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A gateway for ion transport on gas bubbles pinned
onto solids

Veton Haziri® !, Tu Pham Tran Nha?, Avni Berisha® '™ & Jean-Francois Boily 284

Gas bubbles grown on solids are more than simple vehicles for gas transport. They are
charged particles with surfaces populated with exchangeable ions. We here unveil a gateway
for alkali metal ion transport between oxygen bubbles and semi-conducting (iron oxide) and
conducting (gold) surfaces. This gateway was identified by electrochemical impedance
spectroscopy using an ultramicroelectrode in direct contact with bubbles pinned onto these
solid surfaces. We show that this gateway is naturally present at open circuit potentials, and
that negative electric potentials applied through the solid enhance ion transport. In contrast,
positive potentials or contact with an insulator (polytetrafluoroethylene) attenuates trans-
port. We propose that this gateway is generated by overlapping electric double layers of
bubbles and surfaces of contrasting (electro)chemical potentials. Knowledge of this ion
transfer phenomenon is essential for understanding electric shielding and reaction over-
potential caused by bubbles on catalysts. This has especially important ramifications for
predicting processes including mineral flotation, microfluidics, pore water geochemistry, and
fuel cell technology.
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of dissolved gases in water. Their study involves a capti-

vating blend of chemistry and physics, and has a wide
range of ramifications to science and technology!-3. Solid surfaces
can collect gas bubbles by processes including direct immersion
of solids in water, temperature or pressure variations, solvent
exchange, microwaves, ultrasounds, cosmic rays, and (photo)
(electro)chemical gas evolution reactions!=3. Knowledge and
control of gas bubble formation are strongly needed for techno-
logical applications as varied as fuel gas production, mineral
separation, medical imaging and green technologies!*°. This can
be especially important for understanding how bubbles impact
catalytic reactions, how they block liquid flow in porous networks
and, when desired, how they can be eliminated®-12,

Gas bubbles are capped by an electric double layer (EDL)
resulting from the preferential binding of hydroxide ions at the
air/water interface!3-2! (isoelectric point at pH ~3-4)22, and
countercations neutralizing this charge (Fig. 1a)!3-17. The
mobility of these ions within the EDL reflects the ohmic con-
ductivity of bubble surfaces, and is thus an important aspect to
consider for understanding how pinned bubbles (Fig. 1b, c) can
electrically shield solids, block reaction sites, or cause reaction
overpotential during catalysis®»?3-2>. At the core of these phe-
nomena lies the possibility for the exchange of ions from the
overlapping EDL of bubbles and the solid surfaces upon which
they are pinned (Fig. 1d).

Previous studies dedicated to bubble electrochemistry have
predominantly involved large populations of bubbles. For
instance, atomic force microscopy?®?’ and scanning electro-
chemical microscopy!®28-30 have been used to map the spatial
distributions of bubbles populating catalyst surfaces. Work with
microelectrodes also uncovered electrically resistive populations of
gas bubbles?®. No studies have, however, directly focused on the
electrochemical response of single gas bubbles, which is needed to
resolve ion transport phenomena directly within the EDL.

Using a ultramicroelectrode (UME; Fig. 1c, d), we here directly
measured the electrochemical impedance of single oxygen bubbles
pinned onto solids. We reveal a gateway through which ions can
transfer between the overlapping EDLs of gas bubble and (semi)
conducting solid surfaces. Harnessing this gateway could even offer
new avenues in the study of gas-evolving reactions of natural and
technological importance. In particular, our primary focus on
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Fig. 1 Electrochemically produced and measured O,(g) microbubbles.

a Schematic representation of a single oxygen bubble with its surface OH~
groups and Nat counterions, forming an electric double layer (dlpupple;
region capped by dashed blue line). b, ¢ Photography of electrochemically
produced O,(g) bubbles via water oxidation on a single hematite
(a—Fe,03) electrode, and ¢ of an individually probed bubble with an
ultramicroelectrode (UME; 25 pm-wide Pt). d Schematic representation
of alternating current scanning electrochemical microscopy (AC-SECM)
measurement of a single O,(g) bubble with an UME (25 pm-wide Pt core).
Red arrows denote the gateway for ion transport enabled by overlapping
electric double layers of the bubble and hematite (dlhematite; region capped
by dashed red line). See Supplementary Fig. 1 for complete representation
of the 3-electrode system used for these measurements and
Supplementary Fig. 2 for bubble size distributions.

hematite (a-Fe,O;), as an oxygen evolution reaction catalyst,
directly relates to emerging water-splitting technologies®!32, and for
the important roles it plays in the biogeochemical cycling of ele-
ments on Earth, and even on the geochemistry of planet Mars33-3>,

Results and discussion

The impedance (Z) of submillimeter-sized (~144-460 pum; Sup-
plementary Fig. 2) oxygen bubbles pinned on hematite were
measured with a UME by Electrochemical Impedance Spectro-
scopy (EIS)3¢ (Figs. 1c, d and 2a). EIS measurements over a range
of alternating current (AC) frequencies (Fig. 2a-c) revealed
charge carrier transport processes at bubble surfaces. Typical
complex-plane impedance data (Fig. 2a) revealed a low frequency
response below ~30 Hz from the UME, and of a semi-circle in the
~30-3000 Hz region. This latter region was modeled with an
equivalent circuit model comprised of a parallel combination of a
polarization resistance and of double-layer capacitance (Fig. 2d).
The absence of response at frequencies above ~3000 Hz shows
that the applied AC cannot trigger space charge or bulk electron
transport in hematite, as we have previously reported when the
UME is in direct electrochemical contact with hematite37-40, As
the ~30-3000Hz region is more typical of solution-side
processes37>38, we assigned the polarization resistance (Rpupble)
and double layer capacitance (Cpupble) terms of the equivalent
model to ion transport at bubble surfaces.

To explore variations in the electrochemical response of bubble
surfaces, we performed EIS measurement on 29 different bubbles,
each in a set of repeated measurements over the course of up to
~80 min. These measurements revealed a spread of Rypple Values
within the ~0.1-1 MQ range and of Cy,yppje Within the 5-10 pF-s—¢
range (Fig. 2e, f, Supplementary Figs. 3-4). These values were
independent of bubble diameter (Supplementary Fig. 2), and were
within the same range as those obtained for bubbles pinned on
gold (Supplementary Fig. 5). Measurements in solutions of dif-
ferent background electrolytes (LiCl, NaCl, HCl+NaCl, KCI) also
revealed that contrasting solution conductivities were not suffi-
ciently important to be manifested within the range of Ryypple and
Coubble Values (Fig. 2e, f).

To evaluate whether the span in Ryypple and Cpypble Values arose
from a heterogenous response from the bubble surface (e.g.,
variations in roughness, composition, or non-uniform current
distribution)*!, we examined the breadth of the frequency-
resolved distribution of the impedance data (Fig. 2b, ¢). This was
achieved by evaluating the non-ideality factor (¢) of the constant
phase element (CPE) of our equivalent circuit model (Fig. 2d;
Eq. 3)3641 As the resulting values were close to unity (¢ =
0.9-1.0) on both hematite (Supplementary Fig. 2) and on gold
(Supplementary Fig. 4), the response of the bubble surfaces was
predominantly homogeneous. A possible source for the spread in
response could, on the other hand, have arisen from variations in
the contact area in a gateway for ion transport between the bubble
and the supporting solids. These could be caused by physical
irregularities of the substrate, such as cracks and cavities*2.

To evaluate whether this gateway was affected by the EDL
composition of the supporting solid, we compared the impedance
response of bubbles pinned on hematite and gold with that of
polytetrafluoroethylene (PTFE), an insulator of low wettability
(Fig. 3). This was achieved by first repeatedly measuring the
electrochemical impedance of a bubble on hematite (Fig. 3, Sup-
plementary Fig. 6) or gold (Supplementary Fig. 6), then displacing
the same bubble laterally by 3-5mm onto an adjacent PTFE
support where additional impedance data were collected. We find
that this displacement had only a marginal impact on double layer
capacitance, yet it readily increased polarization resistance (Fig. 3).
These comparable double layer capacitance values align with the
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Fig. 2 EIS data and model predictions and parameters. a Example of a typical Nyquist (complex-plane impedance) plot showing real (Re) and imaginary
(Im) impedance (Z) data (blue circles) and model (lines) of an oxygen bubble pinned on hematite in an aqueous solution of 1.0 mM NaCl at 25 °C.
Measurements were collected over an applied alternating current of £50 mV in the 1-10° Hz range through an ultramicroelectrode (UME). b, € Frequency-
resolved b imaginary and ¢ real impedance data (blue circles) alongside predicted contributions from the bubble and the UME (lines). d Equivalent circuit
model used to predict bubble polarization resistance (Ryuppie) and double layer capacitance (Cpuppie), alongside UME capacitance (Cume). € Roupple and
f Coubble Values from repeated EIS measurements on 29 different oxygen bubbles pinned on hematite in four different ionic media (green square =1.0 mM
LiCl, red circle =1.0 mM NaCl, yellow square = 1.0 mM KCl, blue circle = 0.1mM HCI + 1.0 mM NaCl), and for repeated measurements on single bubbles
over a period of up to 80 min. Supplementary Figs. 3-4 contain the complete set of model parameters and distributions of these values. Supplementary
Fig. 5 shows similar ranges of model parameter values for bubbles pinned on gold.
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Fig. 3 EIS response of bubbles pinned on semi-conducting and insulating
surfaces. a Schematic representation of sequential EIS measurements of a
single oxygen bubble, first on semi-conducting hematite then after
displacement on an adjacent insulating PTFE support. b Nyquist (complex-
plane impedance) plot showing real (Re) and imaginary (Im) impedance (Z)
data (triplicates denoted by colored circles and squares) and model (lines)
of an oxygen bubble pinned on hematite (circles) and PTFE (squares) in an
aqueous solution of 1.0 mM NaCl at 25 °C. Measurements were collected
over an applied alternating current of £50 mV in the 1-10% Hz range. Solid
lines are fits from the equivalent circuit model of Fig. 2d, and result from
contrasting bubble resistance values (Rpyppie). More results are in
Supplementary Fig. 6.

concept that both PTFE and the air/water interface are populated
by hydroxide ions and counteractions, and have similar isoelectric
points2%-21, The hike in resistance reveals, on the other hand, that
ion transport between the two compositionally similar bubble and
PTFE surfaces is inhibited. This situation contrasts starkly with the
case of bubbles pinned on hematite and gold where more
important differences in double layer capacitance and ionic
composition facilitate the gateway for ion transport, as manifested
by considerably lower resistances than on PTFE.

Finally, to confirm further the existence of this gateway, we
measured the electrochemical response of the bubble surface with an
electric potential applied directly through the supporting solid
(Fig. 4, Supplementary Fig. 7). In both hematite (Fig. 4, Supple-
mentary Fig. 7) and gold (Supplementary Fig. 7), we find that
bubbles became less resistive (e.g., ~20% less on hematite) under
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Fig. 4 EIS response of bubbles under an externally applied potential.

a Schematic representation of counterion transport under externally applied
potentials of —1V or +1V, here through hematite. The gateway for ion
transport is enabled by the overlapping electric double layers of the bubble
(capped by dashed blue line) and hematite (capped by dashed red line) at
—1V (red arrow). This gateway is blocked at +1V (gray arrow with ‘x).
Blue vertical arrows denote direct solution/hematite exchange of
counterions affected by the applied potential. While we expect that chloride
should bind to hematite, it exerted no response in the EIS data as it has no
affinity for the bubble surface. b Nyquist (complex-plane impedance) plot
showing real (Re) and imaginary (Im) impedance (Z) data (colored circles)
and model (lines) of an oxygen bubble pinned on hematite under applied
fields of —1V (purple circles), 0 V (open circuit potential; turquoise circles)
and +1V (red circles). Measurements were collected over an applied
alternating current of 50 mV in the 1-105 Hz range through the
ultramicroelectrode, and in an aqueous solution of 1.0 mM NaCl at 25 °C.
Solid lines are fits from the equivalent circuit model of Fig. 2d. More results
are in Supplementary Fig. 7.
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negative potential of —1 V, but even more resistive than on PTFE
under a potential of +1V (Fig. 4b, Supplementary Fig. 7). We
explain our findings based on the attraction and mobility of ions in
the EDL. A negative potential draws countercations from the bubble
to the supporting solid, explaining the lower resistivity of the bubble.
In contrast, a positive potential inhibits countercation transport to
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the solid, and thus increases bubble resistivity. Also, while a positive
potential promotes counteranion binding to the solid, no transport
is possible to the negatively-charged bubble. These EIS measure-
ments under externally applied potentials consequently showed that
variations in the EDL composition of the supporting surface have a
direct impact on bubble impedance, and therefore confirm further
the existence of a gateway for ion transport.

Conclusions

We reveal here a gateway for ion transport between oxygen bubble
surfaces and supporting solids of contrasting EDL composition. We
represent this gateway in terms of a parallel combination of a
constant double-layer capacitance, and of more variable polarization
resistance, relating ion transport at bubble surfaces!3-17:3%43, Vari-
able contact area between bubbles and the supporting solid may be a
likely source for variations in bubble impedance. Although active at
open circuit potential, direct control of this gateway is also possible
by applying an external electric potential passing through the sup-
porting solid. Negative electric potentials facilitate, while positive
potentials inhibit, cation exchange between bubble surfaces and the
supporting (semi)conducting solid.

By focusing this work on bubbles pinned on semi-conducting
hematite, we here resolved a gateway of especially direct relevance
to applications including photoelectrochemical water splitting,
mineral separation and to redox (geo)chemistry31-3344, Still, the
concept of this gateway is highly applicable to a wider range of
systems involving gas bubble generation and reactivity at many
other (semi)conducting solid surfaces, and even through porous
networks within materials of direct relevance to groundwater
geochemistry*>, microfluidics®, and fluidized bed reactors?.

Methods

Oxygen bubble production. Oxygen bubbles were electrochemically produced by
water oxidation*® using a 2-electrode set-up consisting of hematite (a-Fe,Os;
5mm x 5mm x 3 mm from SurfaceNet) or gold (5 mm circular from BioLogic)
working electrodes, and a Pt counter electrode. These reactions were achieved in
aqueous solutions of air-saturated 1.0 mM LiCl, 1.0 mM NaCl, 1.0 mM KCl and in
a mixed solution of 0.1 mM HCI+1.0 mM NaCl. All electrode surfaces were
cleaned prior each experiment for organic impurities by sonication in propanol,
followed by ethanol, then in ultrapure water (18.2 MQ-cm). The working electrodes
were mounted at the bottom of a polytetrafluoroethylene (PTFE) plate, exposing
the reactive surfaces to the aqueous solution (Supplementary Fig. 1). Water oxi-
dation reactions were then initiated by applying a potential of +1.0 V through a Cu
wire glued to the underside of these working electrodes. Oxygen bubbles with
diameters in the ~144-460 pm range appeared after ~40 s of reaction time and
remained pinned on the working electrodes for several hours.

Electrochemical measurements of single bubbles. EIS data of single bubbles
pinned on hematite were collected in aqueous solutions of 1 mM LiCl (5 bubbles,
25 spectra), NaCl (12 bubbles, 91 spectra), KCl (8 bubbles, 106 spectra) and 0.1
mM HCI41 mM NaCl (4 bubbles, 31 spectra). Those on gold were collected in 1
mM NaCl (10 bubbles, 157 spectra). A low ionic strength was required to limit
contributions from solution conductivity. The spectra were acquired using an
ultramicroelectrode (UME; 25 um wide Pt core of RG = 10 by Cromsol, U-23/25)
as a working electrode, a Pt counter electrode, and a Ag wire pseudo-reference
electrode. Measurements were made using a alternating current scanning electro-
chemical microscopy (AC-SECM) workstation (M470 BioLogic AC-SECM)
equipped with a pTriCell™ (Supplementary Fig. 1). The microelectrode was
previously hand polished with emery paper (grade 4000) and sonicated in pro-
panol, then ethanol and water to remove organic residues. Using a piezo-actuated
stage, the UME was positioned directly over a single bubble, and lowered until the
bubble was partially squeezed. This ensured an electrochemical contact between the
UME, the bubble and the supporting substrate (hematite, gold, or PTFE). EIS
measurements were then performed at the open circuit potential of the system by
applying an alternating current (AC) of £50 mV at 51 frequencies (w) in the 1—10°
Hz range, using a sweep frequency protocol. The applied AC kept the system
within the stability field of water. To ensure full electrochemical contact, the UME
was occasionally lowered onto the bubble by 10-50 um when needed. Using a video
microscope, we monitored the apparent width of the bubbles squeezed under the
UME. From these measurements, we estimate an average reduction of 3.2 + 1.9% in
diameter after each EIS measurement (Supplementary Fig. 2). This reduction is
likely attributed to the loss of gases from the bubble exposed to the applied AC.

In an additional set of experiments, repeated EIS experiments of selected
bubbles generated on hematite were compared to those collected after laterally
moving these bubbles by 3-5mm onto the neighboring PTFE body. Finally, EIS
data were also collected on selected bubbles exposed to an externally applied
potential of —1.0 V and +1.0 V. This potential was applied through the underside
supporting hematite or gold electrode through a Cu wire, again using the
3-electrode set-up.

Impedance modeling. Equivalent circuit fitting of the EIS data was performed
using a Matlab (The Mathworks) code developed in our group3”-3. The program
determines the best-fitting combination of electrochemical parameters that can
account for the frequency dependence of the complex impedance of the system.
The model of Fig. 2d was chosen from a search by systematically increasing the
level of complexity of circuit components, and evaluating the statistical significance
of improvement of the fit of the model to the data for each successive combination
sets. While more complex models did improve the fit to the data, they were
discarded as the additional parameters became more intercorrelated.

The complex-impedance plane data (Z,,,) were represented by the impedance of
the UME (Zymg) and of the bubble (Zyppie) with:

Ziot = Zume + Zyubbie (1)
The impedance of the solution was sufficiently small that it was removed from
this expression.
The Zymp term was only active in the low frequency region, and expressed in
terms of the capacitance of the UME:

Zymz = Coue @)
as the resistance term of the Pt core is negligible*>>0. Here we also assume that
contributions of the electrode area that are not covered by the glass shield of the
UME are negligible".

The Zyubble term pertains to the AC-induced response of ions near bubble
surfaces. It is manifested in the intermediate-to-high frequency region using a
bubble polarization resistance (Rppbie) and double layer capacitance (Cyypple)*1!
whereby:

Rbubble (3)
14+(jw)® Coupbte * Rouppte

Here j = v/—1 is the unit imaginary number, and w is the angular frequency. To
investigate the possibility for heterogeneity in the system, the ¢ parameter of this
constant phase element (CPE) was co-optimized within the ¢ = 0.5-1.0 range.
Values of ¢ < 1.0 effectively broaden impedance value over frequency.

Zbubble =

Data availability
The Supplementary Information contains Supplementary Figs. 1-7 containing: a
schematic representation of the experimental set-up (Supplementary Fig. 2), bubble
width distribution (Supplementary Fig. 2), equivalent circuit modeling parameters for
hematite (Supplementary Figs. 3-4) and gold (Supplementary Fig. 5), and additional
impedance data on hematite, gold and PTFE (Supplementary Figs. 6-7).

Any relevant data are available from the authors upon reasonable request.
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