffered solutions the
open circuit potential of the PdH in equilibrium between its # and a
phases (OCPj;_,) does not depend on the tip—substrate distance
while in aerated conditions it is found to be controlled by hindered
diffusion of oxygen. Chronopotentiometric and amperometric
measurements at several tip—substrate distances reveal how the flux
of oxygen toward the Pd hydride film determines its potential. Linear
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sweep voltammetry shows that the polarization resistance increases when the tip approaches an inert substrate. The SECM
methodology also demonstrates how dissolved oxygen affects the rate of hydrogen extraction from the Pd lattice. Over a wide
potential window, the highly reactive nanostructure promotes the reduction of oxygen which rapidly discharges hydrogen from
the PdH. The flux of oxygen toward the tip can be adjusted via hindered diffusion. Approaching the substrate decreases the flux
of oxygen, lengthens the hydrogen discharge, and shifts OCPj_,, negatively. The results are consistent with a mixed potential due
to the rate of oxygen reduction balancing that of the hydride oxidation. The methodology is generic and applicable to other

mixed potential processes in corrosion or catalysis.

In the potentiometric mode of SECM the tip is generally
considered to behave as a passive probe whose potential
reflects the activity of the species of interest. It is therefore
unable to consume or produce species, and thus its applications
are limited compared to its amperometric counterpart. The
potentiometric mode nevertheless possesses advantages,
notably, the numerous ion-selective electrodes available enable
detection, with high sensitivity and selectivity, of a range of
species not redox active in aqueous media; see ref 1 for an in-
depth review of this mode. The potentiometric response is
known to be affected by Ohmic drops when current flows
within the cell,> and this must be taken into account when
varying the tip—substrate distance. However, to our knowledge,
there is no report of the potentiometric response of an SECM
tip being affected by Faradaic processes on the tip. The aim of
this article is therefore to demonstrate that the tip can produce
a mixed potential dependent on the diffusion of one species and
follow a tip—substrate distance dependence analogous to an
amperometric feedback response. To illustrate this effect, we
use the potentiometric response of a nanostructured Pd tip
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loaded with hydrogen so that its potential is only determined
by the solution pH.

Palladium is well-known for its ability to absorb hydrogen®*
and for the possibility to measure pH potentiometrically when
the hydrogen to Pd ratio (H/Pd) is between 0.02 and 0.6, i.e.
when the hydride is in the transition between its @ and S
phases.” Exploiting this property Imokawa et al. fabricated
reliable micrometer pH sensors by loading hydrogen into
nanostructured Pd films electrodeposited on Pt microdisc
electrodes. The nanostructure was obtained by electrodeposit-
ing Pd within the hexagonal phase of a lyotropic liquid crystal
according to the procedure previously reported.”® In absence of
oxygen, the nanostructured palladium hydride tips are sensitive
only to the activity of the protons and they have a virtually
Nernstian response with a slope ca. —58.7 mV/pH at 25 °C
from pH 2 to 14.%° However dissolved oxygen seriously affects
their potentiometric response.6 In the bulk, the lifetime of a 25
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um @ PdH sensor is ca. 60 times shorter when the solution is
saturated with oxygen than with argon.” Moreover, the open
circuit potential recorded during the discharge of the hydride is
more positive in an oxygenated solution. Using the SECM with
a combination of potentiometric and amperometric techniques,
we assess the rate of H extraction in an aerated buffered
solution and investigate the dependence of the PdH open
circuit potential on the flux of oxygen. Experimental data are
analyzed in terms of a simple mixed potential model.

B EXPERIMENTAL SECTION

All experiments were carried out in a grounded aluminum
Faraday cage, at room temperature (20 + 2 °C) with solutions
equilibrated in air for at least 48 h, unless otherwise stated. All
the glassware was soaked overnight in 5% Decon 90 (BDH)
and rinsed thoroughly with pure water before use. SECM tips
were made as reported previously® by sealing a Pt microwire
(typically 25 pum & from Goodfellow metals Ltd.) in
borosilicate glass pipettes. The front of the tip was ground
using silicon carbide papers (from 320 to 1200 grit) and then
with alumina powder (1 then 0.3 um @) supported on
polishing cloth (Buehler) to a mirror finish, washed, and
sonicated in purified water. The sides of the microdisc were
ground to form a truncated cone with a radius of glass, Ty
sufficiently small to enable close approach of the substrate. All
reagents were used without further purification. The nano-
structured Pd film was prepared by potentiostatically (0.1 V vs
SCE) electrodepositing Pd onto the Pt microdisc from a
mixture consisting of 47 wt % Brij 56 (C,(EO,, n = 4—12) from
Aldrich, 12 wt % (NH,),PdCl, from Alfa Aesar, 2 wt % heptane
from BDH, and 39 wt % water from a Purite Select water
purification system. A charge of ca. 4 C was passed to produce
a film roughly 1.8 ym thick; see SEM image in Figure SI-1,
Supporting Information. The radius of the Pd deposit, 4, and
the RG (r,/a) were measured by SEM (using a gaseous
secondary electron detector, 0.6 Torr water vapor, and 10 kV)
with an XL30 ESEM environmental scanning electron
microscope (FEI). All electrochemical experiments were
conducted in a three-electrode configuration with an Autolab
PGSTAT 101 (Ecochemie) programmed with Nova 1.9. The
SECM tip was positioned with PI M-605 high-accuracy
translation stages controlled by PIMikroMove software (all
from Physik Instruments GmbH & Co.). All approach curves
were recorded from the bulk to the substrate at 1 ym s™'. The
SECM cell was homemade from Perspex with microscope
slides glued on both sides to facilitate viewing of the probe. The
substrate was either a glass slide or the bottom of the cell. The
counter electrode was a platinum mesh located in a side
compartment; the reference electrode was a homemade Hg/
Hg,SO,-saturated K,SO, electrode (SMSE) connected to the
cell via a capillary salt bridge (1 wt % Agar in saturated K,SO,).
The capillary was attached to the tip to ensure that the distance
between the capillary opening and tip remained constant
whatever the tip—substrate distance. The nanostructured Pd
tips were checked by voltammetry in 1 M H,SO,, sweeping
between the start of hydrogen evolution and the foot of oxygen
evolution until the characteristic voltammetric features of Pd in
acid were obtained; see Figure SI-2 (Supporting Information)
for a typical voltammogram. Their diffusional properties were
assessed by recording linear sweep voltammograms in 5 mM
Ru(NH;)Cl; in 0.5 M KCL. They were subsequently loaded
with hydrogen galvanostatically (stepping from 0 to —80 nA for
typically 100 s) to reach a H/Pd ratio of 0.6 corresponding to
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the f phase of the hydride. Figure SI-3 (Supporting
Information) shows a typical chronopotentiogram recorded
during the galvanostatic loading of H. All SECM experiments
were carried out in a 200 mM ionic strength, I, pH 7 or 7.5
solution prepared from 20 mM NaH,PO, (Analar grade,
Aldrich), Na,SO, (Analar grade, Sigma). Solutions were
deaerated by purging with Ar (99.99%, BOC). Potentiometric
approach curves were recorded with 0.6 < H/Pd < 0.02 to
ensure that the hydride composition did not influence the tip
potential.

B RESULTS AND DISCUSSION

Potentiometric and Amperometric Observations.
Figure 1 shows a set of chronopotentiograms recorded at
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Figure 1. Chronopotentiograms recorded at several tip—substrate
distances, d, in an aerated pH 7 buffer solution (I, = 200 mM). a =
18.7 um, RG = 6.

different tip—substrate distances above the inert substrate in the
aerated phosphate buffer. They all show features characteristic
of the loss of hydrogen from the Pd lattice. At sort times, the
potential rises sharply as the f phase loses hydrogen and then
reaches a plateau (OCPj4_,) when the a phase begins to
nucleate within the f phase. This is the transition region where
the phase rule dictates that the electrode potential only depends
on the activity of the protons in solution but not on the H/Pd.
Only in this region can the electrode be used as a pH sensor. At
the end of the plateau, the potential rises as the entire PdH is
now in the a phase. At longer times, a further shoulder is
observed which is thought to reflect H desorption from the Pd
surface. All these observations are consistent with previous
observations at nanostructured Pd microdiscs.® Surprisingly, all
the chronopotentiograms depend on the tip—substrate
distance. As the tip approaches the inert substrate, the most
striking observation is the significant increase in the lifetime of
the phase transition plateau. The second important observation
is that the plateau potential, OCPg_,,, becomes more negative
as the tip approaches the substrate. This cannot be due to a
change of pH as the solution is buffered nor can it be due to the
tip sensing an Ohmic drop, as there is no current flowing within
the cell. Such a potential shift would be a major problem if the
tip were to be used to monitor pH.

A potentiometric approach curve recorded to assess the
dependence of OCPj_,, on the tip—substrate distance is shown
in Figure 2. The duration of the approach curve was kept
shorter than the duration of the f to a transition to prevent any
variation of the tip potential with the hydride composition.

dx.doi.org/10.1021/ac4017055 | Anal. Chem. 2013, 85, 8341-8346
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Figure 2. Comparison between potentiometric (right Y-axis) and
amperometric (left Y-axis) approach curves recorded with a nano-
structured Pd tip at 1 ym s™' in an aerated pH 7 phosphate buffer
solution (I, = 200 mM); RG = 3.3, a = 18.7 um. The amperometric
response was taken at —0.6 V vs SMSE to ensure that the ORR was
diffusion controlled. The potentiometric response is the open circuit
potential taken in the f§ to a transition region of the palladium hydride.

Figure 2 confirms that the potential becomes more negative as
the tip—substrate distance decreases. Surprisingly, the depend-
ence of the potential on the tip—substrate distance matches the
amperometric approach curve recorded with the same tip for
the reduction of dissolved oxygen. The latter is in perfect
agreement with the theoretical curve for hindered diffusion,*°
Figure SI-4 (Supporting Information), thereby confirming that
the nanostructured film is sufficiently thin to behave as a disc.
Figure 2 clearly suggests that the potentiometric response is
driven by a process analogous to hindered diffusion at all tip—
substrate distances. The only redox active species present in
solution being oxygen, the tip potential must be related to the
rate of the oxygen reduction reaction (ORR). Palladium is
known as a good catalyst for promoting the ORR,""'* and the
nanostructured palladium is expected to be even better as found
for nanostructured Pt tips prepared by the same method."® As a
result, the wave for ORR occurs at very positive potentials (ca.
—0.1 V vs SMSE), Figure SI-S (Supporting Information), and
OCPy_,, is more negative than the potential for the ORR wave.
The potential difference is sufficiently large that the nano-
structured PdH tip promotes the ORR at a diftusion-controlled
rate at all pH. In the presence of oxygen, two Faradaic
processes are therefore balanced at OCPp_,: the electro-
chemical oxidation of the hydride and the electrochemical
reduction of the oxygen. Any increase in oxygen flux toward the
tip is matched by an increase in the PdH oxidation rate and
therefore by a larger hydrogen extraction rate. In the next
section we investigate how the latter depends on the tip—
substrate distance through a series of Tafel, Figure 3, and linear
polarization resistance (LPR) measurements, Figure 4.
Hydrogen Extraction Rate Dependence on Tip—
Substrate Distance. Linear sweep voltammograms were
recorded at 1 mV s™' + 100 mV around OCPy_,, for different
oxygen fluxes obtained by varying the tip—substrate distance.
These results are presented as Tafel plots in the top part of
Figure 3. The equilibrium potentials found with the potential
sweeps are in agreement with the OCPj_,, values measured by
chronopotentiometry at the same tip positions, bottom part of
Figure 3. The corresponding exchange currents, from now on
called hydrogen extraction currents, were estimated from the
intercept between the cathodic Tafel branch and the vertical
line corresponding to the equilibrium potential. Finding a clear
linear region over one decade of current proved difficult; for
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Figure 3. Comparison between Tafel experiments (top) and
chronopotentiograms at OCP;_, (bottom) recorded at the tip—
substrate distances indicated by d/a. Linear sweep voltammograms
were taken at 1 mV s~ around OCPy_,.
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Figure 4. Linear sweep voltammograms recorded at 1 mV s™" around
OCPy_,, to determine the linear polarization resistance at the tip—
substrate distances indicated by d/a.

this reason, the extraction currents, ir., were also estimated
from the polarization resistance (i ., = RT/ nFRp) determined
from the gradient of linear sweep voltammograms taken within
10 mV of the equilibrium potential for several tip—substrate
distances, Figure 4. The extraction currents found from R, are
in good agreement with those derived from the Tafel plots and
follow the same tip—substrate distance dependence, Figure S.
The latter also shows that the extraction currents are
comparable in magnitude with the limiting currents for the
ORR at all tip—substrate distances. These results therefore
strongly suggest that the kinetics of the hydride oxidation is
controlled by the diffusion of oxygen to the PdH tip. In the
next section, we derive a simple mixed potential model to
quantify the potential shift observed for different tip—substrate
distances.

The Mixed Potential Model. One could argue that the
potential shift observed in presence of oxygen reflects a pH
change due to the ORR; if this were the case, the potential shift
should be negative because the ORR makes the solution near
the electrode more alkaline; experimentally the shift is always

dx.doi.org/10.1021/ac4017055 | Anal. Chem. 2013, 85, 8341-8346
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Figure S. Comparison between the hydrogen extraction currents (left
Y-axis) and the limiting currents for oxygen reduction (right Y-axis)
recorded at different tip—substrate distances. The extraction currents
were estimated from the Tafel plots and from the linear polarization
resistances.

found to be positive. Instead the potentiometric and
amperometric results suggest that the potential of the PdH
tip obtained in the presence of dissolved oxygen is not the
thermodynamic potential predicted from the phase rule but a
mixed potential defined where the rate of anodic and cathodic
processes are equal. This is akin to the mixed potential concept
used in corrosion'* and catalysis.'>'® The main anodic reaction
is the extraction of hydrogen from the hydride, while the main
cathodic reaction is the ORR on the nanostructured Pd surface.
The oxidation of the PdH can thus be thought of as a corrosion
process. The larger the flux of oxygen, the higher the anodic
current must be to match the reduction current. As a result, the
tip potential shifts to more positive values as schematically
shown in Figure 6 for three tip—substrate distances. When d =

s
Qk) ET ORR
e i
Ny
QO | small d/a ”
5 g E, .
large d/a Y
/a—
potential

Figure 6. Schematic representation of the interplay between the
current potential curves for the anodic (H extraction from PdH) and
cathodic (ORR on the Pd surface) processes leading to a mixed
potential different from the thermodynamic potential found in the
absence of dissolved oxygen. To illustrate the dependence of the tip
potential on the flux of oxygen, the sketch is drawn for three tip—
substrate distances, d = 0 < d; < d,. Eyopg is the half-wave potential for
the ORR on the tip.

0, the diffusion of oxygen is fully hindered and Er,, equals
OCPy_, 4 no 0, At a distance d; > 0, hindrance has decreased and
a small flux of oxygen forces the tip to take the mixed potential
Er4 > Er 4 At the distance d, > dj, hindrance is much less
pronounced and a large flux of oxygen forces the tip to take the
mixed potential Ey, such that Ep,, < Er, < Er,. The
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schematics also suggest that for any tip—substrate distance d,
the mixed potential Er; can be simply estimated as a linear
function of the diffusion-controlled current for the ORR at d,
it 40rRs Via the polarization resistance recorded in the absence
of oxygen, R, ,, o, the latter being the inverse of the current—

potential curve of the PdH tip recorded in the absence of
oxygen.

Eq 4= OCPs_ 4 no0, + litgore! X R 6))

This expression was tested for a nanostructured PdH
microdisc with a small tip (a = 7.9 ym, RG = o0) to enhance
the flux of oxygen to the electrode and produce a larger
potential shift. In this experiment, performed in a pH 7.5
phosphate buffer, all the parameters in the right-hand side of eq
1 were measured in the bulk so that the rate of ORR was at its
maximum. Using the measured values for OCP;_,, o, (—=1000

+ 3 mV) and R ho 0, (21.6 MQ), both recorded in Ar-purged

solution, and of, i ore (=741 nA) recorded in aerated
solution, the calculated tip potential (—840 mV) was in good
agreement with the tip potential measured in the aerated pH
7.5 buffered solution (—844 + 3 mV). Using the tip employed
in Figure 2 (a = 18.7 ym, RG = 3.3), eq 1 was then tested
against all tip—substrate distances by plotting the potentio-
metric approach curve (OCPj_, vs d) against the ampero-
metric approach curve (irogg vs d), both taken from Figure 2.
Figure 7 shows a clear one to one correlation between the two
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Figure 7. Plot of the tip potential recorded at different tip—substrate
distances against the diffusion-controlled current for ORR recorded at
the same tip—substrate distances. All experimental details as for Figure
2.

approach curves. Furthermore, the intercept (—967 mV) which
corresponds to a tip current equal to zero, as would be found
with complete hindrance, is in perfect agreement with the
thermodynamic potential measured in the absence of oxygen
(OCPy_. 400 0, = =973 mV) in the pH 7 buffered solution; their

difference is within the experimental error of 6 mV. The slope
(4.48 MQ) is in the same order of magnitude as R, 00,

obtained for this tip (26.8 MQ). Despite the good agreement
found in the bulk, eq 1 should only be valid for low oxygen
fluxes where the potential shift remains sufficiently small that
the PdH current—potential relationship is linear. For high
oxygen fluxes, ie, small tips in the bulk with large oxygen
concentrations, the potential shift becomes so large that the
PdH current—potential relationship becomes curved and the
mixed potential is no longer a simple linear function of the
limiting current for the ORR. This can be clearly seen on the

dx.doi.org/10.1021/ac4017055 | Anal. Chem. 2013, 85, 8341-8346
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current potential curve recorded in the absence of oxygen with
the small tip, Figure SI-S, Supporting Information. With small
PdH nanostructured tips the high oxygen flux discharges
hydrogen rapidly and the lifetime of the § to a transition
plateau becomes unworkably short. In oxygen-saturated
solutions, it is difficult to observe a stable plateau with the 25
pum diameter tips prepared as described above. With larger tips
it is possible to deposit thicker nanostructured Pd films, thereby
increasing the hydrogen reservoir, and operate in oxygen-
saturated solutions. In conclusion, while eq 1 is qualitatively
convenient to explain the correlation between potentiometric
and amperometric approach curves, its quantitative use is
limited to conditions such that the potential shift is no greater
than ca. S0 mV; see in Supporting Information: Equation 1:
Theoretical Approach and Validity.

To verify that the potentiometric response observed with the
SECM tip was generic, similar experiments were conducted
with a nanostructured Pd film deposited on a rotating disc
electrode and loaded with hydrogen to H/Pd = 0.6. The
potential of the electrode, recorded for several rotation rates in
the aerated pH 7 phosphate buffer solution, was found to
increase linearly with the square root of the rotation rate, Figure
SI-6 (Supporting Information), and the intercept to be within 3
mV of the potential measured in Ar-purged solution. The RDE
data therefore confirm the observations made with the SECM
tip.

Other Processes. Such a mixed potential is not specific to
the PdH system considered, and the methodology described
here could therefore be extended to study localized and other
forms of corrosion. For this, the tip would need to consist of
the material of interest and the potentiometric response would
be monitored for a range of tip—substrate distances above an
inert substrate in the presence and absence of oxygen. For
instance, the corrosion of a given alloy could be studied by
fabricating a SECM tip from the alloy and recording its
potentiometric response while approaching an inert surface in
aerated solution. Alternatively, the substrate could be made
from the sample of interest and the tip from an inert material.
For example, the corrosion of a coated metallic surface could be
investigated by approaching a submillimeter size polished glass
disc toward a micrometre size pinhole, purposely made in the
coating to behave as a microdisc.

Interestingly, replacing oxygen with a conventional redox
mediator and operating with a large conducting substrate
should enable the regeneration of the mediator at the substrate
and enhance the rate of corrosion, thereby producing an
increasingly positive potentiometric shift as the tip approaches
the surface. The potentiometric approach curve would in this
case follow the theory for positive feedback diffusion. This
experiment was not tested with the PdH system because it
dramatically shortens the lifetime of the f—a phase transition
and it becomes impossible to measure a complete approach
curve before the Pd nanostructure runs out of H.

The mixed potential should only affect potentiometric
sensors capable of promoting a Faradaic process on their
surface and is therefore not expected with potentiometric
sensors where the electrode is separated from the analyte via a
membrane, glass wall, or ionophore.

H CONCLUSION

The observations reported here clearly demonstrate that the
potentiometric mode of SECM can be more complicated than
anticipated; several remarks can now be made regarding this
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mode: the tip is not necessarily a passive probe as normally
assumed, and one should consider the possibility of redox
processes occurring on its surface even when held at zero
current. Redox processes may force the tip potential to differ
from the expected thermodynamic value by taking a mixed
potential if the tip surface is able to promote two Faradaic
processes with equal and opposite rates. Furthermore, the
potentiometric response can be controlled by diffusion
provided one of the species involved in the Faradaic processes
reacts with the tip at a diffusion-controlled rate. Under these
conditions, the potentiometric approach curve becomes
diffusion-controlled and akin to the traditional SECM approach
curves found in the amperometric feedback mode. Overall, the
tip potential becomes sensitive to the tip—substrate distance
and less so to the activity of a target species, as initially
intended. These effects must be added to the dependence of
the tip potential on Ohmic drop when current flows between
other electrodes in the cell. One should not see the above as
restrictions; the ability to finely control the mixed potential by
simple adjustment of the tip—substrate distance opens new
opportunities for the potentiometric mode of SECM.
Regarding the PdH system, our results clearly show that the
presence of an oxidant capable of extracting H will significantly
affect the pH measurement. The strong tip—substrate depend-
ence makes use of such an electrode in SECM very challenging,
as it becomes difficult to relate variations in tip potential to pH.
This is particularly relevant when the flux of oxidant toward the
tip is high as for example found with small tips or with a
substrate capable of regenerating the mediator.
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