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Abstract

Chemical modifications on recessed microelectrode array, achieved via electrodeposition techniques are reported
here. Silicon-based gold microelectrode arrays of 10 um microband and microdisc array were selected and
functionalised using sol-gel and nanoporous gold (NPG) respectively. For electrochemically assisted self-assembly
(EASA) formation of sol-gel, electrode surface was first pre-treated with a self-assembled partial monolayer of
mercaptopropyltrimethoxysilane (MPTMS) before transferring it into the sol containing cetyltrimethyl ammonium
bromide (CTAB)/tetracthoxysilane (TEOS):MPTMS (90:10) precursors. A cathodic potential is then applied. It was
found that larger current densities were required in ensuring successful film deposition when moving from macro- to
micro- dimensions. For NPG modification, a chemical etching process called dealloying was employed. NPG of three
different thicknesses have been successfully deposited. All the modified and functionalized microelectrode arrays were
characterized by both optical (SEM) and electrochemical analysis (cyclic voltammetry and impedance spectroscopy).
An increase in surface area and roughness has been observed and such will benefit for future sensing application.
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1. Introduction

Micro- and nanoelectrode arrays offer a number of advantages for the electrochemical detection of
analytes: (i) an improved mass transport leading to an increased sensitivity and better limits of detection;
(ii) improved signal to noise ratio; (iii) reduced ohmic drop [1]. Using tools originally developed for the
silicon integrated circuit (IC) industry, researchers are now fabricating miniaturized transducers from silicon
and other materials [2] to be used in various biosensor applications such as environmental monitoring [3,4],
food safety [5] and medical diagnostics [6]. These technologies allowed the fabrication of microelectrode
arrays of different geometries and materials [7].

The surface of microelectrodes can be modified to achieve a desired selectivity or improve the sensitivity.
Microelectrodes can be modified by electropolymerisation [8], to form a layer on the electrode surface
sensitive to pesticides [9,10] or drugs [11]. Thiols can be spontaneously adsorbed onto gold nanoparticles
immobilised on a gold microband array for the detection of organics in water [12,13] or they can be used
as an anchor for the immobilisation of aptamers [14] and bacteriophage [15]. Antibodies for the
amperometric detection of Aflatoxin M1 in milk could be immobilised via silanisation [5]. Functionalised
mesoporous silica has also been electrogenerated at the surface of microelectrodes [16,17]. Macroporous
gold was formed on a gold microelectrode to combine the high surface area of a macroporous materials
with the high mass transport achieved at a microelectrode [18].

Two methods of chemical modification were selected in this study, namely electrochemically assisted
self-assembly formation of sol-gel and nanoporous gold electrodeposition. These two methods were chosen
as to our knowledge these two modification methods have not been applied to recessed microelectrode array
to date. Mesoporous and nanoporous materials have attracted a wide interest in electroanalysis in recent
years [19, 20]. Recent studies have shown that electrochemically assisted self-assembly of silica leads to
well-organised mesoporous silica framework with pores oriented perpendicular to the electrode surface
[21]. Co-condensation of organo-silane with hydrolysed silane forms mesoporous silica bearing
functionalities that can be used for the detection of heavy metals (e.g. Cu?*" Ag*, Hg(Il)) [16,17,22].
Nanoporous gold electrodes have also been investigated due to the increase of surface area important for
catalytic applications [23-25] apart from biosensor applications.

We investigate here the modification of gold microelectrode arrays achieved by electrogeneration of
mesoporous silica on 10 um microband array and nanoporous gold on 10 pm microdisc array. These
particular dimensions were selected due to their stability and reproducibility compared to the nano-
dimension counterpart [26]. Electrochemical deposition approach is of interest as it selectively modified the
area of interest without smearing the passivation tracks or unwanted area. The porous materials are formed
by either a galvanostatic or potentiostatic methods. Although both dip-coating and drop-coating techniques
are straight-forward and simple, nevertheless the major concerns associated with these techniques are that
they are confined to flat surface and lack for selectivity [27]. The modified microelectrode array are then
characterised by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and scanning
electron microscopy (SEM).

2. Material and Methods
2.1. Material and reagents
All chemicals used in this study were purchased from Sigma-Aldrich Ireland Ltd. and used as received.

All solutions were prepared with high purity water (18.2 MQ c¢cm™) obtained from a Purelab Option from
ELGA.
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2.2. Microelectrode array fabrication

All microfabrication processing was carried out at the Central Fabrication Facility at Tyndall National
Institute according to the procedure for published elsewhere [26]. Following fabrication, the on-chip
electrochemical cells wafers were diced and no further electrodes packaging were required. The
microelectrode array designs selected for further chemical modification were 10 um microband array
(number of electrodes in array, N=17; width, w=10 pm and length, /=500 pm with centre interspacing,
d=100 pm) and 10 pm microdisc array (N= 314; radius, =5 pm and ¢=100 pm). Prior modification, the
electrodes were exposed to oxygen plasma (Harrick Plasma USA) for 3 min (3 cycles of 1 min at 900 mT
pressure and high power settings) to clean and activate the surface.

2.3. Modification methods

For the formation of mesoporous silica films, the microelectrode arrays were first immersed in an
ethanolic solution of 20 mM of (3-mercaptopropyl)trimethoxysilane (MPTMS) for 20 minutes. This step
allowed the spontaneous adsorption of thiol molecules onto the gold surface. The mesoporous silica films
were prepared by the electrochemically assisted self-assembly method described elsewhere [21,28]. Briefly,
sol was prepared by mixing ethanol and 0.1 M NaNOs in 1:1 v/v ratio. Silanes (TEOS:MPTMS 9:1 molar
ratio) and CTAB were added to the mixture with total silane concentration of 340 mM. The molar ratio
CTAB/silanes was maintained at 0.32 to form regular mesoporous structures as reported [28]. The pH of
the sol was adjusted to 3 by addition of HCI and the sol was hydrolysed under stirring at room temperature
for 2.5 hours prior to use as electrodeposition medium. The sol was prepared on the day of its use for
electrode modification. The electrodes were modified in the hydrolysed sol by a galvanostatic method. Two
current densities, j, of -0.74 mA cm™ and -7.4 mA cm were used to modify the working electrode in three
electrode cell with a silver wire acting as pseudo-reference electrode and a Pt mesh as a counter electrode.
After film formation, the electrodes were treated overnight at 135°C (to ensure good cross-linking of the
silica network). Template removal was achieved using 0.1 M HCl in ethanol, as previously described [22].

Gold nanostructures were electrodeposited from a solution containing 20 mM KAu(CN); and 100 mM
KAg(CN); in a molar ratio of Aug.15:Ago.s2in 250 mM Na,COs, pH 13, as a supporting electrolyte, according
to a procedure published by Nagle et al. [25]. Au will undergo selective dissolution during anodic corrosion
while Ag is dissolved preferentially. The electrochemical set up consisted of a three electrode system with
Ag/AgCl and high surface area Pt coated Ti gauze as reference and counter respectively. The potential of
the working electrode was controlled by a CHI 660B instrument. Prior to the surface treatment, all solutions
were purged with nitrogen for 20 mins, in order to remove the interfering presence of oxygen. Deposition
was carried out at room temperature, by applying a constant potential of -1.2 V for 600 seconds that gave
a rate of film at growth of 20 nm min™!.

2.4. Electrochemical measurements and SEM imaging

Electrochemical experiments were performed using a PGSTAT 302N from Ecochemie (Metrohm,
United Kingdom) or a CHI660B from CHI Instruments (IJ Cambria, Port Burry, Wales). Bare and modified
electrodes were characterised by CV and/or by EIS. In these experiments, the reference electrode was
Ag|AgCI|1 M KCI and the counter electrode was a Pt wire. Ferrocenemethanol and ferrocene carboxylic
acid were used as redox probes. All experiments were run in 0.01 M PBS or in 0.1 M NaCl. All SEM
images were captured using Quanta 650 FEG, Oregon USA.
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3. Result and Discussion
3.1. Electrochemically assisted self-assembly (EASA) silica film

Sol-gel electrodeposition technique lends itself well in offering tunable and controlled film thickness
formation on an electrode surface. The work on electrodeposition of sol-gel films have been initially
described by Shacham et al. in 1999 [29] and the scope of study has been extended by Walcarius and co-
workers [16,21]. By applying galvanostatic conditions (i.e. controlling the current) and varying the
deposition time, thickness of the films can be accurately controlled and problems with overpotential can be
eliminated [30]. A more ordered electrodeposited sol-gel structure could be accomplished by surfactant-
templated silica film on electrode surface via electrochemically assisted self-assembly (EASA). The general
approach of EASA is similar to the two-step of sol-gel preparation procedures involving hydrolysis of the
alkoxide at pH 3 followed by condensation of hydrolysed monomer at pH 9. The condensation leads to the
formation of a Si-O-Si bond with the elimination of a water or an alcohol molecule. However in EASA, the
pH is being increased by inducing negative potential to the electrode surface [29].

In this EASA study, the electrodes were first pre-treated with a self-assembly partial monolayer using
MPTMS before transferring the electrodes into the sol containing CTAB/TEOS:MPTMS (90:10)
precursors. The formation of SAM of MPTMS on gold has been proven to act as “molecular glue” between
the gold electrode surface and sol-gel derived silica films [31, 32]. The mesoporous silica films were formed
on the electrode surface by immersion in a pre-hydrolysed precursor (TEOS) and CTAB at pH 3. A cathodic
potential is then applied, increasing the pH and generating hydroxyl ions at the electrode/solution interface.
This resulted in the precursor’s condensation and concomitant growing of a surfactant-templated
mesoporous silica film. Besides served as template, CTAB also have long been reported in sol-gel
preparation as to prevent fracture in the film formation [33] and to stabilize the microscopic structure of the
material upon heat-drying [34].

The initial approach of electrochemically assisted self-assembly (EASA) of sol-gel in this study was
first demonstrated on a 1 mm gold disc electrode surface. CTAB and TEOS precursor ratio of 0.32 was
employed; as suggested by Goux et al. [30] in order to attain an aggregate-free thin films. Figure 1 shows
the comparison of 1 mm disc gold electrode on an unmodified surface with the electrode after
electrodeposition of organosilica film. As can be seen, the apparent advantage of EASA deposition is that
the sol-gel was being selectively deposited into the desired electroactive working electrode area without
smearing the edges or unwanted areas of the insulating part. The successful deposition of the silica film on
the electrode surface in this case can be indicated by changes of the electrode surface colour from pale
yellow to bright yellow.

Fig.1. Comparison of colour changes observed at 1 mm gold disc electrode surface on an unmodified electrode (left)
and on electrode after sol-gel electrodeposition (right)

The cyclic voltammogram (CV) for the modified electrode was recorded in 5 mM FcMeOH in 0.1 M NaCl
with respect to a standard Ag/AgCl reference electrode and Pt wire as counter electrode. The CV after the
MPTMS-sol-gel electrodeposition exhibited a shift to a more positive potential indicating the solubility of
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the CTAB in FcMeOH (Fig. 2). Upon aging and drying overnight, the sol-gel film seemed to be more
repellent as the thiol-functionalised films are hydrophobic hence inducing additional restriction to the mass
transport. A better access to the electrode surface was observed after the surfactant template removal which
suggests that the template of CTAB surfactant has been successfully removed but the MPTMS with
organosilica remained on the gold surface.

unmodified electrode
= === CTAB/TEOS:MPTMS
(90:10) electrodeposition

after ageing overnight at
135C

Current (pA)

~ ==~ after surfactant template
removal

0 0.2 04 0.6

Potential (V)

Fig. 2. CVs of the unmodified gold electrode (solid blue line), electrodeposition of CTAB/TEOS:MPTMS precursors
on the surface (red dashed line), after aging overnight at 135°C (green dashed line) and after surfactant template removal
(purple dashed line). CV recorded in 5 mM FcMeOH in 0.1M NaCl (scan rate 50 mV s'). Potential achieved after
deposition time of 8 secs was -1.3 V

3.1.1. EASA silica film on recessed microband array

The EASA deposition method had been successfully applied to electrodes with various morphology,
geometry and size, namely macroelectrode, microwire, microdisc and Au-CD-trode [16]. However the
electrodeposition of silica film on recessed microband array has not been assessed to date. It was observed
that applying the same current density of -0.74 mA cm? as on the 1 mm gold disc electrode on
microelectrode array did not lead to the sol-gel electrodeposition despite extending the deposition time.
When moving from macro- to smaller electrode dimensions, larger current densities need to be applied in
ensuring the film deposition. This is attributed to the faster loss of the hydroxyl species in the solution for
the diffusion profile of radial or spherical in microelectrode in comparison with linear diffusion on planar
macroelectrode [16].

Current density -0.74 mA ¢m

\ Current density -7.4 mA cm?

Fig. 3. Potential as a function of time for the different current density applied for 10 pum microband array. Lower
potential achieved for the sol-gel silica film electrodeposition once the current density was increased despite the
deposition time. The current density hence needs to be increased when moving from a macro electrode.

Effects of ageing temperature on silica film’s size
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The silica film formed on the recessed microband array aged at 135°C overnight was found to consist of
big granulars (Fig. 4). The formation of such big granules could be attributed to several factors. Firstly, it
was postulated that current density applied being so high that the film was formed inside the recess before
reaching the surface of the silicon nitride thus depositing outside the recess. Interestingly, the cylindrical
diffusion process that is commonly associated with microband array could be directly observed in the SEM
image. This could be seen on the cylindrical silica-film formed on the recess. Secondly, the silica film also
could be densified during the ageing process where the electrode was placed in an oven with temperature
of 135°C. It is proposed that, during gel densification, the desiccated gel become more highly cross-linked
while reducing its surface area and free volume [35]. While this effect is not prominent on larger surface, a
much smaller surface is greatly affected with the high temperature [36] where densification temperature
decreases as the pore radius decreases and surface area of the gels increases. Although Herzog et al. (2013)
did not encounter this densification when modifying the microelectrodes [16], it is noteworthy to mention
that the recessed microelectrodes used in this study had different geometry.

The microband electrode was then left ageing overnight at room temperature instead of high temperature
in the oven. Smoother silica film with spheres ranging from 300-500 nm was successfully deposited on
gold microband array within the recess trench. The permeability properties and electrochemical properties
of the films aged at the room temperature is discussed in the next section.

Before electrodeposition

Fig. 4. Top row: SEM images of unmodified microband array (right) and after CTAB/TEOS:MPTMS (90:10)
electrodeposition aged overnight at 135°C. Bottom row: SEM images of silica beads successfully deposited on
recessed gold microband array (left) with closed up image (right) when left ageing overnight at room temperature.

3.1.2. Electrochemical characterisations for sol-gel modified microelectrode array

The thin film of small silica beads formed within the microbands’ recess trench is indicated by a low
and compressed CV signal which correlates to the blocking of electron transfer on the electrode surface.
However, after surfactant template removal in ethanolic solution, a better permeability of the film was
observed. Interestingly, the modified microband with silica film still retained its microelectrode behaviour.
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This suggests that the whole band surfaces has opened up several template spots that may be in resemblance
with disc hence a steady-shaped voltammogram was observed.

unmodified microband
array
= = ==SAM MPTMS 20 min

CTAB/TEOS:MPTMS
(90:10) electrodeposition

ageing at RT

Current (pA)

after surfactant template
removal

-0.1 0.1 0.3 0.5 0.7
Potential (V)

Fig. 5. CVs of the unmodified microband array (solid dark blue line), after self-assembly MPTMS for 20 minutes (red
dashed line), electrodeposition of CTAB/TEOS:MPTMS precursors on the surface (green dashed line), after aging
overnight at room temperature (purple solid line) and after surfactant removal (light blue line). CV recorded in 5 mM
FcMeOH in 0.1M NaCl (scan rate 50 mV s™!). Potential achieved after deposition time of 8 secs was -1.14 V, current
density -7.4 mA cm™.

The EIS study was also carried out to assess the microelectrode behaviour upon modifications.
Following the partial self-assembly of MPTMS, a shift on the impedance took place (inset, top diagram).
A significant increment of the impedance was seen straight after the sol-gel and MPTMS electrodeposition.
A massive blocking behaviour was observed after an overnight aging confirming the hardening of the silica
film that blocked the electron from reaching the surface. Better permeability occured on the electrode once
the surfactant template removal was performed. These results are in agreement with the results obtained by
cyclic voltammetry analysis. While the advantage of microelectrode was maintained after the surfactant
removal (steady state CV), EIS study has confirmed the change of the diffusion profile on the modified
surface. The impedance is now tending to straight line indicating planar diffusion on the modified electrode.
Such behaviour could be attributed to the greater diffusivity of the redox solution within the silica film [37].
Similar pattern has been reported also by Wei & Hillhouse (2007) for their modified cubic silica films in
ferrocene dimethanol redox solution [38].

i 4
5.00E+05 © unmodified microband array i gggd

© SAM MPTMS 3.0E+04
2.0E+04

CTAB/TEOS:MPTMS (90:10) electrodeposition 106404 r
" 0.0£+00

+ after ageing at RT

4.00E+05

Z"/ohm
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_Q = after surfactant template removal Z'/ohm
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Fig. 6. EIS of the unmodified microband array (inset, top diagram- blue marker), after self-assembly MPTMS for 20
minutes (inset, top diagram- red marker), electrodeposition of CTAB/TEOS:MPTMS precursors on the surface (green
marker), after aging overnight at room temperature (purple marker) and after surfactant template removal (grey
marker). EIS recorded in 5 mM FcMeOH in 0.1M NaCl (0.1-1 MHz).
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3.2. Nanoporous gold modified surface for microdisc array
3.1.1. SEM analysis

The objective of modifying the electrode area with nanoporous gold (NPQG) is to increase the active
surface area of the gold electrode. The sensitivity of biosensor has been proven to be improved by making
the surface porous compared to a planar gold surface [39,40]. The porosity allows a larger number of
biomolecules attachments per surface area resulting in larger signal upon binding with their specifically
binding analyte molecules. SEM images in Fig. 7 show modified 10 pm microdisc electrode array with
NPG of different thickness. The thickness of the NPG is controlled by the time of electrodeposition. Prior
to the modification, two of the microdiscs have recess depths of 917 nm and one with 735 nm. After the
modification, NPG of three different thicknesses has been successfully deposited (122 nm, 252 nm and 6.8
pm). From the images, it can be seen that NPG appears as sponge-like 3D structure with interconnecting
pores with ligaments (Fig. 7d). Despite its porous structure, it has been shown that NPG can be as strong
as bulk Au [41,42].

3.1.2. Electrochemical characterisations for NPG-modified microelectrode array

CVs were recorded in 1 mM ferrocene carboxylic acid (FCA) in PBS (pH 7.4) with respect to a standard
Ag/AgCl reference electrode and Pt wire as the counter electrode. The limiting current for the recess depth
thickness after modification was calculated and compared to the obtained experimental limiting current.
The following equations describe the limiting current for both recessed microelectrode array and
hemisphere electrode [43].

For recessed microdisc array,

, 4mFCDr?
b =\ 2 )N

1)

And for hemisphere electrode,

where where 7 is the number of electrons involved in the reaction, F is Faraday constant (96,485 C mol™),
C is the bulk concentration of ferrocene carboxylic acid (mol cm™), D is diffusion coefficient (5.7 x 107°
cm? s7), r is the disc radius (cm), L is the silicon nitride thickness (recess depth) (cm) and N is the number
of the disc electrodes in an array.

The modified NPG microelectrode exhibits highly improved electrochemical responses compared to the
readily fabricated microelectrode, owing to its high surface area. As can be seen from Table 1, the
experimental limiting currents obtained are twice as large as the theoretical limiting current. This has arisen
from the mass transport of the redox solution occurring through porosity of the NPG across the electrode
surface.
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Fig. 7. SEM images of NPG-modified 10 um microdisc array with 917 nm recess depth (a-d): (a) microdisc array
after modification; (b) 122 nm NPG deposited; (c) 252 nm NPG deposited; (d) close-up image of NPG with the joint
ligament; and modified microdisc with 735 nm recess depth (e-f): (e) disc before modification; (f) NPG with 6.8 pm
NPG deposition. Images are tilted to 60°.

Table 1 Comparison between theoretical current and experimental current for NPG-modified microelectrodes

Theoretical current (nA) Experimental current (nA)

Initial microdisc recess of 917 nm

795 nm recess (after 122 nm NPG 287 564.94 +44.49
deposited)

665 nm recess depth (after 252 nm NPG 295 627.01 £97.08
deposited)

Initial microdisc recess of 735 nm

Hemisphere electrode of 6.1 pum (after 543 1160 + 498.97

NPG deposition of 6.8 um)

From the NPG-modified microelectrodes with recess depth of 795 nm and 665 nm, it was found that the
current density with regard to the calculated theoretical current has increased from 1.16 mA cm? to 2.29
mA cm? and from 1.2 mA cm-2 to 2.54 mA cm? respectively. In both cases, a current density increment
of twice was observed. Interestingly, the current density obtained is in the same vicinity as reported by
Nagle & Rohan (2011) for NPG-modified planar Au electrode (3.1 mA cm?). The value for the current
density at the unmodified planar Au with 5 mm diameter macro disc was 2.65 mA cm [44]; which indicate
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the modified NPG-recessed microdisc array has a current density that is on par with the macrodisc area.
For the NPG-modified microdisc electrode with 6.1 um hemisphere formed above the recess, a current
density increment of twice was also observed (from 2.2 mA cm? to 4.7 mA cm™).

It was found that the characteristic of microelectrode of having a steady-state CV has diminished for the
NPG-modified microelectrode with hemisphere NPG formed above the recess. A broad and peak-shaped
CV that corresponds to a macroelectrode CV was attained at scan rate at 100 mV s™' (Fig. 8). The respective
EIS also has the lowest values in comparison with the unmodified and other NPG-modified microdisc
electrodes (Fig. 9). This is due to the protruding geometry of the formed NPG-hemisphere that permits
easier electron transfer at the surface and hence lower impedance.

2000

———NPG-modified microdisc array

1500 with 795 nm recess depth

1000

NPG-modified microdisc array
with 665 nm recess depth

Current (nA)
@
8

=

——NPG-modified microdisc array

with 6.1 um above recess
-500

0 0.2 04 0.6
Potential (V)

Fig. 8. CV of the NPG-modified microdisc array of different thicknesses. Scan rate 100 mV s! in 1 mM FCA in PBS
pH7.4.

The two other NPG-modified microdiscs on the other hand, exhibited steady-shaped voltammograms at
100 mV s™'. Supposedly the EIS of the NPG-modified microdisc with 795 nm recess depth exhibited higher
impedance compared to the of 695 nm recess depth. In this case, for the 665 nm recess depth, 225 nm of
NPG was formed hence the film is thicker compared to the 122 nm of NPG formed that resulted in 795 nm
recess depth. However no significant difference was observed between the two. This can be addressed to
the SEM images as only one disc from the disc array of 314 electrodes was taken. The NPG thickness could
be vary from one disc to another disc, and the EIS shows the impedance of total surface area instead of one
disc alone. The striking importance however is that a 25-fold decrease in impedance of NPG-modified
electrode was reported compared to unmodified gold electrode, as a result of the augmented total surface
area [45].
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Fig. 9. EIS of the NPG-modified microdisc array of different thicknesses in 1 mM FCA in PBS. Frequency applied
was 0.01-1 MHz.

These interesting features of the NPG-modified microdisc in terms of electrochemistry and surface
roughness provide a promising feature for its future application in biosensor area. The modified microdisc
array electrode has been applied in dissolved oxygen sensing application which will be used for monitoring
of drinking water quality in rural communities in India [46].
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4. Conclusion

For the sol-gel silica film formation, MPTMS pre-treatment exhibited successful formation of the sol-
gel on the gold electrode surface. Silica film deposition is possible on recessed microband array but the
characteristics for film formation greatly dependent on the experimental conditions i.e. increasing the
current density when moving from macro to micro dimension. Ageing the microelectrode at high
temperature leads to the poor formation of the silica gels. We also have demonstrated that NPG-modified
recessed microdisc can be conveniently prepared by dealloying steps. This direct and simple method
provides a rougher surface with higher current density while maintaining the merit of microelectrode
behaviour. The microdisc array still retains its microelectrode behaviour (in the case of presence recessed
NPG layer). The integration of surface roughness increment and microelectrode properties may help in
improving the biosensing application. The film thickness formed via EASA and NPG for modifying gold
electrode surface could be tuned by controlling the electrodeposition parameters (time and ratio of mixtures)
thus offering wide range of further biosensor applications.
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