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Abstract: Electrochemical gas sensors are often used for identifying and quantifying redox-active
analyte gases in the atmosphere. However, for amperometric sensors, the current signal is usually
dependent on the electroactive surface area, which can become small when using microelectrodes
and miniaturized devices. Microarray thin-film electrodes (MATFEs) are commercially available,
low-cost devices that give enhanced current densities compared to mm-sized electrodes, but still give
low current responses (e.g., less than one nanoamp), when detecting low concentrations of gases.
To overcome this, we have modified the surface of the MATFEs by depositing platinum into the
recessed holes to create arrays of 3D structures with high surface areas. Dendritic structures have been
formed using an additive, lead acetate (Pb(OAc)2) into the plating solution. One-step and two-step
depositions were explored, with a total deposition time of 300 s or 420 s. The modified MATFEs
were then studied for their behavior towards oxygen reduction in the room temperature ionic liquid
(RTIL) [N8,2,2,2][NTf2]. Significantly enhanced currents for oxygen were observed, ranging from 9 to
16 times the current of the unmodified MATFE. The highest sensitivity was obtained using a two-step
deposition with a total time of 420 s, and both steps containing Pb(OAc)2. This work shows that
commercially-available microelectrodes can be favorably modified to give significantly enhanced
analytical performances.

Keywords: 3D nanostructures; electrodeposition; platinum; oxygen sensing; gas detection; microarrays;
room temperature ionic liquids

1. Introduction

Electrochemical methods have been widely investigated over several decades for the detection of
chemical species dissolved in solution [1–4]. Typically, three (or sometimes two) electrodes are placed
in ionic contact using a solvent containing a supporting electrolyte. A potential is applied between the
working and counter electrodes, which induces a current proportional to the concentration of analyte.
In recent years, there has been a drive towards the miniaturization of electrochemical cells and electrode
designs, and various planar electrode devices have been commercially developed to address this need,
with the working, counter, and reference electrodes printed in a small area (e.g., screen-printed
electrodes, thin-film electrodes, and interdigitated electrodes) [5–8]. Several companies presently
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manufacture these commercially available devices (e.g., DropSens, MicruX, Zensor, Kanichi, Zimmer &
Peacock), with various designs incorporating both mm- and micron-sized working electrodes. The use
of microdisk electrodes for electroanalytical chemistry is particularly beneficial due to the higher
current density, lower Ohmic drop contributions, and a smaller amount of electrode material required
(especially important where expensive nobel metals are used), compared to conventional mm-sized
surfaces. The overall current can be enhanced by employing arrays of microdisk electrodes [5–12],
ideally sufficiently separated so that their diffusion fields do not overlap and each individual electrode
can be addressed independently [11,12]. Room temperature ionic liquids (RTILs) are seen as favorable
solvents for use with such miniaturized devices [13,14].

RTILs are a class of solvent that possess several archetypal properties, such as negligible
vapor pressures, high thermal and chemical stability, wide electrochemical windows, high polarity,
high viscosity, intrinsic conductivity, and good solvation abilities [15,16]. Their near-zero volatility
requires only very small quantities of solvent (down to as low as micro or nano-litre quantities in some
cases) [17–20], and they can be dropcast onto the planar electrodes of miniaturized devices. This is of
huge benefit compared to traditional solvents (e.g., water or organic solvents), which can evaporate
in a relatively short amount of time, particularly in hot and dry conditions. However, a drawback
of RTILs is their high viscosity, which can lead to slower diffusion coefficients and lower currents.
Arrays of microelectrodes can thus be employed with RTILs to improve current signals [13,14], but it
is possible to further enhance their performance through improved electrode designs. We recently
demonstrated this enhancement possibility by forming smooth, cauliflower shaped structures through
electrodepositing platinum into the recessed holes of MATFEs, with overlapping diffusion zones
roughly facing the adjacent electrodes [18]. These modified electrodes showed enhanced sensitivities
for ammonia detection in ionic liquids [18], and these electrodes could be particularly beneficial for
detecting highly toxic gases at low concentrations.

In the present work we aim to further improve the analytical performances of MATFEs, by varying
the deposition parameters and composition of the plating bath to create dendritic structures resulting
in even higher surface areas. The electrodeposition of Pt nanostructures with high surface area can be
readily achieved by using approaches, such as hydrogen bubble dynamic plating [21] or introducing
species into the electrolyte, which directs the growth of the deposit. For the latter, it has been shown
that the inclusion of surfactant liquid crystals results in the fabrication of highly porous platinum [22].
The disadvantage of these approaches in the context of electrodeposition into recessed arrays of
electrodes is that the hydrogen bubble dynamic plating method is more suitable to larger substrates,
whilst the use of organic surfactants may result in surface contamination with species that could
potentially interfere with the sensing process. Previous work has demonstrated that the inclusion of
inorganic species in the electrolyte can also direct the growth of metal deposits, which alleviates the
problem of surface contamination by organic moieties [23]. An example of this is lead acetate, which has
been used for the formation of both gold and platinum nanostructured surfaces, which have been
used for a variety of applications, including dopamine detection [24], gas phase mercury sensing [25],
nitrite ion detection [23], methanol oxidation [26,27], and oxygen reduction [27]. These examples
indicate that the inclusion of lead acetate does not affect the sensing properties of the electrodeposit,
but rather enhances its performance due to the increased surface area from dendritic type structures,
as well as the active sites generated when Pt is electrodeposited in this fashion. In this work, dendritic
structures are produced and oxygen gas was chosen as a suitable analyte, to demonstrate the sensitivity
enhancement offered by these modified microelectrode array surfaces.

2. Materials and Methods

2.1. Chemical Reagents

All chemicals were commercially available and used as received without further purification.
Ethanol (EtOH, 99%), acetone (99%), sulfuric acid (98% w/w [18.4 M]) and zinc chloride (ZnCl2,
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40% w/v, used as a soldering flux for connecting wires with electrodes), chloroplatinic acid hydrate
(H2PtCl6 xH2O, trace metal basis, ≥99.9%), and lead acetate trihydrate (Pb(OAc)2 3H2O, ≥99.9%),
were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Ferrocene (Fe(C5H5)2, 98% purity,
Fluka) was used as received to prepare ferocene/ionic liquid mixtures. The room temperature
ionic liquid (RTIL) octyltriethylammonium bis(trifluoromethylsulfonyl)imide ([N8,2,2,2][NTf2], >98%),
was purchased from Merck, Kilsyth, Victoria, Australia. Ultrapure water with a resistance of
18.2 MΩ.cm was prepared using an ultrapure water purification system (Millipore Pty Ltd., North Ryde,
NSW, Australia). Acetonitrile (MeCN, >99.8%, Fischer Scientific) was used for washing electrodes
after use. High purity oxygen gas (>99.5%) was purchased from CAC gases (Auburn, NSW, Australia).
Nitrogen gas (for dilution of O2) was obtained from a ≥99.99% high purity, compressed nitrogen
cylinder (BOC gases, Welshpool, WA, Australia).

2.2. Electrochemical Experiments and Electrodeposition Parameters

All experiments were performed using a PGSTAT101 Autolab potentiostat (Metrohm Autolab,
Gladesville, NSW, Australia) interfaced to a PC with Nova 1.11 software, at laboratory room
temperature (294 ± 1 K), inside an aluminum Faraday cage present in the fume cupboard to reduce
electrical interference. Platinum (Pt) microarray thin-film electrodes (MATFEs, MicruX Technologies,
Oviedo, Spain, ED-mSE1-Pt) were used as the sensing device and used for further modification.
These consisted of a 1 mm diameter Pt working electrode (thin-film of 150 nm thickness) on a Pyrex
glass substrate covered with a layer of SU-8 resin, into which 90 micro-holes (µ-holes) of 10 µm
diameter were made to create 90 recessed microdisk electrodes. The center-to-center distance of each
µ-hole was 100 ± 1 µm (10× diameter), and the depth was 3 ± 0.5 µm. The planar electrode device
had inbuilt Pt thin film counter and reference electrodes, deposited close to the working electrode, to
delimit the electrochemical cell, and thus enable the use of very small sample volumes (e.g., 3 µL in
this study).

Prior to electrodeposition experiments, the MATFEs were electrochemically activated in 0.5 M
H2SO4(aq), by scanning between + 1.40 and −0.24 V vs. an external Ag/AgCl (0.1 M KCl) reference
electrode (BASi, West Lafayette, IN, USA) and Pt coil counter electrode (Goodfellow Ltd., Cambridge,
UK), at a sweep rate of 500 mVs−1 for ca. 300 cycles. The electrodes were then washed with ultrapure
water and dried under a nitrogen stream. The recessed µ-holes were decorated electrochemically with
Pt-deposits of various shapes and geometries. The platinum plating solution consisted of 20 mM
H2PtCl6 in N2-saturated 0.5 M H2SO4. The plating solution was also spiked with 2 mM Pb(OAc)2

to create 3D dendritic-shaped nanostructures. Dendritic structures find use in a number of research
fields, including hybrid nanomaterials, flexible ceramics, biomaterials, and polymer composites [28,29].
During the deposition process, the following parameters varied: Total deposition time (300 s or
420 s), number of deposition steps (1 or 2), and composition of the platinum plating solution (with
and without lead acetate). Electrodeposition involved holding at the open circuit potential (OCP,
~0.75 V), then applying an overpotential (−0.2 V) vs. a stable Ag/AgCl reference electrode, to produce
instant nucleation and growth of Pt-deposits, as described in References [30–34]. During deposition,
the plating solutions were stirred under strong magnetic stirring to ensure a fast rate of mass transfer,
ensuring a constant rate of flux. The eight different electrochemical procedures that were employed,
and their abbreviations used in this work, are given in Table 1.

The Pt-deposited MATFEs were electrochemically activated in N2-saturated 0.5 M H2SO4(aq) by
scanning the potential between +1.40 V and −0.24 V vs. Ag/AgCl (0.1 M KCl) and a Pt coil counter
electrode, at a sweep rate of 500 mVs−1 for ca. 10 cycles to ensure there was no oxide layer, chloride ions
(Cl−), or Pb contents adsorbed on the active sites, as described in Reference [35]. The electrochemical
surface area (ESA) of the Pt-deposited MATFEs was calculated from the area under the hydrogen
adsorption/desorption peaks using standard methods, explained in References [35,36].
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Table 1. Description of the different deposition conditions, plating bath compositions, and deposition
times used in this work. All solutions were in a background of 0.5 M H2SO4(aq).

Abbreviation Deposition Conditions and Plating Bath Composition Deposition Time

300 s Pt Single step, 20 mM H2PtCl6 300 s
300 s Pt/Pb Single step, 20 mM H2PtCl6 + 2mM Pb(OAc)2 300 s

150 s Pt/Pb + 150 s Pt/Pb Two steps, both in 20 mM H2PtCl6 + 2mM Pb(OAc)2 150 s + 150 s = 300 s
420 s Pt Single step, 20 mM H2PtCl6 420 s

300 s Pt + 120 s Pt Two steps, both in 20 mM H2PtCl6 300 s + 120 s = 420 s
420 s Pt/Pb Single step, 20 mM H2PtCl6 + 2mM Pb(OAc)2 420 s

300 s Pt + 120 s Pt/Pb Two steps. First step: 20 mM H2PtCl6, second step: 20 mM H2PtCl6 + 2mM Pb(OAc)2 300 s + 120 s = 420 s
300 s Pt/Pb + 120 s Pt/Pb Two steps, both in 20 mM H2PtCl6 + 2mM Pb(OAc)2 300 s + 120 s = 420 s

2.3. Oxygen Gas Experiments

For gas sensing experiments, modified and unmodified MATFEs were placed into a slit made in a
rubber stopper, and inserted into a glass cell (a modified version of a T-cell) [37–39]. 3 µL of RTIL was
drop-cast on the unmodified and Pt-deposited MATFEs. Prior to the introduction of oxygen, the cell
was purged with nitrogen gas to remove dissolved gases and atmospheric impurities. When the
baseline was stable (after ca. 20 min), oxygen gas was introduced into the cell and continuously flowed
over the electrode. To obtain different concentrations of oxygen, 100% oxygen gas was diluted with
nitrogen through a gas mixing system, as reported by Lee et al. [39], which consisted of two digital
flow meters (0–1.0 L/min, John Morris Scientific, NSW, Australia), one connected to an oxygen gas
cylinder (O2) and the other to a nitrogen cylinder, using PTFE tubing via a Swagelok T-joint (Swagelok,
Kardinya, WA, Australia). The O2/N2 mixture was then passed through an additional gas-mixing
segment [39] to increase turbulence, and to ensure adequate mixing of both gases. The relative flow
rates were used to calculate the different concentrations of oxygen gas introduced into the T-cell,
with the sum of the flow rates kept constant at 800 cm3/min.

2.4. Electrode Imaging

MATFE surfaces were imaged via scanning electron microscopy (SEM), taken on a Zeiss Evo
40XVP microscope, at an accelerating voltage of 5.0 kV. The images were obtained at a working distance
of 7 mm, with an aperture size of 30 µm, by combining two signals SE1 and SE2, which were detected
by InLens and SE detectors, respectively. A thin coating of platinum was deposited over the electrodes
due to the charging from the SU-8 polymer layer by the electron beam.

3. Results

3.1. Deposition and Characterization of 3D Nanostructured Microarrays

To increase the surface area of the commercially-available microelectrode arrays, the recessed
microholes were over-filled with platinum to create high surface area three-dimensional structures
with regular spacing. Eight depositions were performed in 0.5 M H2SO4(aq), varying the following
parameters: total deposition time (300 s or 420 s), number of steps (1 or 2), and composition of
the platinum plating solution (with and without lead acetate). The platinum salt concentration
(20 mM), lead acetate concentration (2 mM), and deposition potential (overpotential region, −0.2 V
vs. Ag/AgCl) were fixed to observe the effect of the presence of lead acetate on the structure and
shapes of the electrodeposits obtained. Cyclic voltammograms for some of the deposition processes
in H2PtCl6/H2SO4 were included in our previous work [18]. The different parameters employed are
given in detail in the experimental section, and their abbreviations are given in the first column in
Table 2.

All depositions resulted in the formation of 3D structured deposits of platinum into and over
the top of the microholes. All structures appeared to be strongly bound to the substrate and did not
detach from the surface after vigorous rinsing with water or under a strong flow of air, which was
performed to remove excess electrolyte before imaging, and to dry the electrode, respectively. Figure 1
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shows scanning electron microscopy (SEM) images of the electrodeposits obtained from a single-step
300 s deposition in 20 mM H2PtCl6, in the presence of 2 mM Pb(OAc)2: (a) The whole electrode with
90 filled microholes, (b) a zoomed-in image showing seven adjacent deposits, (c) a single deposit,
and (d) a close-up image of the fine structure of one electrodeposit. This particular deposition results
in discrete, dendritic shaped nanostructures with star like spikes at the top, decorated with small
nanoparticles. This sharp and spiky structure is likely to have a significantly higher electroactive
surface area, compared to the recessed electrode, and also a larger surface area, compared to the
deposits obtained in the absence of Pb(OAc)2, as discussed later.
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Figure 1. Scanning electron microscopy (SEM) images for Pt 3D nanostructure decorated Microarray
thin-film electrodes (MATFEs) using 300 s deposition at −0.2 V from 20 mM H2PtCl6 in the presence of
2 mM Pb(OAc)2, showing (a) the whole electrode (90 electrodes, with deposits of diameter 27 ± 0.6 µm),
(b) zoomed-in image of seven deposits, (c) single dendritic shaped 3D nanostructure, and (d) zoomed-in
image showing the fine structural detail.



Nanomaterials 2018, 8, 735 6 of 14

Images were also taken of the deposits obtained using the different deposition parameters.
Figure 2 shows an image of the 3-D deposit observed at a single microhole (left), and a close-up view
of that structure (right), for all eight deposition parameters employed in this work. For the single-step
deposits (Figure 2a,b,d,f), the deposits appear to have less material in the center of the structure. This is
due to the greater contribution of (slower) linear diffusion within the pores, compared to the (faster)
radial diffusion at the edges, resulting in more deposits growing over the edges [18]. In a two-step
deposition, this hole becomes filled probably as a result of many new nucleation sites occurring in
this region; this is demonstrated in Figure 2d (one-step process) and 2e (two-step process), which both
use a 420 s total deposition time. The extra material filling the center of the structure in Figure 2e
is likely to lead to increased flux of analyte species, as a result of more multi-dimensional diffusion
and accessible platinum sites. All of the deposits obtained from the pure platinum plating solution
(H2PtCl6 in H2SO4(aq)) are relatively smooth in the close-up images (Figure 2a,d,e).

Table 2. Analytical parameters obtained: diameter of deposit, charge (QH), electroactive surface area
(ESA, calculated from the integration of H2 desorption peak obtained in N2-saturated 0.5 M H2SO4 at
500 mVs−1 vs. Ag/AgCl RE and Pt CE before gas experiments), reduction peak current (Ip) for 100%
vol. oxygen, sensitivity, and limit of detection (LOD) calculated for oxygen reduction (10–100% vol.),
on all electrodes using cyclic voltammetry in the RTIL [N8,2,2,2][NTf2]. Half-wave potential (E1/2) for
oxygen reduction is reported vs. the ferrocene/ferrocenium (Fc/Fc+) redox couple.

Deposition Method Diameter of
Deposit/µm QH = I × t/(µC) ESA/(mm2)

Ip (100%
O2)/(µA)

Sensitivity/
(nA/%vol.) LOD2/(% vol.) E1/2 vs. Fc/Fc+/V

Bare MATFE n/a 2.13 1.01 0.15 1.5 5.8 −1.45
300 s Pt 22 ± 0.8 1 21.7 10.3 1.26 14.1 4.5 −1.35

300 s Pt/Pb 27 ± 0.6 31.6 15.0 1.43 13.7 2.4 −1.37
150 s Pt/Pb + 150 s Pb/Pb 25 ± 0.7 32.8 15.6 1.49 13.7 2.1 −1.35

420 s Pt 28 ± 0.8 28.9 13.8 1.46 13.9 2.3 −1.35
300 s Pt + 120 s Pt 30 ± 0.8 32.3 15.4 1.59 15.1 2.4 −1.34

420 s Pt/Pb 36 ± 0.9 68.1 32.4 2.11 19.8 2.4 −1.34
300 s Pt + 120 s Pt/Pb 37 ± 2.1 53.7 25.6 2.30 22.1 2.1 −1.31

300 s Pt/Pb + 120 s Pt/Pb 52 ± 4.2 93.3 44.4 2.48 24.3 1.5 −1.34

1 Error bars represent one standard deviation of seven 3D nanostructure deposits on the same microarray.
2 The LODs are calculated from 3 standard deviations of the line of best fit, in the range 10–100% O2, and serve
merely as a comparison of the different surfaces. Lower LODs are possible if a different concentration range is
studied but it is not the focus of this work.

When lead acetate was added to the plating bath, dendritic structures were formed. Dendritic
growth can be regarded as a competition between the order associated with crystal symmetry and the
instabilities that are induced in the system during the growth process. For the case of Pt deposition
in the presence of lead acetate, the latter is a foreign species which contributes to such instabilities
when the Pt is being electrodeposited. Previous work [26] using a similar plating bath composition,
indicated that Pb underpotential deposition (UPD) occurs during the growth process. The presence
of Pb as the foreign species competes with Pt deposition, and therefore perturbs its growth. The Pb
creates pinning centers, as it is the metal at the lower concentration, thereby inducing disorder and
dendritic growth.

Using the same deposition time as Figure 2a, structures with much rougher and spiky surfaces
are present in Figure 2b. There is also evidence of the “hole” in the center of the single step processes
(Figure 2b,f), although it is not as obvious as the equivalent non-dendritic structures (Figure 2a,d),
probably due to the formation of dendritic sites in all directions that partially fill the hole. In the
two-step depositions at longer times (Figure 2g,h), this hole becomes filled, leaving a spiky, high surface
area 3D-shaped deposit protruding over the microhole. The shape of the structure is quite similar
regardless of whether the first step was dendritic or non-dendritic in nature, since the second step
produced additional dendritic structures on the top of the initial electrodeposited structure. However,
the size (diameter) of the deposit appeared to be larger when both steps were performed in the presence
of lead acetate.
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The diameters of the structures were measured at their widest point and are included in Table 2.
Some structures (e.g., Figure 2d,e,f) appear slightly more elongated than others, so these values are
merely a guide to the approximate relative dimensions of the deposits. Overall, the diameters of the
deposits were wider for the dendritic structures, likely leading to a higher surface area of available
Pt sites. It is difficult to judge the improvements simply by measurement of the diameter, so the
increased electroanalytical abilities of these surfaces can be accurately determined by the calculation of
the electroactive surface area, as described in the next section.
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Figure 2. Scanning electron microscopy (SEM) images for the different nanostructured MATFEs with
corresponding zoomed-in images showing the fine detail. (a) 300 s Pt, (b) 300 s Pt/Pb, (c) 150 s Pt/Pb
+ 150 s Pt/Pb, (d) 420 s Pt, (e) 300 s Pt + 120 s Pt, (f) 420 s Pt/Pb, (g) 300 s Pt + 120 s Pt/Pb, (h) 300 s
Pt/Pb + 120 s Pt/Pb.

3.2. Electroactive Surface Area Calculation

Given the rough nature of the deposits obtained from electrodeposition, the electroactive
surface area (ESA) of each electrode was calculated using cyclic voltammograms (CVs) recorded
in 0.5 M H2SO4(aq). Figure 3 shows CVs in 0.5 M H2SO4 for all nine surfaces used in this study,
scanned between the oxygen evolution and hydrogen evolution potentials, showing the characteristic
behavior observed on platinum electrodes in H2SO4 [40,41]. There are three main potential regions:
(1) Above 0.5 V, oxidation processes corresponding to the formation of adsorbed oxygen, ‘oxide region’,
(2) the small region where little current is observed, the ‘double layer region’, and (3) the region
below 0.2 V, where two couples of reversible hydrogen adsorption/desorption processes are observed,
‘H region’ [40,41]. The two processes in the H region are from weakly and strongly adsorbed hydrogen
on the different crystal facets of Pt [40].
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The charge under the hydrogen desorption peaks in Figure 3 was measured, and the ESA
was calculated using standard methods and assuming a monolayer coverage of hydrogen of
210 µC/cm2 [35,36]. The ESA values have been included in Table 2 and show a huge increase
from 1.01 mm2 for the recessed MATFE up to 44.1 mm2, for the largest structure where a two-step
deposition in the presence of lead acetate (300 s + 120 s) was used to form the 3D structures. The other
deposition parameters resulted in ESAs in-between these two values, consistent with the order of the
approximate diameters of the structures. The shape of the hydrogen desorption region from −0.24 to
0.25 V was consistent amongst all samples, where the peaks at ca. −0.15 and 0.05 V were for Pt(110)
and Pt(100) crystal facets, respectively [42]. Therefore, any differences in sensing performance at these
electrodes could not be attributed to differences in crystallographic orientation of the surface.
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3.3. Electrochemical Reduction of Oxygen on the Prepared Electrodes

The prepared electrode arrays were employed as working electrodes for oxygen reduction in a
room temperature ionic liquid (RTIL). Oxygen reduction typically proceeds via a chemically reversible
one-electron process in aprotic RTILs, as shown below [43,44]:

O2 + e− 
 O2
·−, (1)

The RTIL chosen for this study was octyltriethylammonium bis(trifluoromethylsulfonyl)imide
([N8,2,2,2][NTf2]), since oxygen reduction voltammetry in ammonium RTILs gives a clear one-electron
steady-state reduction wave well separated from the second reduction wave (reduction of superoxide
to peroxide) [43,45]. It also gives a transient (peak-shaped) oxidation peak on a microdisk electrode,
due to the large disparity in the diffusion coefficients of oxygen and superoxide [43,45].

Figure 4 shows CVs for the reduction of oxygen at concentrations between 10 and 100%
vol. O2 (gas phase) in the RTIL [N8,2,2,2][NTf2], at a scan rate of 100 mVs−1. The blank scan
in the absence of oxygen is shown as the dotted line. On the bare MATFE (Figure 4a), the CV
shape is characteristic of oxygen reduction on a microdisk electrode using a structurally similar
ammonium RTIL, [N6,2,2,2][NTf2] [43,45]. When the electrode surface was modified with 3D structures,
the separation between the forward and reverse scans became slightly wider and the currents become
larger, but the overall shape of steady-state reduction and peak-shaped oxidation remained the same.
The small reductive feature prior to the main oxygen reduction process is likely to be an impurity in
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the ammonium RTIL, since this feature was also present in the blank scans (dotted lines in Figure 4).
This gets slightly larger as the ESA of the electrode gets larger, therefore the background current was
subtracted from all analyte currents to exclude this feature. The calibration graphs (maximum current
vs. concentration) are shown in the insets to Figure 4 and are all highly linear (R2 > 0.999), showing
excellent analytical performance on all electrodes. The sensitivities (gradients) and LODs obtained
from analyzing the lines of best fit are given in Table 2 and will be discussed later.Nanomaterials 2018, 8, x FOR PEER REVIEW  9 of 14 
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Figure 4. Cyclic voltammetry (CV) at 100 mVs−1 for the reduction of oxygen (10–100% vol.) in
[N8,2,2,2][NTf2] on the different prepared MATFEs: (a) recessed, (b) 300 s Pt, (c) 300 s Pt/Pb, (d) 150
s Pt/Pb + 150 s Pt/Pb, (e) 420 s Pt, (f) 300 s Pt + 120 s Pt, (g) 420 s Pt/Pb, (h) 300 s Pt + 120 s Pt/Pb,
(i) 300 s Pt/Pb + 120 s Pt/Pb. The dashed line is the response in the absence of oxygen. Currents on all
surfaces were measured from a suitable potential, where the voltammetry showed steady state currents.
The insets show the calibration plots of peak current (baseline corrected) vs. concentration, along with
the line of best fit.

The reference electrode built-in to the MATFE was made from platinum, which is prone to
potential shifting depending on the nature (cleanliness) of the surface, with potential shifts of up to
200 mV observed in the presence of 20% O2 [46]. Therefore, to properly calibrate the potential for
oxygen reduction, ferrocene was added at the end of the calibration experiment, and CVs were recorded
for the ferrocene/ferrocenium (Fc/Fc+) redox couple (10 mM Fc), together with the oxygen/superoxide
redox couple (100% O2). The half-wave potential (E1/2) for oxygen reduction was measured relative to
the mid-point of Fc/Fc+, and calculated so that Fc/Fc+ was at 0 V. The last column of Table 2 shows that
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E1/2 for oxygen reduction did not change (within experimental variation) for the modified electrodes
but is about 100 mV shifted from the unmodified MATFE. It is possible that the fresher Pt deposits
may be more catalytic in nature, which could account for this shift.

Figure 5 shows a plot of the calibration data for all eight modified surfaces, compared to the
unmodified MATFE (grey squares). Clearly, a significant sensitivity enhancement for oxygen reduction
was achieved by modification of the MATFEs. It is noted that we previously used the 300 s Pt deposition
‘cauliflower’, for improved detection of ammonia in RTILs [18]. This particular deposit is shown for
oxygen reduction as the purple circles in Figure 5. Although this already gives a significant sensitivity
enhancement compared to the unmodified MATFE, it has the lowest sensitivity compared to the other
modified structures, clearly showing the significant benefits associated with the formation of dendritic
structures, extended times, or two-step depositions.

Focusing on the five MATFEs with a total deposition time of 420 s, the greatest sensitivity
improvements were observed when Pb(OAc)2 was present in at least one of the plating bath solutions.
The two deposits obtained in the absence of Pb(OAc)2 (shown as green plus signs and pink crosses in
Figure 5, with total time = 420 s), had sensitivity values closer to those of the 300 s depositions in Pt/Pb,
clearly showing the benefit of adding lead acetate to the plating bath solution. Overall, the two-step
depositions showed higher sensitivities compared to one-step depositions with the same total
deposition time, likely due to the filling of the holes and the creation of additional 3D structures
above the microhole, as observed in the SEM images in Figure 2.
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Table 2 shows the sensitivities obtained from the gradients of the best fit lines, along with the
other analytical parameters (highest peak current, limit of detection). The highest sensitivity was ca.
16 times larger, compared to the unmodified MATFE. This is a clear and significant improvement but it
does not reflect the ca. 44 times increase in the ESA. This could be due to partial overlap of diffusion
zones at the modified structures; the commercial devices are designed to be separated by 10 times the
diameter (d) to their neighboring electrodes. The deposited structures were approximately three times
larger than the original electrode diameter, suggesting that there is only ~3.3 times d separation from
the adjacent electrodes. This is likely to result in overlapping of the diffusion zones on the timescale of
the CV experiment [12]. Another reason for the lower than expected sensitivity increase could be due
to some loss of ESA upon exposure to the RTIL, which will be discussed later in Section 3.4. The higher
sensitivity leads to lower LODs, showing an improvement from 5.8% O2 (unmodified electrode) to
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1.5% O2 (300 s Pt/Pb + 120 s Pt/Pb). We note that much lower LODs are possible by studying a smaller
concentration range, but that was not required in this work.

The reproducibility of all modified and unmodified MATFEs was excellent for different additions
of the same concentration of O2 gas (~2–3% current variation), such that the error bars were very small
and hard to see on the figure. However, a ca. 10–15% variation in current was observed when several
electrodes (n = 5) modified using the same deposition parameters were employed, representing the
slightly different nucleation sites possible with each new deposition step. Therefore, it is recommended
that each electrode is calibrated before use with gas standards for accurate quantification of O2 gas in
an unknown environment. Overall, this is a relatively small variation given the significant current
enhancement made possible by the electrode modification.

3.4. Loss of Electroactive Surface Area after Experiments in Ionic Liquids

During the calculation of electroactive surface area (ESA), it was observed that the charge under
the hydrogen adsorption/desorption peaks was smaller after experiments in ionic liquids had been
performed. This is demonstrated in Figure 6, which shows CVs in sulfuric acid for a freshly prepared
deposit (red line, in this case, 300 s deposition in Pt/Pb followed by 120 s in Pt/Pb), compared
to the same electrode after oxygen reduction experiments (black line). There was an ~40% loss in
electroactivity after oxygen reduction experiments in RTILs. Upon further investigation, we believe
that this was not simply caused by scanning of potential in the oxygen reduction region, since a
loss of ~25% activity occurred upon exposure to the ionic liquid with no potential scans performed.
This is an interesting observation and warrants further studies to fully understand this phenomenon.
Since we also observed this in other experiments (e.g., for ammonia oxidation in RTILs, experiments
not shown), it is important that this effect be considered when assuming electroactive surface areas
for electroanalytical studies in RTIL solvents. The accepted behavior of Pt in acidic aqueous solutions
may not necessarily translate to RTIL solvents, since the charge distribution at the electrode surface
was likely to be different a conventional solvent/electrolyte system. It is known that Pt is prone to
dissolution in aqueous and organic solutions during the oxygen reduction reaction [47], however
there is clearly a different phenomenon when ionic liquids are employed, given the decrease in the
ESA measured after simple immersion of the electrode in the RTIL without any applied potential.
This suggests that there may be residual RTIL present on the surface of the Pt electrode which is difficult
to remove by a simple washing procedure, which blocks some of the electrochemically active sites.
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4. Conclusions

Platinum 3D structures were obtained via electrodeposition into the holes of recessed
microelectrode arrays. The number of steps involved in the deposition process was varied (one or two),
along with the total time for deposition (300 s or 420 s). A single step deposition produced structures
with a hole (i.e., less deposit) in the middle, but the hole was mostly filled during the second deposition
process. With only the platinum complex present in the plating bath, the platinum structures were
relatively smooth and resembled the buds of a cauliflower. When Pb(OAc)2, was added to the plating
bath, dendritic structures were formed. The highest surface area was observed for two-step deposition
with a total time of 420 s, with Pb(OAc)2 present in both steps. This surface showed sensitivity
enhancements of 16 times that of the recessed electrode towards oxygen reduction. These enhancements
were lower than expected given the increased ESA (44 times), and this is attributed to (i) overlapping
diffusion profiles because of the larger structures, and/or (ii) a loss in some electroactivity upon
exposure to the ionic liquid. Overall, we have demonstrated significantly enhanced sensitivity towards
oxygen reduction by the formation of dendritic 3-D nanostructured materials, providing an avenue to
modify microarray (and other) electrodes for enhanced electroanalytical responses, for the improved
detection of analyte species.
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10. Tomčík, P. Microelectrode Arrays with Overlapped Diffusion Layers as Electroanalytical Detectors: Theory
and Basic Applications. Sensors 2013, 13, 13659–13684. [CrossRef] [PubMed]

11. Davies, T.J.; Compton, R.G. The cyclic and linear sweep voltammetry of regular and random arrays of
microdisc electrodes: Theory. J. Electroanal. Chem. 2005, 585, 63–82. [CrossRef]

http://dx.doi.org/10.1021/ac049580z
http://www.ncbi.nlm.nih.gov/pubmed/15193109
http://dx.doi.org/10.1149/1.1539051
http://dx.doi.org/10.1021/ac202878q
http://www.ncbi.nlm.nih.gov/pubmed/22044045
http://dx.doi.org/10.1021/ac8007219
http://www.ncbi.nlm.nih.gov/pubmed/18491869
http://dx.doi.org/10.1021/ac971791z
http://dx.doi.org/10.1016/S0925-4005(98)00128-2
http://dx.doi.org/10.1016/j.snb.2009.01.044
http://dx.doi.org/10.1016/j.talanta.2007.03.050
http://www.ncbi.nlm.nih.gov/pubmed/19073018
http://dx.doi.org/10.1002/elan.200603683
http://dx.doi.org/10.3390/s131013659
http://www.ncbi.nlm.nih.gov/pubmed/24152927
http://dx.doi.org/10.1016/j.jelechem.2005.07.022


Nanomaterials 2018, 8, 735 13 of 14

12. Davies, T.J.; Ward-Jones, S.; Banks, C.E.; del Campo, J.; Mas, R.; Munoz, F.X.; Compton, R.G. The cyclic
and linear sweep voltammetry of regular arrays of microdisc electrodes: Fitting of experimental data.
J. Electroanal. Chem. 2005, 585, 51–62. [CrossRef]

13. Huang, X.-J.; Aldous, L.; O’Mahony, A.M.; del Campo, F.J.; Compton, R.G. Toward Membrane-Free
Amperometric Gas Sensors: A Microelectrode Array Approach. Anal. Chem. 2010, 82, 5238–5245. [CrossRef]
[PubMed]

14. Hussain, G.; Silvester, D.S. Detection of sub-ppm Concentrations of Ammonia in an Ionic Liquid: Enhanced
Current Density Using “Filled” Recessed Microarrays. Anal. Chem. 2016, 88, 12453–12460. [CrossRef]
[PubMed]

15. Chiappe, C.; Pieraccini, D. Ionic liquids: Solvent properties and organic reactivity. J. Phys. Org. Chem. 2005,
18, 275–297. [CrossRef]

16. Welton, T. Room-Temperature Ionic Liquids. Solvents for Synthesis and Catalysis. Chem. Rev. 1999, 99,
2071–2083. [CrossRef] [PubMed]

17. Huang, X.-J.; O’Mahony, A.M.; Compton, R.G. Microelectrode Arrays for Electrochemistry: Approaches to
Fabrication. Small 2009, 5, 776–788. [CrossRef] [PubMed]

18. Hussain, G.; Aldous, L.; Silvester, D.S. Preparation of Platinum-based ‘Cauliflower Microarrays’ for Enhanced
Gas Sensing. Anal. Chim. Acta 2018. under revision.

19. Gunawan, C.A.; Ge, M.; Zhao, C. Robust and versatile ionic liquid microarrays achieved by microcontact
printing. Nat. Commun. 2014, 5, 3744. [CrossRef] [PubMed]

20. Ge, M.; Hussain, G.; Hibbert, D.B.; Silvester, D.S.; Zhao, C. Ionic Liquid-based Microchannels for Highly
Sensitive and Fast Amperometric Detection of Toxic Gases. Electroanalysis 2018. under revision.

21. Ott, A.; Jones, L.A.; Bhargava, S.K. Direct electrodeposition of porous platinum honeycomb structures.
Electrochem. Commun. 2011, 13, 1248–1251. [CrossRef]

22. Attard, G.D.; Bartlett, P.N.; Coleman, N.R.B.; Elliott, J.M.; Owen, J.R.; Wang, J.H. Mesoporous Platinum Films
from Lyotropic Liquid Crystalline Phases. Science 1997, 278, 838–840. [CrossRef]

23. Lertanantawong, B.; Hoshyargar, F.; O’Mullane, A.P. Directing Nanostructure Formation of Gold through the
In Situ Underpotential Deposition of a Secondary Metal for the Detection of Nitrite Ions. ChemElectroChem
2018, 5, 911–916. [CrossRef]

24. Plowman, B.J.; Mahajan, M.; O’Mullane, A.P.; Bhargava, S.K. Electrochemical detection of dopamine and
cytochrome c at a nanostructured gold electrode. Electrochim. Acta 2010, 55, 8953–8959. [CrossRef]

25. Sabri, Y.M.; Ippolito, S.J.; O’Mullane, A.P.; Tardio, J.; Bansal, V.; Bhargava, S.K. Creating gold nanoprisms
directly on quartz crystal microbalance electrodes for mercury vapor sensing. Nanotechnology 2001, 22,
305501. [CrossRef] [PubMed]

26. Plowman, B.J.; Abdelhamid, M.E.; Ippolito, S.J.; Bansal, V.; Bhargava, S.K.; O’Mullane, A.P. Electrocatalytic
and SERS activity of Pt rich Pt-Pb nanostructures formed via the utilisation of in-situ underpotential
deposition of lead. J. Solid State Electrochem. 2014, 18, 3345–3357. [CrossRef]

27. Ye, F.; Chen, L.; Li, J.; Li, J.; Wang, X. Shape-controlled fabrication of platinum electrocatalyst by pulse
electrodeposition. Electrochem. Commun. 2008, 10, 476–479. [CrossRef]

28. Demille, T.B.; Hughes, R.A.; Preston, A.S.; Adelung, R.; Mishra, Y.K.; Neretina, S. Light-Mediated Growth of
Noble Metal Nanostructures (Au, Ag, Cu, Pt, Pd, Ru, Ir, Rh) From Micro- and Nanoscale ZnO Tetrapodal
Backbones. Front. Chem. 2018, 6, 1–8. [CrossRef]

29. Mishra, Y.K.; Adelung, R. ZnO tetrapod materials for functional applications. Mater. Today 2018, 21, 631–651.
[CrossRef]

30. Waibel, H.F.; Kleinert, M.; Kibler, L.A.; Kolb, D.M. Initial stages of Pt deposition on Au(111) and Au(100).
Electrochim. Acta 2002, 47, 1461–1467. [CrossRef]

31. Gotti, G.; Fajerwerg, K.; Evrard, D.; Gros, P. Electrodeposited gold nanoparticles on glassy carbon: Correlation
between nanoparticles characteristics and oxygen reduction kinetics in neutral media. Electrochim. Acta 2014,
128, 412–419. [CrossRef]

32. Nasirpouri, F. Electrodeposition of 2D and 3D Meso and Nanostructures; Springer Series in Surface Sciences;
Springer: Berlin/Heidelberg, Germany, 2017; Volume 62, pp. 123–185.

33. Sheridan, E.; Hjelm, J.; Forster, R.J. Electrodeposition of gold nanoparticles on fluorine-doped tin oxide:
Control of particle density and size distribution. J. Electroanal. Chem. 2007, 608, 1–7. [CrossRef]

34. Ren, F.; Pearton, S.J. Semiconductor-Based Sensors; World Scientific: Singapore, 2016.

http://dx.doi.org/10.1016/j.jelechem.2005.07.021
http://dx.doi.org/10.1021/ac1006359
http://www.ncbi.nlm.nih.gov/pubmed/20469834
http://dx.doi.org/10.1021/acs.analchem.6b03824
http://www.ncbi.nlm.nih.gov/pubmed/28193026
http://dx.doi.org/10.1002/poc.863
http://dx.doi.org/10.1021/cr980032t
http://www.ncbi.nlm.nih.gov/pubmed/11849019
http://dx.doi.org/10.1002/smll.200801593
http://www.ncbi.nlm.nih.gov/pubmed/19340821
http://dx.doi.org/10.1038/ncomms4744
http://www.ncbi.nlm.nih.gov/pubmed/24781644
http://dx.doi.org/10.1016/j.elecom.2011.08.032
http://dx.doi.org/10.1126/science.278.5339.838
http://dx.doi.org/10.1002/celc.201700707
http://dx.doi.org/10.1016/j.electacta.2010.08.045
http://dx.doi.org/10.1088/0957-4484/22/30/305501
http://www.ncbi.nlm.nih.gov/pubmed/21719970
http://dx.doi.org/10.1007/s10008-014-2622-9
http://dx.doi.org/10.1016/j.elecom.2008.01.011
http://dx.doi.org/10.3389/fchem.2018.00411
http://dx.doi.org/10.1016/j.mattod.2017.11.003
http://dx.doi.org/10.1016/S0013-4686(01)00861-1
http://dx.doi.org/10.1016/j.electacta.2013.10.172
http://dx.doi.org/10.1016/j.jelechem.2006.11.015


Nanomaterials 2018, 8, 735 14 of 14

35. Burk, J.J.; Buratto, S.K. Electrodeposition of Pt Nanoparticle Catalysts from H2Pt(OH)6 and Their Application
in PEM Fuel Cells. J. Phys. Chem. C 2013, 117, 18957–18966. [CrossRef]

36. Bard, A.J.; Faulkner, L.R. Electrochemical Methods: Fundamentals and Applications; John Wiley: New York, NY,
USA, 2001.

37. Schroder, U.; Wadhawan, J.D.; Compton, R.G.; Marken, F.; Suarez, P.A.Z.; Consorti, C.S.; de Souza, R.F.;
Dupont, J. Water-induced accelerated ion diffusion: Voltammetric studies in 1-methyl-3-[2,6-(S)-
dimethylocten-2-yl]imidazolium tetrafluoroborate, 1-butyl-3-methylimidazolium tetrafluoroborate and
hexafluorophosphate ionic liquids. New J. Chem. 2000, 24, 1009–1015. [CrossRef]

38. Silvester, D.S.; Wain, A.J.; Aldous, L.; Hardacre, C.; Compton, R.G. Electrochemical reduction of nitrobenzene
and 4-nitrophenol in the room temperature ionic liquid [C4dmim][N(Tf)2]. J. Electroanal. Chem. 2006, 596,
131–140. [CrossRef]

39. Lee, J.; Murugappan, K.; Arrigan, D.W.M.; Silvester, D.S. Oxygen reduction voltammetry on platinum
macrodisk and screen-printed electrodes in ionic liquids: Reaction of the electrogenerated superoxide species
with compounds used in the paste of Pt screen-printed electrodes? Electrochim. Acta 2013, 101, 158–168.
[CrossRef]

40. Climent, V.; Feliu, J.M. Thirty years of platinum single crystal electrochemistry. J. Solid State Electrochem.
2011, 15, 1297–1315. [CrossRef]

41. Jacobse, L.; Raaijman, S.J.; Koper, M.T.M. The reactivity of platinum microelectrodes. Phys. Chem. Chem. Phys.
2016, 18, 28451–28457. [CrossRef] [PubMed]

42. Jambunathan, K.; Shah, B.C.; Hudson, J.L.; Hillier, A.C. Scanning electrochemical microscopy of
hydrogen electro-oxidation. Rate constant measurements and carbon monoxide poisoning on platinum.
J. Electroanal. Chem. 2001, 500, 279–289. [CrossRef]

43. Buzzeo, M.C.; Klymenko, O.V.; Wadhawan, J.D.; Hardacre, C.; Compton, R.G. Voltammetry of Oxygen in the
Room-Temperature Ionic Liquids 1-Ethyl-3-methylimidazolium Bis((trifluoromethyl)sulfonyl)imide and
Hexyltriethylammonium Bis((trifluoromethyl)sulfonyl)imide: One-Electron Reduction To Form Superoxide.
Steady-State and Transient Behavior in the Same Cyclic Voltammogram Resulting from Widely Different
Diffusion Coefficients of Oxygen and Superoxide. J. Phys. Chem. A 2003, 107, 8872–8878.

44. Khan, A.; Gunawan, C.A.; Zhao, C. Oxygen Reduction Reaction in Ionic Liquids: Fundamentals and
Applications in Energy and Sensors. ACS Sustain. Chem. Eng. 2017, 5, 3698–3715. [CrossRef]

45. Evans, R.G.; Klymenko, O.V.; Saddoughi, S.A.; Hardacre, C.; Compton, R.G. Electroreduction of Oxygen in a
Series of Room Temperature Ionic Liquids Composed of Group 15-Centered Cations and Anions. J. Phys.
Chem. B 2004, 108, 7878–7886. [CrossRef]

46. Wandt, J.; Lee, J.; Arrigan, D.W.M.; Silvester, D.S. A lithium iron phosphate reference electrode for ionic
liquid electrolytes. Electrochem. Commun. 2018, 93, 148–151. [CrossRef]

47. Noel, J.-M.; Yu, Y.; Mirkin, M.V. Dissolution of Pt at Moderately Negative Potentials during Oxygen Reduction
in Water and Organic Media. Langmuir 2013, 29, 1346–1350. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jp405302x
http://dx.doi.org/10.1039/b007172m
http://dx.doi.org/10.1016/j.jelechem.2006.07.028
http://dx.doi.org/10.1016/j.electacta.2012.09.104
http://dx.doi.org/10.1007/s10008-011-1372-1
http://dx.doi.org/10.1039/C6CP05361K
http://www.ncbi.nlm.nih.gov/pubmed/27713936
http://dx.doi.org/10.1016/S0022-0728(00)00344-2
http://dx.doi.org/10.1021/acssuschemeng.7b00388
http://dx.doi.org/10.1021/jp031309i
http://dx.doi.org/10.1016/j.elecom.2018.07.006
http://dx.doi.org/10.1021/la304694d
http://www.ncbi.nlm.nih.gov/pubmed/23323756
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemical Reagents 
	Electrochemical Experiments and Electrodeposition Parameters 
	Oxygen Gas Experiments 
	Electrode Imaging 

	Results 
	Deposition and Characterization of 3D Nanostructured Microarrays 
	Electroactive Surface Area Calculation 
	Electrochemical Reduction of Oxygen on the Prepared Electrodes 
	Loss of Electroactive Surface Area after Experiments in Ionic Liquids 

	Conclusions 
	References

