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Abstract:
In amperometric gas sensors, the flux of gas to electrode surfaces determines the analytical response and
detection limit. For trace concentration detection, the resulting low current prevents the miniaturisation of
such sensors. Therefore, in this study, we have developed repeating arrays of nanostructures which
maximise flux towards their surface. Unique platinum 3D cauliflower-shaped deposits with individual
floret-shaped segments have been produced in a single step electrodeposition process. The confined walls
of recessed microelectrode arrays (10 μm in diameter, 90 electrodes) are utilized to produce these
structures with a high surface area. Distinct segments are observed, with the gaps corresponding to
electrodes adjacent in the microarray; thus the majority of the deposits face the primary diffusion zones.
The sizes and shapes of the deposits are characterized by scanning electron microscopy (SEM) and
atomic force microscopy (AFM) and the largest structures are found to be 22±1 μm in width and 7.9±0.2
μm in height over the microhole. These modified electrodes are employed to detect ammonia gas using
the room temperature ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[C2mim][NTf2], as an electrolyte. Current responses on the cauliflower arrays were seven times higher for
linear sweep voltammetry and ca. 12 times higher for chronoamperometry, relative to the bare microrrays,
and limits of detection were less than 1 part per million of ammonia (gas phase concentration). This work
highlights the use of modified microarrays with highly accessible 3D structures for enhanced
electroanalytical detection of analyte species at ultra low concentrations.

Keywords: cauliflower; 3D nanostructures; electrodeposition; voltammetry; room temperature ionic
liquids; limit of detection; ammonia oxidation

1. Introduction
The detection and quantification of low concentrations of toxic gases, such as ammonia (NH3), is of huge
importance in a range of applications [1]. For example, NH3 is widely used in the manufacture of acids,
fertilizers, explosives, in water treatment, as a catalyst and reagent in many chemical processes, and in
refrigeration systems, among other applications [2]. However, it is toxic to humans at concentrations
above 500 ppm and the Occupational Health and Safety permissible exposure limit (OHSA PEL) is 25
ppm in the gas phase [2]. As a result of the wide use of ammonia and its high toxicity, various sensors for
ammonia are commercially available, including amperometric sensors [3] – where electrical current is
correlated with gas concentration. Room temperature ionic liquids (RTILs) are being investigated over
the last decade as replacement solvents in amperometric gas sensors [4-7] due to their many advantages,
including low volatility, wide electrochemical windows, high chemical and thermal stability, and good
gas solvation ability. However, RTILs are typically are more viscous than traditional solvents, which
results in slower diffusion coefficients of analyte species [8], and often leads to smaller observed currents.
Therefore, for ionic liquid-based electrolytes, it may be necessary to increase the surface area of the
sensing electrode in order to detect very low concentrations of analyte species.
Different materials with large surface areas, including noble metal nanoparticles (e.g. platinum,
gold, silver) [9-11], semiconductor nanoparticles (e.g. zinc oxide, tin oxide),[9] and carbon materials such
as carbon nanotubes [12] have been employed to enhance the sensitivity of the working electrode surface.
Over the last decade, nanostructures with different shapes and geometries such as nanowires [13],
nanorods [14], honeycomb [15], mesoporous [16], and dendritic structures [17, 18] have been reported.
Nanostructures with two-dimensional (2D) and three-dimensional (3D) architectures have received
significant attention due to their large electroactive surface areas, excellent conductivity, and efficient
electrocatalytic ability [19, 20]. To date, significant progress has been made to produce morphologies
such as nanoflowers, nanopetals, nanourchins, cauliflowers, raspberries etc. [21-25]
The most commonly encountered methods used to produce these structures are: chemical vapour
deposition (CVD), physical vapour deposition (PVD), galvanic displacement, or electrodeposition [23].
For example, Kong et al. [19] produced nanocube-aggregated cauliflower-like copper hierarchical 3D
nanostructures by electroless deposition and used the deposits to study the electrocatalytic reduction of
oxygen. Zhang et al. [26] developed a thin film of 3D hierarchical ZnO nanostructures with different
shapes such as nanourchins and nanoflowers using a simple hydrothermal approach, and employed these
for photocatalytic studies of organic dyes. Chen et al. [27] synthesized 3D-shaped nanoflowers of tin
oxide semiconductor using thermal pyrolysis of a tin organometallic precursor. Nizhad et al. [28]
produced gold nanostructures of various shapes and geometries on a semiconductor wafer, such as indium
phosphide and gallium arsenide via galvanic displacement reactions. The synthesis of these
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nanostructures with 2D or 3D architectures involve either the use of semiconductor materials, expensive
fabrication techniques (CVD or PVD), or require complicated methodologies to produce the modified
surfaces.
Electrodeposition is a highly competitive alternative technique to those described above, due to its
simplicity, relatively low cost, and low power consumption. Additionally, a wide range of controllable
parameters can be varied to produce the desired size of deposit. Electrodeposits of noble metals (e.g.
platinum or gold) typically produce nanostructures or sphere-like nanoparticles. There are limited studies
on the direct electrodeposition of pure noble metals into high surface area 3D nanostructures in a single
step. Jayashree et al. [29] prepared silicon-based membrane electrodes by the electrodeposition of pure Pt
and Pd into dendritic and spherical shapes, and employed these for the electrocatalytic oxidation of
formic acid in micro fuel cells. Tiwari et al. [30] electrodeposited Pt-nanopetals onto highly ordered
silicon nanocones using anodized aluminum as a template, and used this for the electrocatalytic oxidation
of methanol in fuel cell applications. The concentration of metal precursor is believed to affect the
morphology of the deposits [31, 32]. In general, a low concentration of noble metal precursor produces
nanoparticles, while a higher concentration produces dendritic shaped nanostructures [21, 31].
We have recently reported the use of commercial recessed microarray thin-film electrodes covered
with a droplet (2 μL) of an essentially non-volatile ionic liquid for the electrochemical quantification of
ammonia gas [33]. Careful filling of the recessed Pt microarrays with electrodeposited Pt was able to
enhance flux, resulting in extremely low limits of detection (20 ppb) [33], far below the permissible
exposure limit for ammonia (25 ppm) [34]. However, further enhanced flux is required for both faster
response times, and for achieving even lower limits of detection; both are relevant to the field detection of
toxic gases, volatiles from improvised explosive devices, and of potent chemical weapons, etc. [35, 36]
In this work, we have investigated the formation of 3D cauliflower-shaped deposits, in a single
electrochemical step. Crucially, the confined walls of the recessed μ-holes contained within microarray
thin film electrodes (MATFEs) supported the growth of such structures, and also resulted in regular
arrays. This allowed full utilization of the deposits by virtue of clear diffusion zones surrounding the
deposits. These decorated microarrays were then employed for the electrochemical sensing of ammonia
gas in room temperature ionic liquids (RTILs), to highlight the significantly enhanced current responses
and improved sensitivity towards the gas, made possible by the electrode structuring.

2. Materials and Methods
2.1 Chemical Reagents.
Ethanol (EtOH, 99%), acetone (99%), sulfuric acid (98% w/w [18.4 M]) and zinc chloride (ZnCl 2, 40%
w/v, used as a soldering flux for connecting wires with electrodes), and chloroplatinic acid hydrate
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(H2PtCl6.xH2O, trace metal basis, ≥ 99.9 %) were from Sigma-Aldrich. The room temperature ionic liquid
(RTIL) 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2]), was purchased
from Merck (Kilsyth, Victoria, Australia), at ultra-high purity electrochemical grade. All chemicals were
commercially available and used as received. Ultrapure water with a resistance of 18.2 MΩcm was
prepared by an ultrapure water purification system (Millipore Pty Ltd., North Ryde, NSW, Australia).
Acetonitrile (MeCN, >99.8%, Fischer Scientific) was used for washing the electrodes before and after
use. An ammonia gas cylinder (500 ppm, in nitrogen) was purchased from CAC gases (Auburn, NSW,
Australia). Nitrogen gas (for further dilution of NH3) was obtained from a ≥ 99.99 % high purity,
compressed nitrogen cylinder from BOC gases (Welshpool, WA, Australia).

2.2 Electrochemical Experiments
All experiments were performed using a PGSTAT101 Autolab potentiostat (Eco Chemie, Netherlands)
interfaced to a PC with Nova 1.11 software, at laboratory room temperature (294±1 K) inside an
aluminium 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) consisted
of a 1 mm diameter Pt working electrode (150 nm thickness) on a Pyrex glass substrate covered with a
layer of SU-8 polymer. 90 µ-holes of 10 µm diameter were made in the SU-8 layer to create 90 recessed
microelectrodes, with a center-to-center distance of 100±1 μm (10× diameter) and depth of 3±0.5 μm. The
planar electrode device also contained inbuilt Pt thin film counter and reference electrodes, deposited
close to the working electrode, to enable the use of very small sample volumes (e.g. 1-5 µL).
The MATFEs were electrochemically activated in 0.5 M H2SO4

(aq)

by scanning the potential

between -0.27 and + 1.4 V vs an external Ag/AgCl (0.1 M KCl) reference electrode (BASi, Indiana,
USA) and Pt coil counter electrode (Goodfellow, Cambridge Ltd., UK) at a sweep rate of 500 mVs -1 for
ca. 300 cycles. The electrodes were then washed in ultrapure water and dried under a nitrogen stream.
Before gas sensing experiments, the recessed μ-holes were filled with Pt-deposits of 2D Pt-nanostructures
and 3D Pt-cauliflowers. During the deposition process, different parameters were varied, such as the
concentration of Pt complex, deposition potential, rate of mass transfer, and deposition time. The
potential was held at the open circuit potential (OCP, ~+0.75 V vs stable Ag/AgCl reference electrode),
then applied at two different regions: (i) underpotential (-0.025, -0.05 V) to kinetically control the
nucleation and growth of Pt [37], and (ii) overpotential (-0.2 V) to produce instant nucleation and growth
of Pt-deposits [38-40]. Concentrations of 5 mM or 20 mM H2PtCl6 in 0.5 M H2SO4 were employed.
Deposition times of 10, 60 and 300 seconds were employed, but 300 seconds was found to be optimum
and was employed for all experiments reported in this work. The rate of mass transfer was controlled by
either no stirring or using a fast rate of magnetic stirring. The resulting modified electrodes were named:
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(a) filled MATFE, (b) ‘cauliflower A’ MATFE, and (c) ‘cauliflower B’ MATFE. The detailed deposition
procedures are given below.
Procedure 1: For filled MATFEs, a stirred N2-saturated solution of 5 mM H2PtCl6 in 0.5 M H2SO4 was
used. Constant-potential deposition was employed, stepping the potential from the OCP (0.75 V) to the
underpotential region at -0.05 V [41], near the start of the second reduction peak, and holding for 300s.
The nucleation and growth of Pt-deposits is under kinetic control at this potential, and strong magnetic
stirring was employed to ensure a fast rate of mass transfer.
Procedure 2: For ‘cauliflower A’ MATFEs, a N2 saturated solution of 20 mM H2PtCl6 in 0.5 M H2SO4
was used. Constant-potential deposition from the OCP (0.75 V) to an overpotential (-0.2 V) was
employed for 300 seconds. Instantaneous nucleation and growth of the Pt-deposits occurred, forming
cauliflower type structures. The solution was unstirred to ensure only a moderate rate of flux.
Procedure 3: For ‘cauliflower B’ MATFEs, the protocol was the same as procedure 2, except the
deposition was carried out under fast magnetic stirring to ensure a fast rate of flux.
Prior to starting gas sensing experiments, the modified MATFEs were electrochemically activated
in 0.5 M H2SO4

(aq)

by scanning the potential between -0.27 and +1.4 V vs. an external Ag/AgCl (0.1 M

KCl) reference electrode and Pt coil counter electrode at a sweep rate of 500 mVs -1 for ca. 5 cycles to
ensure there was no oxide layer or chloride ions (Cl-) adsorbed on the active sites [41]. The electroactive
surface area (ESA) of the Pt-deposited MATFEs (taken after gas sensing experiments in RTILs) was
calculated from the area under the hydrogen adsorption/desorption peaks in 0.5 M H2SO4 using standard
methods [41, 42].
For gas sensing experiments, the Pt-deposited MATFEs were placed into a modified rubber
stopper and inserted into the glass cell (a modified version of a T-cell) [43-45]. 2 µL of RTIL was dropcast on the Pt-deposited MATFEs. Prior to the introduction of ammonia, the cell was purged with
nitrogen to remove dissolved gases and impurities. When the baseline was stable (after ca. 20 minutes),
ammonia gas was introduced into the cell and continuously flowed over the electrode.

2.3 Gas Mixing System.
In order to obtain different concentrations of ammonia, 500 ppm ammonia gas was diluted with nitrogen
gas through gas mixing system as reported by Lee et al. [45] which consisted of two digital flow meters
(0-1.0 L/min, John Morris Scientific, NSW, Australia), one connected with analyte gas cylinder (NH3)
and other with nitrogen cylinder through PTFE tubing via a Swagelok T-joint (Swagelok, Kardinya, WA,
Australia). The mixture of both desired gases (NH3/N2) was then passed through an additional gas-mixing
segment [45] to increase turbulence and to ensure adequate mixing of both gases. The relative flow rates
were used to calculate the different concentrations of ammonia introduced into the T-cell.
5

2.3 Electrode Imaging.
Scanning electron microscopy (SEM) was performed on the working electrodes of the unmodified and the
three Pt-deposited MATFEs. SEM Images were obtained using MIRA3 (MIRA VP-FESEM), with an
accelerating voltage of 5.0 kV. Atomic force microscopy (AFM) was performed using WITech alpha
300SAR instrument on the unmodified and Pt-deposited MATFEs to image the geometry, depth, and
filling of the µ-holes, and the size of the 3D cauliflowers was measured using WITech Project Four data
analysis software.

3. Results and discussion
3.1 Electrodeposition of Pt 2D Nanostructures and 3D Cauliflowers.
In order to ensure the correct potential for electrodeposition on the MATFEs, cyclic voltammetry (CV)
was first performed in a solution of 20 mM H2PtCl6 in 0.5 M H2SO4 at 100 mVs-1, as shown in Fig. 1.
Initially, on the first cycle (black CV), two reduction features were observed at ~ +0.02 V (peak I) and ~ 0.17 V (peak II), described by the following equations [41, 46, 47]:
Peak (I)

Pt IV Cl62− + 2e− → Pt II Cl42− + 2Cl−

(1)

Peak (II)

Pt II Cl42− + 2e− → Pt 0 + 4Cl−

(2)

The shape of these reduction features are more steady-state in shape compared to the typical behavior on
macrodisk electrodes [47, 48], attributed to the radial diffusion occurring at the microelectrodes in the
array. A further reduction process (III) was observed at -0.25 V that corresponds to the evolution of bulk
hydrogen [41]. On the reverse scan, the oxidation peak at ca. -0.05 V corresponds to hydrogen desorption.
It is noted that hydrogen adsorption peaks may also be present at a similar potential to peak (II), but they
are reportedly hard to differentiate on a Pt surface in acidic media [41, 47]. On the tenth cycle (red CV),
peak (V) was observed, which corresponds to the oxidation of Pt to Pt-oxide. This peak has a
corresponding reduction peak (VI), attributed to the reduction of Pt-oxide [42, 49, 50]; these enhanced
features are the result of rough Pt deposits growing on the Pt electrodes.
We have previously utilized ‘filled’ MATFEs [33], although their preparation has not been
discussed before in detail. Here, electrodeposition of Pt into the μ-holes of the MATFE was performed in
5 mM N2-saturated H2PtCl6 at -0.05 V vs Ag/AgCl using constant potential deposition in a single
electrochemical step. This low potential corresponds to a kinetically controlled regime, where
instantaneous nucleation is believed to occur. Thus, growth of dense Pt deposits occurs, gradually filling
up the μ-holes. Fig. 2(a) shows the current transient and corresponding electrochemical parameters for the
2D deposition of Pt in the μ-holes; current increases with time as a result of filling the μ-holes and thus
enhancing flux.
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In this study, we have also investigated deposition at a higher potential (-0.20 V) and using a
higher concentration of Pt precursor (20 mM H2PtCl6). As the higher potential corresponds to progressive
nucleation [41], rougher Pt electrodeposits are expected. Fig. 2(b) highlights the current transient for
electrodeposition under quiescent conditions, and Fig. 2(c) the same but for stirred conditions. Under
these conditions, current gradually increased in the first 100 s, corresponding to filling of the μ-holes.
After ca. 100 seconds, oscillation/spikes in the current signals can be seen, which indicates the beginning
of rough Pt growths over the edges of the μ-holes. As the deposition time proceeds from 100 seconds to
300 seconds, the intensity of the current spikes increase, corresponding to the growth of protruding ‘Ptcauliflowers’ (as demonstrated later). While stirring does not influence the filling of the μ-holes, it results
in larger current oscillations in the 100 – 300 s region, due to the faster rate of mass transfer, resulting in
larger 3D Pt deposits.

3.2 Characterization of Pt 2D Nanostructures and 3D Cauliflowers Using SEM and AFM.
All three 2D and 3D Pt-modified MATFEs and an unmodified recessed MAFTE were analyzed using
scanning electron microscopy (SEM) and atomic force microscopy (AFM). Fig. 3 shows SEM images for
all four surfaces employed. The SEM image of the recessed MATFE (Fig. 3a) shows an array of recessed
μ-holes (90 in total over the whole array) made in an SU-8 polymer layer. The inset to Fig. 3a shows a
zoomed in image of one μ-hole with a diameter of 10 μm. The depth of the μ-hole is 2.8 µm, confirmed
from the depth profile of an AFM 3D image (see Fig. 4a) which is within the manufacturers statement of
3±0.5 µm. Fig. 3b shows a SEM image of a filled MATFE, achieved by depositing 2D Pt-nanostructures
at a lower potential (-0.05 V). The inset shows a close-up image of a filled μ-hole with a dense 2D Ptelectrodeposit. AFM characterization revealed that the μ-holes were ca. 70% filled (with slightly more at
the edges) with a depth of ca. 0.9±0.1 µm from the surface (see Fig. 4a), consistent with that previously
reported [33]. This amount of filling is enough to produce enhanced radial diffusion of analyte species at
the edges of the μ-holes, rather than linear diffusion within the recession, enhancing the voltammetric
response (see later).
The SEM image of ‘cauliflower A’ MATFE (Fig. 3c) shows an array of 3D cauliflower shaped Pt
nanostructures with individual bud-type segments, with each cauliflower having an average diameter of
18±0.5 µm. The formation of this unique shape occurred due to the higher concentration of Pt precursor
[21] and the use of a higher potential for the deposition (-0.2 V) to produce progressive growth of
nanoparticles. As the amount of deposit increases within the μ-holes, the effect of radial diffusion
becomes more dominant at the edges compared to the linear diffusion within the recession. The resultant
deposit shows more Pt nanoparticles at the edges rather than at the center of the μ-holes, growing into 3D
cauliflowers with an essentially hollow core. Gaps in-between the cauliflower buds correspond with
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electrodes adjacent in the array, i.e. more Pt is deposited at the primary overlapping diffusion zones (see
Fig. S1, supporting information).
Fig. 3d shows the image of ‘cauliflower B’ MATFE with an inset of a close-up of one 3D
cauliflower. The average diameter of ‘cauliflower B’ deposits were found to be slightly larger (22±1 µm)
than ‘cauliflower A’ due to the faster rate of mass transfer and more material is deposited. Fig. 4 shows
the AFM 3D images of one representative microhole of the Pt-deposited MATFEs, along with depth and
height profiles for recessed, filled and 3D cauliflower shaped deposits. There was some variation in the
shapes of the deposits between each microhole (e.g the number of individual buds was different), but the
average height and diameter was quite similar between holes on the same array.
Fig. 5 shows magnified SEM images for a single μ-hole on the same modified surfaces. For the
filled hole (Fig. 5b), the distribution of nanoparticles shows a relatively uniform filling in the μ-hole and
the deposit appears to be fully contained within the μ-hole, with a greater density of nanoparticles near
the edges. In the case of ‘cauliflower A’ and ‘cauliflower B’ MATFEs (Fig. 5c and Fig. 5d), the filled μholes can be seen very clearly with aggregated nanoparticles at the center of the cauliflowers. On the
edges of the μ-holes, the Pt-deposits grow at a faster rate, due to the dominance of radial diffusion at the
edges of the μ-holes. The number of individual cauliflower segments appears to be larger on ‘cauliflower
B’ MATFE than ‘cauliflower A’ MATFE due to the faster rate of mass transfer, resulting in larger sized
3D cauliflower shaped Pt nanostructures. Fine structure of the nanoparticles can be observed on each
individual bud (see close-up image in the supporting information, Fig. S2).
Over the whole array of 90 electrodes on the filled MATFE, a relatively uniform distribution of
2D Pt nanostructures is seen, but with slightly less deposit within the μ-holes situated in the corner
positions (see SEM image in Fig. S1b, supporting information). This pattern is similar for the ‘cauliflower
A’ and ‘cauliflower B’ MATFEs, where the deposits on the corner μ-holes are not as large or regular in
shape compared to those near the center (see Fig. S1c and Fig. S1d). This could be due to the different
amounts of flux affecting the μ-holes at the edges, compared to those near the center where the diffusion
layers are overlapping [51, 52] on the long timescale of the deposition (300 seconds).

3.3 Electrochemical Oxidation of Ammonia on Pt 2D Nanostructured and 3D Cauliflower
Microarrays.
The four electrode surfaces described above were employed as working electrodes for the oxidation of
ammonia gas. The room temperature ionic liquid (RTIL) [C2mim][NTf2] was used as the electrolyte due
to its wide electrochemical window (˃4.5 V), good chemical and thermal stability, high ionic
conductivity, its relatively low viscosity compared to other available RTILs and good electrochemical
response for ammonia oxidation [53, 54]. The filled MATFE has already demonstrated to give enhanced
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currents for ammonia oxidation in ionic liquids compared to the recessed MATFE in our previous work
[33]; the novel cauliflower structures are expected to provide significant further enhancement.
Prior to studying the analytical response on these modified microarrays, cyclic voltammetry (CV)
was first performed to study the mechanism. The ammonia oxidation mechanism in ionic liquids on
conventional electrodes shows a single, broad oxidation peak corresponding to the oxidation of ammonia
to nitrogen and protons, the latter of which is solvated by the anion (A-) of the ionic liquid [54, 55]:
NH3 (g) + 3A− →

1
2

N2 (g) + 3HA + 3e−

(3)

where A– in this case is [NTf2]–, and HA is the solvated proton. On the reverse scan, two reduction peaks
are typically observed, corresponding to the reduction of the solvated proton and the reduction of the
ammonium ion, respectively [54, 55]. An additional oxidation peak corresponds to the oxidation of
adsorbed hydrogen. The cyclic voltammograms on all four microarray surfaces show the presence of
these four redox peaks (see Fig. S4 in the supporting information), suggesting that the mechanism is the
same as reported previously [54, 55]. A slight increase in current response for ammonia oxidation can be
seen from the non-modified to the filled MATFEs, due to the improved radial diffusion as a result of
filling the μ-holes. However, a dominant increase (four to seven times) can be seen when the μ-holes are
filled and decorated with 3D cauliflower like nanostructures. The response shows a slanted steady-state
shape on the MATFE, consistent with that observed previously [33]. ‘Cauliflower B’ MATFE shows a
more flat current response, indicating a possible overlap in diffusion profiles due to the larger 3D
cauliflower deposits.
Table 1 shows a comparison of the oxidation peak current, Ip, for 500 ppm ammonia on all these
surfaces. The raw peak current increased by almost an order of magnitude from the recessed MATFE (16
nA) to the ‘cauliflower B’ MATFE (110 nA), demonstrating improved response to ammonia. Further
characterisation was thus performed to determine sensitivity, and whether such enhancements are related
to larger electrodes or enhanced flux.

3.4 Comparison of Current Density.
In order to compare the oxidation of ammonia on the different microarrays, and to normalize for different
electrode areas, the current density (J) was calculated from the steady-state oxidation current divided by
the electroactive surface area (ESA). The ESA of the Pt on the modified/unmodified arrays was
quantified using the classical hydrogen adsorption features observed for Pt in acidic aqueous media.
Cyclic voltammetry (CV) in a N2 saturated solution of 0.5 M H2SO4 was performed between -0.27 and
+1.4 V at a scan rate of 500 mVs-1 (see Fig. 6a). The inset to Fig. 6a shows a close-up view of the
hydrogen atom desorption peaks (background subtracted) – the different shapes could indicate the
presence of different crystal faces on the Pt deposit. The ESA can be calculated using standard methods
[41, 42] according to the following equation:
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ESA (cm2 ) =

𝑄H
210 μC cm-2

(4)

where QH is the charge calculated by integrating the hydrogen adsorption/desorption peaks from -0.2V to
0.2 V, and is given by [41]:
𝑄H = 𝐼 × 𝑡

(5)

where I = current and t = time. As the surface area increased, the adsorption and desorption peaks became
sharper and more defined. This could correspond to gradually changing crystalline facets of Pt, but could
equally refer to dynamics in the solution concentration at the highly structured surfaces.
The determined ESA values (Table 1) demonstrated a modest (ca. 2-fold) enhancement in the
ESA of Pt upon going from the recessed MATFE to the ‘cauliflower B’ MATFE. This clearly indicates
that enhanced flux was primarily responsible for the ca. 10-fold enhancement in current.
Fig. 6b shows the current density (J; Ip / ESA) plot for 500 ppm ammonia oxidation on the four
MATFEs in [C2mim][NTf2]. This plot shows two regimes: a slight increase in J from recessed to filled
MATFEs, due to the improved characteristics of radial diffusion as a result of filling of μ-holes. Next, a
significant increase in J can be seen from the filled MATFE to ‘cauliflower B’ MATFE. This is due to
enhanced flux via multidimensional radial diffusion towards the 3D cauliflower shaped nanostructures.
Based on these observations, the Pt-deposited MATFEs were employed for further analytical
experiments, to investigate whether these modified MATFEs can be used to improve the sensitivity for
low concentration detection of ammonia in RTILs.

3.5 Analytical Response for Ammonia Oxidation on Pt 2D and 3D Decorated Microarrays.
In order to investigate the ability of the Pt-deposited MATFEs to detect ammonia, the analytical utility
and sensitivity for ammonia in [C2mim][NTf2] was studied and compared. For this, linear sweep
voltammetry was employed for ammonia oxidation at different concentrations. Potential step
chronoamperometry (PSCA) was also employed on the recessed and Pt-deposited 3D cauliflower
decorated MATFEs to test the ability of the modified microarrays for “real-time” analyte detection, also
allowing the calculation of response times.

3.5.1 Linear Sweep Voltammetry.
Fig. 7 shows linear sweep voltammetry (LSV) for the oxidation of 10-100 ppm ammonia in
[C2mim][NTf2] on all four surfaces at a scan rate of 100 mV/s. The red dashed line is the response in the
absence of ammonia. A slanted steady-state response is observed for all electrodes, with current measured
at a fixed potential increasing linearly with concentration. An increase in the background current is also
noted for the cauliflower structures due to the increased surface area, but this does not appear to affect the
sensing response, since this background is easily subtracted. Oxidation peak currents were measured from
a fixed potential and plotted against the respective concentration, shown in the insets to Fig. 7. Excellent
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linearity (R2 > 0.999) was obtained on all Pt-deposited MATFEs for the concentration range studied. The
current response was highly reproducible on freshly prepared electrodes (n = 3), and also on the same
electrode used for several days (n = 5, with sulfuric acid activation performed between experiments), with
error bars (1 standard deviation) that were <5% on all surfaces. Fig. 8 shows the absolute current vs
different concentrations of ammonia (10-100 ppm) plotted together for the recessed and Pt-modified
MATFEs. The gradient for the recessed MATFE is the smallest, while the filled MATFE is slightly
higher due to the reduction in the recession depth as a result of filling of the μ-holes. However, the
gradients for the ‘cauliflower A’ and ‘cauliflower B’ MATFEs are greatly increased due to the increased
surface area and the enhanced radial diffusion towards the 3D nanostructures.
Table 1 shows sensitivity values (A ppm-1) and limit of detection (LOD) values, which were
obtained from the calibration plots in Fig. 8. The sensitivity values were calculated from the gradient of
the line of best-fit and LODs were obtained using three times standard deviation of the line of best fit.
The sensitivity of the filled MATFE is higher than the recessed MATFE (enhanced by 42%). However,
when the μ-holes are completely filled and decorated with 3D cauliflower shaped deposits, the sensitivity
values are 4.5 times higher for ‘cauliflower A’ and 6.5 times higher for ‘cauliflower B’ compared to the
recessed MATFEs. The LOD values calculated for the 10–100 ppm ammonia concentration range on
recessed and all Pt-deposited MATFEs were much lower (0.8 to 2 ppm) than the permissible exposure
limit (PEL) of 25 ppm in the gas phase [34]. Importantly, LODs are the lowest for the two cauliflower
deposits, showing enhanced sensitivity due to a higher electroactive surface area and 3D shaped deposits.
The LODs could be further improved if a lower concentration range is studied, as demonstrated
previously [33], but this is not the focus of present work – the aim here is to improve the sensitivity of the
surface at environmentally relevant ammonia concentrations; this single step modification has
demonstrated a 6.5-fold increase in sensitivity. These observations suggest that μ-holes filled with 3D
cauliflower shaped nanostructures can be employed to enhance detection of a wide range of potential
gaseous analytes in RTILs, at very high sensitivity values and thus down to very low concentrations.
Importantly, this will significantly facilitate analysis of more toxic gases, with sub-ppm PEL values.

3.5.2 Potential Step Chronoamperometry.
In order to test the ability of 3D cauliflower decorated MATFEs vs recessed MATFEs for “real-time”
detection of ammonia in RTILs and to calculate response time, potential step chronoamperometry
(PSCA) was performed. Fig. 9 shows the current response for 10 ppm ammonia on both recessed and
‘cauliflower B’ MATFE in [C2mim][NTf2]. The maximum current obtained on ‘cauliflower B’ MATFE
was ca. twelve times higher than for the recessed MATFE indicating the huge enhancement in response
with the 3D deposit using this method.
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The response time was calculated from 90% of the maximum current [56]. For the recessed
MATFE, the response time was ca. 315 ± 20 seconds while on ‘cauliflower B’ MATFE, it was ca. 200 ±
15 seconds. These times are relatively long, due to the thickness of the RTIL layer (estimated to be 0.14 ±
0.03 mm using a volume of 2 µL [C2mim][NTf2]). A decrease after the maximum current, rather than a
plateau, was observed on both the recessed and ‘cauliflower B’ MATFE. This could be due to some
degree of fouling of the surface due to a build-up of electrogenerated products over the long timescale of
the chronoamperometry experiment, as reported in the literature [57]. This would not be an issue for the
detection of gases that are not omnipresent in the atmosphere, e.g. chemical warfare agents.

4. Conclusions
Repeating arrays of unique cauliflower-shaped Pt deposits have been synthesised in a single
electrochemical step using the walls of recessed microelectrode arrays to support and template their
growth. Due to the dominance of radial diffusion at the edges of the walls and linear diffusion at the
centre in the recession, a larger deposit is seen over the edges of the µ-holes; precisely where they need to
be for sensitive responses to dissolved analytes. SEM and AFM characterisation revealed the sizes and
shapes of the structures, with the largest cauliflower structures produced when using: a higher
concentration of Pt precursor, a higher potential, and stirring of the solution. The modified and
unmodified MATFEs were employed for ammonia oxidation in an ionic liquid. Current responses were
ca. seven times higher for LSV, and 12 times higher for PSCA, on microarrays decorated with cauliflower
structures compared to the recessed microarrays. Calibration plots from 10–100 ppm ammonia were
linear, with the highest sensitivities and lowest LODs (0.8 ppm) found on cauliflower decorated
MATFEs. These results suggest that low-cost miniaturised electrodes can be easily modified with 3D Ptcauliflower shaped nanostructures in a single step to produce enhanced detection of analytes such as
ammonia in ionic liquids.

Supporting Information/Appendix
SEM image of seven microholes on ‘cauliflower B’ MATFE showing the direction of overlapping
diffusion fields towards the adjacent microholes, a close-up image of the fine structures on the
cauliflower buds, SEM image of all 90 microholes (for the recessed, filled, ‘cauliflower A’ and
‘cauliflower B’ MATFEs), and cyclic voltammetry for 500 ppm ammonia oxidation on all four surfaces.)
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Tables
Table 1. Analytical parameters obtained: 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
reference electrode and Pt counter electrode, oxidation peak current (Ip) for 500 ppm ammonia, measured
at fixed potential +1.3 V, current density (J) for 500 ppm NH3, sensitivity and limit of detection (LOD)
calculated for ammonia oxidation (10–100 ppm) on an unmodified MATFE and all Pt-deposited
MATFEs using linear sweep voltammetry.
Electrode
QH = I × t
ESA
Ip
J
Sensitivity LOD
2
-2
/ (µC)
/ (m )
/ (A)
/ (Am )
/ (Appm-1) / (ppm)
Recessed MATFE 2.16
1.02×10-06
1.6×10-08 1.5×10-02 4.0×10-11 2.0
Filled MATFE
2.42
1.15×10-06
2.0×10-08 1.7×10-02 4.9×10-11 1.3
‘Cauliflower A’
3.48
1.66×10-06
6.7×10-08 4.0×10-02 1.8×10-10 0.8
‘Cauliflower B’
4.20
2.00×10-06
1.1×10-07 5.7×10-02 2.6×10-10 0.8

13

Figures

Fig. 1 Cyclic voltammograms recorded on a recessed Pt MATFE (90 electrodes, 10 μm in diameter) in a
solution of N2-saturated 20 mM H2PtCl6 in 0.5 M H2SO4 at 100 mVs-1.

Fig. 2. Chronoamperometric transients for Pt-deposition on Pt recessed MATFEs using a 5 mM or 20
mM N2-saturated H2PtCl6 in 0.5 M H2SO4. The potential was stepped from 0.75 V (OCP) to (a) -0.05V
for filled MATFE, (b) -0.2 V for ‘cauliflower A’ MATFE, and (c) -0.2 for ‘cauliflower B’ MATFE. The
cartoons below show the expected filling of the recessed pores and the electrochemical parameters
employed for the deposition.

Fig 3. Scanning electron microscopy (SEM) images of recessed, 2D and 3D Pt-modified MATFEs (a)
recessed MATFE (90 recessed electrodes, diameter 10 µm, depth 2.8 µm), (b) filled MATFE (depth
0.9±0.05 µm), (c) ‘cauliflower A’ MATFE (diameter of cauliflower 18±0.5 µm), and (d) ‘cauliflower B’
MATFE, (diameter of cauliflower 22±1 µm). Error bars represent one standard deviation of seven
deposits on the same array.

Fig 4. (a) Depth and height profiles of recessed, 2D, and 3D Pt-modified MATFEs. Atomic force
microscopy (AFM) 3D images of a single microhole of (b) ‘cauliflower A’ MATFE (diameter of
cauliflower 18±0.5 µm, height = 4.6±0.2 µm, depth = 1.1±0.02 µm), (c) ‘cauliflower B’ MATFE,
(diameter of cauliflower 22±0.3 µm, height = 7.9±0.2 µm, depth = 0.6±0.02 µm). Error bars represent one
standard deviation of seven deposits on the same array.

Fig. 5. Scanning electron microscopy (SEM) images of a single microhole showing Pt deposits on
MATFEs: (a) recessed MATFE (b) filled MATFE, (c) ‘cauliflower A’ MATFE, and (d) ‘cauliflower B’
MATFE.

Fig. 6. (a) Cyclic voltammograms (10th cycle) recorded on the four MATFEs between +1.4 V and -0.27 V
in a N2-saturated solution of 0.5 M H2SO4 at 500 mVs-1. The inset shows the H2 desorption peaks
(background subtracted) whose integrated area (Q = I × t) is used to calculate the electrochemical surface
area (ESA). (b) Current density (J) plot for the oxidation of 500 ppm ammonia in [C2mim][NTf2] on a Pt:
recessed MATFE (■), filled MATFE (●), ‘cauliflower A’ MATFE (▼) and ‘cauliflower B’ MATFE ().
Sketches of the expected diffusion processes (radial and linear combined, and radial) based on the
electrode geometry are also shown.
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Fig 7. Linear sweep voltammetry (LSV) for the oxidation of ammonia (10-100 ppm) in [C2mim][NTf2]
on a Pt (a) recessed MATFE, (b) filled MATFE, (c) ‘cauliflower A’ MATFE, (d) ‘cauliflower B’ MATFE
at a scan rate of 100 mVs-1. Dotted line is the response in the absence of ammonia. Currents on all
MATFE were measured from a fixed potential of 1.5, 1.3, 1.2 and 1.3 V, respectively. The insets show
the calibration plots of peak current (baseline corrected) vs concentration, along with the line of best fit.

Fig 8. Plot of absolute current vs ammonia concentration for the oxidation of 10-100 ppm ammonia in
[C2mim][NTf2] on a Pt: recessed MATFE (■), filled MATFE (●), ‘cauliflower A’ MATFE (▼) and
‘cauliflower B’ MATFE (×). Error bars represent one standard deviation of three repeat scans on the
same electrode.
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Fig 9. Potential step chronoamperometry (PSCA) for 10 ppm ammonia oxidation on recessed and
‘cauliflower B’ MATFEs in the RTIL [C2mim][NTf2]. The potential was stepped from 0 to + 1.3 V vs. Pt.
The arrows correspond to the introduction of 10 ppm ammonia gas, then pure nitrogen gas.
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