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A hydrogel pen consisting of a microscopic pyramid containing electrolyte offers a localized
electroactive area at the nanometer scale via controlled contact of the apex with a working

electrode. The hydrogel pen merges the fine control of atomic force microscopy with non-
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linear diffusion of an ultramicroelectrode, producing a faradaic current that depends on the
small electroactive area. The theoretical and experimental investigations of the mass transport

behavior within the hydrogel reveal that the steady-state current from the faradaic reaction is

linearly proportional to the deformed length of the hydrogel pen by contact, i.e., signal

transduction of deformation to an electrochemical signal, which enables the fine control of the

electroactive area in the nanometer-scale regime. Combined with electrodeposition, localized

electrochemistry of the hydrogel pen results in the ability to fabricate small sizes (110nm in

diameter), thick heights (up to 30pum), and arbitrary structures, thereby indicating an additive

process in 3 dimensions by localized electrodeposition.

Introduction

Three-dimensional (3D) printing is considered to be a key
future technology for rapid prototyping and distributed
manufacturing. In contrast to subtractive processes in
conventional machining, 3D printing manufactures solid
objects by an additive process that lays down successive layers
of material. Although 3D printers based on various
technologies have become commercially available, these
technologies are limited with respect to feature size, cost, and
range of materials, especially metals with high melting
temperatures. Several efforts to achieve high resolution in 3D
printing have led to the development of new approaches,
including ink-based writing,' LIGA (lithography, electroplating,
and molding),> holographic lithography,’ phase-mask
lithography,* and multi-photon fabrication,> which all still have
their own limitations. Despite increasing demand for 3D
nanofabrication to investigate the unique properties of
nanomaterials, the field of 3D printing at the nanometer scale is
immature compared with well-developed 2D nanofabrication.®

Electrodeposition offers a low-cost, reliable, environmentally
friendly, and versatile method to fabricate thin films of which,
the thickness is controlled between a monolayer and several
micrometers.’” Although electrodeposition within templates® and
on the edge” '° provides a synthesis route for one-dimensional
(1D) nanometer-scale metallic nanowires, electrodeposition for
3D geometries has hitherto only been partly explored.
Nanoelectrodes'' and nanopipettes'>!'> combined with scanning
electrochemical microscopy (SECM) have been the most
common approaches, where metal ions generated at a
nanoelectrode'® or delivered by nanopipettes are reduced to
fabricate nanostructures on the surface of the electrode,!” so-
called tip generation/surface collection (TG/SC) mode in
SECM.'"® Such innovative techniques, which have been
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extensively developed by the Unwin group'®?° and the Girault
group,?'">* make breakthrough for a localized electrochemistry.
However, the developments of simple and high resolution
SECM are still promising for fabrication and characterization of
versatile nanomaterials.>**°

Here, we describe a novel hydrogel pen for electrochemistry
and 3D printing based on electrodeposition by the hydrogel pen
with a scanning probe system. Our hydrogel pen provides a
unique alternative to nanopipettes for localized electrochemical
reaction; it is also inexpensive and provides high resolution.
The hydrogel pen is a microscopic hydrogel pyramid, of which
the sharp apex is confined in a nanometer-scale region, and
contains the electrolyte for electrochemical reaction. The
contact between the tip of the hydrogel pen and a macroscopic
electrode surface produces a nanometer-scale area for
electrochemistry; we refer to this pen as a “hydrogel pen for
electrochemical reaction” (HYPER). Despite a recent report of
an electrical double layer at a hydrogel/electrode interface,?” the
literature contains sporadic reports on electrochemistry with a
hydrogel electrolyte. In addition, the shape of the hydrogel near
the working electrode also perturbs the mass transport behavior
compared with that in a typical electrochemical reaction in
solution. Therefore, the HYPER demands a detailed
understanding of electrochemistry, including mass transport
within the hydrogel pen near the electrode surface for various
potential applications, including electrodeposition and imaging.
The mass transport behavior in our hydrogel pen is investigated
through simulation and experimental results for a redox probe
to elucidate the relationship between the faradaic current and
the deformation of an inert soft hydrogel. Additionally, on the
basis of this novel electrochemical system, we address 3D
printing by sequential and localized electrodeposition of
platinum using the HYPER.
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Results and discussion

Electrochemical behavior of Hydrogel Pen : Simulations and
electrochemical measurements

The hydrogel pen in our experiments is a pyramid-shaped tip
composed of agarose®® and made from a master prepared by
conventional photolithography and subsequent anisotropic
etching (Figures 1A-C), similar to a previously reported
polymer pen.”” The hydrogel tip was filled with the electrolyte
with a specific composition through an equilibrium process by
being soaked in the electrolyte solution. When the sharp tip of a
hydrogel pen is brought in contact with an electrode, a highly
localized electrochemical reaction of redox species occurs on a
small area of the electrode surface (Figure 1D). In contrast with
nanopipettes and nanoelectrodes, in which the fabrication of
glass itself is typically a daunting challenge, hydrogel pens
provide simple methods for localized electrochemistry. In
addition, the exact geometry of the hydrogel pen enables us to
perform numerical simulations for better understanding of the
electrochemical reactions in the hydrogel pen. Although
agarose is poroviscoelastic owing to the combination of
polymeric network deformation and water flow, plastic
deformation of HYPER is negligible in repeated approach-
retraction experiments. (see supplementary information)

Silicon Master

() (© }

Figure 1. (A) A schematic illustration of the fabrication of the hydrogel pen. (B)
Scanning electron microscopic image of the silicon master. Scale bar = 50 um.
(C) Optical microscopic image of the hydrogel pen. (D) lllustration of the
electrochemical setup in which the hydrogel pen is used for localized
electrochemistry.

The finite element method provides numerical simulations of
electrochemistry within the HYPER for cyclic voltammetry
(CV) and chronoamperometry (CA). The contact area between
the working electrode and the electrolyte was assumed to be flat
and square as a consequence of the mechanical deformation of
the hydrogel tip. Figure 2A shows the geometry for a
simulation of the HYPER in which the base length (B) and the
height (H) of the pyramid are 200pm and ca. 141pm,
respectively. When the HYPER is pressed down d pm to the
working electrode, an electroactive square with a side length of

Vv2d pum is formed. We hypothesized that no meniscus of the
electrolyte is formed between the substrate and tip, that the
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working electrode is not fouled, and that the original shape of
the tip was not changed. In addition, we assumed that mass
transport depends only on diffusion and that the charge transfer
reaction is reversible; these assumptions are reasonable for the
voltammetric oxidation of ferrocenemethanol at gold in a
solution containing sufficient supporting electrolyte. Because
the boundary of the pyramidal hydrogel tip is ca. 141um from
the working electrode, the semi-infinite boundary condition is
approximated, and the concentration at the boundary remains
fixed. @ About the mass transport coefficient of
ferrocenemethanol in agarose (Mygaremeon)s MagaFeMcOH =
0.94-Mo remeon, Which has been determined experimentally
using a diffusion-limited current with ultramicroelectrode
contact with planar agarose®® (Supplementary Information for
simulation details and the determination of the mass transport
coefficient in the gel). Previously, slower diffusion within
agarose at interface than inside was reported indicating possible
different local diffusion at surface.’! Diffusion within HYPER
in our experiments, however, is assumed to be homogeneous
owing to high ionic strength and small hydrodynamic radius of
solutes,®” although a detailed study on mass transportation
within agarose is out of the scope of this paper. We also note
that we used commercial finite element analysis software, even
though the accuracy of the calculations might be diminished
because of a lack of established theory related with HYPER.*
The simulated electrochemical behavior of HYPER is very
similar to that of typical ultramicroelectrodes. First, the cyclic
voltammogram shows a well-known sigmoidal shape,
indicating that the steady-state current is dominated by radial
diffusion when d = 1lpum (Figure 2B). Nonlinear diffusion
within the HYPER, however, is 52% of the radial diffusion of
an inlaid-disk microelectrode with the same electroactive area
in solution, as indicated by the steady-state currents that result
from the pyramidal shape of the hydrogel pen (Figure 2B).
Second, the cyclic voltammograms show a linear dependency
of the steady-state currents on the compressed length of the tip
(d), as shown in Figure 2C. Steady-state currents are linearly
dependent not on d® (the electroactive square area) but on d,
similar to typical behavior of ultramicroelectrodes. In addition,
true steady-state currents are not observable on the
voltammetric time scale when the tip deformation (d) is huge
because of the decrease in the edge-to-area ratio. Notably,
charging currents appear to be proportional to the contact area
(d%). Overall, the simulations indicate that the steady-state
current is proportional to d, that the charging current is
proportional to d®, and that these currents can be observed
within a suitable experimental time scale.

Figure 2D shows simulated CA results for the HYPER,
demonstrating the Cottrell behavior in a short time regime and
the steady-state current behavior in long time regime. Three
questions arise concerning the CA of the HYPER. First, is the
current from the HYPER truly steady state or does it decay
gradually with time? Second, how much current is observed in
the former case? Third, what is the effect of the meniscus
between the tip and substrate? We inferred answers to these
questions as  follows: First,  theory related to
ultramicroelectrodes might offer insight into the behavior of the
HYPER despite the different shape of space for diffusion.
Micropipettes have been shown to exhibit non-linear diffusion
similar to that of in-laid disk ultramicroelectrodes but smaller
because of the shape of the electrolyte.'> For this reason,
currents from a square ultramicroelectrode are analogous to
those from the HYPER. A recent report from the Compton
group demonstrates that a square ultramicroelectrode leads to

This journal is © The Royal Society of Chemistry 2012
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Figure 2. (a) Geometry for the simulation of the HYPER under the assumption of mechanical deformation of the tip. (b) Simulated cyclic voltammograms at
a scan rate of 1 V/s for reversible charge transfer at the HYPER with d = 1um (red line) and at a disk ultramicroelectrode with the same electroactive area
(r = 0.798um, blue line).(c) Simulated cyclic voltammograms at the HYPER with various compressed lengths(1-10um) at a scan rate of 1 V/s. (d) Simulated
chronoamperograms at the HYPER with d = 1um (red line) and at a disk ultramicroelectrode in the solution with the same electroactive area (r = 0.798um,
blue line) under a mass-transfer-controlled redox reaction. (e) Error vs. time plots for chronoamperograms with various compressed lengths calculated from
equation (1) with respect to the numerical simulation. (f) Simulated steady-state diffusion-limited concentration profile of the HYPER with a meniscus.

the formation of a true steady-state current due to enhanced
diffusion at the side and vertex,>* whereas currents decay
gradually with time in microband ultramicroelectrodes.’
Therefore, the current from the HYPER in CA experiments is
steady state or at least pseudo-steady state on the experimental
time scale, although not to the extent of current from a square
ultramicroelectrode. Second, the steady-state currents of
HYPER are proportional to the side length, not to the square
area, which is similar to the typical relationships observed in
the case of ultramicroelectrodes.

A comparison of the chronoamperograms for the HYPER with
those for an in-laid disk ultramicroelectrode of equal area in the
electrolyte reveals that the steady-state current of the HYPER is
ca. 52% of that of the ultramicroelectrode (Figure 2D). At short
CA times, the Cottrell current dominates because of the
thinness of the diffusion layer compared with the side length of
the electroactive area. Therefore, the current of the HYPER in
CA at the invasion length of d is semi-empirically determined
as follows:

* 2
1< 1PC D sonanrne Ly )
Nt i

I, ~1.66nFDC"d )
where D is the diffusion coefficient within the hydrogel, F is
the Faraday’s constant, n is the number of electrons involved in
the redox reaction, C* is the bulk concentration of the redox
species, and d is the compressed length of the HYPER. Figure
2E shows a comparison of equation (1) to a numerical
simulation of the HYPER. Although the current behavior in the
short time regime at large d shows a relatively large deviation,
equation (1) describes the currents of the HYPER well at small
d values (less than 3um) over the entire time regime. These
results indicate that equation (1) and equation (2) are valid

This journal is © The Royal Society of Chemistry 2012

approximations when the HYPER is operated with small d for
typical scanning probe microscope (SPM) applications. The
validity of these approximations is a very significant and
attractive feature of the HYPER because the deformation of the
hydrogel tip induces changes in the length of the square side,
followed by changes in the steady-state current; i.e., the
electrochemical steady-state current provides the signal
transduction to detect the mechanical deformation of an inert
hydrogel tip. This electrochemical current could provide the
feedback signal for SPM to control the electroactive area
between the substrate and tip. In contrast, polymeric pens
composed of Polydimethylsiloxane (PDMS) do not generate a
signal that depends on the deformation of PDMS.? 3¢
Therefore, electrochemistry within the HYPER might be a very
useful technique for SPM requiring feedback signal to maintain
constant tip-substrate interaction. Third, a water meniscus
between the hydrogel pen and the working electrode might be
inevitable,'” *” which represents another -electrolyte for
electrochemistry. To avoid difficulties related to the shape of
the meniscus depending on various factors such as the
hydrophilicity of the substrate, we performed numerical
simulations of the HYPER and a water meniscus under the
assumption that the water meniscus is a simple hexahedron.
The results indicate that the effect of a meniscus on the currents
in the HYPER are negligible because the redox species in the
thin layer is completely and quickly consumed and because the
sluggish mass transport through the small contact area between
the tip and meniscus hinders the supply of redox species. In
Figure 2F, the concentration profile within the HYPER for a
diffusion-limited redox reaction demonstrates the complete
consumption of redox species in the meniscus and a higher
mass transport at the edge in the HYPER. Overall,
chronoamperograms of HYPER at small d is predicted to
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generate a steady-state current linearly proportional to the
compressed height (d) by the effects of the edge and vertex of
the HYPER at a highly localized electroactive square,
independent of the water meniscus.

The approach curve of the HYPER for the rapid oxidation of
ferrocenemethanol under diffusion-limited conditions, in which
the tip was sequentially lowered by lum every 10sec (Figure
3A), is in good agreement with the CA simulation results
(Figure 3B). Before contact, no current was generated. When
the HYPER contacts the working electrode for the first time, a
sharp increase in current, which consists of both the charging
current and the anodic current by the oxidation of
ferrocenemethanol was observed. The charging current quickly
disappeared because of small RC values; then, only a faradaic
current was observed. When we increased the length of the
square side by pressing the tip to the substrate, a linear increase
in the steady-state current was observed, as predicted by the
numerical simulation and equation (2) (blue line in Figure 3B).
Notably, charging currents were also observed due to the
increased contact area when the tip was pressed to the substrate.
In addition, the steady-state currents deviated from equation (2)
at larger d values, most likely because a smaller ratio between
the perimeter and surface areas resulted in smaller edge
diffusion. These experimental results demonstrate that the
steady-state current is generated and is linearly proportional to
the length of the square side of the deformed-pyramid-shaped
hydrogel pen. Therefore, the area for electrochemistry is
controlled by measuring this steady-state current. The cyclic
voltammogram of the HYPER also shows the predicted
sigmoidal shape depending on the size of contact area (Figure
3C). When d was greater than 5um, sigmoidal shaped
voltammograms changed to the typical diffusion-controlled
voltammograms, indicating that a contribution of edge diffusion
to the overall mass transport of reagent is minor. When a
constant-height SECM image was obtained on a well-defined
gold compact discs (CDs), the variations in faradaic current
directly represent the topography of CDs owing to change in d
depending on the depth of disk groove. (See supplementary
information. Figure S7) Overall, the HYPER provides a unique
method to convert the mechanical deformation of an inert
polymer into an electrochemical current signal and to localize
the electrochemistry at the nanometer scale through control of
the faradic current without any special apparatus and to
enhance current SECM technique for high-resolution imaging.

3-Dimensional Electrodeposition of Platinum using Hydrogel
Pen

Electrodeposition within the small area defined by the HYPER
was investigated to fabricate 3D metallic nanostructures.
Platinum (Pt) film on Au was deposited electrochemically
because Pt has unique properties in a wide range of
heterogencous catalytic applications.®® First, the HYPER tip
was brought into progressively closer proximity to the working
electrodes at the potential of a no faradaic reaction until a
charging current was observed by the contact between tip and
working electrode. Pt was deposited by applying potential
pulses,”® the Pt was reduced quickly, and the consumed Pt
cations in the diffusion layer were replenished for a relatively
long time at higher potentials. Figure 4A shows SEM images of
the electrodeposited tack-like Pt structure on Au. The thin layer
of electrolyte meniscus might produce the round head of a tack.

4| J. Name., 2012, 00, 1-3

After the Pt cations in the meniscus were reduced, the real
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Figure 3. (a) Schematic diagram of the HYPER approach involving sequential
pressing down of the electrode. (b) Current vs. time plot measured as the tip
approached the working electrode (1um per every 10sec) at E = 0.5V vs.
Ag/AgCI. The dashed blue line represents theoretical currents calculated from
equation (2). (c) Cyclic voltammograms of the HYPER at d = 1um — 6um within
the hydrogel containing TmM FCMeOH and 0.115M KCIO,. Scan rate = 50mV/s.

contact area would be the only channel for supplying Pt cations
through diffusion in the HYPER (vide supra), in which resulted
in the formation of the pin of a tack, as shown in Figure 4B.
The diameter and height of the Pt pin deposited by the HYPER
are approximately 110nm and 270nm, respectively. When the
side of the electroactive square by contact was increased to ca.
20um, electrodeposition yielded square Pt, as expected, in
which the electroactive area of the HYPER was much larger
than the surrounding meniscus (Figure 2C). By adjusting the
time for pulse deposition, we deposited a thicker Pt structure of
ca. 1.7um. Notably, electrodeposition occurred more at the
edge than on the plane via edge diffusion, even though pulse

This journal is © The Royal Society of Chemistry 2012
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Figure 4. SEM images of various Pt structures produced by different approaches using the HYPER. In (a)-(d), Pt was formed by the contact of the HYPER
followed by pulsed deposition: (a) an electrodeposited tack-like Pt structure; (b) a zoomed-in image of the pin area of (a); (c) a plate-like structure with a
larger contact area; (d) a thick plate deposited by longer pulsed deposition; (e) the Pt structure obtained by pulling the tip at a regular speed at a constant
potential; and (f) an arbitrary structure similar to soft ice cream, fabricated by repeating the pulsed deposition and pulling the tip.

deposition diminishes non-linear diffusion. When a constant
potential was applied and the tip was pulled at a regular speed
during deposition, the vertex and edge effects were maximized,
as shown in Figure 4E, in which the Pt structure grew through
four vertices of the electroactive square. Moreover, arbitrary 3D
structures were printed by the HYPER by sequential
electrodeposition. Figure 4F shows a Pt structure similar to soft
ice cream produced by repeated pulsed electrodeposition and
pulling of the tip. Notably, the height of the deposited structures
was as high as ca. 30um, demonstrating the ability of the
HYPER to deposit materials with a high aspect ratio. HYPER
also has the ability to produce metallic structure array based on
lateral scan. (See supplementary information) Electrodeposition
by the HYPER can be summarized as follows: (1) To date, the
minimum feature size obtained by the HYPER was ca. 180nm
in diameter, even though the thin and round metallic film was
appended due to the inevitable presence of an electrolyte
meniscus. When the surface area of the electroactive square
was much larger than that of the meniscus, the additional
structure disappears. (2) Materials with a high aspect ratio can
be fabricated successfully. (3) The HYPER, in conjunction with
electrodeposition, potentially enables the deposition of any
arbitrary metallic structure if all parameters, such as the
potential program for pulse electrodeposition, control of
diffusion, tip pulling speed and size of the meniscus, are
optimized. We believe that further investigation of our HYPER
will provide a new path to affordable 3D nanoprinting.

Conclusions

This work represents the first report of a hydrogel pen being
utilized to investigate electrochemical processes in the
nanometer-scale regime and to produce 3D metallic structures.
The HYPER provides significant advantages in terms of
simplicity, size of electrode, reproducibility and cost compared
with previous approaches. The theory related to the HYPER

This journal is © The Royal Society of Chemistry 2012

indicates electrochemical behavior similar to that of a typical
ultramicroelectrode. We have shown that 3D printing by
electrodeposition can be performed using the HYPER.
Localized electrochemistry by the HYPER might offer new
opportunities in electrochemistry, nanoscience, 3D printing and
SPM.

Experimental

Materials

Hard agarose, ferrocenemethanol (97%), Potassium
tetrachloroplatinate(Il)  (K,PtCly; = 99.9%), Potassium

perchlorate (KCIO4 > 99%) and Potassium chloride (99.9%)

were purchased from Sigma-Aldrich. Au microdisk electrode
(5pm radius), polishing diamond and polishing alumina were
purchased from Bas inc. Polishing micro-cloth pad was
purchased from Beuhler. Milli-Q water (18.2MQ) was used for
all aqueous solutions.

Preparation of hydrogel pen for electrochemical reaction

Agarose solution (8.3 wt% agarose in water) was prepared in a
long cylinder-shaped bottle which has a sealing cap. The
solution in the bottle was preconditioned in 90°C water bath for
an hour. Air bubbles were removed by boiling in microwave
(700W) for 30s and Si template was immersed to the bottom of
viscous and transparent agarose solution. The bottle which
contains solution and template was placed in the 90°C bath
again with cap closed and residual air bubbles were removed
slowly for additional an hour. After bubbles were completely
removed, the solution was cooled down to room temperature
slowly with cap closed in water bath (power off) overnight.
Agarose gel was detached from the master cautiously and the
agarose surface was washed by distilled water. The agarose

J. Name., 2012, 00, 1-3 | 5
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body was divided into edged cylinders which have a pyramidal
tip on each block by manual cutting. (Hydrogel pen : a
pyramidal tip on each agarose cylinder). The hydrogel pens
were soaked in aqueous solution which contains 1.7mM
ferrocenemethanol and 115mM KCIO,4 for electrochemical
reaction. The volume of solution for soaking a hydrogel pen
was 30 times of the volume of each hydrogel pen to minimize
dilution of redox molecules. The hydrogels were soaked for
8hours for complete equilibrium before -electrochemical
measurement. (Chemical equilibrium of the concentration of
hydrogel and solution is in Supplementary Information.)

Instrumentation

Electrochemical measurements were carried out using a CHI
900b potentiostat and Scanning Electrochemical Microscope
system (CHI instruments). The electrochemical cell and piezo
system were placed in a home-made faradaic cage (Cu, 1mm
square mesh) on optical table. Ag/AgCl reference electrode and
Pt (wire, 0.5mm diameter) counter electrode were used. Au
substrate (100nm thickness Au on Si wafer) was used as
working electrode. The working electrode was fixed on piezo
motor and its position was controlled by manual stage control
mode.

Electrochemical measurement using hydrogel pen

Working electrode (Au substrate) was fixed on piezo motor
and insulating glass was placed between the electrode and the
motor. The hydrogel pen was placed in electrochemical cell, in
which reference and counter electrode were connected and the
pyramidal tip of hydrogel was faced to Au electrode surface.
Au substrate was approached from the above of hydrogel tip to
the close proximity of the tip. USB microscope is used for brief
monitoring of the approach of the electrode and accurate
contact event was confirmed from the electrochemical signal
generated from the circuit closing by the contact of hydrogel
(electrolyte) and Au substrate (working electrode). The
potential for oxidation of ferrocenemethanol (0.5V) was being
applied on the working electrode for entire measurement. In the
close proximity, Au substrate was approached by a small
distance (100nm~1um) at once in monitoring of current. The
sharp charging current signal was generated in the moment of
contact and stable steady-state current was shown in a few
seconds. After confirmation of contact, electroactive area could
be controlled by additional approach and current feedback.

3-dimensional electrodeposition of Platinum using hydrogel pen

20mM K,PtCly, 115mM KCIO,4 aqueous solution was used as
soaking solution and aforementioned electrochemical setup and
approach method was employed. Working electrode was
approached by 100nm to minimize contact area and the
potential (0.6V), in which Pt reduction doesn’t occur and only
the charging current could be generated, was applied. The sharp
charging current (Figure S9) is generated by the contact and the
reduction of Pt does not occur in this potential. After the
confirmation of contact, potential for reduction of Pt, pulse
repetition (-0.4V for 0.01s, 0.3V for 0.03s), was applied and z-
position of working electrode was controlled by piezo
controller.
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