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In this paper the electrochemical deposition of three metals, namely gold, palladium, and platinum
over gold microelectrode seeded by titanium thin layer in microfluidic channel has been investigated.
Modified microelectrodes were characterized with cyclic voltammetry, scanning electron microscope
(SEM), and surface profilometry. Cyclic voltammograms data of all modified electrodes, namely
aurized, palladized, and platinized microelectrodes exhibited their characteristic oxygen deposition
peak (aurized) and hydrogen adsorption peaks (platinized and palladized). The real surface area, or
roughness factor, and height of each microelectrode were measured after every single deposition patch.
Obtained results revealed that aurized and palladized microelectrodes reached their maximum value of
surface area after approximately 10 minutes of electrochemical deposition, whereas platinized
microelectrodes exhibited gradual increase in surface area even after long time of electrochemical
deposition. Using aurized microelectrodes for chronoamperometric analysis of dopamine exhibited
similar behavior. Furthermore, SEM and surface profilometry results revealed that the process of
electrochemical deposition of microelectrode in microfluidic channels is influenced by the edge effect,
where the deposition process proceeds mainly at the kinks along the step (~ 21 nm high) of the
microelectrodes.

Keywords: Microelectrodes, electrochemical deposition, surface roughness, chronoamperometric
analysis, microfluidic MEMS.

1. INTRODUCTION

Tremendous amount of efforts have been exerted in developing miniaturized microfluidic
systems since the introduction of this concept in the early 1990s [1,3]. In particular, integrated
microfluidic systems has recently gained a great amount of attention because of their potential
portability in addition to their prospective broad range of applications, such as biomedical diagnostics
[4-7], genomic and proteomics analyses [8-12], drug discovery and delivery [13-15], and
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environmental investigations [16-19]. However, various fabrication techniques that have been
developed in the landscape of micro electronics and semi-conductors industries in combination with
well-established conventional analytical techniques have prompted the efforts toward designing and
fabricating innovative class of microfluidic systems defined as microfluidic micro-electro-mechanical-
systems (MEMS), i.e. microfluidic MEMS.

Typically, a microfluidic MEMS comprise sets of microchannels and microelectrodes, where
the latter are designed in a pattern that can control the flow of a fluid selectively and sensitively inside
the microchannels. Practically, two separate substrates are needed to generate a functional microfluidic
MEMS, where the microchannels that are encompassed on the first substrate are sealed by bonding to
the second substrate where microelectrodes are located. It is noteworthy mentioning that such bonding
between the two substrates requires very thin films of microelectrodes, usually few nanometers thick.
However, this bonding process is practically challenging when thick electrodes are needed, bonding is
retarded by thick microelectrodes. In addition, bonding two hard materials together, such as glass to
glass bonding, is another practical challenge in the presence of microelectrodes, which usually has
limited rate of success. Interestingly, electrochemical deposition provides sufficient remedy in this
practical challenge, where thick electrodes are generated after performing the bonding process, which
in turn is facilitated via fabricating the microchannels on soft polymeric material, such as PDMS,
whereas microelectrodes are fabricated on hard materials, such as glass. Recently, various kinds of
materials have been utilized for fabricating microfluidic systems that are comprised in these types of
microfluidic MEMS, this includes PDMS [20-22], glass and silicon wafers [23-25], SU-8 photoresists
[26,27]. However, using PDMS has superior advantages, namely its softness and easiness of
fabrication, over other hard materials such as glass. Moreover, PDMS exhibits surface characteristics
that are comparable to glass upon utilizing electroosmotic flow (EOF) as the driving force for flow of
liquids, aqueous solutions in particular, inside the microchannels. On the other hand, electrochemical
deposition has recently been progressively utilized for generating thick electrodes integrated within
microfluidic MEMS. Furthermore, electrochemical deposition offers straightforward procedure for
fabricating microelectrodes that are made of various kinds of metals [28-32]. Nevertheless, inserting
thick microelectrodes inside a microchannel does not only applicable for chip-based electrophoresis,
but also can be utilized for gaining insights concerning the driving force and mechanism of EOF inside
a microchannel [28-30]. Several reports ahs recently appeared in the literature dealing with the
technique of electrochemical deposition for incorporating thick microelectrodes or pillars inside
microchannels [20, 33-35]. In our previous work we reported fabrication and potential application of
various integrated microfluidic systems [33-35] In particular, electrochemical deposition was utilized
for incorporating palladium de-coupler within an integrated microfluidic systems functioning based on
electrophoretic separation for the analyses of various analytes of biomedical importance, such as DNA
adducts [20].

Although designing and fabricating novel microfluidic MEMS is occurring progressively in
notable rate, particularly incorporating pillar and thick microelectrodes inside a microchannel using
electrochemical deposition, there is still a necessity for gaining knowledge regarding the potential
geometric profile of extra thick microelectrodes [36-39]. The goal of this work is to gain insights
regarding surface profile of integrated microelectrodes fabricated via electrochemical deposition inside
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a microfluidic channel. Electrochemical deposition of three metals, namely gold, palladium, and
platinum, over a long period of deposition time is investigated, where a square pulse potential signal is
used to stimulate the deposition process. Geometric profiles of the microelectrodes are characterized
using scanning electron microscope (SEM), cyclic voltammetry, and surface profilometry.

2. EXPERIMENTAL

2.1. Materials

Sodium tetrachloroaurate (I11). 2H,0 (NaAuCl,. 2H,0), potassium hexachloropalladate (1V)
(K2PdClg), potassium hexachloroplatinate (IV) (KzPtClg), potassium, and potassium iodine were
purchased from Sigma-Aldrich (USA). Photoresists and developing solution, poly dimethylsiloxane
(PDMS), microscopic slide, and silicon wafers were supplied by Microchem Co., Dow Corning, Fisher
Scientific , and UniversityWafer Co., respectively.

2.2. Apparatus and measurements

All electrochemical measurements including electrochemical deposition were performed with
typical three-electrode configuration using PCl4-FAS2potentiostat (Gamry Instruments, Warminster,
PA, USA). SEM imaging was performed using JEOL-5910lv SEM (Japan Electron Optics Laboratory)
with conventional secondary electron imaging; no special coating or treatment was applied to the
specimens. Surface profilometry was conducted employing Dektak (I1A) profilometer. Cyclic
voltammograms were collected in 50 mM of HCL, prepared in ultrapure water ((18 MQ cm,
Millipore) at scanning rate of 50 mV.s™.

2.3. Microfluidic and microelectrodes fabrication

Detailed procedure for fabrication the microfluidic system has been published previously
[20,30]. In brief, the PDMS slabs were fabricated employing a combination of techniques, including
soft lithography, photolithography, and molding. Typically, a mold of SU-8 photoresist comprised on
silicon wafer with microchannel pattern was initially fabricated; then a premixed mixture of PDMS
and curing agent was poured over the mold and set for curing at 60 °C for one hour. After curing, the
PDMS slabs were peeled of the mold gently, and then access to the microchannels was generated
through punched holes on the PDMS. On the other hand, the microelectrodes array was comprised on
microscopic slides, where these microelectrodes are made of gold (20 nm) pre-seeded with titanium (1
nm). A combination of photolithography and chemical wet etching was applied to formulate the
microelectrodes according to the desired pattern (See Figure 1). The microelectrodes array consists of
10 microelectrodes with width and spacing between them of 50 um (Figure 1, Inset 1), and two 200 um
wide electrodes, were the 10-electrode array and two wide microelectrodes are located inside the
microchannel reservoir A, respectively. The whole system was assembled by permanently bonding the
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PDMS slab to the microelectrodes array after 1 min of plasma treatment. The depth and width of the
microchannel were 50 and 75 um, respectively, whereas the length, effective length between reservoirs
A and B, was approximately 2 cm.
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Figure 1. Schematic of experimental setup for electrodepositing metallic nanoparticles on the surface
of the microelectrodes inside a microfluidic channel. Insets: (A) Real image for the
microfluidic channel at the microelectrodes array region, (B) Potential pulse signal applied to
the working electrode for electrochemical deposition.

2.4. Electrochemical deposition

A schematic representation for the setup of electrochemical deposition is illustrated in Figure 1.
The deposition was performed with three-electrode configuration, where as can be seen in Figure 1, the
working electrode (WE) is connected to one of the microelectrodes inside the microchannel, whereas
the counter (CE) and reference electrodes (RF) were connected to the two wide microelectrodes inside
the reservoir A. Solution of approximately 5 mM of each metal salt was used for performing the
deposition process. The microchannel was filled with the depositing solution by loading a drop into to
reservoir A followed by applying gentle vacuum to reservoir B. the process was conducted under a
microscope to assure no existence for air pebbles. The electrochemical deposition was stimulated via
applying square pulse potential between —1800 mV and 0 mV with a frequency of 2 Hz for various
periods of time (Figure 1, Inset I1). Fresh solution was pumped to the microchannel regularly at
interval time of 1 min by applying the vacuum for less than two seconds at reservoir B.
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3. RESULTS AND DISCUSSION

The microelectrodes were characterized using cyclic voltammetry in order to estimate their

surface area.
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Figure 2. Cyclic Voltammograms of Au microelectrodes in 50 mM HCIO, before and after
modification with Au, Pd, and Pt nanoparticles. Inset: cyclic voltammogram of bare Au

microelectrode. Scanning rate: 50 mV.s™.

Theoretically, the geometrical area of each microelectrode before modification is
approximately 375 pm?; however, the real surface area typically is larger than this because of surface
roughness. Hence, real surface area for each microelectrode was estimated using the cyclic
voltammogram of each microelectrode before and after modification obtained in 50 mM HCIO,. For
gold micro electrodes, real surface area was estimated based on measuring the charge that corresponds
to oxygen monolayer electrochemically deposited on the electrode surface; whereas real surface area
of platinum and palladium microelectrodes was estimated by measuring the charge that corresponds to
the electrochemically adsorbed monolayer of hydrogen on the surface of the microelectrode. It is
noteworthy mentioning that the palladium and platinum microelectrodes were generated after
electrochemical deposition of both metals on the surface of gold microelectrode. Figure 2 shows
typical cyclic voltammograms obtained for the three metals after 8 min of deposition; the inset shows
the cyclic voltammogram of bare gold microelectrode before modification. As can be noticed from
Figure 2, typical cyclic voltammograms for gold, and platinum and palladium is obtained that are
characterized with the oxygen deposition and hydrogen adsorption peaks, respectively. The cyclic
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voltammograms are shifted toward lower potential, which can be attributed to the fact that potential
was measured against the pseudo reference electrode, namely the gold microelectrode labeled as RE in
Figure 1. However, such shift is insignificant in estimating the real area of the microelectrodes.
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Figure 3. Roughness factor of Au, Pd, and Pt versus deposition time.

The electrochemical deposition was quantitatively analyzed based upon estimating the
roughness factor of each microelectrode after the same period of deposition time. Hence, as depicted in
Figure 2, platinum modified microelectrodes exhibited the largest roughness factor after 8 min of
electrochemical deposition, where it approximately has one order of magnitude larger surface area than
gold microelectrode. In addition, the roughness factor was estimated after various periods of deposition
time in the range 0-16 min with the interval of 4 min. The first run for palladium and platinum was
conducted after one min of deposition time. A plot of roughness factor of each metal versus deposition
time is illustrated in Figure 3. Hence, an attempt has been performed to quantitatively correlate the
roughness factor of each electrode with the deposition time, which in turn is represented by the trend
lines as can be noticed in Figure 3.

Typically, increasing the roughness factor of working electrode is essential step in enhancing
the sensitivity of the electrochemical measurements, which corresponds to enhancing the coulometric
efficiency of the electrochemical sensors. The sensitivity of modified microelectrodes toward the
neurotransmitter Dopamine was investigated via chronoamperometry. Figure 4 shows various results
obtained for gold modified electrodes after deposition time in the range 0-16min; namely, roughness
factor, height, and amperometric response to the neurotransmitter Dopamine. As can be noticed in
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Figure 4, the roughness factor and amperometric response to dopamine reached their maximum values
upon utilizing a microelectrode that has been modified with approximately 10 min of electrochemical
deposition. Hence, this is consistent with the fact that roughness factor can be considered as an
indication for the prospective sensitivity of the electrochemical sensors. In fact, regular increase in the
height of the microelectrode was observed with increasing the deposition time, hence an increase in the
roughness factor is expected, and consequently an enhanced amperometric response. However, we
believe that this can be attributed to reduction in the size of the nanoparticles with increasing the
deposition time. On the other hand, the height plot depicted in Figure 4 corresponds to height
measurements made at the center of the electrodes.
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Figure 4. Amperometric signal of dopamine, roughness factor, and height of microelectrode versus
deposition time of Au.

However, profilometric investigation revealed that modified microelectrodes exhibit irregular
profile, where the height at the edges is notably higher that than at the center. Hence, we can anticipate
that this profile of microelectrodes can induce generating unstable laminar or even turbulent flow
around its territory [29], i.e. maintaining laminar regime is questioned , which reflects the observed
results concerning the reduction in the stability of the amperometric background for long-time
modified microelectrodes (data not shown). These observed profiles are illustrated in Figure 5. Such
ledge effect can be attributed to the fact that in the process of electrochemical deposition of metals,
existence of defects in the electrode surface is crucial in determining its final shape after
electrochemical deposition for a period of time; this includes the regulatory in the electrode profile. In
aqueous solutions, the metal ions are hydrated [M(H.0),]™, where upon stimulating the
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electrochemical deposition, they will transfer to their final state of M adatom on the electrode surface.
Typically, this transition occurs via either Step-Edge lon-Transfer Mechanism, or Terrace lon-Transfer
Mechanism.
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Figure 5. (A) SEM image for the microfluidic channel at the microelectrodes array region after
modification, (B) SEM image and (C) Surface profilogram of a microelectrode after 30 min of
electrochemical deposition of Au.

The main difference between them is the place where the adatom is located on the surface [40].
Hence, the former mechanism is favored in the presence of kinks, although the adatom will eventually
end up at the same kink site via the latter mechanism. As mentioned earlier, the microelectrodes have a
height of approximately 21nm at the edge before modification, which could trigger the edge effect
upon performing the electrochemical deposition. Hence, regardless of which mechanism via which the
adatom will proceed to the surface, the adatom will seek a position with lower potential energy, which
is favorably at the edge of the microelectrode. These mechanisms potentially account for the observed
edgy profile observed for microelectrodes modified with electrochemical deposition in microfluidic
channel as can be seen in Figure 5-B.

4. CONCLUSIONS

In this work, we have further investigated the electrochemical deposition of various metals,
namely gold, palladium and platinum over the surface of microelectrodes inside a microfluidic
channel. Utilizing a variety of characterization methods, namely cyclic voltammetry, surface
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profilometry, and scanning electron microscope (SEM) has successfully provided insights concerning
the surface profile of the microelectrodes after various period of deposition time. On the other hand,
the roughness factor of calculation indicated that a deposition time of 10 min was sufficient to reach
the maximum possible sensitivity of the microelectrode upon performing chronoamperometric analysis
for the neurotransmitter dopamine. Surface profilometry analysis has indicated that the microelectrode
starts to exhibit a v-shape after sufficient time of electrochemical deposition, where the height of the
microelectrode was approximately 30% more than that at the middle of the microelectrode. Hence
these observations have been linked to the fitting mechanism of electrochemical deposition. We
believe that our findings reported herein are of particular importance toward developing more sensitive
electrochemical sensors as well as providing valuable insights regarding fluid flow inside a
microfluidic channel retarded by a step in the middle of the microchannel.
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