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ABSTRACT lonically conductive membranes are used in many electrochemical processes and devices,

incduding batteries, fuel cells, and electrolyzers. In all such applications, it is advantageous to use

membranes with high ionic conductivity because membrane resistance causes a voltage loss suffered by

the cell. We describe here a method for enhancing ionic conductivity in membranes containing small
diameter (4 nm) gold nanotubes. This entails making the gold nanotube membrane the working electrode
in an electrochemical cell and applying a voltage to the membrane. We show here that voltage charging in
this way can increase membrane ionic conductivity by over an order of magnitude. When expressed in

lonic Conductivity k (mS/cm)

terms of the ionic conductivity of the electrolyte, «, within an individual voltage-charged tube, the most

negative applied voltage yielded a « comparable to that of 1 M aqueous KCl, over 2 orders of magnitude

higher than « of the 0.01 M K solution contacting the membrane.
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onically conductive membranes are used

in many electrochemical processes and

devices, including batteries, fuel cells,
and electrolyzers.' ® These membranes act
as separators to prevent ohmic contact be-
tween the anode and the cathode and often
are needed to prevent mixing of the cathode
and anode solutions. Such membranes
must be ionically conductive to allow ionic
current to flow through the cell. Regardless
of the application, it is advantageous to
use membranes with high ionic conductivity
because membrane resistance causes a vol-
tage loss suffered by the cell*” This voltage
loss means that more energy is needed to
drive an industrial electrolytic process and
less energy is obtained from a battery or
fuel cell.

We have been investigating conductivity in
membranes containing gold nanotubes” '3
prepared by the template-synthesis
method.'*'> These tubes have monodis-
perse inside diameters and run through
the entire thickness of the membrane. lonic
conductivity can be enhanced in these mem-
branes by attaching ionizable groups to
the tube walls.” In the presence of a suitable
solvent (typically an aqueous solution), these
ionizable groups dissociate, yielding fixed
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charge carriers on the tube wall and mobile
counterions in the tube solution. These mo-
bile counterions carry charge through the
membrane.

An alternative approach for incorporating
fixed charge on the tube walls and mobile
counterions in the tube solution entails
making the gold nanotube membrane the
working electrode in an electrochemical cell
and applying a voltage to the nanotubes ® 12
At negative applied voltages, this causes
excess electrons to be injected along the
tube walls.? This requires charge-balancing
cations to be incorporated into the solution
filling the tubes. We call these excess cations
because they were not present in the tube
solution before the membrane was volt-
age charged. This concept is illustrated in
Figure 1A, which shows the front of a single
negatively charged tube along with some
of the electrolyte solution in front of the
tube. The key conceptual point is the high
concentration of cations within the tube
relative to the surrounding solution. These
are the excess cations brought in by voltage
charging.

If the tube diameter is sufficiently small,
these excess ions could dominate ionic
conductivity in the tube, and this might
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Figure 1. (A) Schematic illustration of a negatively charged gold nanotube with incorporated charge-balancing cations
(labeled +). The negative charge was obtained by applying a negative voltage to the gold nanotube membrane. The
nanotube membrane is immersed in an electrolyte solution (see text). (B) Schematic of positively charged gold nanotube with
incorporated charge-balancing chloride anions (labeled —). As illustrated conceptually, these anions adsorb to the gold tube

wall and are immobile.

provide a route for increasing membrane conductivity.
Indeed, membrane conductivity would, in principle,
be voltage-dependent with the highest conductivities
achieved at the highest values of either negative
or positive applied voltage. This phenomenon has
recently been demonstrated,'® but those studies in-
volved a porous gold electrode in contact with pure
water; that is, no electrolyte was added. The question
of how applied voltage affects membrane conductivity
for a membrane immersed into a real electrolyte
solution has yet to be investigated.

We show here that voltage-charging gold nanotube
membranes in aqueous KCl solution can increase
membrane conductivity but, in contrast to the pure
water case,'® only at negative applied voltages. We
present a model based on anion adsorption that
explains this observation. At the highest negative
voltage, the membrane conductivity increased by over
an order of magnitude. When expressed in terms of the
ionic conductivity of the electrolyte, «, within a tube,
the most negative applied voltage yielded a x compar-
able to that of 1T M aqueous KCl, over 2 orders of
magnitude higher than « of the 0.01 M KCI solution
contacting the membrane.

RESULTS AND DISCUSSION

Electrochemical Cell. A U-tube-based electrochemical
cell was used,®~'? in which the membrane separated
two identical electrolyte solutions (Figure 2). The
electrolyte solution used throughout these studies
was 0.01 M KCI. The bipotentiostat (B) allowed us to
apply a voltage to the membrane and, at the same
time, apply a voltage difference across the membrane.
The transmembrane voltage was used to measure the
ionic conductivity of the electrolyte-filled tubes, « (see
Experimental Section for details).

Membrane Cyclic Voltammetry. The voltage-charging
concept being investigated here involves storage
of excess electronic charge on the nanotube walls
at the wall/tube—solution interface. This will only
occur over a voltage window where there are no
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Figure 2. Electrochemical cell. A bipotentiostat (B) was used
to independently control the voltage applied to the mem-
brane with working electrode 2 (WE2) and the voltage
applied across the membrane, WE1. A Ag/AgCl reference
electrode (BASi, MF-2079) was used as WE1 and as the
electrode labeled ref. A Pt wire was used as the counter
electrode (CE). ref and CE were shared by both of the
channels of the bipotentiostat.

Faradaic reactions; in electrochemical parlance, the
gold nanotube membrane must act like an ideally
polarized electrode.'” Cyclic voltammetry was used to
determine the potential window where the membrane
acts in this way. Since no transmembrane voltage
was needed for these experiments, the bipotentiostat
(B, Figure 2) was used as a single potentiostat.

Cyclic voltammograms over a voltage window from
—1.2to +1.2V (vs Ag/AgCl) were obtained (Supporting
Information Figure S1). Reduction of the solvent water
was observed at voltages negative of about —0.8V, and
water oxidation was seen at voltages positive of about
+0.6 V. To avoid these Faradaic reactions, a voltage
window of —0.8 to +0.6 V (vs Ag/AgCl) was used for our
studies. Currents obtained over this voltage window
are by-in-large non-Faradaic (Figure 3).
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Using this restricted voltage window has an added
advantage. Because our membranes are composed of
an electronically conductive material, the membrane
will be polarized when a voltage is applied across the
membrane, as is done in our measurement of . At
sufficiently high transmembrane voltages, the mem-
brane might act as a bipolar electrode'® with water
oxidation occurring at one face and water reduction
at the other. The —0.8 to +0.6 V (vs Ag/AgCl) voltage
range avoids this potentially complicating issue.

Effect of Voltage Charging on Nanotube lonic Conductivity, k. «
was obtained from current—voltage (/I—V) curves asso-
ciated with ion transport through the tubes (Figure 4).
The slope of the /—V curve is the ionic conductance of
the membrane (G,,, ohm™"). « is relate to G,, via'®

K = IGy/n7ry? m

where | is the membrane thickness, and n is the number
of tubes in the membrane sample (see Experimental
Section for details).

|-V curves for a membrane containing tubes
having an inside radius, r,, of 8 nm, do not change
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Figure 3. Cyclic voltammogram for a gold nanotube mem-
brane with tube radius r, = 2 nm in degassed 0.01 M KCl.
Scanrate =100 mVs .

with voltage applied to the membrane, E,, (Figure 4A).
Within experimental error, « values obtained from
the slopes of these curves (eq 1) are identical. This is
because an enhancement in conductivity is only ob-
served when the thickness of the electrical double
layer (where the excess ions are located®) is compar-
able to the tube radius. If this is not the case, con-
ductivity is dominated by the ions partitioned into the
tubes from the contacting electrolyte solution. Because
the double layer is roughly 3 nm thick for 0.01 M KCI,2°
this criterion is not satisfied for the r, = 8 nm mem-
brane (Figure 4A).

In contrast, when analogous voltage-charging ex-
periments are done with membranes having r, =2 nm
tubes, the slopes of the |-V curves change significantly
with E,, (Figure 4B). That the slopes change with
E,, demonstrates that voltage charging does change
tube conductivity for these smaller radius tubes. The
« values obtained are plotted against E, in Figure 5.
Note that Figure 5 has two voltage axes, E,, vs Ag/AgCl
at the bottom and E,, versus Eq,c at the top. Eg, is the
potential of zero charge, where there is no excess
charge on the electrode surface.®’ As per a prior study
of gold electrodes immersed into 0.01 M KCl solution,
we use E,c = —0.2 V vs Ag/AgCl.* Because for the
voltage-charged membrane concept E,, versus Ep,c is
the more relevant voltage axis, E,, values discussed
henceforth will be versus Eg,..

Figure 5 shows that tube conductivity is highest at
the largest value of negative E,, (—0.6 V). The « value
obtained (94 mS cm™") is comparable to that of 1 M KCl
and is over an order of magnitude higher than « at
Epzc (Figure 5). As discussed qualitatively earlier, this
high conductivity results because the excess negative
charge on the tube walls at £,, = —0.6 V causes charge-
balancing K" to enter the tubes (Figure 1A). Since
conductivity is proportional to the concentration of
charge carriers, —0.6 V gives the highest conductivity.

E,, values used
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Figure 4. Current—voltage curves associated with ion transport through gold nanotube membranes as a function of voltage
applied to the membrane, E,,. The legend shows the E,, values used. The electrolyte was degassed 0.01 M KCl. Inside tube

radius, r,, was (A) 8 nm and (B) 2 nm.
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Figure 5. Plots of ionic conductivity of the tube solution, «,
versus applied voltage for the r, = 2 nm membrane. The
open circles are the experimental data; error bars are
associated with data obtained from three identically pre-
pared membranes. The solid curve is a simulation based on
our revised (anion-adsorption-based) GCS model (see text).
The lower voltage axis is vs the Ag/AgCl reference. The
upper voltage axis is versus the potential of zero charge.”

The similarity between this tube conductivity and 1 M
KCl indicates, qualitatively, that at E,, = —0.6 V, the
ionic strength within the tubes is comparable to that
of 1 M KCI. This conductivity is 2 orders of magnitude
higher than the conductivity of the 0.01 M KCl solution
on either side of the membrane. These data prove
the main objective of this effort—that voltage char-
ging can be used to enhance membrane conductivity,
relative to the uncharged membrane.

Figure 5 also shows that tube conductivity de-
creases as E,, is moved positive of the —0.6 V limit.
This was the anticipated result because, until £, = Eg,,
the quantity of excess electrons injected along the
tube wall decreases as E,, is moved positively. If the
simplest model’® is correct, tube conductivity should
then increase at E,, positive of Ep,. as excess positive
charge is injected along the tube walls. This is because,
in analogy to the excess K* incorporated at negative
E,p (Figure 1A), charge-balancing CI™ must be incorpo-
rated into the tubes at positive E,, causing an increase
in tube ionic strength and a corresponding increase
in tube conductivity. Put another way, the simplest
theory'® predicts that the « versus E,, curve should be
symmetrical about £, with conductivity increasing at
both negative and positive value of E,p,.

Such symmetrical k versus E,, plots were observed
experimentally, and modeled theoretically, in an ex-
periment with a porous gold electrode in contact with
pure water.'® In contrast, when the gold nanotube
membrane is in contact with 0.01 M KCl, the « versus
E,p plot is not symmetrical because k does not increase
with E,; at values positive of Ep, (Figure 5). We pro-
pose that an anion-adsorption model can explain this
observation.
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Figure 6. Simulated tube ionic conductivity data obtained
from the simple GSC model'® for the r, = 2 nm membrane in
contact with 0.01 M KCl.

Theoretical Model with Specific Anion Adsorption. A Gouy—
Chapman—Stern (GCS) model'® can be used to calcu-
late the quantity of excess charge present on the tube
wall (Q, uC cm™) at any value of Esp (eq 2)

Q = 372C)/%sinh {19.46<Eap —CQ)} 2)
Au

where C is the concentration of bulk electrolyte solu-
tion in contact with the membrane (in mol cm™3), and
Cau is the capacitance of the gold/electrolyte interface
along the tube wall (uF cm™2). The ionic conductivity of
the tube solution, «, is related to Q via eq 3.

kK = Cox FX(ug+ua)+2xu; xQfry (3)

The first term in eq 3 accounts for electrolyte partitioned
into the tube from the contacting solution phase;
we assume that this concentration is identical to that
in the contacting solution. Since equivalent numbers of
cations and anions are incorporated from the contacting
solution, the mobilities of both K* (1) and CI™ (uc) are
included. It is assumed that these mobilities are identical
to the values for these ions in bulk solution.®* The
second term in eq 3 accounts for the excess ions
incorporated into the tube because of voltage charging.
The parameter y; is the bulk-solution mobility for the
incorporated excess ion, either K for voltages negative
of E,,c or CI™ for positive E,p,.

Figure 6 shows a simulation, based on the simple
GCS model, of tube ionic conductivity versus E,,. As
per our experimental data, it was assumed that the
membrane contained tubes with r, = 2 nm and that
the contacting electrolyte solution was 0.01 M KCl.
As expected, the simulated tube ionic conductivity
increases symmetrically about E,. for both positive
and negative values of E,,. A similar curve was ob-
served experimentally for a porous gold electrode
immersed in pure water, but the valley in « around
Epzc was much wider along the voltage axis.'® This is
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because the ionic strength of pure wateris 1077 M, and
less charge is stored at any E,, when the ionic strength
of the contacting solution phase is low (eq 2).

The simulated curve in Figure 6 shows two major
disagreements with our experimental data (Figure 5).
First, the « value at E,. obtained experimentally is
about 4 times higher than the value obtained from the
simulation. Again, the simulation assumes that the
ionic strength within the tubes at E, is the same as
that of the bulk solution value. The experimental data
show that the tube ionic strength is, in fact, higher. This
indicates that there is charge on the tube wall at E,,
and the simple GCS model does not account for this
charge.

It is well-known that CI™ adsorbs to gold surfaces,
and we propose that the charge on the tube walls at
Epzc is due to this adsorbed ClI™. CI™ adsorption causes
the tube ionic strength to be higher than that of the
bulk electrolyte because, to a first approximation, each
adsorbed CI™ causes a charge-balancing K* to enter the
tube. This indicates that eq 3 must be modified to
account for the quantity of adsorbed CI™, Qpq (eq 4).

24-26

Kk = Co x Fx (ug+uq)+2 X u; X Qag/rp +2
X u; X Q/rg (4)

Equation 4 assumes that the quantity of charge-
balancing K" incorporated into the tube is identical to
Qaq and that the mobility of these ions is identical to
that for K™ in bulk solution.

Our experimental data (Figure 5) gave a value of
Qagq = 0.79 uC cm™2, and in our revised GCS-based
model (solid curve in Figure 5), we use this value to
raise the simulated « at E,, = E,,. to the experimental
curve. We also assume that Qpq is independent of £,
(vide infra). It is worth noting that the experimental
value of Qaq for the r, = 2 nm tubes is significantly
smaller than values obtained for (flat) gold electrodes
immersed into KCl solutions.?*?>?” This suggests that
anion adsorption might be suppressed in such very
small radius gold tubes.

The second discrepancy between the simple GCS
simulation (Figure 6) and our experimental data
(Figure 5) is that tube conductivity does not increase
with E,, at values positive of E,.. We propose that this
can, again, be explained by CI™ adsorption. At positive
E,p values, positive charge is injected along the tube
walls, resulting in the incorporation of charge-balancing
chloride anions. However, in contrast to the excess K*
incorporated at negative values of E,, (Figure 1A),
adsorption causes the excess Cl™ incorporated to be
immobile (Au—Cl bond strength 280 kJ/mol?®).

As illustrated conceptually in Figure 1B, because
the incorporated Cl™ is immobile, there is no enhance-
ment in tube ionic strength as is observed at negative
applied voltages (Figure TA). As a result, in agreement
with our data (Figure 5), conductivity is not enhanced
at positive applied voltages. Put another way, while a
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highly cation-conductive state could be achieved, an
analogous highly anion-conductive state could not.
To simulate this effect, we set the mobility for the CI™
incorporated due to voltage charging at positive £,
(second term in eq 4) to zero. In agreement with the
experimental data, this causes « to be independent of
E,p at positive values (solid curve Figure 5).

Our prior studies, where potentiometric experi-
ments were used to show that voltage charging could
convert a gold nanotube membrane from a cation-
conductive to an anion-conductive state, support this
model.® When those experiments were done using an
ion that does not adsorb to gold, F~, the membrane
could successfully be voltage-switched between nearly
ideal cation- and anion-conductive states. However,
when an adsorbing anion was used, Br~, just as in
our case (Figure 5), the anion-conductive state could
not be obtained.” This inability to obtain the anion-
conductive state is another way to think about the flat
K versus E,, response seen at voltages positive of £y, in
Figure 5.

While this modified, adsorption-based, GCS model
reproduces the general shape of the experimental «
versus E,, curve (Figure 5), quantitative differences
persist. This can be seen at negative values of E,,
where the experimental data are, in general, less than
the values predicted by the simulation. We believe that
this disagreement results from our assumption (vide
supra) that the quantity of adsorbed CI™ is indepen-
dent of E,p. Kolics et al. found that the quantity of
Cl™ adsorbed to gold electrodes is highest at applied
voltages well positive of Ep,. and decreases as E,j, is
made more negative.?* This suggests that the Qaq term
in eq 4 should, in fact, decrease with applied voltage
at negative £, values. In closer agreement with the
experimental data, this would cause the simulated
values of « to be smaller than the values in our current
simulation, which assumes constant Qag.

However, the experimental « at the most negative
E,p is greater than the simulated value, and this cannot
be accounted for by the proposed voltage depen-
dence of Qaq. Returning to the cyclic voltammogram
in Figure 3, we see a small rise in the background
currents at the most negative values of E,,. This
indicates that some Faradaic redox reaction is being
activated at such high negative E,. If this reaction is
water reduction, hydroxide ions would be liberated
into the tubes, and this might account for the high
value of « observed at E,, = —0.6 V. Other issues that
might cause discrepancies between the experimental
and simulated data include the limitations of the GCS
model itself,?® our assumption that the mobilities of
the incorporated excess ions are identical to their bulk-
solution values and independent of the voltage ap-
plied to the membrane, and the electronic polarization
of the membrane in the electric field used to measure
the membrane conductivity.

VOL.8 = NO.8 = 8266-8272 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

8270



CONCLUSIONS

We have shown that voltage charging can be used
to increase membrane conductivity for membranes
containing small-radius (r, = 2 nm) gold nanotubes. At
the most negative applied voltage, conductivity in-
creased by over an order of magnitude relative to the
conductivity at the potential of zero charge. However,
such increases in conductivity are only seen at applied
voltages negative of Ej,.. Conductivity does not
change with applied voltage at values positive of Ep,..
We have developed an anion (Cl™)-adsorption-based
model that accounts for this observation.

Since many anions adsorb to gold from aqueous
solution,? a lack of conductivity change at positive Eap
might be the general result. However, in our prior work,
we showed that adsorption of a small neutral thiol
could prevent anion adsorption, allowing for success-
ful voltage charging between cation- and anion-
conductive states in the presence of an absorbing
anion.’ This concept of preventing anion adsorp-
tion by applying a neutral blocking species might
provide a route for achieving both highly anion- and

EXPERIMENTAL SECTION

Materials. Polycarbonate membrane filters (Poretics Corpora-
tion, 6 um thick, 30 nm diameter pores, and 6 x 10® pores cm™)
were used as the template to prepare the gold nanotubes.
Anhydrous SnCl, (Aldrich), AgNOs (Spectrum), trifluoroacetic
acid, Na,SOs, ammonium hydroxide, formaldehyde, anhydrous
methanol, 1-propanethiol (Aldrich), concentrated HNO;
(Mallinckrodt), and sulfuric acid were used as received. Commer-
cial gold-plating solution (Oromerse Part B) was obtained from
Technic, Inc. Purified water was obtained by passing house-
distilled water through a Barnstead E-Pure water purification
system.

Membrane Preparation. The electroless plating method used
to make the gold nanotube membrane has been described
previously.>*' This method causes gold to deposit both along
the pore wall and on the membrane faces. As a result, the
membrane gets embedded within a collection of open-ended
gold nanotubes that run from one face of the membrane to the
other. These nanotubes are connected at both membrane faces
by thin gold surface films.2 The effective inner tube radius, I, of
the gold nanotubes can be controlled by varying the electroless
plating time.”'*3! Nanotubes with r, =8 nm and r, =2 nm were
prepared for these studies.

Electrochemical Cell. The cell used (Figure 2) and the mem-
brane-mounting procedure have been described previously.”>¢
Briefly, the membrane is mounted between the two halves of
a U-tube cell, and each half-cell is filled with 0.01 M KCl. Ohmic
contact was made to the membrane by attaching a strip of
conductive copper tape (3M, #1181) to the gold surface
film covering one face of the membrane? In addition to
applying a voltage to the membrane, membrane conductivity
was measured by applying a potential difference across the
membrane. As a result, a bipotentiostat (CH 700E, B in Figure 1)
was used.

Measurement of Inside Tube Radius, r,. An electrochemical
method was used to determine r,.>”*® Working electrode 2
(WE2, Figure 2) was not used in this experiment, and the
bipotentiostat worked as a single potentiostat. Working elec-
trode (WE1) was used to apply a potential difference across the
membrane (AE,,) relative to the reference electrode (ref) on the
other side (Figure 2). AE,, drives ions through the nanotubes,

GAO AND MARTIN

cation-conductive states (Figure 6) even when an
adsorbing anion is present. It is also worth noting
that anion adsorption may not be a problem in non-
aqueous solvents such as those used in Li-ion
batteries.>° This is because the anions used (e.g., PFg™)
have lower charge densities and are more weakly
coordinating.

Finally, if the goal is to use this approach to make
highly conductive membranes for electrochemical
devices, it is important to point out that the template
membrane used to prepare these gold nanotubes is
only about 0.4% porous." If practical voltage-charged
membranes are to be developed, a template with
much higher porosity would be required. For example,
the Celgard membranes used in Li-ion batteries have
porosities on the order of 40%.> Porous alumina mem-
branes can have porosities as high as 50%,*2 and we
have shown that gold®? and carbon®*7° nanotubes
can be deposited into such membranes. This suggests
that porous alumina templates might be a good start-
ing point for preparing the next generation of voltage-
charged membranes.

yielding an ionic current, which is measured. The current was
measured at various values of AE,. The resulting current—
voltage (/I—V) curves were used to calculate the membrane
resistance, which was used to calculate rp.37'38

Membrane Cydic Voltammetry. The bipotentiostat was used as
a single potentiostat for these studies. Voltammograms were
obtained by scanning the potential applied to the membrane
relative to the reference electrode.' The electrolyte on both
sides of the membrane (0.01 M KCl) was degassed by bubbling
Ar gas for 20 min and kept degassed by passing Ar over the
solutions during the measurements.

Measurement of k. Both channels of the bipotentiostat were
used for these experiments. As per the measurement of r,, WE1
was used to obtain an /—V curve associated with ion transport
through the tubes in the membrane. Such -V curves were
obtained at various values of potential applied, via WE2, to the
membrane (Figure 2). The slope of the /—V curve is the ionic
conductance (G,,, ohm™"), which is related to « via eq 1.
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