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ABSTRACT: Here, we report on the successful demonstration
and application of carbonate (CO3

2−) ion-selective amperometric/
voltammetric nanoprobes based on facilitated ion transfer (IT) at
the nanoscale interface between two immiscible electrolyte
solutions. This electrochemical study reveals critical factors to
govern CO3

2−-selective nanoprobes using broadly available Simon-
type ionophores forming a covalent bond with CO3

2−, i.e., slow
dissolution of lipophilic ionophores in the organic phase, activation
of hydrated ionophores, peculiar solubility of a hydrated ion−
ionophore complex near the interface, and cleanness at the
nanoscale interface. These factors are experimentally confirmed
by nanopipet voltammetry, where a facilitated CO3

2− IT is studied
with a nanopipet filled with an organic phase containing the
trifluoroacetophenone derivative CO3

2−ionophore (CO3
2−ionophore VII) by voltammetrically and amperometrically sensing CO3

2−

in water. Theoretical assessments of reproducible voltammetric data confirm that the dynamics of CO3
2− ionophore VII-facilitated

ITs (FITs) follows the one-step electrochemical (E) mechanism controlled by both water-finger formation/dissociation and ion−
ionophore complexation/dissociation during interfacial ITs. The yielded rate constant, k0 = 0.048 cm/s, is very similar to the
reported values of other FIT reactions using ionophores forming non-covalent bonds with ions, implying that a weak binding
between CO3

2− ion−ionophore enables us to observe FITs by fast nanopipet voltammetry regardless of the nature of bondings
between the ion and ionophore. The analytical utility of CO3

2−-selective amperometric nanoprobes is further demonstrated by
measuring the CO3

2− concentration produced by metal-reducing bacteria Shewanella oneidensis MR-1 as a result of organic fuel
oxidation in bacterial growth media in the presence of various interferents such as H2PO4

−, Cl−, and SO4
2−.

1. INTRODUCTION
Selective ion transfer (IT) at a liquid/liquid interface has been
extensively applied for electrochemical sensing of redox-
inactive ions or ionized biomolecules critical for clinical,1

physiological,2 industrial,3 and environmental analysis.4 While
potentiometric ion-selective electrodes (ISEs) have been the
most common approach with measuring a change in phase
boundary potential upon equilibrated analyte partitioning
between two liquid phases,5−8 amperometric/voltammetric
ISEs have steadily emerged owing to the high sensitivity.9,10 In
fact, current responses of amperometric ISEs directly depend
on the analyte concentration, whereas potential responses of
potentiometric ISEs are varied with the logarithm of the
concentration.5,6,11 This high sensitivity of the amperometric/
voltammetric approach is more suitable to study heteroge-
neously distributed analyte ions in the system by catalytic
production, consumption, or other chemical reactions than
potentiometric ISEs.12−14

A glass pipet-supported interface between two immiscible
electrolyte solutions (ITIES) has played a critical role in
studying IT dynamics at liquid/liquid interfaces for both
simple and facilitated ITs (FITs). For FITs, ion-selective
ionophores existing inside or outside a pipet facilitate the
thermodynamically unfavorable transfer of hydrophilic ions
from an aqueous solution to an organic phase.15,16 As pipets
are readily pulled to micro−nanometer sizes, ion-selective
amperometric/voltammetric probes could be easily miniatur-
ized up to the nanometer scale. Especially, a small current
across a pipet-supported interface enables not only a reliable
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study of IT dynamics due to a negligibly small ohmic potential
drop17 but also a spatially resolved study of IT with a
combination of scanning electrochemical microscopy
(SECM).18 Accordingly, the anticipated advantages from a
nanoscopic interface using a nanopipet are obvious, which
enables the determination of large IT rate constants owing to
fast mass transfer19−22 and mapping heterogeneous distribu-
tion of analyte ions with SECM at a high spatial resolution of
nanoscale.23,24 So far, most studies in FITs have been focused
on the microscale interface using micro-sized pipets, whereas
very few innovative works using nanopipets were re-
ported.19−25 Especially, the nanoscopic study of an FIT using
nanopipets has been rare with broadly available ionophores
a.k.a., Simon’s ionophores developed by Wilhelm Simon,26

having a large molecular weight (∼1000 or larger) and high
lipophilicity. We suspect that reproducibility and stability could
be main challenges in this nanoscale amperometric/voltam-
metric study. Since the active area of the nanopipet interface is
small, it is susceptible to adventitious contaminants or
precipitate, thus being easily blocked. Accordingly, the stability
and reproducibility of current responses could rely on the
control of these two factors, contaminants and precipitate at
the nanoscale interface.

The visual characterization of an intact nanopipet interface
related to contaminant and precipitate issue is technically
limited due to the small size and the liquid phase interface,
which makes empirical control of these factors complicated
and even puzzling. We investigate the CO3

2−-selective IT
system as a model and study FITs using nanopipet-supported
ITIES with the voltammetry technique to demonstrate the
origins of hampering factors in this amperometric nano-ISE. In
this system, interfacial CO3

2− IT across the water/organic
interface supported by a nanopipet is facilitated by the CO3

2−-
selective ionophore dissolved in the organic phase inside a
pipet (Figure 1). A molecular tweezer-type ionophore, N,N-
dioctyl-3α,12α-bis(4-trifluoroacetylbenzoyloxy)-5β-cholan-24-
amide (a.k.a., CO3

2− ionophore VII), has two trifluoroaceto-
phenone groups interacting selectively with CO3

2− to form a
1:1 complex with a mixture of covalent and hydrogen bonding
(see Figures 1a and S1).27,28 In the presence of excess

ionophore in the inner solution, conventional steady-state
voltammograms can be observed for this FIT, where mass
transfer is controlled by hemispherical diffusion of CO3

2− ions
in the outer aqueous solution.29 Herein, our nanoelectrochem-
ical study focuses on four critical factors such as slow
dissolution of the bulky lipophilic ionophore in the organic
phase, activation of hydrated ionophores, peculiar solubility of
the lipophilic ionophore and ion−ionophore complex in the
organic phase near the interface, and cleanness at the nanoscale
interface. All factors are directly related with the blockage of
the nanoscale liquid/liquid interface, thus determining the
stability and reproducibility of current responses during FITs,
i.e., the performance of amperometric nano-ISEs. Accordingly,
resulting steady-state voltammograms should be evaluated for
continuity and stability of current responses, reproducibility
during repetitive measurements, and validity of the FIT
kinetics and mechanism.

CO3
2− sensing by amperometric nano-ISEs can be broadly

applied to study not only total CO2 in physiological fluids,
oceanic carbonate systems, and industrial samples but also
renewable energy systems such as organic fuel oxidation by
dissimilatory metal-reducing bacteria (MRB) used for micro-
bial fuel cells (MFCs),30 and electrocatalytic reduction of CO2
to organic fuel carried by a carbonate solution.31 Pioneering
works on CO3

2−-selective potentiometric sensing using CO3
2−

ionophore VII have been reported by the Bakker group and
Nam group to determine the CO2 (or CO3

2−) concentration in
aqueous/gaseous samples and oceanic carbon dioxide in
seawater, which are suitable to investigate bulk samples from
physiological fluids, fresh water systems, or oceanic carbonate
systems.27,28,32−38 However, the study of organic fuel oxidation
by MRB at an individual cell or electrochemical reduction of
CO2 at an individual heterogeneous nanocatalyst requires both
high sensitivity and miniaturization to the nanoscale of CO3

2−

ISEs. For example, the quantitative measurement of how fast
organic fuel is oxidized at a single MRB is a crucial part to
fundamentally understand the rate-determining step in the
electron transport pathway of MRB, which determines the
overall efficiency of MFCs.39,40 This can be accomplished by
real-time measuring CO3

2− production over a single bacterium

Figure 1. (a) Schematic view of a facilitated CO3
2− ion transfer at a water/1,2-DCE interface measured by nanopipet voltammetry/amperometry.

(b) SEM image of an orifice of a silanized nanopipet with a ca. 3 nm thick Au layer coated by an Au sputter coater. The SEM image was obtained
using an accelerating voltage of 5 kV to minimize charging up.
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using amperometric nano-ISEs. Also, the catalytic activity of
individual heterogeneous nanocatalysts for CO2 reduction can
be evaluated by measuring how fast and efficiently CO3

2− is
consumed and converted over each discrete catalyst.
Particularly, high spatial resolution as well as intrinsically
high sensitivity of amperometric nano-ISEs can be combined
with SECM to reveal active sites in heterogeneous target
samples and establish the relationship between the structure
and reactivity of a single object. Despite these analytical
potentials, none of studies about amperometric nano-CO3

2−

ISEs have been reported so far.
Here, we report on the successful demonstration and

application of amperometric CO3
2−-ISEs based on FIT at the

nanopipet-supported ITIES using the “Simon” type ionophore
(CO3

2− ionophore VII) forming a covalent bond with CO3
2−.

Nanopipet voltammetry is performed to clarify the hampering
factors in realizing nanoscale CO3

2−-ISEs. Reproducible
voltammetric data obtained are theoretically assessed to verify
the dynamics and mechanism of the CO3

2−-ionophore-FIT.
The quantitative analysis yields a normal α value of 0.45 and a
rate constant, k0 0.048 cm/s, in a one-step electrochemical (E)
mechanism controlled by both water-finger formation/
dissociation and ion−ionophore complexation/dissociation
during interfacial IT.41−43 This k0 based on the E mechanism
is more reasonable than unrealistically fast interfacial IT rate
constant, k0 = 35 cm/s, and an association rate constant, ka =
3.3 × 1020 M−1 s−1, exceeding diffusion limits in the two step-
electrochemical-chemical (EC) mechanism based on the
simple interfacial transfer of CO3

2− followed by complexation
in the organic phase, thereby excluding the EC mechanism for
our quasi-reversible FIT at nano-ITIES (Table S7 in the
Supporting Information). Notably, the obtained k0 in the E
mechanism is very similar to reported values of other FITs at
microscale ITIES using non-covalent bond-forming iono-
phores,16 implying that a weak binding of CO3

2− ion−
ionophore enables us to observe FITs in fast nanopipet-
voltammetric measurements regardless of the nature of
bonding. We further employed a fundamentally proved
nanoscale CO3

2−-ISE to sense and quantify CO3
2− produced

by MRB, e.g., Shewanella oneidensis MR-1 as a result of organic
fuel oxidation, thus demonstrating its analytical applicability as
well.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Ammonium carbonate [(NH4)2CO3],

tetrabutylammonium chloride (TBA+Cl−), ammonium phos-
phate monobasic ((NH4)H2PO4), ammonium phosphate
dibasic [(NH4)2HPO4], N,N-dimethyltrimethylsilylamine,
1,2-dichloroethane (DCE), 1,2-dichloromethane, isopropyl
alcohol, tetradodecylammonium bromide (TDDABr), acetic
acid, and nitric acid were purchased from Sigma-Aldrich and
used as obtained. Potassium tetrakis(pentafluorophenyl)-
borate (KTFPB) was purchased from Boulder Scientific.
Ionic liquid-supporting electrolytes (TDDA+•TFPB− or
TDDATFPB) are prepared by metathesis of TDDABr and
KTFPB.44 More details about the metathesis are in the
Supporting Information (SI). N,N-Dioctyl-3α,12α-bis(4-tri-
fluoroacetylbenzoyloxy)-5β-cholan-24-amide (CO3

2− iono-
phore VII) was used as purchased from Sigma-Aldrich.
Modified M-1 medium for Shewanella federation was prepared
and provided by the Pellock group, and the recipe of modified
M-1 medium is presented in detail in the Supporting
Information.

2.2. Fabrication of Nanopipet Electrodes. Nanopipets
were pulled from a quartz capillary (outer diameter = 1 mm,
inner dimeter = 0.7 mm, length = 10 cm, FG-GQ100-70-10,
Sutter Instrument Co., Novato, CA) using a CO2 −laser puller
(P-2000, Sutter Instrument Co., Novato, CA). As-pulled
nanopipets were further silanized for electrochemical measure-
ments. A DCE solution containing 30 mM CO3

2− ionophore
VII and 0.1 M TDDATFPB is prepared by vortexing for 15
min up to 3 h for thorough dissolution. (There was no
difference between the 15 min and 3 h vortexing, data not
shown.) The silanized pipet is filled with either a freshly
prepared DCE solution or a premade one aged for ∼12 h. An
electrochemically etched Ni/Cu wire as an inner reference
electrode is inserted from the back opening of a nanopipet and
immobilized at the position of ca 200 μm from the tapered tip
end (details about the silanization setup and procedure and
fabrication of inner reference electrodes are in the Supporting
Information).

2.3. Nanopipet Characterization by Scanning Elec-
tron Microscopy. As-pulled quartz nanopipets were charac-
terized by scanning electron microscopy (SEM) (SIGMA VP
field emission scanning electron microscope, Zeiss). Before
SEM measurements, the pipet surface was sputter-coated with
ca 3 nm thick Au layer to suppress the charging up
(Cressington Au sputter coater 108 auto equipped with
Cressington thickness monitor mtm10, Ted Pella INC,
Redding, CA, USA). The sputtered Au thickness can be
monitored in situ with the aid of an equipped thickness
monitor (Cressington thickness monitor mtm10), thereby
optimizing the sputtering condition with 20 mA current, 10 s
sputtering time, and resulting thickness of 3.4−3.7 nm. The
orifice of nanopipets was observed using e-beam with a 5 kV
accelerate voltage (Figure 1b).

2.4. NMR Experiments. All NMR experiments were
performed using a Bruker ASCEND 400 MHz spectrometer
at 298 K. A capillary of 0.010 M hexafluorobenzene (HFB) in
DMSO-d6 was prepared as an internal standard. 1H spectra
were referenced to the solvent residual signal and collected
using standard acquisition parameters. 19F spectra were
referenced to HFB and collected using an acquisition delay
of 30 s. Samples prepared for analysis included 30 mM
ionophore VII in DCE, a 0.100 M ionic liquid in DCE, and a
combination of 30 mM ionophore and 0.100 M ionic liquid in
DCE.

2.5. Electrochemical Measurements. Electrochemical
workstations (CHI 8022D and CHI 760E, CH Instruments,
Austin, TX) were used for voltammetric and amperometric
measurements. Nanopipet voltammetry employed two-elec-
trode cells using a Pt-wire (0.5 mm, hard, 99.95%, Alfa Aesar)
as a quasi-reference electrode (QRE) as represented by the Pt
QRE| CO3

2− ion and TBA+ ion with supporting electrolytes in
40 mM phosphate buffer or M-1 medium (w)|30 mM CO3

2−

ionophore VII and 0.1 M TDDATFPB (DCE)|Ni/Cu (more
details are in the Supporting Information).

2.6. Standard Addition Method for Quantification of
the CO3

2− Level Produced by S. oneidensis. To quantify
the CO3

2− concentration produced by S. oneidensis as a result
of oxidation of various carbon sources, we performed the
standard addition method as well as nanopipet voltammetry.
30 mM of CO3

2− stock solution prepared with fresh modified
M-1 medium was added sequentially as spikes into the M-1
medium used for bacterial growth, which contained 30 mM
lactate or 30 mM acetate with or without fumarate,
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respectively. The subsequent voltammetry was conducted to
measure the ionic currents caused by CO3

2− FIT. A calibration
plot of limiting currents obtained from background-subtracted
voltammograms vs added CO3

2− concentrations was con-
structed, which resulted in a linear curve. Particularly, the x-
intercept of this resulting plot directly corresponds to the
original concentration of CO3

2− intrinsically produced by S.
oneidensis.45 More details are in the Supporting Information.

2.7. Molecular Dynamics Simulations. The molecular
structures of the CO3

2− ion, CO3
2− ionophore VII, water, and

CHCl3 were designed, and each conformation with minimum
energy was also found using the MOE (MOE2020, Molecular
Operation Environment) software under the program of the
Merc-molecular force field (MMFF). More details are in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Slow Dissolution of the Bulky Ionophore in the

Organic Phase and Peculiar Solubility Origin at the
Nanoscale Interface. A homogeneous DCE solution
containing a 30 mM CO3

2− ionophore was prepared with
vortexing for 15 min prior to usage, which showed neither
precipitation nor a separated layer. With this fresh DCE inner
filling solution, a nanopipet electrode was fabricated by
inserting an electrochemically etched Pt wire as an inner
reference electrode. Subsequently, nanopipet voltammetry was
performed in the aqueous bulk solution containing TBA+ and
CO3

2−, where a simple TBA+ IT was monitored in the negative
potential scans to characterize a nanopipet, and a CO3

2− FIT
was studied in the positive potential scans. Within five runs, a
nanopipet was totally blocked and thus, ionic current responses
from both TBA+ and CO3

2− ITs disappeared (gray curves,
Figure 2a). These sudden blockages of pipets were observed
reproducibly during repetitive voltammetric measurements
(100% failure with n > 50, data not shown). Notably, when the
ionophore concentration was reduced to 5 mM, the blockage
of nanopipets filled with the freshly prepared ionophore
solution was mitigated with showing nearly reproducible TBA+

ITs and yet hardly resolved CO3
2− FITs (Figure S5). These

results clearly imply that solubility of the ionophore in the
DCE solution would be a critical factor in the observed FITs.

In fact, dissolution is not an instantaneous process. Under
the diffusion-limiting process, the dissolution rate of a solid
solute is dependent on its surface area and the diffusion
coefficient as well as the concentration gradient between the

solid surface (or saturated) and bulk solution as described by
the Noyes−Whitney equation46

C
t

D s
d

C C
d
d

( )s b= ·
(1)

where dC/dt is the dissolution rate, t is the time, D is the
diffusion coefficient of the solute in the solution, s is the surface
area of the dissolving solute exposed in the solvent, d is the
thickness of the diffusion layer, i.e., the thickness of the
boundary layer of the solvent between the surface of the
dissolving substance and the bulk, Cs is the concentration of
the solute at the solid surface (or saturated), and Cb is the
concentration of the solute in the bulk solution. Especially for a
bulky solute like CO3

2− ionophore VII dissolved in fairly
viscous DCE solution, a small magnitude of D is anticipated by
the Stokes−Einstein equation below47

D
kT

r6
=

(2)

where k is the Boltzmann constant, T is the absolute
temperature, η is the viscosity of solution, and r is the radius
of the solute molecule. Hence, small magnitudes of D and
solute surface area, s, of a bulky ionophore would lead to a
decrease in the overall dissolution rate (eq 1). This intuitive
speculation, however, is not trivial since an amperometric
nano-ISE with highly lipophilic Simon type ionophores has
been often fouled unknowingly, and its utilization has been
rare to happen.48

30 mM CO3
2− ionophore VII in DCE is obviously excessive

compared to the level of CO3
2− studied, necessary for steady-

state measurements. As CO3
2− ionophore VII is highly

lipophilic, an intrinsically high solubility in DCE solution is
anticipated. In MD simulation, the solvation of the ionophore
in the organic phase has a large negative value of free energy,
thus being thermodynamically favorable (Tables S5 and S6).

However, our repetitive failures in realizing amperometric
nano-ISEs with nanopipet voltammetry call attention to a need
for a better understanding of the distinctive solubility of the
lipophilic ionophore and its ion-complex in the organic phase.
Subsequently, the solubility origin at the nanoscale in nonpolar
environments was reconsidered. Earlier, Fileti and Chaban
performed classical MD simulations and predicted the decrease
in solvation of arbitrary nanostructures due to unfavorable
entropic contributions instead of favorable enthalpic contribu-
tions, as their dimension becomes ca 2 nm or smaller.49 A

Figure 2. (a) Voltammograms with a CO3
2−-selective nanopipet electrode filled with f reshly prepared 30 mM ionophore solution under repetitive

running of voltammetry (For CO3
2− IT, potentials are scanned from 0.1 V to 0.55 V and back to 0.1 V. For TBA+ IT, potentials are scanned from

0.1 to −0.15 V and back to 0.1 V). Within five runs, the nanopipets were completely blocked with showing a zero current response for both TBA+

and CO3
2− IT reactions (gray curve). (b) Voltammograms with a CO3

2−-selective nanopipet electrode filled with a premade 30 mM ionophore
solution under repetitive running of voltammetry. Repetitive runs showed reproducible current responses for both TBA+ and CO3

2− IT reactions.
The scan rate for both measurements was 25 mV/s. All ionophore solutions were vortexed for 15 min.
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sharp positive increase in the solvation free energy from ca 2 to
0.2 nm of the nanostructures is predicted due to lower
conformational diversity of solvent−solute interactions in the
solution, thereby decreasing the solvation entropy.49 This
theoretical speculation is consistent with our experimental
observation of blocked current responses from nanopipets
filled with DCE solution containing neutral lipophilic CO3

2−-
ionophore VII smaller than 2 nm. Hence, we suspected a
decrease in the solubility of nanosized ionophores near the
interface, which could transiently cause a local precipitation
and the subsequent blockage of a nanopipet interface.

Moreover, the solubility of the ion−ionophore complex near
the organic/water interface at the nanoscale should be
differentiated from that in the bulk organic phase. An FIT
occurs across the interface from water to the organic phase,
where a hydrated ion forms an adduct with water molecules, so
called a water-finger.41,50,51 The water-finger formation/
dissociation during interfacial ITs has been suggested by
various groups based on theoretical and experimental
approaches.42,43,43,52−54 The breakage of the water-finger
leaves a partially hydrated ion surrounded by an average of
10 water molecules in the organic phase,41 which further
undergoes a complexation with the ionophore.43,52,53

To elucidate the effect of partial hydration on the solubility
of an ion−ionophore near the interface, we performed MD
simulations using the MOE software under the program of
MMFF. The solvation free energies of a complex between
CO3

2− ionophore VII and CO3
2− in the organic monophase

(CHCl3) were calculated, where both free CO3
2− and partially

hydrated CO3
2− with 10 water molecules were studied.

Compared to a complex of CO3
2− ionophore VII and free

CO3
2−, the free energy of a complex of CO3

2− ionophore VII
with partially hydrated CO3

2− merely increases to positive, ca
1.6% (Figure 3b and Table S5 in Supporting Information).
Within the diphase system, however, the free energy of CO3

2−

ionophore VII complexed with partially hydrated CO3
2−

dissolved in CHCl3 showed ca 8.5% positive increase
compared to that of free CO3

2− ionophore VII dissolved in
CHCl3 (Figure 3c and Table S5 in the Supporting
Information). Because of an exponential dependence of
solubility on the free energy, i.e., K ∼ exp(−ΔG), even a
moderate increase of the free energy leads to a significant
decrease in solubility.49 Resultantly, the decrease in the
solubility of an ion−ionophore complex near the organic/
water interface could hamper our voltammetric study of an FIT
across the nanoscale interface.

Based on the speculation on the slow dissolution and the
distinct solubility at the nanoscale interface, sufficient time for
CO3

2− ionophore VII solvation in DCE was given by preparing
the DCE solution with up to 15 min of vortexing and storing
on the laboratory bench for 9−12 h before usage. In nanopipet
voltammetry, nanopipet electrodes filled with this premade
ionophore solution successfully showed current responses for
the CO3

2− FIT in the positive potential scan and a simple
TBA+ IT occurred in the negative potential scan (Figure 2b).
Conspicuously, each corresponding IT reaction was driven

Figure 3. Snapshots of a (a) complex of CO3
2− ionophore VII and a partially hydrated CO3

2− ion surrounded by 10 water molecules. The red circle
represents 10 water molecules surrounding the CO3

2− ion. (b) Complex of CO3
2− ionophore VII with CO3

2− surrounded by 10 water molecules
solvated in the CHCl3 organic monophase. CO3

2− ionophore VII is depicted with magenta balls, and the chloride atoms of CHCl3 are shown in
green. (c) A complex of CO3

2− ionophore VII with CO3
2− surrounded by 10 water molecules is solvated in the CHCl3 organic phase near the

water/CHCl3 interface. CO3
2− ionophore VII is depicted with magenta balls. The oxygen atoms of water are shown in red, and the chloride atoms

are shown in green. (d) Hydration of trifluoroacetyl ketone of CO3
2− ionophore VII.
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reproducibly without a notable blockage of nanopipet
electrodes in repetitive measurements (ca 80% success rate
with n > 50, data not shown). These reproducible
voltammetric data validate our theoretical speculations on
both the slow dissolution rate of the lipophilic bulky ionophore
and the peculiar solubility of the ion−ionophore complex at
the nanoscale interface.

3.2. Activation of an Ionophore with Hydrated
Carbonyl Centers in the Trifluoroacetyl Group. The
reduced concentration of the CO3

2− ionophore in the DCE
solution clearly mitigates the blockage of the nanopipet
interface during nanopipet voltammetry, thus proving an effect
of ionophore solubility on the performance of nano-ISEs.
However, nanopipets filled with a freshly prepared ionophore
solution could not effectively drive FITs regardless of the
concentration of the CO3

2− ionophore in the DCE solution,
whereas the use of a premade ionophore solution enabled the
CO3

2− FITs (Figure S5). This behavior cannot be explained by
either solubility or dissolution rate. Indeed, the aging of the
DCE solution for 12 h seems to be critical to make CO3

2−

FITs possible. Herein, we hypothesized that the aging of the
carbonate ionophore solution forms a hydrated ionophore in
which a hydrated carbonyl center of the trifluoroacetyl group is
an active form to readily bind with CO3

2− during interfacial ion
transfer (Figures 3d and S1). Earlier, the hydrated form of
carbonate ionophore VII before complexing with CO3

2− has
been reported by the Nam group with their fast atom
bombardment mass spectroscopic study.27

We conducted 19F NMR and 1H NMR with a freshly
prepared ionophore solution and monitored the spectra
changes with time to determine if hydration occurs in this
mixture. There was inappreciable moisture present in the
original NMR sample, so we performed a time study on both
the ionic liquid and the ionophore together (i.e., a similar
composition to a DCE filling solution) to observe if hydration
occurs in this mixture. There was no appreciable change over
time (Figure S6a,b). One small but notable feature of the 1H
spectrum of the freshly prepared ionophore solution is the
appearance of a secondary, equivalent resonance within the
aromatic region with a lower intensity. This resonance
appearing at 7.7−8.0 ppm expected from the gem-diol product
is substantially upfield from the predominant species of ketone
seen from 8.1 to 8.4 ppm.55 There is a similar low-intensity but
substantially upfield resonance at 85 ppm present in the 19F

spectrum of the freshly prepared ionophore solution.
Comparing our spectra to others of compounds synthesized
bearing similar gem-diol moieties, we see that the low-intensity
resonance at 85 ppm on our 19F has a similar chemical shift to
the reported one.56,57 To further confirm if these low-intensity
resonances are the gem-diol, we spiked the solution with excess
water (1−2 water drops added to a 500 μL NMR sample
containing 30 mM CO3

2− ionophore in DCE). Though it is
not as apparent in the 1H, the low-intensity resonance at 85
ppm in the 19F dramatically increases in intensity upon
addition of water (Figure S6c,d). Comparing this spectrum to
that of the freshly prepared ionophore solution, we estimate
that the gem-diol has converted to about 20% (from the
integrated peak area), where the freshly prepared solution had
gem-diol converted to approximately 6% (Figure S6e,f). The
appearance of the gem-diol even in the freshly prepared sample
occurs due to an equilibrium between the ketone and the
hydrated form, where the addition of excess water to the
sample pushes the equilibrium toward the formation of more
gem-diol. Overall, our NMR data and additional voltammetric
studies confirmed that the activation of the ionophore with
forming hydrated carbonyl centers in the trifluoroacetyl group
during aging could be a crucial factor to steadily drive
facilitated interfacial ion transfers.

3.3. Cleanness at the Organic/Water Nanoscale
Interface. Despite the adequate control of dissolution,
solubility, and preactivation of CO3

2− ionophores in the
DCE solution, we sometimes struggled with reproducibility in
electrochemical measurements of CO3

2− FITs. As an active
area of a nanopipet electrode is a nanoscale interface, the
cleanness at the interface is critical to accurately probe IT
reactions, which can be another key factor to manage the
overall reproducibility in measurements. Two major sources of
adventitious contamination on the interface are further
considered such as an inner reference electrode inserted
through the back of a nanopipet and particulate contaminants
from the ambient air outside of a nanopipet.

Quartz nanopipets pulled by a CO2-laser puller have a long
taper; thereby, an etched Pt wire is used as an inner reference
electrode to be brought to ca 200 μm from the nanopipet
interface with tens of nanometer inner radii.23−25 The shorter
the distance between a Pt inner reference electrode and the
interface, the smaller the obtained resistance of a nanopipet
electrode. A 1 cm long etched Pt is attached to a long Ni/Cu

Figure 4. (a) CO3
2−-selective nanopipet voltammograms with various contamination degrees at the nanopipet interface from clean (red solid line)

to fully contaminated (gray solid line). The TBA+ IT studied in the negative potential scan was used to characterize and confirm the nanopipet
performance, while CO3

2− IT was monitored in the positive potential scan for the study of an FIT. Corresponding pipets were filled with a premade
30 mM ionophore solution. (b) Control experiment with a clean nanopipet (laminar flow and Ni/Cu inner reference electrode (RE)) filled with a
f reshly prepared 30 mM ionophore solution. Within the fifth running, a nanopipet is blocked. The scan rate is 25 mV/s. All ionophore solutions
were vortexed for 15 min.
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(or tungsten) wire glued with Ag epoxy, and this total
composite is inserted into a nanopipet and located near the
interface to drive an interfacial potential against an outer
reference electrode.16,23 Here, unwanted contamination at the
interface can happen from nanoscale fractures or debris of
cured Ag epoxy, which can partially or totally block the
interface and affect the resulting interfacial ITs. Accordingly, a
Pt/Ni−Cu/Ag composited electrode was replaced with a Ni/
Cu alloy wire after direct electrochemical etching in
concentrated nitric acid/acetic acid etchant (see the
Supporting Information). The Ni/Cu alloy is chemically and
electrochemically stable, thus being utilized as an elec-
trode.58−60 The etched Ni/Cu electrode has a similar geometry
of a long and lean conical shape with a smooth surface to that
of an etched Pt wire, thus being located within 200 μm from a
nanopipet interface and retaining a clean liquid/liquid interface
free from nanoscale debris.

Further, particulate contaminants from the ambient air could
be controlled to keep a nanopipet interface clean by employing
the laminar flow, which predictably sweeps particles in a
uniform direction from the cleanest area under the hood (i.e.,
the filter face) to the exit area (i.e., the front opening) (Figure
S3). Particularly, we introduced a vertical laminar flow cabinet
equipped with a high-efficiency particulate air (HEPA) filter
above the standard bench top, where room air enters the
system from above the HEPA filter and particle-free air is
forced downward toward the work surface. All nanopipet
electrodes were handled under the vertical laminar flow, which
could be more advantageous than a horizontal one as it
reinforces the effect of gravity and efficiently sweeps particles
out of the enclosure generally through a front access area.61

In Figure 4, voltammograms with both contaminated and
clean nanopipets are shown, where discontinuous, capacitive,
and almost blocked current responses are observed from
contaminated nanopipets (gray and black solid lines). These
contaminated nanopipets were prepared in ambient air with an
etched Pt wire as an inner reference electrode and a premade
CO3

2− ionophore solution. Since the management of
contamination degree was out of control, we observed variably
blocked currents, which are defined as either partially or totally
contaminated status at the nanopipet interface based on the
continuity and magnitude of ionic current responses. For
example, a totally contaminated nanopipet could drive neither
a simple TBA+ IT nor a CO3

2− FIT across the DCE/water
interface due to the complete blockage (black solid curves
during forward scans in Figure 4a), whereas a partially
contaminated one showed discontinuous current responses
for both TBA+ and CO3

2− Its, indicating a partial blockage
(gray solid lines during forward scans in Figure 4). Only
nanopipets prepared in the laminar flow cabinet with an etched
Ni/Cu electrode and a premade ionophore solution could
exclude two sources of adventitious contaminations and
acquire retraceable quasi-reversible voltammograms for both
CO3

2− FIT and simple TBA+ IT (red solid curves, background
subtracted in Figure 4). The reproducibility of nanopipet
electrodes for both CO3

2− and TBA+ ITs reached nearly 100%
(n > 60, data shown in the Supporting Information, Figures S6,
S7, and S9). As a control, we tested nanopipets which were
fabricated under the clean system with an etched Ni/Cu
electrode and filled with a freshly prepared ionophore solution.
In this case, we reproducibly observed discontinuous or
blocked current responses, i.e., 100% failures in CO3

2− FITs
due to the blockage of the nanopipet interface (Figure 4b).

Markedly, the inherent cleanness of the nanopipets was
controlled as follows: (1) quartz capillaries were blown with
compressed air before pulling, (2) the subsequent as-pulled
pipets were cleaned with plasma cleaner prior to the
silanization process, and (3) silanized pipets were stored
under the N2 gas until their usage.

3.4. Electrochemical Mechanism and Kinetics of a
Facilitated CO3

2− Ion Transfer. We quantitatively evaluated
experimental voltammograms of a CO3

2− FIT by the finite
element analysis to verify the FIT kinetics and mechanism. For
the interfacial ion transfer, we can consider two mechanisms,
electrochemical ion transfer followed by complexation between
the ion and ionophore (i.e., EC mechanism) and concerted
electrochemical ion transfer (i.e., E mechanism). We numeri-
cally analyzed the experimental voltammograms with theoreti-
cal simulations based on EC mechanism as below
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where L is the CO3
2− ionophore, which interacts selectively

with CO3
2− to form a 1:1 complex,27 and ki,f and ki,b are first-

order heterogeneous rate constants for forward and reverse
simple interfacial ion transfers, respectively. The rate constants
are given by Butler−Volmer relations as62,63

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
k k

zF E E
RT

exp
( )

i f i
i

,
0

0

=
(5)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
k k

zF E E
RT

exp
(1 ) ( )

i b i
i

,
0

0

=
(6)

Also, ka and kd are association and dissociation rate
constants, respectively. In the presence of an excess amount
of ionophore (30 mM), the homogeneous rate constants are
related to as below
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where ka′ is defined as a pseudo-first order rate constant.
Especially, the thermodynamic parameter βn is directly

related with the electrochemical parameter, i.e., potentials as
below16

E E RT
zF

Llni n T
n0 0= +

(8)

where Ei
0′ is the formal potential of the simple IT.

With a reported formation constant of the TFAB derivatives
and the carbonate ion, log βn = 14.4 ± 0.2,64 we could obtain
the rate constant of ion−ionophore association, ka = 3.33 ×
1020 M−1 s−1, and the standard rate constant of a simple
carbonate ion transfer, k0 = 35 cm/s (Figure S11 and Table S7,
Supporting Information). Notably, the obtained ka is extremely
large compared to the diffusion limited value of ka,d = ∼1010

M−1 s−1 (see the Supporting Information, eq S30).16 Also, the
estimated k0 = 35 cm/s of the simple carbonate ion transfer is
unrealistically high compared to the simple TBA+ transfer rate,
k0 = 3.6 cm/s, determined by nanopipet voltammetry. These
two facts enable us to exclude the possibility of the EC
mechanism.
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Accordingly, we mainly consider the E mechanism for the
given CO3

2− FIT, where interfacial CO3
2− ion transfer is

accompanied with complexation of the ionophore as well as
water-finger formation/dissociation as well

VCO (w) L(org) CO L (org)3
2

3
2+ · (9)

In the presence of an excess amount of ionophores, an FIT
can be further treated as a pseudo-first-order process as follows

VCO (w) CO L (org)
k

k
3

2
3

2f

b

·
(10)

where kf and kb are first-order heterogeneous rate constants for
forward and reverse transfers, respectively. The rate constants
are given by Butler−Volmer relations as63,63
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where E is the potential applied to a nanopipet electrode
against an outer reference electrode, the formal potential, E0′,
is the potential at kf = kb, α is the transfer coefficient, z is the
charge of a transferred ion, F is the Faraday constant, and k0 is
the standard rate constant.

We could obtain the standard rate constant of CO3
2− FIT, k0

= 0.048 cm/s, with α and E0′. The experimental voltammo-
gram (black solid curves, background subtracted) fits well with
the simulated quasi-reversible voltammogram (red open
circles), yielding k0 = 0.048 cm/s, α = 0.45, z = −2, E0′ =
0.365 V vs Pt QRE (or 0.232 V vs E1/2,TBA), and γ (i.e., Dcomplex,
DCE/DCOd3

2−, aq) = 0.68 (Figure 5). Notably, α = 0.45 is close to
a normal value of 0.5, indicating the one-step mechanism of
the electrochemical interfacial IT reaction.62

More interestingly, our obtained k0 value with a given β =
1014 is similar to the rate constants obtained with non-
covalent-bond forming ionophores (e.g., for Ag+, k0 = 0.026
cm/s, β = 2.5 × 1012, and for K+, k0 = 0.011 cm/s, β = 6.3 ×
1014) measured by micropipet voltammetry.16 Previously,
Nam, Meyerhoff, and Simon reported the covalent bond

formation between CO3
2− and the ionophore of trifluoroace-

tophenone derivatives.27,65 If this covalent bond formation is
strong, the ion−ionophore association/dissociation rate would
become significantly slow;66 thereby, the interfacial ion transfer
would not be observable in fast nanopipet voltammetry. In fact,
our nanopipet voltammetry work is the first successful case
with covalent bond-forming ionophores for FITs. Herein, the
similarity of k0 and β values between the non-covalent bond-
forming ionophore and CO3

2− ionophore VII with forming
covalent bonds implies that weak binding of the CO3

2−-
ionophore and CO3

2− results in fairly fast association/
dissociation of the ion−ionophore complex, thereby enabling
the facilitated ion transfer within the reasonable potential
window in fast nanopipet voltammetry. In that sense, instead
of the nature of bonding between the ion and ionophore, the
strength of the bonding could determine the feasibility and
applicability of the ionophore in the FIT study by nanopipet
voltammetry.

3.5. Quantification of CO3
2− Produced by S.

oneidensis MR-1. We further demonstrate the analytical
utility of amperometric nano-CO3

2− ISEs by in situ measuring
the actual level of CO3

2− produced by MRB as a result of
organic fuel oxidation. Dissimilar MRB such as S. oneidensis
MR-1 use organic waste molecules, e.g., acetate or lactate as
food, oxidize them, and produce CO3

2− and electrons as
metabolic wastes.30 Accordingly, sensing and quantification of
total CO3

2− amount enable us to monitor the performance of
MRB with respect to organic fuel oxidation, i.e., production of
electrons as a promising anode material in MFCs.40,40
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+ +

+

+

+
(13)

In the practical application of nano-CO3
2− ISEs to biological

systems, a critical factor is biofouling. We conducted
voltammetry and amperometry in bacterial growth media
and modified M-1 medium prepared with piperazine-N,N′-
bis(2-ethanesulfonic acid) (PIPES) buffer containing 30 mM
acetate or lactate as a carbon source and other growth
nutrients. None of the noticeable signs of biofouling was seen
for either TBA+ or CO3

2− IT reactions in the supernatant of
growth media used for bacterial incubation. Neither decrease
in the current nor blockage of nanopipet responses was
observed during measurements (Figure S7).

In order to quantify the intrinsic CO3
2− present in the

supernatant of bacterial growth media, the concentration of
CO3

2− is directly estimated from the current in the obtained
voltammogram. Without background subtraction, a direct
current at E − E1/2,TBA = 0.3 V in a pristine voltammogram
shows a negligible contribution of the background, which
corresponds to ∼73% of an anticipated limiting current (at E −
E1/2,TBA = 0.35 V) in a background-subtracted voltammogram
(Figures 5 and 6a). Therefore, we selected a direct current, 5.0
± 0.3 pA at E − E1/2,TBA = 0.3 V, and multiplied a 1.36 factor
to compensate for a deviation from 100% of a limiting current.
Subsequently, using a limiting current equation, we could
directly estimate a concentration of CO3

2− produced by
bacteria. A limiting current (ilim) is linearly proportional to the
concentration of CO3

2− as below67

i xzFDCr4lim = (14)

where x is an RG factor (a ratio of the outer/inner radii of the
nanopipet, x = 1.15 for RG 1.6), z is a unit charge of the

Figure 5. Steady-state voltammogram of CO3
2− FITs across the

DCE/water interface obtained with a nanopipet filled with a premade
30 mM ionophore solution. Ionophore solutions were vortexed for 15
min. The best theoretical fitting (red open circles) to the experimental
curves (black solid curves, background subtracted forward wave) was
calculated from simulations with COMSOL Multiphysics using
parameters in the Supporting Information. The scan rate is 25 mV/s.
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analyte ion (z = −2), F is the Faraday constant (96485 C/
mol), D and C are the diffusion coefficient and concentration
of the analyte ion, respectively, and r is the inner radius of a
nanopipet opening. The direct quantification of the CO3

2−

concentration gives 0.70 ± 0.04 mM from the pristine
voltammogram without background subtraction.

Further, this CO3
2− concentration is validated by the

standard addition method,45 where a known amount of
CO3

2− spikes was sequentially added, and voltammetry was
subsequently performed (Figure 6b). Particularly, the standard
addition method is useful to consider a matrix effect in our
measurement in the presence of various anion interferents in
growth media, e.g., H2PO4

−, Cl−, and SO4
2− (more details are

in the Supporting Information). Herein, limiting currents from
background-subtracted voltammograms were used to construct
a calibration curve of standard additions (Figure 6b).

As shown in Figure 6c, a linear curve of ilim vs the
concentration of CO3

2−, CCOd3
2− is obtained, where a slope

contains information of DCOd3
2− aq, and the x-intercept gives the

original concentration of CO3
2− in growth media produced by

S. oneidensis.45 In the presence of each carbon source of acetate
and lactate, the resulting concentrations of CO3

2− are 0.675 ±
0.03 and 0.70 ± 0.04 mM (data not shown), respectively. Also,
in modified M-1 media containing lactate as a carbon source
and fumarate for the anaerobic condition, the determined
CO3

2− was 0.75 ± 0.03 mM (Figure S5b). Diffusion
coefficients of CO3

2− in M-1 media containing acetate or
lactate are 1.83 × 10−6 and 1.70 × 10−6 cm2/s, respectively.
Earlier, DiChristina and co-workers reported a maximum of
0.20 mM of total dissolved inorganic carbon (sum of aqueous
species of CO2, HCO3

−, and CO3
2−) produced from 13C-

acetate during acetate oxidation by the Shewanella strain,
MN01, measured by liquid chromatography-isotope ratio mass

spectrometry.68 Our in situ estimation of the CO3
2−

concentration shows a similar order of magnitude, while a
small difference would be due to different amounts of bacteria.

Notably, our amperometric nano-CO3
2− ISEs will open up

the applicability to the nanoelectrochemical approach such as
nanoscale SECM to directly probe CO3

2− as a result of an
organic fuel oxidation by a single living bacterium. Also, this
nanopipet electrode will be broadly useful for the study of
electrocatalytic and photocatalytic reactions that produce or
consume carbon dioxide in water.

4. CONCLUSIONS
In this work, we showed the successful demonstration and
application of CO3

2−-selective amperometric/voltammetric
probes using nanopipet-supported ITIES and broadly available
Simon-type ionophores. Especially, this is the first successful
study of nanopipet voltammetry using an ionophore forming
covalent bonding with an ion. We revealed critical factors
governing the overall performance of CO3

2− nano-ISEs such as
slow dissolution of bulky ionophores in the organic phase,
activation of hydrated ionophores, distinct solubility of the
ion−ionophore complex in the organic phase near the
interface, and the cleanness at the nanoscale interface. The
adequate experimental control of these factors leads to
reproducible voltammogram data and reliable theoretical
assessment, confirming the one-step E mechanism, where an
interfacial ion transfer is concerted with a complexation of
ion−ionophore. Notably, the obtained rate constant, k0 =
0.048 cm/s, is very similar to rates of other FIT reactions using
ionophores forming non-covalent bonds with ions. This result
clearly implies that a weak binding between the CO3

2− ion and
ionophore enables to observe FITs by fast nanopipet
voltammetry regardless of the nature of bonding between the
ion and ionophore. The analytical utility of amperometric

Figure 6. (a) Original voltammograms in blank (black solid curves) and bacterial growth media (blue solid curves). (b) Background-subtracted
voltammograms with a CO3

2−-selective nanopipet ITIES electrode filled with a premade 30 mM carbonate ionophore VII solution, which were
measured in a modified M-1 medium containing 0.4−2.4 mM standard CO3

2− spikes. The scan rate is 25 mV/s. The ionophore solutions were
vortexed for 15 min. (c) Calibration plot constructed with the standard addition method for CO3

2− quantification measured by CO3
2− ion-selective

nanopipet voltammetry with S. oneidensis-grown buffer media containing acetate or lactate as a carbon source. An x-intercept gives the value of the
original concentration of CO3

2− as 0.675 ± 0.03 mM (n = 5) produced by S. oneidensis.
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nano-CO3
2− ISEs is further demonstrated by in situ measuring

CO3
2− produced by S. oneidensis MR-1 via organic fuel

oxidation. We will further employ a newly demonstrated
amperometric nano-CO3

2− ISE with SECM to study organic
fuel oxidation at a single bacterial cell with high spatial and
temporal resolution. Importantly, our finding can be broadly
applied to develop various types of amperometric/voltam-
metric nanoprobes utilizing ion−ionophore recognition for
clinical, physiological, industrial, and environmental analysis as
well.
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