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ABSTRACT: Characterization of materials in confined
spaces, rather than attempting to extrapolate from bulk
material behavior, requires the development of new measure-
ment techniques. In particular, measurements of individual
meso- or nanoscale objects can provide information about
their structure which is unavailable by other means. In this
report, we perform measurements of ion currents through a
few hundred nanometer long MnO, rods deposited in single
polymer pores. The recorded current confirms an existence of
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a meshlike character of the MnO, structure and probes the effective size of the mesh voids and the polarity of surface charges.
The recorded ion current through deposited MnO, structure also suggests that the signal is mostly due to metal cations and not
to protons. This is the first time that ionic current measurements have been used to characterize mesoporous structure of this

important electrode material.

1. INTRODUCTION

Metal oxides are important materials for electrochemical energy
storage devices,' including lithium ion batteries” and super-
capacitors,” which are receiving increased attention as valuable
technologies not only in portable electronics but also in
transportation, grid level storage, and other applications.
Research on the improvement of oxide materials for energy
storage has been primarily focused on the introduction of
nanoscale features®~ > with the goal of increasing specific surface
area and decreasing the length of ion diffusion pathways.
Specific surface area of electrodes can be measured by gas
adsorption or can be estimated geometrically, but these
approaches do not give information on whether the determined
area is fully accessible to relevant solvated ions. Additionally,
direct measurement of ion diffusion through metal oxide
nanomaterials can be quite challenging. Given the diverse
morphologies, crystal structures, and oxidation states in which
many metal oxides can be produced, there is a need for a
specific method for probing ion transport in these materials.
Manganese oxide is a popular energy stora%e material which
has been used in lithium ion batteries®® as well as in
supercapacitors.”'® It features good capacity, earth abundance,
low toxicity, and low cost, and there are numerous methods for
synthesizing different types of manganese oxide for use in
energy storage devices. While the physical properties, like
electrical conductivity and crystal structure, are relatively easy
to determine, very little has been done to understand how the
porous character of MnO, influences transport of lithium and
other ions inside and through the material. Additionally, there
is ongoing uncertainty as to the mechanism of energy storage in
various MnO, materials, particularly in respect to the
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contribution of Li* or other metal cations as opposed to
protons.

In this manuscript, we present a novel method for
determining ion transport through a metal oxide using
electrodeposited amorphous manganese oxide as a demon-
stration material. This method takes advantage of the properties
of the electrochemical double layer and has been previously
applied to polymer nanopores and biological channels."'~"?
Here, for the first time, this method is applied to a nanoporous
structure of manganese oxide deposited as a mesorod inside a
single, several hundred nanometer in diameter pore in a
polymer film of polyethylene terephthalate (PET). Using this
method, we were able to confirm the existence of nanovoids in
the oxide and were able to determine the effective size of the
voids, the type of surface charges, and which ion dominates the
measured current signal. Thus, the recorded current through
the porous structure of MnO, was a direct probe of geometrical
and electrochemical properties of the MnO, mesorods.
Observed saturation of ion currents at low salt concentrations
suggests that the voids have effective opening diameter of less
than 5 nm and that they also carry negative surface charge. The
nanometer character of the charged voids makes them cation
selective, which was confirmed by the measurements of the so-
called reversal potential: a potential difference established when
a porous structure is in contact with a salt concentration
gradient."*
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Figure 1. (a) Transmission electron microscopy (TEM) and (b) SEM images of representative MnO, rods electrodeposited in anodized aluminum
oxide (AAQ) pores. The bifurcation observed in the rods is a result of pore branching in the AAO template, created on one side of the membranes
during their fabrication process (anodization), and is not expected to be present in the mesorods grown in single pores in PET membranes.
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Figure 2. Current—voltage curves through two cylindrical nanopores before (black squares) and after (red circles) deposition of 200 nm long
manganese oxide rods. The single cylindrical pores had the original opening diameter of (a) 374 nm and (b) 304 nm. All recordings were performed
in 1 M KCI, pH 8. The presented data are averages over three independent voltage scans. The error bars are smaller than the symbols.

2. EXPERIMENTAL METHODS

Preparation of Pores. Single pores in polyethylene
terephthalate (PET) films were prepared by the track—etching
technique." In the first step, 12 um thick foils were irradiated
with single Au ions of total kinetic energy of ~2 GeV (linear
accelerator, GSI, Darmstadt, Germany).16 In the second step,
the irradiated films were etched in 0.5 M NaOH at 70 °C; 30
min of etching in these conditions causes preparation of pores
with an average diameter of 100 nm."” Pore diameter increases
with the etching time in a linear fashion.'> A more precise
estimation of the pore diameter is performed by measuring
current—voltage curves in 1 M KCI and by relating the pore
resistance with its geometry. Assuming a cylindrical shape of a
pore, the pore conductance, G, is given as G = (kzd*)/(4L)
where d is the pore-opening diameter, L is the pore length, and
k is the conductivity of the solution in the pore. Pores used in
the reported experiments had opening diameters between 50
and 400 nm, and thus, the conductivity of the medium in the
pore could be assumed equal to the conductivity of a bulk
solution, 10 S/m for 1 M KCL All current—voltage curves were
recorded in a conductivity cell whose two chambers were
separated by a single pore membrane. Two nonpolarizable Ag/
AgCl electrodes were used in the measurements. Measurements
in symmetric electrolyte conditions were performed with Ag
wires with deposited AgCl. Recordings in asymmetric salt
concentrations were performed with homemade Ag/AgCl
electrodes immersed in agar saturated with 3 M KCl. The
agar electrodes were prepared as described in the literature.'®"”
Briefly, 0.5 mL of a heated solution of 4 g agar in 100 mL of 3
M KCI was suctioned into a 1 mL eppendorf pipet tip; the
remaining volume of the pipet was filled with 3 M KCI. The

electrodes were reported to perform very well for measuring
small currents with high precision, and no leakage of the
electrolyte from the electrode was observed."®'® The high
concentration of 3 M KCl in the agar electrodes also reduces
the junction potential to values below 2 mV.*® All electrolyte
solutions were prepared in deionized water and were buffered
to pH 8 using Tris buffer.

Deposition of Rods. Manganese oxide rods were prepared
within PET pores using electrodeposition. First, one side of a
PET membrane containing a single pore was sputtered with
~200 nm thick layer of gold using a Denton Desktop III
coating system (Denton Vacuum LLC, Moorestown, NJ). The
gold layer blocked one entrance of the pore, providing an
electroactive surface for the growth of MnO, in the pore. A ring
of copper tape (3M) was used to connect the gold side of the
film to the external circuit and to provide mechanical support
for the membrane. The copper ring and the membrane were
sealed in acid-free tape (3M), which restricted electrolyte access
to the conductive copper surface and which limited the
deposition only to the interior of the pore. Electrodeposition
was carried out using a bipotentiostat (BioLogic, Claix, France)
in a three-electrode cell with a platinum counter electrode and a
Ag/AgCl reference electrode. A schematic of the working
electrode assembly is presented in Figure S1 of the Supporting
Information. All depositions took place at 0.6 V versus Ag/
AgCl in an aqueous solution of 0.1 M manganese acetate. After
the deposition was complete, the PET film was removed from
the tape and was soaked in an aqueous etching solution (0.6 M
KI and 0075 M 1,) to remove any residual gold without
damaging the manganese oxide within the pores. Removing
gold was necessary for performing ion current measurements
through the deposited MnO, mesorods.
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Figure 3. (a, b, left panels) Current—voltage curves in KCl recorded through single pores with deposited 200 nm long manganese oxide mesorods.
The pore diameter before MnO, deposition was (a) 374 and (b) 304 nm. The presented data are averages over three independent voltage scans. (a,
b, right panels) Absolute values of ion currents recorded at —1 V and +1 V. (c) Current—voltage curves through an empty cylindrical pore with an
opening of 50 nm; this pore was not filled with manganese oxide. Absolute values of currents at +1 V as a function of KCl concentration are shown

in the right panel. All KCI solutions were buffered to pH 8.

Because of the challenges of microscopy characterization of
single pores, the imaging was carried out on rods prepared
according to the same procedure but using porous anodized
aluminum oxide (AAO) membranes (Whatman, Maidstone,
Kent, UK.) in place of the PET films. The AAO pores are 200
nm in diameter, making them comparable to the single PET
pores used for MnO, deposition and for ion current studies.
With a pore density of ~10° cm™, AAO membranes allow
preparation of many mesorods and their imaging, while
maintaining similar confinement and morphology of the
pores as in the polymer film. Moreover, AAO membranes
can be dissolved in relatively mild chemical conditions (3 M
NaOH) leaving intact, freestanding arrays of MnO, wires as
seen in Figure 1. Because of variation in the diameter of the
single pores in the PET films, the recorded current was not
considered to be an accurate indicator of the total length of the
mesorods as their density is unknown. Instead, the thickness of
the deposited material was controlled by the deposition time.
Using mesorods deposited in AAO membranes, the relation-

ship between length and deposition time was characterized
through scanning electron microscopy (SEM); a linear
relationship was demonstrated between the growth time of
the manganese oxide and the length of the resulting wires. As
an example, deposition of 200 nm long MnO, rods was
performed within half a minute. Slow deposition of MnQO, is
believed to allow for a complete filling of the pore cross-
sectional area with the oxide.

3. RESULTS AND DISCUSSION

Figure 2 shows current—voltage curves recorded before and
after deposition of ~200 nm long MnO, rods in two
membranes containing single pores with an opening diameter
of 374 and 304 nm, respectively, as measured from current—
voltage curves. Deposition of MnO, significantly increased
resistance of the two membranes. In case of the pore shown in
Figure 2a, the resistance increased 7 times. Thus, assuming a
cylindrical shape of the pore, the effective pore opening
diameter decreased ~2.5 times. In the case of the structure in
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Figure 2b, the increase in resistance was ~60 fold, indicating
that the effective diameter after MnO, deposition was reduced
to ~40 nm. The increase of the system resistance can be
explained either by a restriction of the pore size because of the
growth of solid metal oxide in the pore or by the formation of a
meshlike porous structure with multiple pore openings
significantly smaller than 140 or 40 nm. Imaging suggests
that the deposited manganese oxide does not form tubular
structures (see inset of Figure la) but rather creates porous
rods. Ionic current measurements (see below) further
corroborated a meshlike character of the deposited MnO,.
This random porous structure may also account for the
variation in the magnitude of the resistance increase after MnO,
deposition, despite the very similar ionic properties of the
various samples, discussed further below. We tested nine
independently prepared devices, and the increase of the system
resistance after MnO, deposition varied between a factor of 4
and 125.

To confirm that the voids are smaller than the nominal 140
and 40 nm openings suggested and to estimate the size of the
voids within the porous network, we performed a series of
current—voltage measurements in aqueous solutions of KCI,
NaCl, and LiCl in the range of concentrations from 1 mM to 1
M. If the surface of MnO, is charged, as suggested by the earlier
studies,®! and if the voids are of nanometer scale, one should
observe ion current saturation at low concentrations of
electrolyte. The electroneutrality requirement predicts that
the difference in counterion and co-ion concentration will
dggend on the surface charge, 0, and the pore opening radius,
r:

C.—C_=AC=-20/er (1)

where e is the elementary charge. The concentrations C, and
C_ are, however, a strong function of the thickness of the
electrical lager and, thus, of the concentration of the bulk
electrolyte.”* Below the concentration at which the pore radius
approaches the thickness of the electrical double layer, only
counterions are present in the pore, and the measured current
becomes bulk concentration independent.

Figure 3a shows current—voltage curves through a MnO, rod
deposited in a 374 nm in diameter single pore recorded in KCL
Recordings in NaCl and LiCl are shown in the Supporting
Information (Figure S2) and exhibit the same characteristics.
All solutions were buffered to pH 8. Ion currents started to
saturate for both voltage polarities in ~50 mM, where the
electrical double-layer thickness calculated as 0.3 nm/ \/ ¢, with
¢ expressed as mol/liter, is ~1.3 nm.”> The expression was
obtained for room temperature and dielectric constant of water
equal to the bulk value of 80. It is known, however, that the
confined space of nanopores can lower the dielectric constant
of water,”* implicating a thinner electrical double layer and even
smaller effective opening diameter of the voids. The measure-
ments, therefore, suggest that the effective diameter of the voids
is just a few nanometers.

Figure 3b shows current—voltage curves through a 200 nm
long MnO, wire deposited in a 304 nm pore. The currents
started to saturate at a similar value of KCI concentration as in
the case of the device created on the basis of a 374 nm pore,
~0.1 M (Figure 3a, b). This result confirms that the voids in
the MnO, rods are roughly the same size, independent of the
diameter of the pore in which they were deposited. An example
of another MnO, mesorod with length of 1100 nm is shown in
the Supporting Information. The absolute values of currents

through different rods can vary significantly (Figure 3a, b and
Figure S3 of the Supporting Information), which most probably
results from a different number of voids in independently
prepared mesorods. The variability of the number of voids is
expected because of a relatively small diameter of the rods.
Thus, the current through rods of different lengths does not
always follow the behavior expected for a resistor. The
nanometer scale and comparable size of the voids in different
samples is, however, evidenced by a similar value of salt
concentration at which the currents saturate for different,
independently prepared, MnO, rods.

To provide evidence that the recorded current is indeed
through the voids and not a pore of a size equal to the effective
opening diameter calculated after MnO, deposition, we
recorded I—V curves through an empty cylindrical pore with
an opening of S0 nm (Figure 3c). As expected, the ion current
decreased monotonically with the decrease of the KCI
concentration, and no saturation of ion currents was observed.

As the next step, we wanted to investigate the possibility that
ions might pass through a constriction between a rod and pore
walls. Such constriction could be present if the deposition did
not fill the pore completely. Understanding the potential
contribution of ionic transport through such gaps to the total
measured current is important because the polymer walls are
also negatively charged at pH 8; thus, if the gaps are present
and are sufficiently narrow, saturation of the measured currents
would be observed as well. We calculated an expected
magnitude of the current through a S nm thick constriction
placed between a 200 nm long rod deposited in a 304 nm
diameter pore to be 40 nA in 1 M KC], at 1 V, and, thus, 40
times higher than the measured values (see Figure 3b). We
assumed that the constriction zone had a cross section of a disc
with outer diameter of 304 nm and with inner diameter of 299
nm; the constriction zone was connected in series with the
remaining 11.8 ym unfilled pore. Changing the inner diameter
to 302 nm, thus reducing the size of the gap to 2 nm, gave a
current of 27 nA, still much larger than the experimentally
recorded currents. Performing the same calculations of ion
current through a gap, which potentially could exist between a
rod and pore walls in a pore with an opening diameter of 374
nm, also yielded much higher currents compared to
experimentally found values. These calculations support our
hypothesis that the measured currents are primarily due to ions
passing through MnO,.

Measurements of ion currents at pH 8 and pH 4 provided
further evidence that the current probes the properties of the
deposited mesorods and not of the polymer matrix. Figure 4
compares values of ion currents at 1 V recorded at pH 8 and
pH 4 in 1 mM KCI and 1 mM LiCl through a MnO, rod
deposited in a 240 nm diameter pore. Four orders of magnitude
change in the proton concentration resulted in ~15% reduction
of the current suggesting that (1) voids in MnO, are charged at
pH 8 and pH 4, (2) ionic concentrations in the voids are
determined by their surface charges, and (3) protons do not
significantly contribute to the measured current. pH 4 is,
however, close to the isoelectric point of PET surface; thus,
currents through PET nanopores at these conditions are
determined by the bulk concentration of the electrolyte and, in
general, are significantly lower compared to the recordings at
pH 8."*°7*7 pH dependence of currents through PET pores is
especially pronounced in low concentrations of the background
electrolyte; in 1 mM KClI, lowering the pH to 3.5 reduced the
ion current by a factor of ~2."" A weak pH dependence of the
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Figure 4. Values of currents at 1 V through a manganese oxide rod
deposited in a 240 nm pore recorded in 1 mM KCI and 1 mM LiCl
buffered to pH 8 and pH 4. The error bars are 10 pA and are not
visible on this graph.

currents recorded for pores with deposited MnO, (Figure 4)
gives us confidence that possible contribution of currents
through gaps between polymer walls and a rod is insignificant.
The measurements were not done beyond pH 4 because a few
stlzlglzigs indicated a lack of structural stability of MnO, at pH
3.7

Measurements presented in Figure 4 also indicate that the
currents through MnO, mesorods do not always follow bulk
conductivities of the electrolytes since currents in LiCl are
comparable to the currents in KCl. We do not yet have an
explanation for this.

Current—voltage curves recorded in symmetric electrolyte
conditions revealed saturation of ion currents suggesting that
the MnO, voids carry finite surface charge. These measure-
ments cannot, however, determine the polarity of the surface
charges (positive or negative) or whether the surface charges
make the voids selective for certain types of ions. To address
these questions, we have used an approach often applied in
electroph?fsiology for studying ionic selectivity of biological
channels.”'* The measurement involves placing a porous
structure in a conductivity cell whose two chambers are filled
with KCI of different concentrations. If a pore is selective to

cations or anions, the I-=V curve will be shifted left or right
along the voltage x-axis. This is a result of the electric potential
difference which develops across the membrane to prevent
diffusive movement of counterions (to the charges on the pore
walls) from the side with a higher KCI concentration to the side
with a lower KCI concentration. The potential difference at
which the transmembrane current goes to zero is called a
reversal potential (V,,,). The value and sign of the potential
difference is related to the ratio of diffusion coefficients of
potassium and chloride ions in the pore (DX ., DS..) by the

pores ~pore

Goldman—Hodgkin—Katz equation (eq 2)"*
RT, «[K*] + [CIT, Dyore
Ve = —In —————  wherex = —
F  x[K"], + [CI], Dyore )

where R is the gas constant, T is the temperature, and F is the
Faraday constant. In our experimental configuration, the
working electrode is on the side of the membrane with
MnO,; recording positive V., when the KCI concentration on
side 1 is 0.1 M and on side 2 is 10 mM indicates cation
selectivity. When the concentration gradient switches direction
(i-e., 1 is a lower concentration than 2), a sign change should be
observed in the reversal potential. The same reasoning and
signs of reversal potential apply when LiCl is used as an
electrolyte, and x = D;jf)re/Dgre.

If the membrane is entirely rejecting one type of ion (e.g,
anions), the magnitude of the measured potential difference is
equal to Nernst potential, 58 mV for 10-fold concentration
gradient at room temperature. If the membrane is not selective,
the potential difference will be zero. Values of reversal potential
between the two extreme values suggest partial cation (anion)
selectivity of the structure expressed by the ratio x of diffusion
coefficients of the two ions in the pore.

Ionic selectivity of a MnO, rod was first investigated in the
concentration gradient set by 10 mM and 0.1 M KCl (Figure
S). The direction of the concentration gradient and the KCl
concentration in contact with the mesorod could be controlled
since the side of the membrane from which the MnO,
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Figure 5. Current—voltage curves recorded when a single pore with deposited manganese oxide was placed in contact with a concentration gradient
of KCl (black squares) or LiCl (magenta triangles). Panels a and b present data when the side of the membrane with deposited manganese oxide
(marked as red mesh in the scheme) is in contact with a (a) lower or (b) higher concentration of an electrolyte, respectively. This pore before
deposition of manganese oxide had an opening diameter of 270 nm. The presented data are averages of three voltage scans.
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deposition was performed was marked. A nonzero reversal
potential was observed, and its polarity indicated that MnO,
was indeed cation selective. As an example, in Figure Sa
recorded when the side with deposited MnO, was in contact
with 10 mM KCI, an electric potential difference was created
which pulled the cations toward the solution with a higher
concentration of 0.1 M KCL. In our electrode configuration, it is
the positive voltage that has to be applied to counterbalance the
built-up potential difference. When the concentration gradient
was switched, that is, the side with MnO, was in contact with
0.1 M KClJ, the sign of the reversal potential switched as well.
The transmembrane current was zero for +40 mV and —30 mV
when the lower or higher salt concentration was placed at the
MnO, deposited side, respectively (Figure S a, b). The ratios of
diffusion coeflicients of potassium and chloride ions in the pore
x = D;iore/ Dgire determined for these two V., values are 10 and
S, both indicating a cation selectivity and negative surface
charges of the voids. The difference in the two values can be
accounted for by the difference in the electrolyte configuration;
the MnO, rod is in direct contact with the lower concentration
solution in the first experiment but is in contact with the higher
concentration solution in the second (Figure 5).

This difference in the magnitude of the reversal potential
when changing the direction of the salt concentration gradient
provides additional evidence for the presence of a meshlike
structure of the deposited MnO,. When the MnO, structure is
in contact with a lower KCI concentration, the voids’ transport
properties are almost entirely dominated by the electrical
double layer; thus, the structure is highly cation selective. In the
opposite case, MnQO, is in contact with 0.1 M KCl, and the
double layer is thinner, leading to a smaller difference in the
concentration between cations and anions in the voids
compared to the previous situation, when MnO, was in
contact with 10 mM KCI. An existence of different magnitudes
of reversal potential for two different concentration gradient
directions was previously observed for a conically shaged
nanopore®® and for an asymmetric biological pore OmpF."

Recordings of reversal potential in LiCl revealed similar jon
selectivity properties of MnO, as those observed with KCI
(Figure S). Because Ag/AgCl electrodes used in these
measurements contained salt bridges filled with 3 M KCl, the
junction potential, as calculated from the Henderson equation,
is only 1.7 mV.*® Almost identical cation selectivity of the
mesorods in KCl and LiCl is in agreement with the observation
of ion current saturation observed with all studied monovalent
metal cations (Figure 3, Figure S2 of the Supporting
Information).

Measurements of current—voltage curves at pH 8 and pH 4
(see Figure 4) suggest that the voids in MnO, carry negative
charges even at the acidic conditions. To confirm this result, we
performed reversal potential measurements at this pH in both
KCl and LiCl. Finite values of reversal potential of ~20 mV
indicate that the MnO, voids are indeed negatively charged and
further corroborate our hypothesis that the recorded currents
are due to ions passing through the porous mesorods. The
negative surface charge of MnO, at pH 4 is also in agreement
with earlier experiments showing that the material loses its
charge only at pH 2.*'

Cation selectivity and the nanometer scale of the voids in the
deposited MnO, structures also explain why in some recordings
the current—voltage curves were nonlinear. A pore with MnO,
creates an asymmetric structure with different openings on both
sides of the membrane. Asymmetric nanopores with excess

surface charges were reported to rectify the current with the
preferential direction of the counterions’ flow from the narrow
opening toward the wider opening of the pore.””*'™** In our
electrode configuration, the rectification shown in Figure 3 and
Figure S2 of the Supporting Information is consistent with the
earlier observations.

4. CONCLUSIONS

In this manuscript, we describe a method to probe structural
and physical properties of porous manganese oxide by ionic
current. The current carried by ions through the porous
structure gives information on the effective size of the voids, the
presence and polarity of surface charges, and the relative
currents carried by different monovalent ions. We studied
amorphous manganese oxide electrodeposited in single pores in
a polymer film. The presented experiments revealed the
effective size of the voids to be less than 5 nm and revealed
the presence of negative surface charge inside the mesh void
structure.

Our future experiments will focus on understanding ionic
transport through manganese oxide at different oxidation states
of the material. Jon current through MnO, will allow us to
answer questions about whether the effective size of the voids
and their surface charge change during charging/discharging of
the material.
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Scheme of the experimental setup used for deposition of
mesorods, current—voltage curves through a 200 nm long
MnO, rod in solutions of NaCl and LiCl, and recordings
through an 1100 nm long rod in KCIL This material is available
free of charge via the Internet at http://pubs.acs.org.
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