Ion Transport within High Electric
Fields in Nanogap Electrochemical Cells
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ABSTRACT lon transport near an electrically charged electrolyte/

electrode interface is a fundamental electrochemical phenomenon
that is important in many electrochemical energy systems. We
investigated this phenomenon using lithographically fabricated
thin-layer electrochemical cells comprising two Pt planar electrodes
separated by an electrolyte of nanometer thickness (50—200 nm).
By exploiting redox cycling amplification, we observed the influence
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within the confined electrolyte. Nonclassical steady-state peak shaped voltammograms for redox cycling of the ferrocenylmethyltrimethylammonium

redox couple (FCTMA™/2) at low concentrations of supporting electrolyte (<10 mM) results from electrostatic interactions between the redox ions and the

charged Pt electrodes. This behavior contrasts to sigmoidal voltammograms with a diffusion-limited plateau observed in the same electrochemical cells in

the presence of sufficient electrolyte to screen the electrode surface charge (200 mM). Moreover, steady-state redox cycling was depressed significantly

within the confined electrolyte as the supporting electrolyte concentration was decreased or as the cell thickness was reduced. The experimental results are

in excellent agreement with predictions from finite-element simulations coupling the governing equations for ion transport, electric fields, and the redox

reactions. Double layer effects on ion transport are generally anticipated in highly confined electrolyte and may have implications for ion transport in thin

layer and nanoporous energy storage materials.
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anoscale electrical energy systems,

such as fuel cells,’ batteries,> * super-

capacitors,>® and photoelectrodes’®
comprising high surface area active struc-
tures, provide potential routes to high en-
ergy and power conversion/storage and are
extremely attractive in research on energy
storage and conversion. Understanding ion
transport at the electrolyte/electrode inter-
face and within confined geometries, be-
tween or near electrically charged electrode
surfaces, is thus of fundamental importance
and provides guidance for designing high
performance systems. In this report, we pres-
ent quantitative experimental measure-
ments of ion transport in a fluid electro-
lyte confined between two Pt electrodes
separated by several tens of nanometers.
We demonstrate that electric double layer
forces in such a highly confined geometry
significantly alter the flux of charge carrying
ions, thereby reducing the current to values
well below that predicted from classical
transport expressions.

XIONG ET AL.

Electrochemical experiments using macro-
scopic cells typically employ a high concen-
tration of an electrochemically inert salt as
the supporting electrolyte to reduce the bulk
solution ohmic potential losses between the
electrodes. The presence of mobile support-
ing electrolyte ions also leads to effective
screening of the electrode surface charge,
resulting in a short Debye length (4p, describ-
ing the extension of the electric field from the
surface, typically a few nanometers or less);
hence the contribution of ion migration, in
response to electric double layer fields, to the
overall rate of transport of inert ions and
redox species is negligibly small and can
generally be ignored in considering overall
transport limitations within the cell. When
the distance between the electrodes is com-
parable to Ap, which can be achieved by
either reducing the thickness of the electro-
lyte or the electrolyte concentration, the
electrical double layer occupies a significant
fraction of the distance that ions travel in
carrying the current through solution; in this
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situation, the double layer electric fields are expected
enhance or impede the flux of redox ions to the
electrode surface through electromigration.”~""
Herein, we use lithographically fabricated, nanometer-
wide thin-layer electrochemical cells (or “nanogap cells”),
first reported by Lemay and co-workers,'~* to create
a confined electrolyte in which the electrical double
layer dominates ion transport behavior. In these de-
vices two planar electrodes are separated by a thin
electrolyte to exploit highly efficient redox cycling,
that is, the repeated, successive reduction and oxida-
tion of redox molecules at closely spaced electrodes,
to greatly amplify the faradaic signal from a redox
analyte."®~"” Previous studies of voltammetry in ultra-
thin-layer electrochemical cells and using scanning
electrochemical microscopy report no deviations
from classic mass-transport theory.'®'® Chen and co-
workers, however, have theoretically considered the
effect of the electric double layer on the electron-
transfer kinetics and the mass transport dynamics of
charged redox species within thin-layer cells using the
finite-element simulations.”® Bohn and co-workers
have also used electric field effects in low ion strength
solutions to accumulate ions in order to further en-
hance redox cycling at recessed ring-disk nanoelec-
trode arrays.?' Using molecular dynamics simulations,
Voth and co-workers predicted current inhibition due
to the electric field effect on ion transport in ultrathin
electrolytes at low electrolyte strength, suggesting this
phenomenon would be accessible to cyclic voltam-
metry measurements.>> We demonstrate that steady-
state peak-shaped cyclic voltammograms are ob-
served, and theoretically predicted, during the redox
cycling of a charged redox couple (ferrocenylmethyl-
trimethylammonium, FCTMA®™*) due to double layer
electric fields; moreover, the steady-state cell current
decreases dramatically with decreasing supporting
electrolyte concentration. Finite-element simulations
coupling the governing equations of ion transport,
electric fields, and the interfacial redox reactions are
used to demonstrate that these unusual electrochemi-
cal phenomena arise from the interaction of the redox
and electrolyte ions with the surface electric fields.

RESULTS AND DISCUSSION

The nanogap cell used in our studies is shown
schematically in Figure 1a. It comprises two circular
Pt planar electrodes (20 um-diameter) separated by
tens of nanometers (50—200 nm) and containing a
fluid electrolyte. The cell was prepared as a Pt—Cr—Pt
sandwich structure on a passivated Si wafer using
lithographic patterning and electron beam evapora-
tion, as originally described by Lemay and co-
workers.”® The sacrificial Cr layer was subsequently
electrochemically etched away to leave a nanogap cell;
details of cell fabrication are found in the Experimental
Section and Supporting Information.
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Figure 1. (a) Schematic of the nanogap electrochemical cell
and redox cycling (not to scale). (b) Optical micrograph (top
view). The dashed circle indicates the location of the bottom
circular electrode. (c) Scanning electron micrograph (side
view), where the sandwich Pt/Cr/Pt structure is indicated
(1 um slice prepared by focused ion beam milling (FEI Helios
NanoLab 650)). In (a), the Ag/AgCl electrode immersed
directly in the acetonitrile electrolyte corresponds to a
quasi-reference electrode.

The distance, L, between the top and bottom elec-
trodes was determined for each device using the
diffusion-limited current, iy, from steady-state cyclic
voltammograms for the oxidation of a neutral redox
molecule, ferrocene (Fc). In these experiments, 0.1 mM
Fc was dissolved in CH3CN containing 0.10 M TBAPF¢
and L was computed based on the following expres-
sion for a thin-layer cell,?®

ilim = L (1)

Ineq 1, D (24 x 107> cm?/s) and C are the diffusion
coefficient and bulk concentration of Fc, respectively; n
is the number of electrons transferred per molecule
(=1 for Fc); A is the overlapped area between the top
and bottom electrodes, that is, the area with the central
6 um diameter access hole excluded (current from
nonoverlapping areas makes a minimal contribution
to the current as these regions do not contribute signi-
ficantly to redox cycling, see the Supporting Information
for more details). Voltammograms recorded in the Fc
solution (see the Supporting Information) display an
ideal classical sigmoidal shape with a well-defined
diffusion-limited current from which the cell thickness
was estimated. The electrochemical cells with nominal
45, 65, and 205 nm thickness sacrificial Cr layers were
determined to have thicknesses of 48 4 7, 66 + 9, and
210 % 14 nm, respectively, based on measurements of
~10 cells of each thickness. The small discrepancy
between the measured Cr thickness and the value of
L from electrochemical measurement after Cr etching
may arise from calibration errors in cell thickness
measurement, (see Supporting Information) or vari-
ability in the overlapping extent between the top and
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Figure 2. Experimental (a, ¢, €) and simulated (b, d, f)
voltammetric responses of 50 uM FCTMAPF4 in CH;CN with
TBAPF¢ at concentrations of 0, 2.5, 10, and 200 mM, respec-
tively. Cell thicknesses were, respectively, (a, b) 53 nm, (c, d)
74 nm, and (e, f) 210 nm. The scan rate was 10 mV/s. Arrows
indicate the direction of forward scans. The shifts in the
apparent E° of the experimental voltammograms are due to
the use of a quasi-reference electrode with a day-to-day
variability in potential of up to 100 mV.

bottom planar electrodes (A in eq 1) resulted from
imperfect mask alignment during device fabrication.
The surface roughness of the Pt and Cr thin films were
measured by atomic force microscopy to be ~2 and
~0.8 nm, respectively, and are believed to contribute
little to this variability.

Following cell thickness calibration, solutions of
50 uM FcTMAPFs in CH3CN containing supporting
electrolyte (TBAPF,) at different concentration were
introduced into the thin layer electrochemical cells.
Similar to Fc, FCTMA™ undergoes a reversible and rapid
1-e~ oxidation (FCTMA™ = FCTMA*" + e, E° ~ 04V vs
Ag/AgCl). The top electrode of the cell was poised at
0.0 V vs Ag/AgCl while the bottom electrode was
cycled between 0 and 1.0 V at 10 mV/s. The resulting
voltammograms are displayed in Figure 2a, ¢, and e for
thin layer cells of different thickness. As is shown
schematically in Figure 1a, when the potential of the
bottom electrode is sufficiently positive, FCTMA™ is
oxidized to FCTMAZ", which is then transported to
the top electrode where it is reduced. FCTMA™ is then
transported back to the bottom electrode, completing
the cycle. With rapid transport this process, termed
redox cycling, repeats with high frequency and offers
large current enhancements, as compared to a single
planar Pt electrode of the same size in a solution of the
same composition. Moreover, redox cycling in a thin
layer cell results in a steady-state voltammetric response.

In the presence of high concentration of supporting
electrolyte (200 mM TBAPF), a conventional sigmoidal
shaped, diffusion-limited current was observed for
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FCTMA™ oxidation (black lines). These voltammograms
show increasing current at decreasing cell thicknesses
due to enhanced redox cycling, as predicted by eq 1.
The voltammograms also display significant hysteresis
on the forward and reverse scan, which is discussed
further below.

At TBAPF¢ concentrations of 10 mM and lower, the
voltammograms are peak shaped, rather than sigmoi-
dal. As typified by the voltammogram recorded in
10 mM TBAPF¢ using a 53 nm thick electrochemical
cell (green curve in Figure 2a), the current increases
when the potential is scanned above E° (0.4 V) for
FCTMA™ oxidation and reaches a maximum value at
~0.65 V before decreasing as the potential is further
increased; moreover, the i—V response nearly retraces
itself on the reverse sweep, indicating a quasi-steady
state. This is in accord with the diffusion time of ~1 us
between the two electrodes, calculated from 7= %/2D,
where L is the cell height and D is diffusion coefficient
for the redox species indicated. Note the voltammo-
grams with 0 mM TBAPF¢ have a similar peak shape,
although this is difficult to resolve on the scale chosen,
and are thus shown on an expanded current scale in
the Supporting Information. For all cell thicknesses,
a decrease of current magnitude is observed as the
supporting electrolyte concentration is decreased.
However, this effect is more pronounced for the thin-
ner cells.

We observed some variability of voltammetric re-
sponse at low supporting electrolyte concentration,
namely, the magnitude of the current may vary in
different scan cycles for the same cell and experimental
conditions. For example, in a 210 nm thin layer cell and
when no extra supporting electrolyte was added, the
current peak value at 0.65 V was ~0.53 nA for the first
scan cycle. In the second scan cycle, the peak value was
~0.70 nA, which is about 32% higher (see the Support-
ing Information). This phenomenon is more profound
at lower ionic strength and in narrower nanogap cells.
We speculate that this effect may be due to adsorp-
tion of FCTMA™ at the Pt surface, as discussed in the
Supporting Information. However, for a given cell
thickness, the voltammetric current always decreases
with decreasing supporting electrolyte concentration,
and the voltammograms at low supporting electrolyte
concentrations are always peak shaped.

While we are confident that the peak shape char-
acteristics of voltammetric responses for FCTMA™ oxi-
dation within the nanogap cell at different supporting
electrolyte concentrations are general and reproduci-
ble, we also admit that the experimental measurement
is very challenging, especially for cells with thinner
thickness. A critical limitation is irreversible contact and
eventual electrical shorting of the upper and lower Pt
electrodes. Contact between the Pt electrodes seems
to occur most often during the solution exchange
process, where we place a drop of the new solution
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into a PDMS cylinder atop the cell, repeating at least 10
times to ensure complete exchange of solution inside
the cell with the new solution (further details available
in the Experimental Section). For 210 nm thick devices,
~70% of the cells after being etched displayed elec-
trochemical behaviors similar to that reported above,
while for 53 nm thick devices, only ~20% of the cells
yielded the above behavior, the remainder being
shorted during the experiment.

Itis surprising that all experimental voltammograms,
including those in the presence of a high concentration
of supporting electrolyte, display some hysteresis at
the low scan rate used in these experiments (10 mV/s).
We also observed hysteresis in voltammetry of FCTMA™
in CH3CN using ~25 um diameter Pt microelectrodes;
however, it was not observed in the steady state
voltammetric response for Fc in the thin-layer cell
employed here or at the Pt microelectrodes (see the
Supporting Information). Thus, we are confident that
the hysteresis in the voltammograms is not attributa-
ble to the geometry of the cell. Although the exact
origin of the hysteresis is unclear, it does not obscure
the observations that the forward and backward vol-
tammetric response at low ionic strength clearly show
a steady-state peak shaped feature, and that the
steady-state currents decrease at lower electrolyte
concentrations.

Finite-Element Simulations of the Voltammetric Response.
The voltammetric response of FECTMA™ oxidation with-
in the thin-layer electrochemical cell was simulated
using commercial finite-element software (COMSOL
Multiphysics 4.4) as described in detail in the Support-
ing Information. Briefly, the transport of FCTMA™,
FCTMA?", TBAT, and PFs~ within the nanogap cell
was described using the Nernst—Planck equation
(ignoring convection)®?

_ _pvc - Zpc
Ji = =DVG ~ 2= DGV® P)

where F is the Faraday constant, R is the molar gas
constant, T is the absolute temperature, ® is the
potential, and J;, D; C;, and z;, are the flux, diffusivity,
concentration, and charge of the species i (either
FCTMA™, FCTMA?Y, TBAT or PFg), respectively. The
first and second terms on the right-hand side describe
the contributions to the total flux of diffusion and
migration, respectively.

Poisson's equation was used to calculate the elec-
tric potential

V2 = -~ 3)

£go
where gq is the vacuum permittivity and p is the local
electrical charge density. The relative dielectric con-
stant, ¢, was set to be 6 within the Helmholtz layer (HL)
which was taken to be 0.6 nm thick (dy,), and 40 in bulk

solution. (The effect of varying ¢ and dy_is discussed
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below and in the Supporting Information). p is is
calculated from

p = dzGF @)

For the redox reactions at the upper and lower
electrodes, FCTMAT < FCcTMA?" + e, the Butler—
Volmer equation was used to describe the rate of the
electron-transfer reactions.

j = K°[Crexp(af AD) — Coexp(1 — )f AD]  (5)

Here, j is the electron flux (= i/nFA), a is the transfer
coefficient (set to be 0.5), Cz and Cg are the concentra-
tions of reductant and oxidant at the plane of electron
transfer (PET), respectively, and f = F/(RT). We assume
that the PET is located at the edge of the HL.
AD, corresponds to the reaction overpotential,
which equals the electrode potential minus the
standard redox potential, E°. E° was set to 0.4 V vs
Ag/AgCl. The value of the PZC of the Pt surface
influences the surface charge. For the simulations
presented in the main text we assume the PZC is at
0 V; however, this does not qualitatively effect the
results of the simulations; see below and Supporting
Information for a more detailed discussion of the
influence of the choice of PZC on the voltammetric
waveshape. k° is the standard heterogeneous rate
constant, which was set to be 5 cm/s. The faradic
current results from the 1-electron oxidation of
FCTMA™ at the bottom electrode (scanned between
0 and 1V) and the 1-electron reduction of FCTMAZ* at
the top electrode (held constant at 0 V), and its value
was computed by integrating the flux across one of the
electrode surfaces.

Simulated voltammograms corresponding to the
same experimental conditions described above are
shown in Figure 2 (parts b, d, and f) for comparison
to the experimental voltammograms (parts a, ¢, and e).
For all cell thicknesses, the simulated voltammograms
reproduce the experimentally observed trend of de-
creasing current and a more peaked wave shape with
lower concentrations of supporting electrolyte. More-
over, the simulated and experimental voltammograms
show comparable currents and wave-shapes when the
experimental variability is taken into account. Experi-
mental voltammograms in the absence of supporting
electrolyte systematically displayed slightly higher cur-
rents than their simulated counterparts, which can be
explained by assuming the presence of trace ionic
impurities that act to screen the electrode charge. As
demonstrated in the Supporting Information, simula-
tions performed assuming ~300 uM of an impurity 1:1
electrolyte yield voltammetric currents and wave
shapes that are in quantitative agreement with the
experimental observations.

The simulated concentration distribution of FCTMA™
in the presence of excess supporting electrolyte (200 mM
TBAPFg) in a 74 nm thin layer cell is shown in Figure 3
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Figure 3. Plots of the concentration distribution of FCTMA™
ina 74 nm cell with 200 MM TBAPF¢ when the potential of the
bottom electrode is 1.0 V. (a) Color image featuring zoom-in
of the electrode edges and center. (b) Cross section through
the center of the electrode (dashed line in zoom-in of part a).

with the bottom electrode at 1 V to oxidize FCTMA™
and the top electrode at 0V to reduce FCTMAZ™. At this
high ionic strength, the electrical double layer is highly
compressed (1p = 0.5 nm), and the transport of the
redox species within the cell is almost entirely diffu-
sional. With the bottom electrode potential at 1.0V, the
concentration of FCTMA™ at this electrode is essentially
zero since the forward rate (first term in the Butler
—Volmer equation,eq 5) is very fast and all FCTMA™
ions are oxidized to FCTMAZ', At the top electrode
FCTMA™ is present at the bulk concentration, 50 uM.
Figure 3b shows the concentration profile computed
far away from the electrode edges (r = 7 um, dashed
line in zoom-in of part a). This plot shows that the
FCTMA™ concentration distribution is essentially linear
between the bottom and the top electrodes; a small
deviation from linearity is observable in the region
close to bottom electrode surface, as the fluxes within
this region are influenced by electric field in the
electrical double layer (A5 = 0.5 nm). In the region of
the access hole the bottom electrode does not have an
electrode above it and redox cycling does not take
place; thus, this region does not contribute signifi-
cantly to the computed current, nor does redox pro-
cesses near the edges. Calculations assuming the
current density at r = 7 um occurs at every point on
the top electrode yields less than a 0.2% deviation from

XIONG ET AL.
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Figure 4. (a) Surface plot of the total concentration distri-
bution of FCTMA™ and FCTMA?' in a 74 nm thin layer
electrochemical cell when the bottom electrode potential
is set to 1.0 V with (i) 200 MM TBAPFg and (ii) 2.5 mM TBAPF.
(b) Averaged total concentration of FCTMA " and FcTMAZ*
within the cell as a function of bottom electrode potential
with different TBAPF¢ concentrations.

the full simulation (see the Supporting Information for
details).

Simulations performed assuming the presence of
200 mM supporting electrolyte show that the sum of
the concentrations of FCTMA™ and FCTMA®™ is essen-
tially equal to the bulk concentration of FCTMA™
(50 uM), as it would be if the mass transport was purely
diffusive. This is shown in Figure 4a(i) when the bottom
electrode is at 1.0 V and is indicated by the red line in
Figure 4b, which presents the average total redox
concentration in the volume between the electrodes.
Note, the simulation predicts ~1% depletion of redox
species within the very thin double layer (15 = 0.5 nm)
at the bottom electrode surface, but has an insignif-
icant effect on the total concentration within the
nanogap cell or the voltammetric response. In contrast,
when the supporting electrolyte is low (2.5 mM,
Ap ~5 nm), depletion of the redox molecules is ob-
served close to the bottom electrode. This is visible in
Figure 4a(ii) as a blue/green region, indicating that
FCTMA™ and FCTMA?™ ions are largely excluded from
the double layer region. The average total concentra-
tion of FCTMA™ and FCTMA?™ between the electrodes
as a function of the applied potential is presented as
the black line in Figure 4b. The depletion of redox
species at 2.5 mM TBAPF; increases gradually as the
potential is increased and levels off at potential of
~0.50 V with a limiting total concentration ~43 uM,
implying a 15% reduction in the number of the redox
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Figure 5. (a) Experimental and (b) simulated cyclic voltam-
mograms for 50 uM FcTMA™ oxidation in a 74 nm thin layer
cell with TBAPF¢ concentrations of 2.5 and 200 mM. Simu-
lated (c) potential profiles, concentration distributions of
(d) FETMA™ and (e) FETMA2" across the cell (dashed line in
Figure 3a), in the same system, at the bottom electrode
potential of 0.7 V. (f) Diffusional and migrational fluxes of
FCTMA™ across the cell with 2.5 mM TBAPF; also at 0.7 V;
inset shows fluxes close to the top electrode. (Diffusional and
migrational fluxes of FCTMA™ with 200 mM TBAPF concen-
tration are presented in the Supporting Information.) Note:
potential distribution in HL not shown in part (c).

ions (FCTMA " and FCTMA?™). The experimental (a) and
simulated (b) voltammograms for these two systems at
200 mM and 2.5 mM TBAPFg are reproduced in Figure 5,
and both show that the voltammetric current with
2.5 mM TBAPF¢ is ~1/5 of that with 200 mM TBAPF.
Thus, phenomena other than simple redox depletion
are responsible for the decrease in current with decreas-
ing supporting electrolyte concentration.

In 2.5 MM TBAPFg, the voltammetric current reaches
its maximum value at ~0.7 V before it starts to drop
with further increases in potential, and it is at this
potential that we examined the concentration profiles
across the cell. As expected, for both supporting
electrolyte concentrations the majority of the potential
drop occurs within the Helmholtz layer (HL) as can be
seen in Figure 5c. At 200 mM TBAPF,, the potential at
the PET is 0.06 V, and decreases rapidly to 0.0V ~1 nm
away from the PET. At 2.5 mM TBAPF;, the potential at
the PET is 0.16 V, and decreases gradually to 0.0 V at
~20 nm from the PET. Figure 5d and e shows the
simulated concentrations of FCTMA™ and FcTMA? ™ at
the r = 7 um cross-section between the electrodes
(dashed line, Figure 3a). In all cases, the concentrations
are linear beyond the double layer region of the
bottom electrode, indicating that mass transport out-
side the double layer occurs by diffusion. For the
200 mM electrolyte, the linear region begins ~1 nm
from the bottom electrode; whereas, for 2.5 mM

XIONG ET AL.

TBAPFg it begins ~20 nm away. That mass transport
is governed by diffusion beyond the double layer is
confirmed in Figure 5f, which shows the two simulated
components of FCTMA™ flux across the domain for
2.5 mM TBAPFs.

Within the double layer at the bottom electrode,
there is an appreciable electric field which repels both
positively charged redox species. For FCTMA?*, migra-
tion in the double layer occurs in the same direction as
the net flux of this ion (bottom to top electrode). For
FCTMA™, the net flux is directed toward the bottom
electrode whereas migration acts in the opposite direc-
tion, as can be seen in Figure 5f. FCTMA™ is repelled from
the bottom electrode resulting in a nearly zero concen-
tration at the bottom electrode surface and an increas-
ing concentration nearer the top electrode (Figure 5d).
Electromigration reflects the product of the local redox
concentration (Figure 5d) with the local electric field
(the negative of the gradient of Figure 5¢); the opposing
trends of these two components result in the migra-
tional flux of FECTMA™ being zero at the electrodes and
achieving a maximal magnitude at ~8 nm from the
electrode surface. Note that although the total flux is
equal at all points, the diffusional flux, which is propor-
tional to the concentration gradient, increases from zero
to a peak value at ~8 nm away from the bottom
electrode, and then decreases again.

Interestingly, we note that the average concentra-
tions of the two redox species are unequal at the low
supporting electrolyte concentration, with a much
higher proportion residing in the +1 form (7:1 FCTMA™:
FCTMA2"); this suggests that the transport of FCTMA™
to the bottom electrode is indeed the rate limiting step
as will be shown in detail below. Such unequal average
concentrations of the two halves of the redox pair also
occurs in situations where the two species have differ-
ent diffusion coefficients.**

To understand the peak shaped cyclic voltammo-
grams at low supporting electrolyte concentration, it is
important to consider the diffusional and migrational
components of mass-transport, as illustrated in Figure 6.
The simulated voltammogram (Figure 6a) for 50 uM
FCTMA™ oxidation in a 74 nm cell with 2.5 mM TBAPF,
shows a maximal current at around 0.7 V. The contribu-
tions to the current of FCTMA™ diffusion and migration
at the bottom electrode are presented in Figure 6c as a
function of applied potential. These components act in
opposing directions and have magnitudes that are in
general much larger than the current (i.e,, the sum of the
two transport components).

In sections | and Il labeled on Figure 6¢, no net
current flows as the potential is far below £° (0.4 V).
However, concentration polarization occurs (green/
black curves, part b) with the positively charged elec-
trode repelling the positive FCTMA™. This polarization
causes a steady-state where the diffusional and migra-
tional fluxes are equal but opposite in sign and thus
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Figure 6. (a) Simulated cyclic voltammogram for 50 uM
FcTMA" oxidation in a 74 nm cell with 2.5 mM TBAPFs.
(b) Concentration distribution of FCTMA™ across the cell
(dashed line in Figure 3a) at potentials of 0.05, 0.2, 0.7, and
1.0 V applied to the bottom electrode. (c) Diffusional and
migrational currents of FCTMA™ at the bottom electrode as
a function of the potential applied to the bottom electrode.
(d) Zoom-in of region (IV) in (c).

perfectly balanced, that is, no net flux (current) occurs.
As the potential of the bottom electrode is increased
the electric field increases, leading to an increase in
concentration polarization, as can be seen comparing
the green curve (50 mV) to black curve (200 mV) in
Figure 6b. The migrational flux away from the bottom
electrode, which is proportional to the concentration
and the electric field, initially increases with increasing
potential/electric field (section | in Figure 6¢); however,
as the surface concentration tends to zero it begins to
diminish (section Il).

When the bottom electrode voltage is above E°,
FCTMA™ oxidation occurs in appreciable amounts and
a current is observed. The rate constant for oxidation
increases with increasing potential as described by the
Butler—Volmer equation (eq 5) and in region lll this is
the dominant factor causing the increasing current
with voltage. However, once the potential is high
enough the oxidation reaction goes to completion
and the surface concentration of FCTMA™ is essentially
zero (see inset of Figure 6b); at these potentials mass
transport dominates the electrode current (region IV).
With zero surface concentration the surface migrational
flux must be zero, as indicated in Figure 6d which shows
a zoomed in region of the surface flux of FCTMA™,
A diffusional flux, proportional to the concentration gra-
dient, remains as the source of all the current at the
bottom electrode. The inset in Figure 6b indicates that at
a higher potential (1.0 V relative to 0.7 V), the FcTMA™ is
repelled more strongly resulting in a lower concentra-
tion gradient at the electrode surface, and thus a lower
diffusive flux (Figure 6d) and current (Figure 6a).

So far, we have successfully explained the experi-
mental observation of current inhibition induced by
the electrical field in a thin layer electrochemical cell
when the supporting electrolyte concentration is low.

XIONG ET AL.

Note that the electrostatic depletion only occurs
within the electrical double layer region. Increasing
the supporting electrolyte concentration narrows the
electrical double layer, which results in a different
voltammetric response. In particular, with excess sup-
porting electrolyte (200 mM TBAPF¢), mass transport is
almost diffusion controlled (see the Supporting Infor-
mation for comparison). The extent to which the
electric field, —V®, extends from the electrode is
known as the electrical double layer and characterized
by the Debye length, 1p

eoekT
Ab = 4| ———— 6
D=4 IE’ZZGZ;Z (6)

where ¢ and ¢ are the relative electric permittivity of
the solvent and permittivity of vacuum, respectively, k
is the Boltzmann constant, and e is the elementary
charge. Overall, as the supporting electrolyte concen-
tration increases, the voltammetric current increases,
eventually reaching the diffusion-limited value at high
electrolyte concentrations. A peak shaped voltammo-
gram occurs whenever the ion depletion within the
double layer is significant. Simulated results for 10 and
0 mM supporting electrolyte concentration have the
same form as that presented in Figures 4—6 for 2.5 mM.

Importantly, while the exact value of a simulated
current may be changed by varying a parameter, none
of the conclusions in this work is dependent on the
exact value chosen for any parameter; this was con-
firmed by simulations using alternative parameters,
such as the PZC, k° ¢ within the HL, and dy, in the
simulations. Each has a degree of uncertainty to them.
First, different values of the PZC will influence the
surface charge at electrodes, resulting in different
electrostatic effects between electrodes and ions,
especially in low supporting electrolyte concentra-
tions. Simulations with a series of PZC values,? be-
tween —0.2 and 0.2 V at 2.5 mM TBAPF4 in a 74 nm cell,
show that the voltammetric current increases at posi-
tive PZC and decreases at negative PZC, consistent
with the expectation from electrostatics (see Support-
ing Information). More importantly, the peak shape
feature of the voltammogram is always observed,
indicating that different PZC value does not qualita-
tively influence mass transport. Second, the standard
rate constant for FCTMA™ oxidation, k°, determines the
electrochemical reaction kinetics. Simulations using
different standard rate constant, 2, 5, and 10 cm/s,
which have been reported in previous literature,?®
were performed. It was found that a change in the
standard rate constant effects the voltammetric cur-
rent near E° but a peaked shape is observed regardless
of the chosen value of k°. Finally, the potential drop
within Helmholtz layer can be affected by relative
dielectric constant, g, within dy,. If the potential drop
within the compact layer is greater, by using either a
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Figure 7. Simulated voltammetry of 50 uM FCTMA /2" in
thin layer cells of varying thickness (L = 53 nm —8000 nm)
containing 2.5 mM supporting electrolyte. (a) Simulated
voltammograms normalized to the diffusion-limited cur-
rent (substituting L into eq 1) and (b) percentage decrease in
the current from the peak current to the currentat 1 V. In all
cases dy. = 0.6 nm, PZC=0 V. k° =5 cm/s and ¢, = 6.

thicker HL or a lower dielectric constant, the effect of
electrostatics between electrodes and ions will be less
significant. Simulation of voltammograms in a 74 nm cell
with different relative constant and HL thickness were
performed and results are presented in the Supporting
Information. Regardless of the value of the thickness or € in
the HL, the voltammogram:s still display a well-defined peak.
Dependence of Double Layer Effects on Cell Thickness.
Finite-element simulations were also used to investi-
gate in more detail the role of cell thickness, L, in con-
trolling the voltammetric wave shape. Figure 7a shows
normalized voltammograms for 50 uM FCTMA*2* in
2.5 mM supporting electrolyte in thin layer cells of
varying thickness (L = 53 nm —8000 nm). Figure 8a
shows the same simulations in 200 mM supporting
electrolyte. In general, as the thickness of the cell is
increased, the normalized voltammograms tend to the
diffusion-limited sigmoidal shaped voltammogram.
Specifically, the wave shape becomes less peaked as
the cell thickness is increased and the magnitude of
the normalized current increases. Figures 7b and 8b
show the percentage drop in the current following the
peak current at high and low electrolyte concentra-
tions. We observe that the decrease in current follow-
ing the peak is less than 5% when L is greater than
~1.5 um in the solution containing 2.5 mM support-
ing electrolyte. At higher electrolyte concentration
(200 mM), the drop in current is less than 5% when
L is greater than ~13 nm. Surprisingly, these cell thick-
nesses are still considerably larger than the Debye
screening lengths in 2.5 mM (Ap ~ 5 nm or 0.3% of
1.5 um) and 200 mM supporting electrolyte (1p ~
0.5 nm or 4% of 13 nm), indicating that double layer
effects influence cell behavior over much longer dis-
tances than originally expected based on the thickness
of the diffuse double layer.

EXPERIMENTAL SECTION

Reagents. Ferrocene (Fc) (Aldrich) was purified by sublimation.
Tetrabutylammonium hexafluorophosphate (TBAPFg) (Aldrich)
was recrystallized from absolute ethanol and dried under vacuum.
Ferrocenylmethyltrimethylammonium hexafluorophosphate
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Figure 8. Simulated voltammetry of 50 uM FCTMA 2% in
thin layer cells of varying thickness (L = 5—500 nm) contain-
ing 200 mM supporting electrolyte. (a) Simulated voltam-
mograms normalized to the diffusion-limited current
(substituting L into eq 1) and (b) percentage decrease in
the current from the peak current to the currentat 1 V. In all
cases, dy, = 0.6 nm, PZC =0V, k® = 5 cm/s, and &y, = 6.

Recently, Amemiya and co-workers used the same
FCTMA>™ couple to study the organic contamination
of highly oriented pyrolytic graphite (HOPG) from
ultrapure water by SECM.?® However, only sigmoidal-
shaped voltammograms (no peaks) were observed at
SECM tip/electrode separations between 30 to 500 nm.
Considering the similarity between the SECM tip/elec-
trode geometry and the nanogap cells in our studies, it
is surprising that a current inhibition was not observed
in their study.

CONCLUSION

In this paper, we reported the influence of the
electrical double layer on ion transport within nano-
meter wide thin-layer electrochemical cells. We have
demonstrated, by both experiments and simulations,
that the electrochemical behavior of a simple redox
system departs from classical diffusion-only behavior
when the spacing between the electrodes is on the
order of 10s to 100s of nanometers. Instead of a
sigmoidal i—V curve, a steady-state peak shaped vol-
tammogram was observed experimentally for FCTMA™
oxidation. Current attenuation as the electrode poten-
tial is increased beyond E° results from the interplay of
the diffusional and migrational fluxes, which are depen-
dent on ion distribution and the electric field within the
electric double layer. The current inhibition phenomen-
on becomes less significant as the supporting electro-
lyte concentration increases. The experimental results
agree well with predictions from the finite-element
simulations based on numerical solution of the Poisson,
Nernst—Planck, and Butler—Volmer equations. The find-
ings from this study appear to be applicable to other
systems where mass transport occurs on nanometric
length scales, as is increasingly the case in high perfor-
mance electrochemical energy systems.

(FCTMAPF¢) was prepared by metathesis of ferrocenylmethyl-
trimethylammonium iodide (Alfa Aesar) with ammonium hexa-
fluorophosphate (Aldrich) in water at ~60 °Cfor 1 h, followed by
recrystallization from water and drying under vacuum.®*’ Acet-
onitrile (HPLC grade) was used as received.
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Electrochemical Measurements. A bipotentiostat Pine AFRDE5
was employed for the three-electrode voltammetric measure-
ments, where the upper/lower electrodes of the thin-layer cell
were the two working electrodes. In order to directly immerse
the reference electrode into the acetonitrile solution, a chlor-
idized Ag wire was used as a quasi-reference electrode. Note
that the potential for the Ag wire quasi-reference electrode may
vary by ~100 mV from experiment to experiment. All poten-
tials reported in this paper are relative to the Ag/AgCl wire.
The potentiostat was interfaced to a PC computer running
custom written programs (LabVIEW 2010, National Instruments)
through a multifunction data acquisition card (PCl-6040,
National Instruments). All experiments were performed inside
a Faraday cage at room temperature.

Nanometer Wide Thin Layer Cell Fabrication. Design and fabrica-
tion of the nanometer wide thin layer electrochemical cells
shown in Figure 1 followed a method similar to that reported by
the Lemay group.'*' Briefly, a sandwich structure consisting of
(1) a 20 um diameter, 30 nm thick circular bottom Pt electrode,
(2) a 35 um diameter sacrificial Cr layer with desired thickness of
L =45, 65, or 205 nm, and (3) a 20 um diameter, and a 30 nm
thick circular top Pt electrode, were sequentially deposited on a
Si wafer (with a 500 nm thermally grown SiO,) by electron-beam
evaporation and patterned using lift-off photolithography. Film
thicknesses were monitored by a quartz crystal microbalance
measurement during electron-beam evaporation. Both the
bottom and top electrodes were electrically connected by
square conduction pads. Afterward, the device was passivated
by a 1 um thick SiN,/SiO, layer using plasma-enhanced chemi-
cal vapor deposition (300 °C). Conduction pads and access holes
were then etched through the passivation layer using reactive
ion etcher (CHF5/0, reactive ion etching in a Oxford 80 Plasma
System). Figure 1b and ¢ shows the optical micrographic top-
view and electron micrographic side-view of the device at this
stage of the fabrication process. Multiple devices were pat-
terned on a single wafer which was diced into 15 mm x 6 mm
chips, each containing a single electrochemical cell. A small
PDMS block with a cylindrical channel (~5 mm diameter) in the
center was adhered on top of the chip and served as the bulk
solution reservoir containing the reference electrode, and
for introducing new solutions. Additional fabrication details
are presented in the Supporting Information and the original
articles by Lemay and co-workers.'>"®

After the fabrication, the middle sacrificial Cr layer was
removed to generate a nanogap between the two planar
electrodes. In contrast to conventional chemical wet Cr
e'(ching,12 where the etchant solution is introduced and a small
bias (10 mV) is applied between the top and bottom electrodes
to monitor the etching process, we used an electrochemical
etching method, where the top and bottom electrodes are
shorted and a potential is applied vs a reference electrode,
which is reported to significantly increase the etch rate.?®
Specifically, after introducing the Cr etchant solution (15 mM
CH3COOH, 0.10 M KNO3, and 4 mM Ce(NH,4),(NOs)e), a potential
of 0.75 V vs Ag/AgCl was applied to the top and bottom
electrodes. A typical time-current trace during the etching
process is provided in the Supporting Information. The total
charge calculated from integration of the shaded area agrees
well with the total amount of Cr layer estimated from evapora-
tion (see the Supporting Information). After the complete
removal of the sacrificial Cr layer, the etching solution was
replaced with pure water and background voltammograms
were recorded (see Supporting Information). The success rate
for fabrication is strongly dependent on the device thickness.
For devices with 200 nm nominal thickness, ~90% could be
etched to give a clean background voltammogram; whereas for
the thinnest devices (45 nm nominal thickness), the success rate
was ~30%.

The solution within the cell was replaced by a new solution
by placing a drop of the new solution in the PDMS cylinder to
allow diffusional mixing. Quantitative exchange of one solution
for another was achieved by repeating this process at least
10 times.
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