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Modulated proton transport plays significant roles in biological
processes' such as ATP synthesis®® as well as in technologically
important applications including, for example, hydrogen fuel
cells*’. The state-of-the-art proton-exchange membrane is the
sulphonated tetrafluoroethylene copolymer Nafion developed by
DuPont in the late 1960s, with a high proton conductivity®.
However, actively switchable proton conduction, a functional
mimic of the ion transport within a cell membrane, has yet
to be realized. Herein, we report the electrostatic gating of
proton transport within aligned mesoporous silica thin film. It
is observed that surface-charge-mediated transport is dominant
at low proton concentrations. We have further demonstrated
that the proton conduction can be actively modulated by two—
fourfold with a gate voltage as low as 1V. Such artificial
gatable ion transport media could have potential applications
in nanofluidic chemical processors, biomolecular separation and
electrochemical energy conversion.

Nanofluidic systems have been attracting great interest owing
to the emergence of novel ion transport properties and their
promise in ultrasensitive detection of biomolecules. Ion transport
through nanoscopic channels exhibits unique characteristics that
differ significantly from bulk behaviour. Owing to the high surface-
to-volume ratio of nanochannels, surface charges can completely
govern ionic conductance such that the conductance can be
enhanced by orders of magnitude, and seems independent of
bulk ionic concentration’®. Once the channel dimension falls
into a characteristic length scale close to the Debye screening
length (Ly), a unipolar ionic environment in which counter
ions are highly enriched begins to emerge. A rich collection
of phenomena, such as local ion depletion/enrichment’, energy
conversion from streaming current'®", rectified ion transport'*'¢
and ionic current crossover on protein binding", have recently
been observed on the basis of this effect. Moreover, through active
tuning of surface charge density, the transport of ions, molecules
or even proteins can be manipulated under fast electrostatic
control'™. However, for channels with dimensions of 10 nm and
larger, a necessary condition for realizing a unique unipolar ionic
environment is to work with a sufficiently low ionic strength; this
is usually impractical in various applications, including separation
of biomolecules in physiological media and ion transport in high-
energy-density fuel cells or batteries. Accordingly, it is highly
desirable to further shrink current nanofluidic devices down
to sub-10nm scales. With such a nanochannel dimension, a
unipolar working condition could be achieved at realistic ionic
concentrations (for example, ~0.1 M).
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Conventional lithographical approaches have enabled the
fabrication of nanochannels that are tens of nanometres in
dimension, but intrinsic difficulties are encountered in making sub-
10 nm nanofluidics®**’. Chemical synthesis, on the other hand,
provides a practical alternative using self-assembled soft templates
to produce nanoscopic porous inorganic materials®*. Among
these, mesoporous silica with uniform cylindrical nanochannels,
for example, SBA-15 with its channel size of less than ten
nanometres®?, could in principle serve as a good nanofluidic
system. Herein, we report a dip-coating process for the alignment
of uniform SBA-15 mesochannels (pore size < 8nm) in thin-
film form. We show that proton conductivity within these aligned
nanochannels can be actively modulated in a two—fourfold range in
a fast, reversible manner with an electric gate voltage as low as 1 V.

Aligned mesoporous silica (SBA-15) thin films were synthesized
using a block-polymer-templated sol-gel process followed by
controlled calcination (see the Supplementary Information).
To obtain a well-aligned mesopore thin film for the proton
transport study, several technical steps are essential. First, we
exploited a controlled dip-coating process that yields aligned
mesopore arrays®'. In this process, the worm-like polymer micelles
align along the direction of fluid motion and parallel to the
substrate surface. Second, a slow, step-wise calcination is crucial
to minimize the effect of thermal stress. Third, the film has
to be sufficiently thin (typically 100-200nm). The SBA-15
films consist of continuous mesochannels along the dip-coating
direction, packed into a hexagonal two-dimensional lattice. Such
mesopore alignment could be attributed to the interfacial shear
at reduced dimension®™*. Figure 1a shows the small-angle X-ray
diffraction spectrum of a calcined SBA-15 film, exhibiting a
strong diffraction peak at 6.8nm corresponding to the (100)
lattice planes. The centre-to-centre distance of mesopores, a,, is
~7.9nm according to the (100) diffraction peak, which is in
good agreement with reported values for SBA-15 mesostuctures®.
The size of actual ion conduction channels will be less than
7.9nm owing to finite wall thickness. High-resolution scanning
electron microscopy imaging unambiguously demonstrates the
formation of highly orientated nanochannels over a long range.
Cross-sectional and top-view scanning electron micrographs
(Fig. 1b,c) clearly shows the hexagonal packing of the nanopores
aligned along the dip-coating direction. The top-surface feature
(Fig. 1c) is reflective of long-range ordering of the mesochannels
and their macroscopic alignment™. These mesopore thin films with
long-range continuous nanochannels are ideal for the application
of fluid and ion transport in this study.
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Figure 1 Synthesis of large-scale aligned mesopore thin films. a, Small-angle X-ray diffraction pattern recorded on the thin film. b, Scanning electron micrograph of the
cross-section of a well-aligned mesopore thin film. ¢, Scanning electron micrograph of the top view of a well-aligned mesopore thin film.
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Figure 2 Concentration dependence of proton and ion transport. a, Schematic diagram of the measurement of ionic current through coarse-patterned mesopore thin-film
stripes. b, Representative current/bias (// /) curves recorded at different proton concentrations. ¢, Proton concentration dependence of ionic conductance. It apparently
deviates from bulk behaviour (dashed lines) at lower concentration and changes to a surface-governed ion transport. Proton conduction exhibits three distinct regions—a
surface-charge dominant zone (lowest [H*]), a bulk concentration dominant zone (highest [H*]) and an intermediate zone where surface charge density is significantly
reduced by increasing proton concentration resulting in @ minimum of ionic current. High [H*] (beyond the isoelectric point, pH 2.6) results in a nearly zero surface potential
owing to complete protonation. d, KCl salt concentration dependence of ionic conductance. The insets schematically show the electrostatic potential (magenta) within
nanochannels. It extends well into the nanochannels at low concentrations owing to the large screening length, but becomes shielded at [KCI] > 0.1 M. Red and green
circles in ¢,d represent data taken from two independent devices.

Proton conduction was first tested on macroscopic film patches  (green, ~2 mm in width) were created by reactive ion etching. Each
that are defined by photolithography (see the Supplementary of the stripes had a large number of nanochannels perpendicular
Information). As shown in Fig.2a, the mesopore film stripes to the stripe edge. On top of each stripe, a hard-baked photoresist
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Figure 3 Gate modulation of proton conduction. a, Photograph of a mesopore thin-film nanofluidic device. b, Dark-field micrograph showing the layout of three mesopore

thin-film patches, three gate electrodes made of sputtered Au and four microfluidic channels in a PDMS chip at the centre of the packaged nanofluidic device.

¢, Representative // V curves under gate voltages ranging from —1 to +1V. Zero shift has been subtracted. d, Transfer characteristic recorded at different biases. Inset: The
transconductance derived from d as a function of I;. e, Schematic diagram of the gate effect of cation (red) and anion (blue) distribution within nanochannels and accordingly

ionic current modulation.

layer (magenta) serves as a hydrophobic barrier to separate the two
HCI solution droplets on either side. Two Ag/AgCl electrodes were
directly inserted into both droplets to measure the ionic current.
As-calcined thin films were very hydrophobic and usually gave
no ionic current above the system noise level (~pA) owing to
poor wettability. A 0.1 M HCI solution was first added into the
trenches for a day to wet the nanochannels. The films were then
rinsed with deionized water several times for ~6h each before
we began ionic conductance measurements. Figure 2b shows a
set of representative current/bias (I/V) curves at various HCI
concentrations. The ionic conductance (the slope of an I/ V curve)
measured from two mesopore samples is shown in Fig. 2c as a
function of nominal [H"]. The dashed lines represent the bulk
behaviour of ionic conductance, which is proportional to ionic
concentration. However, the measured conductance apparently
begins to deviate from bulk behaviour at ~107'-10"* M, exhibits
a sharp transition at 107~107> M and gradually plateaus at lower
concentrations. This observation is in part consistent with the
emergence of surface-governed unipolar ionic conduction that has
been reported previously”?, but shows some new characteristics.
There is, for example, a sharp transition at [H*] ~ 1072-107° M.
This can be attributed to the complete protonation of the silica
surface, which has a reported isoelectric point of pH2.6. A slight
drop of ionic conductance with increasing proton concentration
at the intermediate region (107°~107* M) probably originates from
this surface reaction effect as well. This can be considered as a result
of surface-mediated unipolar transport coupled to the protonation
of silanol groups on the silica surface. The increased protonation of

nature materials | VOL 7 | APRIL 2008 | www.nature.com/naturematerials

the silica surface at high HCI concentrations reduces surface charge
density and thereby suppresses surface potential.

Under this circumstance, surface charge density is no longer
constant even in the unipolar regime. We then conducted an ion
transport study using KCI solution to determine the effects of
protonation and intrinsic surface charges. The results from the
same samples are shown in Fig. 2d. The ionic conductance deviates
from the bulk behaviour when the KCl concentration drops
below 0.1 M, a condition close to a physiological environment,
confirming our expectation that smaller nanochannels lead to
a higher upper limit of ionic strength for surface-governed ion
transport'®. However, it usually does not plateau with decreasing
KCl concentration, but continues to decrease slightly down to the
deionized water level. This is possibly a result of surface charge
alteration due to ionic strength change. This observation is in
agreement with the ion transport behaviour through a sub-10 nm
solid-state nanopore®, but differs from the distinct two-region ion
transport characteristics for large nanochannels’. For both proton
and potassium ions, the qualitative picture of how the electrical
potential profile was altered by ionic concentration is shown in the
insets of Fig. 2¢,d.

To estimate surface charge density, a semiquantitative analysis
is as follows. The total ion density, #, can be considered as the sum
of two effects: one is the bulk ion density, 2n,, whereas the other is
the contribution of surface charges, o x 2nRl/(FnR*l) =20 /FR,
where 7, is the bulk KCl concentration, o is surface charge
density, R and [ are the diameter and the length of the
nanochannels, respectively, and F is the Faraday constant. When
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Figure 4 pH dependence of gate modulation of proton transport. a, Differential
conductance versus I, derived from the slopes of a set of // V curves recorded at
different pH values. It shows a monotonic modulation of proton conductance at
higher pH values (pH = 4, 5 or 6), but much less effect on low pH solutions (pH =2
or 3). b, Ratio of tranconductance to drain conductance, which reveals the capability
of gate driving for ionic current relative to direct drain driving at various pH values.
Apparently, significant gate control exists only at low proton concentrations where
surface- charge-mediated transport dominates.

the ionic conductance begins to deviate from bulk behaviour,
the contributions from these two factors are nearly equal,
which leads to a simple estimate of surface charge density,
0 = o) FR, where ny, is the KCI concentration at the transition
point. According to the data collected on four independent
mesopore samples, the surface charge density was estimated to be
~0.02-0.07 Cm™?, which is relatively low compared with those in
previous reports”'®2!.

Significantly, we have further demonstrated that proton
transport can be actively modulated through electrostatic gating
at low voltages. It has been shown previously that unipolar ion
transport through single nanochannels can be electrostatically
controlled, but a high voltage (approximately tens of volts) is
required and only a modest change can be achieved'®*'. Here,
we design and construct a microfluidic device to interface with
much smaller mesopore film patches, which were patterned using a
lithography-etching process (see the Supplementary Information).
Figure 3a shows a fully integrated mesopore thin-film fluidic
device. There are four microfluidic channels fabricated into a
silicon-elastomer (polydimethylsiloxane: PDMS) cover chip. In
the centre of the device (Fig. 3b), each of these square-mesopore
thin-film patches (300—400 um) is connected by two microfluidic
channels. In these patches, aligned mesopores span from one
microchannel to the other to create nanofluidic devices. The wet
PDMS bonding was used to ensure good sealing and insulation
between microfluidic channels. Before bonding, Au electrodes
(~100 um in width), which can be seen in Fig. 3a, were patterned
atop the mesopore patches for the application of gate voltage (V).
Ag/AgCl electrodes were inserted into the connecting tubings to
measure ionic current. Figure 3¢ shows a set of representative I/ V
curves obtained with various gate voltages from —1 to 1V using
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a 0.1 mM HCI solution in which zero-shift has been corrected
(see the Supplementary Information for single-pore conductance
estimation and leakage current consideration). Unambiguously,
it exhibits a strong field-effect modulation (up to fourfold) of
ionic current. The underlying mechanism for such modulation is
similar to that of semiconductor field-effect transistors. Because
the electrical potential drop between source and drain electrodes
occurs mainly through high-resistance mesoporous films, even
higher biases, 5V, did not cause hydrolysis. The gate voltage
has to be sufficiently low so as not to break the dielectrics
and the overpotential barrier. In a negatively charged silica
mesochannel, cations are the majority carriers determining ionic
conductance. A negative electrostatic potential attracts more
cations into the mesochannels and consequently enhances the
ionic conductance, whereas a positive gate depletes cations and
decreases ionic current, analogous to a p-type semiconductor
transistor. Figure 3e schematically shows how gate voltages change
the cation (red) and ion (blue) distribution in a mesopore film
and consequently alter ionic conductance. The selected curves of
transfer characteristics, current versus gate voltage, are shown in
Fig.3d for V.=0.5V, 1V and 1.5V respectively. They all show
consistent p-type gating behaviour. Interestingly, a gate voltage of
+1V was able to completely switch off the apparent ionic current at
low biases. This proton transport modulation capability is essential
for their potential applications as active media for electrostatic
gating of ion/biomolecular transport and manipulation, mimicking
biological ion channels. The plot of transconductance, g, as a
function of gate voltage is shown in the inset, which conveys the
same message that the negative transconductance is an indication
of p-type field-effect modulation. Moreover, the more negative the
gate voltages, the more profound modulation can be observed in
the experimental range.

To understand the underlying mechanism of proton transport
modulation, a systematic study of transport properties under
a broad proton concentration range, 107°~1072M, has been
conducted. At each proton concentration or pH, a set of I/V
curves was recorded with gate voltage ranging from —1 to
+1V. Differential conductance—the slope of an individual I/V
curve from a simple linear fit—was extracted and plotted in
Fig. 4a. Apparently, the monotonic modulation of conductance
by gate voltage is evident only for solutions with a proton
concentration of less than 107 M (unipolar ionic region), whereas
there is only negligible modulation for high proton concentrations
(bipolar ionic region). Interestingly, it is not necessarily at the
lowest proton concentrations that we observe the most profound
modulation, but usually an intermediate proton concentration
(~107*M) leads to more efficient field-effect control. This is
correlated to the proton conductance data shown in Fig. 2c.
To better assess the gate modulation efficacy, we extracted the
ratio of average transconductance to channel conductance for
various proton concentrations. In a simple picture, measured
current, I, is comprised of the contribution from two components,
I=g4Vq+ gnV,, where g, is the intrinsic conductance of the
channel (also called drain conductance), g, is the transconductance
(also called mutual conductance) acting through capacitive
coupling of the gate voltage and the electrostatic potential inside
the channels, and V4 and V, are source/drain bias and gate voltage,
respectively. When V, = 0V, measured current simply equals
g4V, which allows us to determine g, at every individual proton
concentration. On the basis of this equation, transconductance
can be expressed as g, = dI/dV, = V,dg/dV,, where g is the
differential conductance calculated on the basis of Fig. 4a. It is
assumed that I/ V curves adopt a linear mode. For a given bias (for
example, 2V), the absolute values of g, /g, at all individual proton
concentrations are shown in Fig. 4b. This ratio is a good assessment
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of the current driving capability of the gate relative to that of the
drain. It is clearly seen that only at low proton concentrations, this
ratio is sufficiently large to show gate modulation and the highest
gm/ga is close to 1.1 at a proton concentration of ~10~* M. This
result again confirms that the emergence of unique ion transport
properties at nanoscales and electrostatic control only arises in
systems where surface-charge-governed transport is dominant. We
would like to emphasize that the ion conduction in these mesopores
(electrophoresis-driven) is fundamentally different from early work
on metal nanotubules (diffusion-driven)'.

In brief, aligned mesoporous silica thin films were used as
active media for gated proton transport. Surface-charge-mediated
transport was found to dominate at low proton concentrations,
whereas bulk-like behaviour emerges right above the isoelectric
point of silica surfaces. We have observed two—fourfold proton
conduction modulation with a relatively low gate voltage.
Such profound electrostatic modulation may have a significant
implication in integrated nanofluidic devices for biomolecule
manipulation and separation, for example, peptide and amino-acid
sorting and identification on the basis of their isoelectric points.
It may also find applications in energy conversion, for example,
proton-exchange-membrane fuel cells, enzymatically catalysed fuel
cells and photoelectrochemical cells.

Received 22 August 2007; accepted 16 January 2008; published 24 February 2008.
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